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Abstract 
 

Vascular calcification is a major health risk throughout the world and has long been 

associated with the development of type II diabetes. Previously thought to be a 

result of passive degeneration it is now understood to involve a host of complex 

signalling pathways, which regulate the promotors and inhibitors of osteogenesis 

within vascular smooth muscle cells (vSMCs). With 1 in 4 of the British population 

suggested to have diabetes, unpicking the molecular mechanism behind the 

development of this crippling pathology is required to develop further treatment of 

vascular calcification.  
 

Sirtuin 1 (SIRT1), an NAD+ dependent deacetylase has shown a beneficial role in 

insulin sensitivity and glucose homeostasis, as well as a known protective effect on 

inhibiting oxidative stress and inflammation within the vessel wall and therefore may 

be a promising candidate for regulation of vascular calcification within diabetic 

vessels. 
 

This study determined that SIRT1 is reduced within the diabetic patient ubiquitously, 

both within the vSMCs and serum when compared to non-diabetic controls. 

Furthermore, it confirms that vSMCs explanted from a diabetic vessel exhibit 

increased migratory and adhesive properties, presenting with extensive DNA 

damage and have an increased capacity to adopt a senescence associated 

secretory phenotype, in which osteogenic master transcription factor Runx2 is 

switched on, increasing trans-differentiation to an osteogenic phenotype. 

Additionally, the utilisation of a high glucose, phosphate and calcium vSMC tissue 

culture model demonstrates the induction of an osteogenic phenotype can be 

inhibited via the activation of SIRT1 using small molecular activator SRT1720 and 

conversely exacerbated by its inhibition using Sirtinol or siRNA. Furthermore, SIRT1 

activation inhibits proliferative and migratory factors ERK and AKT activity within 

vSMCs, whilst increasing activation of DNA repair complex MRN and associated 

kinase ATM.  
 

These findings suggest that activation of SIRT1 within a diabetic vSMC model may 

reduce their migratory capacity, therefore reducing their development of a 

senescent phenotype through increasing repair of DNA damage, thus overall 

reducing the cells ability to promote calcification.   
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1. Introduction  
 

1.1. Cardiovascular disease as a growing global non-communicable epidemic 
Cardiovascular disease (CVD) is the leading cause of death worldwide and is an 

umbrella term for all heart and circulatory disorders, including coronary artery 

disease, myocardial infarction, hypertension and stroke (1). The concept of CVD 

being a disease of affluence is no longer correct, as the prevalence of CVD in 

developing countries is increasing exponentially, and thus is fast becoming a 

universal epidemic. Globally CVD accounts for 31% of all mortality, with the majority 

of this ascribed to coronary artery disease and stroke (2, 3). Once believed to have 

distinct differences in development, coronary artery disease, myocardial infarction 

(4) and stroke can all be attributed to the build-up of atherosclerotic plaques (5, 6), 

restricting the blood flow through the artery and if left untreated, causing long term 

damage and possible occlusion, resulting in the need for amputation or the loss of 

blood flow to the heart or brain (7, 8). Underpinning CVD is the breakdown in 

communication between endothelial cells and vascular smooth muscle cells 

(vSMCs) and the subsequent phenotypic changes which occur within the vessels 

under disease conditions (Fig. 1.1) and it is this phenotypic switch within the smooth 

muscle layer that this thesis sought to examine.   
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Fig. 1.1 Pathologies associated with endothelial dysfunction and smooth 

muscle calcification. Endothelial dysfunction can be directly correlated with the 

increase in development of heart failure and arrhythmias. Increased smooth muscle 

calcification following on from endothelial dysfunction can result in the development 

of both coronary artery disease and peripheral artery disease, leading to a range of 

downstream pathologies.  
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1.2. Cardiovascular risk factors 

Risk factors for cardiovascular disease or events are currently divided into two major 

classes; non-modifiable and modifiable risks (Table 1.1).  

 

Non-modifiable: These risk factors are those which are uncontrollable, and include; 

age, gender, ethnicity and family history. Within an aging population the 

susceptibility to the development of CVD increases, due to age-associated 

functional and structural changes within the heart and vessels and accumulation of 

damage from modifiable risk factors over the years (9, 10). Men are at higher risk 

for CVD then pre-menopausal women due to the protective effect of oestrogen on 

regulating cholesterol levels, however this disparity is decreased following the 

menopause (11, 12). Ethnic background also affects the risk of heart disease, with 

over double the mortality rates from CVD found in those from an Asian ethnicity 

compared to white Caucasian within the United States of America (13). Finally, 

family history of incidence is also a key risk factor, but with many genes contributing 

to the development of CVD, this remains arguably the least well understood (14). 

Moreover, rare genetic diseases such as pseudoxanthoma elasticum and Keutel 

syndrome caused by abnormalities in ABCC6 and MGP gene expression 

respectively (70), also lead to increased vascular calcification, however with 

diagnosis and treatment plans hard to develop, patients with rare disease are often 

undiagnosed (94).  

 

Modifiable: These risk factors are controllable, and include a sedentary lifestyle, 

which is currently a leading cause in the development of CVD, with the world health 

organisation (WHO) suggesting only 40% of the global population are sufficiently 

active in their day to day lives (15). Whist physical activity not only reduces the risk 

of obesity and type II diabetes (T2DM), it also improves both blood lipid and 

glycaemic control, both of which, when dysregulated, contribute significantly to 

endothelial and smooth muscle dysfunction (16). Unsurprisingly, tobacco is also 

linked to the development of CVD, with 1 in 10 cardiovascular deaths attributed 

directly to smoking (17). Smoking also appears to have multiple interactions with 

other major cardiovascular risk factors such as high lipid serum levels, hypertension 

and diabetes, and has been linked to the development of aneurysms (18) and a 

variety of cancers (19). Tobacco smoke reduces flow mediated dilation in systemic 
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arteries in a dose dependent manor, leading to endothelial dysfunction and 

potentially hypertension (20). Within the blood serum cholesterol, low density 

lipoproteins (LDL) are found to be significantly upregulated in smokers, with a 

correlation apparent between the decrease in high density lipoproteins and 

apolipoprotein A1, leading to a proatherogenic environment for the development of 

atherosclerosis. Apart from lipid modulation, smoking also increases free radical 

and oxidants production, leading to a pro-oxidative environment which ultimately 

results in the oxidation of LDL and increased DNA damage (21, 22). Oxidised LDL 

(oxLDL) is well known to be recognised by macrophage scavenger receptors, 

causing macrophages to transform into foam cells (23), an essential element of lipid 

deposition and plaque formation (24). The activation of endothelial cells from 

cigarette smoke leads to the increased production and subsequent activation of both 

Matrix Metalloproteinase 9 (MMP9) and STAT3, leading to significant changes in 

matrix deposition as well as the activation of macrophages, again contributing to a 

proinflammatory pro-calcification environment (25).   

 

Risk Factors 

Non-modifiable  Modifiable 

Age Hypertension 

Sex Diabetes mellitus 

Family history of CVD Obesity 

Metabolic syndrome Cigarette smoking 

Lipid disorders Physical inactivity 

Ethnicity & Race Dyslipidemia 

Menopause High cholesterol 
Table 1.1. Risk factors for cardiovascular disease; divided into non-modifiable 
and modifiable risks. Adapted from British Heart Foundation. Modifiable and non-

modifiable risk factors, 2016. 
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1.3. Prevalence of type II diabetes and current treatment strategies 

With diabetes mellitus (DM) widely regarded as the oldest known disease to 

mankind and the prevalence of DM continuously increasing worldwide, it is 

unsurprising that the annual cost of diabetes has risen to more than $827 billion 

worldwide, tripling in the last 10 years (26, 27). 90% of those with diabetes have 

Type II, in which blood glucose obtained from ingested carbohydrates converts to 

glucose and triggers the pancreas to produce insulin. Due to the constant high levels 

of blood glucose, the pancreas reduces the amount of insulin made or the cellular 

mechanisms to produce insulin break down and the body begins to resist it, leading 

to sustained hyperglycaemia in the patient (28). Constant hyperglycaemia reduces 

the bioavailability of vasodilator nitric oxide (NO) within the vasculature (29), 

increasing blood pressure, whilst also damaging the endothelial layer  (30, 31), 

resulting in inflammatory cell infiltration (32), the accumulation of macrophages 

within the medial layer and eventually the development of atherosclerotic plaque 

and calcification along the vessel wall (33). With T2DM patients, many of whom are 

obese and have high cholesterol and hypertriglyceridemia, diabetes manifests as a 

comorbidity, increasing multiple risk factors of cardiovascular disease, 

consequently, diabetic patients are four times more likely to die from CVD than a 

non-diabetic person (34).  

 

Following the development of T2DM, patients often suffer from a range of 

comorbidities, which can be as debilitating as diabetes itself. Studies such as the 

Maastricht Study; which aimed to study the aetiology and pathophysiology of T2DM 

in an extensive phenotyping approach have highlighted a range of classic and 

emerging comorbidities (35, 36). Classic comorbidities, such as diabetic neuropathy 

(DN) occur due to sustained systemic hyperglycaemia and accounts for more than 

50% if non-traumatic amputations (37). Defined as a symmetric length dependent 

sensorimotor polyneuropathy attributable to metabolic and microvascular 

alterations as a result of chronic exposure to hyperglycaemia DN often presents as 

immense pain followed by fibre dysfunction and loss of motor control, and with no 

treatment beyond pain management it should be considered as debilitating a 

condition as T2DM itself (38). Moreover, peripheral vascular disease (PVD), a 

manifestation of atherosclerosis and characterised as an occlusive disease of the 

lower extremities effects more than 200 million people worldwide (39) with 20-30% 
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having DM. With strong evidence suggesting significant abnormalities in vSMC and 

endothelial function during PAD development (40), it is clear that the molecular 

mechanism behind the development needs to be addressed before full 

manifestation occurs in order to circumnavigate these crippling comorbidities.  More 

recently, diseases within the digestive system such as non-alcoholic fatty liver 

disease have been associated with T2DM, which is considered to be the 

manifestation of the clinical tetrad of hyperinsulinemia with insulin resistance, 

visceral obesity, dyslipidaemia and hypertension, associated with up to 55% of DM 

patients (41). As the breadth of comorbidities associated with T2DM is ever 

expanding (Table 1.2) this further highlights the current need for treatment in the 

control of hyperglycaemia within the diabetic patients.  

 

Whilst an increase in physical activity and an improvement in overall diet are 

recommended for those patients with T2DM, metformin is widely prescribed for this 

patient group, preventing the production of glucose in the liver, thus improving both 

basal and postprandial plasma glucose levels (42). Metformin has also been 

demonstrated to protect against coronary artery calcification within diabetic patients 

(43, 44), possibly through a Sirtuin 1 (SIRT1) - p53 - p21 pathway (45, 46). However, 

whilst this further suggests an exciting relationship between SIRT1, T2DM and 

vessel calcification, further elucidation of this mechanism is required. 
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Comorbidity  Prevalence Study 

Hypertension 60% (47) 

Ischemic heart disease 20% (48) 

Cardiomyopathies 40% (49) 

Arrhythmias 43% (50) 

Heart failure 31% (51) 

Coronary artery disease 26% (50) 

Peripheral vascular disease 25% (52) 

Myocardial infarction 10% (53) 

Pulmonary embolism 1% (54) 

Diabetic retinopathy 35% (55) 

Diabetic neuropathy 50% (56) 

Diabetic nephropathy 40% (57) 

Alzheimer’s / Dementia 
Disease 

2% (58) 

Cataracts 66% (59) 

Chronic obstructive 
pulmonary disease 

19% (60) 

Gout 11% (61) 

Non-alcoholic hepatitis, non-
alcoholic fatty liver disease  

70% (62) 

Table 1.2. Comorbidities of Type II Diabetes. Taken from the findings of the 

Maastricht Study, adapted from Schram, et al. 2014.   
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1.4. Arterial vessel structure  

In terms of histopathological examination, a large arterial wall is a structure 

composed of three layers, tunica intima, tunica media and adventitia (Fig. 1.2). The 

tunica intima is the thinnest layer, comprised of a single continuous endothelial 

layer, supported by a subendothelial layer of connective tissue. The tunica intima is 

surrounded by an internal elastic lamina which runs parallel to the vessel, which 

separates it from the tunica media. Secondly, the tunica media is comprised of 

vascular smooth muscle cells (vSMCs) and elastic fibres; which are in greater 

abundance in arteries compared to veins. Finally, the adventitia is the outermost 

layer of the vessel, composed entirely of external elastic lamina; which functions to 

anchor the vessel within the surrounding tissue, smaller blood vessels and nerves. 

The integrity of the vessel wall is compromised in patients with diabetes and 

cardiovascular risk and it is this process of cellular phenotypic change under diabetic 

conditions which is the stimuli for the development of calcification (63).  

 
Fig. 1.2. Vessel structure. The vessel is structured into three main sections. The 

adventitia; comprised of adventitial fibroblasts and stem-cell like progenitor cells; 

known as calcifying vascular cells, perivascular nerves, connective tissue and 

fibroblasts, suggested to be a gateway for immune cell migration into the vessel. 

The media layer; mainly comprised of vSMCs, responsible for contraction and 

relaxation of the vessel and may contain calcifying vascular cells. The intimal layer; 

comprised of a thin layer of endothelial cells, responsible for the release and 

absorption of molecules from the blood to the vessel.   
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1.5. Vascular calcification  

Vascular calcification (VC); once thought to result from passive degeneration of 

vSMCs to a calcified mass, is now known to involve a complex regulated process of 

biomineralisation resembling bone osteogenesis (64, 65). VC is considered an 

important part of the development of atherosclerosis and it is often associated with  

poor prognosis within different disease conditions, where its extent is a strong 

indicator of the overall burden of atherosclerotic disease and risk of mortality (66, 

67). VC occurs within two distinct areas of the vessel wall, the tunica intima and 

media, and may be categorised as such (Fig. 1.3).  

 

 
Fig. 1.3. Localisation of vascular calcification. Medial calcification; found mainly 

in aging, diabetes and renal disease occurs concentrically around the vessel within 

the muscular medial layer often due to high levels of calcium, phosphate or both. 

Intimal calcification; found within inflammatory atherosclerotic vessels presents as 

a large cholesterol filled plaque covered with a fibrous cap which when removed can 

lead to occlusion of the vessel. 
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Firstly, Intimal calcification occurs within an atherosclerotic plaque; associated with 

inflammation, lipid accumulation, macrophage aggregation and vSMCs. 

Morphologically, Intimal calcification occurs at the base and within the centre of the 

plaque and is associated with advanced atherosclerosis, contributing to occlusion 

or stenosis (68, 69).  

 

In contrast, medial calcification is generally associated with vSMCs alone, can occur 

in the presence and absence of atherosclerosis and is often found in a concentric 

and symmetrical formation within the medial layer of the vessel, commonly in aging 

populations and those with diabetes (70). Medial calcification contributes 

significantly to increased mortality associated with diabetes, due to an increase in 

arterial stiffness, loss of arterial elasticity and vascular dysfunction (71). Whilst the 

theory of intimal and medial calcification remains distinct, in practice the close 

proximity of both types of calcification within the vessel make it difficult to distinguish 

between the two and their occurrence may often overlap (72).  

 

1.6. Clinical significance of vascular calcification 
Clinically, extensive calcification is associated with significant stenosis, with 

radiographically detected vascular calcification generally accepted as a sensitive 

marker for atherosclerosis (73). The first imaging of calcification was achieved using 

chest radiographs (74), however these only gave a positive reading when 

calcification was extensive. More recently, electron beam and multidetector 

computed tomography has been used to generate a more sensitive high-resolution 

scan, thus being able to provide a total calcium score dependent on the calcium 

mass observed (75). In general, a higher calcium score correlates with an overall 

increased atherosclerotic plaque burden and can be used to determine the following 

course of treatment. Whilst calcification is noted as a marker for cardiovascular risk, 

controversy surrounding the prognostic significance remains. Identification of VC 

increases the risk of myocardial infarction and lower limb amputation, even when 

adjusted for traditional risk factors such as age, hypertension, diabetes, smoking 

and dyslipidaemia, with lower limb vessel calcification correlated to both cardiac and 

renal events (76).   
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1.7. Current therapies for cardiovascular disease 

In recent decades, a wide range of therapies have been developed for the treatment 

of atherosclerosis and CVD, however more recent evidence shows a growing rise 

in CVD related deaths (77). This provides the impetus for a greater understanding 

of related pathologies and the development of novel, more personalised drug 

treatments. Whilst lifestyle changes are always recommended first to minimise the 

modifiable CVD risk factors, many patients including those with co-morbidities such 

as diabetes, are often placed on statins alongside medication to lower blood sugar 

and increase insulin sensitivity to reduce the risk of developing VC (78). Whilst the 

mechanism of statins is multifaceted (78), recent studies have demonstrated the 

effect of statins in upregulating a family of histone deacetylases within endothelial 

cells, which in turn, lowers stress-induced senescence, reducing their dysfunction 

and resulting in the maintenance of vessel homeostasis (79).  

 

However, if both lifestyle and drug treatments are ineffective in patients for the 

treatment of atherosclerosis, surgery is often then required. Coronary artery bypass 

grafting (CABG) surgery is often the next option, which involves the removal of 

plaque build-up from inside the vessel before it ruptures and causes a complete 

blockage, often resulting in a myocardial infarction. During CABG surgery a healthy 

artery or vein; often from the internal mammary vessels are grafted to the coronary 

artery to bypass the blocked portion of the vessel, creating a new path for oxygen 

rich blood to flow to the heart (80). Offcuts of the mammary vessels are often used 

as negative controls in histological studies, due to the proven resistance to the 

development of calcification (81). However, in recent years a more minimally 

invasive angioplasty and stent procedure (percutaneous coronary intervention) in 

which a metal stent is inserted through a distal vessel and threaded to the site of 

atherosclerosis alongside a small balloon, which is then inflated to flatten the stent 

against the lipid plaque along the vessel, before the balloon catheter is removed 

and the stent is left in place. More recently stents have been preferred to CABGs 

due to its reduced recovery time and ability to be drug eluting, which reduces the 

prevalence of the blockage reoccurring (82), although it is not always advised for 

the more serious blockages or if multiple grafts are needed. However, these surgical 

procedures still carry significant risk, driving the need to understand the molecular 

components within the development of CVD, to determine if a more stratified and 
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personalised drug treatment can be administered before the need for surgical 

intervention, and thus this is the foundation for this thesis.  

 

1.8. Pathological development of vascular mineralisation  
Under normal physiological conditions there is sufficient concentrations of both 

calcium and phosphate to initiate the calcification process (83), however a range of 

mechanisms control and regulate its formation, only allowing calcification in places 

where it is required; such as during bone development and repair. Once the balance 

between inhibitory and pro-calcification mechanisms is lost, then pathological 

calcification may occur (84). Previously thought to be a passive, degenerative, end-

stage process it is now known to be a tightly regulated, slowly progressive course, 

in which vesicle-like structures are exuded from vSMCs and bind to the matrix, 

depositing hydroxyapatite crystals (85, 86). These crystals are then used as a 

nucleation sites for further calcification, either in large plaques, or concentrically 

spreading around the vessel (Fig. 1.4). 
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1.9. Inducers of calcification 

1.9.1. Cellular senescence  
The development of calcification is associated with a deviation from the homeostatic 

norm, in which quiescent vSMCs undergo a complex process of differentiation, 

followed by the development of senescence (87). vSMC senescence involves the 

reduction of proliferative marker expression and an increase in cytokine and 

protease production; termed the senescence associated secretory phenotype, in 

which the vSMC induces a more inflammatory, osteogenic environment to allow 

further trans-differentiation and the subsequent development of calcification (88). 

Development of this unique phenotype has been associated with the 

overexpression of cell cycle inhibitors and an increase in DNA damage (89), leading 

to chromatin instability, however the precise mechanism in which osteogenic 

differentiation is triggered via senescence remains unclear.  

 
1.9.2. Loss of osteogenic inhibitors 

As calcification is now understood to be an active process, the dynamic between 

both activators and inducers in calcification is considered to be a careful balancing 

act, in which too much of either can have detrimental effects (84, 90). vSMC are 

able to effectively modulate a range of these proteins, by altering their transcriptional 

programme as needed, however in the event of calcification, a loss of inhibitors is 

often the cause (84). Osteogenic inhibitors such as fetuin A, osteopotegrin and 

matrix Gla protein (MGP) are shown to be decreased in both diabetic and chronic 

kidney disease (CKD) patients and positively associated with an increased risk of 

mortality (91, 92). Fetuin A sequesters calcium and when contained within 

extracellular vesicles, inhibits calciums’ ability to form calcium-phosphate 

molecules, further stabilising the vesicle membrane and preventing its deposition 

(93-95). This reduction in calcium phosphate deposition not only reduces 

extracellular matrix (ECM) mineralisation, but reduces macrophage apoptosis and 

their differentiation to foam cells, slowing atheroma formation and the development 

of plaque (93). Secondly, MGP is produced within vSMCs and acts as an inhibitor 

of pro-osteogenic bone morphogenic proteins (BMPs) and thus with its loss, an 

upregulation of BMP2 has been reported (96), contributing to the drive in osteogenic 

differentiation and subsequent calcification. However, studies have questioned the 

direct relationship between MGP and the development of calcification, with the level 
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of γ-carboxylation on the MGP molecule shown to control plaque development 

rather than the actual expression of MGP (97). With carboxylation attributed to 

vitamin K-dependent enzyme γ-carboxylase, a deficiency in vitamin K rather than 

levels of MGP itself may be responsible for the development of these plaques (98), 

however a greater understanding is still required within this field (99). 

 
1.9.3. Oxidative stress  

Both oxidative and endoplasmic stress has been implicated in the development of 

osteogenic differentiation and subsequent VC (100). Within the vessel, the presence 

of hyperglycaemia and reactive oxygen species leads to increased NADPH oxidase 

activity, producing elevated levels of hydrogenic peroxide (101). Following this, 

hydrogen peroxide then induces differentiation via activation of the Runt related 

transcription factor 2 (Runx2) pathway and contributes to vSMC osteogenic 

differentiation (102). Similarly, in an inflammatory diabetic vascular environment, 

advanced glycated end products (AGEs) contribute to the activation of pro-

inflammatory receptor for advanced glycated end products (RAGE). This in turn 

induces an increase in NADPH oxidase activity, again leading to an activation of 

Runx2 and alkaline phosphatase (ALP) activity, with an inhibition of both AGEs and 

RAGE shown to reduce calcification in animal models (103, 104).  

 

1.10. Microvesicle formation and their role in vascular calcification 

During osteogenesis within bone, the formation of vesicles is a normal feature, by 

which to spread and advance bone development (105). The vesicles are rich in ALP 

(106), which catalyses the breakdown of pyrophosphate; a key inhibitor of 

calcification. These vesicles are enclosed in a tri-lamellar membrane equipped with 

a sodium-dependent phosphate pump, through which phosphate ions are actively 

transported. The pumping of phosphate ions into vesicles is potentiated by an 

increase in phosphate within the extracellular fluid, which occurs during chronic 

diabetes or kidney failure (107, 108). Once the vesicle membrane disintegrates 

calcium phosphate is released into the extracellular fluid and comes into contact 

with the ECM, triggering the formation of hydroxyapatite crystals; leading to a 

hardening and loss of matrix function (109) (Fig. 1.5).  
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Figure 1.5. TNAP induction of smooth muscle cell calcification. vSMCs 

exposed to increased oxidized LDL, phosphate and calcium, form hydroxyapatite 

crystals on their matrix, leading to vascular calcification. ENPP1 converts ATP to 

AMP, which binds with pyrophosphate (PPI ) shuttled out the cell by ANK. TNAP 

catalyses the breakdown of calcification inhibitor pyrophosphate to phosphate, 

further propagating the development of matrix calcification.  

 

1.11. Extracellular matrix deposition 

Whilst the majority of calcification research has focused on the vSMC phenotype 

switching, a growing importance on the ECM in which the vSMCs are embedded 

has emerged. Modulation of vSMCs via their relationship with the ECM, through 

focal adhesions and integrin receptors may contribute to their ability to maintain their 

contractile phenotype and slow down proliferation (110). Whilst the expression of 

most ECM proteins in their native form such as; laminin, perlecan, fibronectin 

collagen I and collagen VI appear to help maintain a contractile anti-proliferative 

phenotype, manipulation or breakdown of these; such as monomeric collagen I, 

increases proliferation, migration and cellular adhesion, suggesting a change in 

ECM may induce the trans-differentiation of vSMCs, leading to calcification (111). 

Recent studies have suggested that the ECM could be considered a reservoir of 

cytokines and growth factors which can modulate the vSMC phenotype (112), and 

that modulation of the ECM via stress or change to the composition of the vessel 
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may increase the bioavailability of these, thus inducing the changes observed within 

the smooth muscle.  

 

1.12. Vascular smooth muscle cell phenotypic switching and plasticity 
vSMCs are usually confined to the tunica media of the vessel where they exhibit a 

contractile tone, which functions to maintain normal vascular tone. Under healthy 

conditions, vSMCs are non-voluntary, contractile cells, found in the intimal layer of 

vessels and responsible for the optimal function of blood vessels, primarily 

controlling blood pressure through contraction and relaxation. Within the vessel, 

contractile vSMCs respond to signals such as acetylcholine and adrenaline signals 

to contact and express a range of contractile proteins, such as SMAα SM22a SM-

MHC (113). Morphologically the contractile phenotype exhibits an elongated 

spindle-like shape, with a low level and size of organelles present, as instead these 

are replaced via contractile filaments, attributing to vessel elasticity and the 

quiescent state of the cells (112). 

 

Historically vSMCs were believed to maintain a contractile phenotype except when 

under stress, were they were thought to differentiate in a linear manner, in which 

contractile and synthetic vSMCs represented two ends off a spectrum and which 

coincided with significant changes in morphology. A synthetic phenotype exhibits a 

greater number of organelles and a faster proliferative rate than a contractile vSMC, 

with a higher energy turn-over than contractile cells (65). Morphologically, synthetic 

SMCs resemble a more rhomboid shape, with cobblestone morphology and are 

often more disorganised within the intima layer of the vessels, with a reduction in 

contractile filaments found, which correlates with a decrease in arterial compliance 

(114, 115).   

 

However, with mounting research demonstrating the differentiation from contractile 

phenotype to at least four distinct phenotypes apparent (116), the field is widening 

rapidly, with more research needed to fully characterise them (117). Moreover, 

unlike other cell types, mature vSMCs do not terminally differentiate, and retain 

remarkable plasticity, depending on the environmental and extracellular signals to 

which they are exposed (118). This plasticity is required for vascular remodelling 
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and adaptation, and vSMCs can display features of osteoblasts, chondrocytes, 

adipocytes and macrophages (119, 120). 

 

The most common differentiation process of a vSMC during calcification is 

osteogenic differentiation, in which vSMCs will switch to the synthetic phenotype, 

exhibiting an increased rate of proliferation, which accounts for the development of 

restenosis or atherosclerosis (121). Additionally, migration of the vSMC into the 

tunica intima can be correlated with the upregulation of focal adhesions and 

activation of major proliferation pathways such as ERK (122-124). This leads to the 

subsequent increase in MMP and collagen deposition and the cells lay down new 

matrix and begin to calcify (123, 125). Once vSMCs have laid down a matrix and 

calcification becomes apparent, the cells switch again from a synthetic phenotype 

to an osteogenic phenotype, in which proliferation is significantly reduced and the 

production of Runx2 and Msx2 is upregulated and ALP is activated, resulting in the 

production and release of calcifying vesicles to further propagate mineralisation 

(65). Furthermore, it has become apparent that whilst vSMCs undergo osteogenic 

differentiation in response to elevated calcium and phosphate, the damage to the 

vessel due to hyperglycaemia or oxidative stress resulting in DNA damage (126, 

127) may induce senescence within the vessel through cyclin-dependent kinase 

inhibitors p16 and p21, contributing to the inability of the cell to repair itself and 

further perpetuating vascular dysfunction and calcification (128, 129) (Fig. 1.6). 

Interestingly whilst Runx2 activation allows osteogenic differentiation, Msx2; which 

is also found to be upregulated during this process,  leads the cells down a 

chondrocyte differentiation pathway and it is the fine balance between these two 

major transcription factors which determines the differentiation pathway, however 

fluctuations in their relevant expression allows plasticity between the two 

osteoblastic and chondrocytic phenotype (130). 
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Fig. 1.6. Smooth muscle cell differentiation. Regulatory contractile smooth 

muscle cells (vSMCs) are exposed to increased phosphate, calcium, glucose and 

DNA damage, resulting in the activation of multiple pathways; including ERK, Wnt, 

and the loss of endogenous calcification inhibitors. Recently differentiated synthetic 

vSMCs begin to express alkaline phosphatase (ALP) Runx2 and Osteocalcin (OCN) 

which furthers their differentiation to osteogenic vSMCs, leading to cellular 

senescence and the increased deposition of a calcified extracellular matrix.  
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1.13. Origins of calcifying vascular smooth muscle cells  

The origins of vSMCs are complicated, due to the conflicting beliefs that exist 

regarding whether SMCs in the vessel wall are heterogenous or derived from 

multipotent vascular stem cells lineage which are linked to the development of 

calcification. Embryonic development research has given critical insight into the 

formation of de novo vasculature from the embryonic splanchnic mesoderm via 

vasculogenesis, resulting in the production of both smooth muscle and endothelial 

precursor cells (131). Embryonic differentiating vSMCs exhibit high rates of 

proliferation and migration, producing and laying down a large amount of ECM 

associated proteins in order to form the vascular system. Following the development 

of large vessels, angiogenesis occurs to refine the pattern of the vessels and 

determine whether they develop to be an artery or a vein, with PDGF-BB and TGF-

β signalling playing an important role in their development (132). However, an 

alternative view suggests that calcifying vascular cells (CVCs) are solely 

responsible for the development of the calcified plaques within the vessels, which 

arise from a resident subpopulation of neural crest derived progenitor cells from 

within the arterial wall, as opposed to those resulting in mesoderm lineage (133). 

With atherosclerosis believed to have clonal origins, there is accumulating evidence 

that this permanent resident subpopulation may be responsible. CVCs have been 

shown to exhibit all normal vSMC markers; such as SM22A and SMAα, however 

under culture they spontaneously differentiate to an osteogenic phenotype and 

produce calcified nodules within the matrix. Whilst CVCs share many similar 

properties to bone, they also share several pericyte phenotypic markers, including 

αActin, β-Actin and 3G5 epitope. With Pericytes long suspected to be from 

mesenchymal origin, the suggestion that CVCs may be of mesenchymal origin gains 

more traction (134, 135). 

 

1.14. Molecular aspects attributing to vascular calcification 
1.14.1. Hyperglycaemia  

Long term hyperglycaemia generates metabolic, osmotic and oxidative stress within 

the vessels, all of which contribute to the development of vascular calcification (127). 

The presence of hyperglycaemic stress has been shown to remain even after 

glucose normalisation, defined as ‘hyperglycaemic memory’ (136). Originally 

described in streptozotocin-induced diabetic rats in which return to normoglycemia 
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did not reduce fibronectin expression in the kidney cortex (137) the mechanism was 

then fully described in human endothelial cells as a sustained response to 

hyperglycaemia with continuing damage (138). Hyperglycaemia increases reactive 

oxygen species (ROS) production within in the mitochondria, activating the polypol 

and hexosamine pathway, increasing production of AGEs and protein kinase C 

(PKC) activation, all of which increase vascular dysfunction and the upregulation of 

pro-oxidant enzymes and inflammatory markers, even after the return of 

normoglycemia (139, 140). Pathways such as NAD(P)H and PKC become 

persistent, leading to vasoconstriction of the vessels, which results in high blood 

pressure and may lead to hypertension or vascular dysfunction (141). Additionally, 

persistent PKC signalling has been demonstrated to increase Runx2 and BMP 

protein expression which forms a positive feedback loop alongside other osteogenic 

markers such as ALP and Msx2, resulting in dyslipidaemia and increased 

calcification (142). Prolonged hyperglycaemia also increases BMP2/Wnt axis 

expression, leading to an osteogenic phenotype switch of myofibroblasts, increasing 

BMP2 expression and arterial calcification and has been linked to the osteogenic 

switch within the vascular smooth muscle layer as well (143, 144).   

 

1.14.2. Runx2 Pathway 
Runx2 (or Cbfa1) is a bone related transcription factor which is essential for the 

differentiation of osteoblasts from mesenchymal precursors, causing ECM 

deposition and an increase in bone density (145). Activation of Runx2 directly 

upregulates a range of osteogenic downstream targets such as BMPs, Collagen I, 

Collagen III and OCN via binding to their promotor regions at a core enhancer 

sequence (PuCCPuCA), allowing for an increase in osteogenesis and bone 

development (142) (Fig. 1.7). However, when activated in tissues within the 

vasculature this increase in matrix deposition and mineralisation can cause 

significant problems, and a wide variety of pathways converge on this axis to both 

perpetuate and inhibit this process. 
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Fig. 1.7. List of major Runx2 regulated genes. Adapted from STRING biological 

database. search term ‘RUNX2’.     

Major Runx2 Regulation Genes 

Gene Function 

BGLAP Non-collagenous calcium binding protein hormone. 

BMP2 Member of the TGF-beta family. Induces cartilage and bone 
formation. Stimulates osteoblast differentiation. 

CBFB DNA binding factor for RUNX2. 

MAPK1 Serine/threonine kinase within the MAP kinase signal transduction 
pathway. Heterodimerises with MAPK3. 

MAPK3 Serine/threonine kinase within the MAP kinase signal transduction 
pathway. Heterodimerizes with MAPK1. 

RB1 Tumour suppressor and key regulator of entry into cell division, 
suppressing E2F1 transcription leading to cell cycle arrest. When 
phosphorylated promotes G0-G1 transition. 

SMAD3 R-SMAD, intracellular signal transducer and transcriptional 
modulator activated by TGF-beta. Forms heterodimer with SMAD4, 
activating transcription. 

SMAD4 Interacts with SMAD1/5 following BMP2 activation to interact with 
Runx2 increasing downstream transcription. Acts within the BMP2-
Smad-Runx2 feed forward loop. 

SOX9 Physically interacts with Runx2 to inhibit the transactivation of 
Runx2 and subsequent phosphorylation-dependent degradation of 
Runx2, regulating osteochondrogenesis. 

OSX Required for bone formation. Transcription factor essential for 
osteoblast differentiation. Binds downstream of Runx2 at response 
elements and is responsible for osteoblast-specific Col1a1 
production. 
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Differentiation of both osteoblasts and smooth muscle requires secretion of an ECM 

as previously described, which subsequently allows for the induction of osteoblast-

related genes such as those encoding OCN, bone sialoprotein (BSP) and ALP, all 

of which contribute to the development of matrix calcification (146). ECM activation 

further increases the binding of Runx2 to the OCN promotor region, again increasing 

the deposition of a calcified matrix (147). Integrin signalling, induced via ECM 

binding, activates the MEK/ERK signalling pathway (MAPK) which quickly becomes 

phosphorylated, allowing for further induction of OCN and Runx2 expression (148, 

149), with MAPK pathway inhibitors demonstrated to limit the induction of ECM 

dependent osteoblastic differentiation in both stromal cells (150) and vSMCs (151). 

Likewise, overexpression or constitutive activation of MEK1 induces both 

endogenous OCN mRNA production as well as an increase in the phosphorylation 

of Runx2 (124, 149, 152). Whilst other post-translational modifications of Runx2 

may affect its activation, phosphorylation is currently the best described for Runx2. 

Phosphorylation of Runx2 by MAPK has been shown to be vital in the process of 

maintaining bone homeostasis (152, 153), however this increased phosphorylation 

in regions such as the vasculature may lead to aberrant Runx2 signalling, resulting 

in calcification.  

 

Furthermore, the BMP family of proteins; a member of the TGF-β superfamily, are 

best described as inducers of osteoblast and chondrocyte differentiation, operating 

in conjunction with Runx2 (154, 155). BMP signalling uses receptor regulated 

Smads 1,5 and 8 (R-Smads) and Smad 4 to propagate the signalling pathway. Once 

activated the Smads then translocate to the nucleus complexing with enhancer 

sequences on target genes; such as Runx2, leading to their production (156). BMP 

overexpression has been directly linked to the activation of Runx2 in mesenchymal 

cells, either via direct Smad signalling or by alternative pathways, with BMP and 

Runx2 shown to synergistically increase OCN expression (157) (Fig. 1.8). 

  



 36 

 
 
 

Fig. 1.8. Runx2 Signalling Pathway. Multiple extracellular signals, including 

osteogenic Wnts, TGFβ and bone morphogenic proteins (BMPs) activate cell 

membrane receptors, leading in activation of multiple signal transduction pathways; 

such as SMAD, β-Catenin and MAPK. In turn these pathways activate Runx2, 

increasing its expression and translocation to the nucleus. Runx2 acts as a 

transcription factor for multiple osteogenic proteins, allowing for osteogenic 

differentiation, cellular senescence and an increase in calcified matrix deposition.     
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1.14.3. DNA Damage  

Vascular dysregulation and calcification can be attributed to the increase in DNA 

damage within the vessels (121, 158). DNA damage can be detected early on in the 

development of atherosclerotic calcification and its prominence increases with the 

severity of plaque formation and vascular dysfunction (159). DNA damage includes 

single (SSB) and double stranded breaks (DSB), nucleotide modifications, 

micronuclei development and deletion of DNA segments. The mechanism of repair 

following a DSB depends on the phase of the cell cycle, with error free homologous 

repair (HR) being favoured during the S/G2 phase of the cycle, when sister 

chromatids are available as homologous templates. Whereas non-homologous end 

joining (NHEJ) is more error prone and favoured during G1 and G2, where the cell 

is dormant and recently described alternative non-homologous end-joining (A-

NHEJ) occurs during the cells entry to S phase (160).  

 

Homologous recombination can be divided into four steps. Initial processing of the 

break involves the MRN complex; composed of scaffolding proteins; MRE11, 

RAD50 and NBS1, and the Ataxia Telanglectasia Mutated (ATM) kinase which are 

recruited to the site of damage (161, 162). ATM then phosphorylates both the MRN 

complex and H2AX, activating the downstream cascade of proteins which signal the 

start of DNA repair (163), in which the cell will either repair and return to its 

phenotype before damage occurred, or undergo apoptosis.  

 

If the cell is within G1 to G2 phase within the cycle, NHEJ is favoured. Firstly, a 

heterodimer of Ku70 and Ku80 recognises the DNA ends and complexes with DNA-

dependent protein kinase (DNA-PK), auto-phosphorylating and forming a stable 

complex which remains tethered to the end preventing further access by other 

proteins. This results in a conformational change within the DNA-binding catalytic 

subunit, allowing terminal end processing, in which a DNA polymerase allows the 

trimming of the overhangs, thus producing two blunt ends ready for ligation. Finally, 

ligation occurs via XRCC4 and DNA ligase IV complex, which stabilises the DNA, 

resulting in repair (164, 165).  

 

Finally, A-NHEJ occurs in a similar mechanism to NHEJ in the absence of key NHEJ 

cofactors. In the absence of Ku proteins, PARP1 binds to the DSB and is 
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subsequently activated and auto-poly(ADP-ribosyl)ated (158), resulting in 

decreased affinity for nucleosomes in a relaxed chromatin structure, facilitating 

chromatin remodelling which is needed for DNA repair. Following recognition, DNA 

end processing occurs via the PARP1-PAR synthesis (166), triggering recruitment 

of the MRN complex to initiate incompatible end resection. Finally, ligation of the 

DNA ends occurs when the MRN complex interacts with the DNA ligase IIIa/XRCC1 

complex, stimulating the joining of the end.  

 

Within a prolonged inflammatory pro-calcification environment, DNA repair by 

whichever method is often reduced and the cells often undergo apoptosis when 

overwhelmed by stress. Prelamin A, a precursor of Lamin A induces vSMC 

senescence and DNA damage via the inhibition of mitosis (129). Once accumulated 

in senescent cells it downregulates ATM, which inhibits activation of the MRN 

complex and thus DNA repair. DNA damage response signalling has been 

demonstrated to induce differentiation of vSMCs following senescence with an 

increase in p16 and ALP activity reported in damaged cells (167) (Fig. 1.9). 
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Fig. 1.9. MRN Pathway. DNA damage induces phosphorylation of the H2AX protein 

via ATM, leading to the accumulation of the MRN complex to the site of the DNA 

break. Activation of ATM then either phosphorylates p53, targeting it for 

ubiquitination, or p53 becomes acetylated, increasing p21 expression and a range 

of checkpoint inhibitors, resulting in cellular senescence or subsequent apoptosis.  
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1.14.4. Wnt Signalling pathway  

Wnt signalling and its downstream mediators affects a range of biological processes 

ranging from embryonic development to insulin secretion and vascular calcification  

(168-170). A highly conserved group of 19 genes encoding for cysteine-rich-

secreted glycoproteins, the Wnt family was first identified in Drodophilia 

melanogaster as a mutant wingless gene Wnt (171). Whilst highly conserved and 

well-studied in eukaryotes, Wnt signalling was believed to be essential for 

embryonic development, regulating cellular proliferation, polarity and apoptosis, yet 

significantly decreased in adults, with recent studies suggesting Wnt signalling is 

reactivated in cardiovascular pathologies (172). Whilst Runx2 is noted to play a key 

role in osteogenesis and bone remodelling, the Wnt pathway is now known to be 

necessary for the commencement of osteoblast differentiation. Wnt signalling is 

commonly divided into three main pathways, all dependent firstly on the Wnt protein 

firstly becoming palmitoylated on conserved serine residues before becoming 

glycosylated and binding to a receptor on the cellular membrane (173). The most 

well observed being the canonical pathway, involving Wnt and the β-Catenin protein 

with the strongest links to calcification and vascular dysfunction. 

 

The Canonical pathway, the most well understood of the three Wnt pathways is β-

Catenin dependent, characterised by the accumulation of β-Catenin in the 

cytoplasm and subsequent translocation to the nucleus. Secreted osteogenic Wnt 

ligands, classically Wnt3a, Wnt5a and Wnt7a (174), bind to the transmembrane Frz 

co-receptor and competitively interacts with co-receptors LRP5 and LRP6, 

propagating canonical Wnt signalling. This binding evokes the downstream Wnt 

signalling cascade, resulting in the dephosphorylation and stabilisation of β-Catenin 

(175), leading to the translation of β-Catenin into the nucleus where it interacts with 

its DNA binding partner T cell factor (TCF) / lymphoid enhancer-binding factor (LEF) 

to initiate the transcription of Wnt target genes such as Runx2 (176). Furthermore, 

phosphorylation of β-Catenin at Ser675 via p21 activated kinase 1 increases its 

activation, which highlights the intertwined nature of senescence and the induction 

of calcification (177). Additionally, β-Catenin activation regulates the expression of 

ECM components, including versican, MMPs, focal adhesin proteins and fibronectin 

which when upregulated can increase vessel stiffness and vascular calcification 

(178).  
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Within the nucleus, Runx2 expression is controlled by Wnt signalling via the direct 

binding of TCF / LCF co-transcription factors. Direct β-Catenin binding to TCF7 / 

LEF1 at Runx2 promotor sites or indirect DNA binding of SMADs and TCF7L2 via 

protein-protein enhances Runx2 expression (176). Furthermore FHL2, from the LIM 

protein superfamily interacts with β-Catenin, increasing its nuclear translocation and 

increased TCF/LEF binding, resulting in increased Runx2 expression (179). 

Conversely non-canonical Wnt activation through the PI3K-Atk pathway allows 

Runx2 to complex with LEF1, interacting with Runx2 and repressing Runx2 induced 

osteocalcin activation (102) (Fig. 1.10).  
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Fig. 1.10. Canonical Wnt Pathway. Activation of the Frizzled receptors (Frz) and 

LRP5/6 co-receptor via a Wnt ligand leads to the GSK3β which phosphorylates the 

receptors. Subsequent recruitment of the Dishevelled (Dvl) protein to the membrane 

allows its polymerisation and further recruitment of Axin and APC, releasing β-

catenin from its inactive state. β-Catenin then accumulates within the cytoplasm 

before translocating into the nucleus. There, β-Catenin forms an active complex with 

LEF and TEF transcription factors, leading to a production of a range of proteins 

resulting to a change in multiple cellular processes.   
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1.15. Models of vascular calcification 

A range of both in vivo and in vitro models have been developed to study the 

development of vascular calcification. In vivo CKD rodent models such as 

glomerular injury and nephrectomy models developed severe and rapid widespread 

calcification, with high levels of serum calcium and creatinine and are useful models 

for severe calcification (57, 228). Isolated vitamin D is widely used in vivo to study 

calcification, with potentially toxic amounts used, resulting in acute hypercalcemia 

and phosphoremia within a short frame time. Chronic and long-term vitamin D 

exposure results in metastatic calcification with a reduction in renal function. 

Additionally, vitamin D exposure results in a loss of arterial wall elastin and collagen 

fibres, causing arterial stiffness and a decrease in vascular compliance (180, 181).  

Transgenic mice have also been a useful source of VC models, with many current 

models obese, either through genetic manipulation or feeding of a western diet. 

Monogenic obesity models; such as defective leptin signalling; either deficient in 

leptin or the receptor, causes hyperphagia, hyperinsulinemia, hyperglycaemia and 

subsequent obesity (182). Additionally, a range of atherosclerotic mice models have 

been produced, predominately through mutations in LDL receptor (LDLR) and 

Apolipoprotein E (APOE) genes; leading to hyperlipidaemic disorders. Both ApoE (-

/-) and Ldlr (-/-) mice show elevated plasma cholesterol levels and develop diet-

dependent calcification in under 14 weeks (183), (184). Whilst mice models are 

useful in the understanding of the overall disease, there are some distinct 

differences between the development of human and mouse calcification. In humans, 

calcification often develops in the coronary arteries, something not observed in mice 

models, with mice exhibiting extremely high levels of blood lipids and a different 

metabolism pathway, which contribute to a faster and more aggressive plaque 

development than found in humans (185). Additionally, mice models do not manifest 

an unstable atherosclerotic plaque with overlying thrombosis; the lesion most 

associated with clinical cardiovascular events, and are lacking vasa vasorum 

surrounding the vessel which are key for the migration of inflammatory cells within 

a human vessel (186, 187).   

 

In vitro models have been established as an alternative to murine models, utilising 

human vSMCs grown in culture to deposit a mineralised matrix. vSMCs grown in 

the presence of 5 mM β-Glycerophosphate (βGP) and 2.6 mM calcium chloride will 
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induce vSMC mineralisation (87). Deposition of the calcification matrix and 

osteogenic differentiation has been demonstrated to corelate with a loss of vSMC 

markers such as ACTA1 and ACTA2 and an upregulation of osteogenic markers 

such as ALP, Runx2, OCN, indicating the hyperphosphatemia and hypercalcemia 

environment induces mineralisation (90). Within this study, a model utilising both 5 

mM βGP and 2.6 mM calcium chloride will be used in both physiologically relevant 

high (25 mM) glucose conditions; reflective to that of a type II diabetic in 

hyperglycaemic emergency and within low (5 mM) glucose conditions which is 

considered a healthy fasting  level (188), with the relevant markers used to confirm 

the trans-differentiation of the vSMCs.  Whilst both conditions are expected to 

induce calcification relative to the control without the addition of osteogenic 

conditions, this study will determine the effect of osteogenic conditions of VC alone, 

compared to a hyperglycaemic osteogenic model.   

 
1.16. Sirtuins 

1.16.1. Molecular structure and localisation of SIRT1 

Sirtuins are NAD+ dependent deacetylases from a large family of deacetylases, 

which deacetylate a range of histone and protein targets. Highly conserved from 

bacteria, silent information regulator 2 (Sir2) was first identified through 

Saccharomyces cervisiae used to silence mating type information locus HM (189). 

So far, seven isoforms in humans have been identified, via their intracellular 

distribution and various roles within cellular processes; such as apoptosis, 

senescence, glucose homeostasis and aging (190) (Table 1.3). SIRT1, the most 

well studied Sirtuin is known to have a range of calcification related targets, and 

therefore will be the focus of this thesis.  

 

The SIRT1 gene is located at chromosome 10q21.3 and contains 11 exons. There 

are two isoforms of SIRT1 as a result of alternative splicing. SIRT1FL is the 

canonical SIRT1, composed of 747 amino acids with a predicated weight of 80kDa, 

however it is normally observed at 120kDa, most likely attributed to a result of 

posttranslational modifications (191). SIRT1FL is constitutively expressed and 

demonstrates robust deacetylase activity compared to isoform 2; Dexon 8 which is 

composed of 561 amino acids and stress inducible. Dexon 8 isoform however 

exhibits increased RNA/protein stability and protein-protein interactions and is able 
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to regulate p53 in an auto-regulatory loop, whilst p53 also influences SIRT1 splicing 

(192).  

 

SIRT1 contains four domains, an NAD+ binding domain (catalytic domain), zinc 

binding domain, helical module and a c-terminal regulatory segment (CTR). The 

CTR site is located upon the outside of the SIRT1 molecule next to the catalytic 

domain and is composed of 25-residues. Divided into two parts, the larger N-

terminal region forms a hairpin that complements the central parallel β-sheet within 

the NAD+ binding domain. The smaller of the two halves; the C-terminal extension, 

forms contacts with the helical module whilst in closed formation and engages the 

extended tail region of the catalytic domain during open formation, allowing for a 25° 

rotation, disrupting all interactions between the subdomains and allowing the 

exposure of the hydrophobic tunnel in which the substrate may enter. The active 

site is located between the zinc binding domain and the helical module, where upon 

substrate and NAD+ binding the site undergoes a conformational change, forming 

a hydrophobic tunnel. During substrate and NAD+ binding the peptide binds within 

the border between the NAD+ binding domain, the Zn2+ module and the helical 

module, following which the hydrophobic acetylated lysine substrate residue can 

reach the active site through the hydrophobic tunnel and deacetylation will occur 

(193).  

 

SIRT1 was originally suggested to be a nuclear protein, believed to have been 

involved in embryogenesis and differentiation, however under different 

environmental cues and tissue type, it can dynamically shuttle between the nucleus 

and the cytoplasm (194). Within in vivo and in vitro studies, the localisation of SIRT1 

has differed, with some cells expressing SIRT1 in the cytoplasm alone or within both 

the nucleus and the cytoplasm (195, 196). Subcellular localisation of SIRT1 is 

regulated via two evolutionally conserved nuclear localisation sequences and 

nuclear export signals within its amino acid sequence, suggested to be dependent 

on the PI3K signal cascade (197), however the exact mechanism for this remains 

unclear. 
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1.16.2. SIRT1 Activity  

Reduction of NAD+ to NADH is known for its role in energy homeostasis and 

metabolism, with SIRT1 requiring NAD+ as a cofactor to deacetylate a range of 

targets. Within diabetes, the balance between NADH and NAD is severely perturbed 

(198), with NADH overproduced due to the increased influx of glucose into the 

glycolytic and Krebs cycle pathways due to hyperglycaemia and the activation of 

the polyol pathway as previously discussed. This impairment of the NAD balance 

results in changes within the enzymatic activity of SIRT1 during the deacetylation 

reaction, in which the glyosidic bond between 2’-O-acetyl-adenosine 

disphosphoribose (OAADPr) in NAD and nicotinamide being cleaved, releasing the 

molecules into the environment (199). However, with the lack of NAD present, there 

is little to no release of nicotinamide into the environment, thus the negative 

feedback loop is not activated which would reduce SIRT1s activation, so SIRT1 is 

still present, however unable to deacetylate its targets.  

 

Moreover, as no cleavage occurs in a diabetic environment, the OAADPr which 

would act as an independent agent to reduce endogenous ROS and diverts glucose 

preventing oxidative damage is not produced, therefore increasing damage within 

the cell and perpetuating an oxidative environment. Recent studies also suggest a 

role for OAADPr in gene silencing, by facilitating the assembly and loading of SIRTs 

into nucleosomes (200, 201).  

 

SIRT1 has a variety of targets within the nucleus, mainly concerned with the 

regulation of cell survival and metabolism; p53, Ku70, p300, stress response 

control; FOXO, NF-kB, PPARy, ROS scavenging and apoptosis (202). Moreover, 

SIRT1 has been linked to multiple cell and developmental mechanism, through both 

gene modulation expression via histone deacetylation at targeted loci and 

deacetylation of non-histone proteins involved in protein differentiation. During 

embryogenesis, global histone acetylation dynamics have been observed, however 

these are predominantly linked to HDAC1, however knockdown of HDAC1 in mice 

does not result in a change to global transcription rate (203, 204), suggesting the 

role may be shared by other histone deacetylases; such as SIRT1. Within embryonic 

stem cells derived from the blastocyst, levels of histone acetylation appear to be 

higher than lineage restricted stem cells, and thus histone deacetylation plays an 
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important role in tissue specific gene silencing; demonstrated by the SIRT1(-/-) 

knockout mutation leading to be embryonic lethal or showing severe developmental 

defects in mice (205, 206).   

 

1.16.3. Regulation of SIRT1 

Regulation of SIRT1 via calorific restriction (CR) has been suggested to increase 

lifespan and act as a tumour suppressor in both animal models and humans (207) 

and is often the first line of treatment for a pre-diabetic patient (208). During CR, 

cells increase resistance to oxidative stress and undergo metabolic reprogramming 

to an oxidative metabolism; to increase energy intake from food consumed, however 

the exact mechanism of regulation remains a source of debate (209, 210). The initial 

hypothesis suggests that the metabolic shift increases intracellular NAD+ levels and 

decreases NADH; an inhibitor of SIRT1 deacetylase activity, thus giving SIRT1 more 

substrate and therefore an increase in activity (211). However, this hypothesis 

suggests that in cells unable to undergo a shift to oxidative metabolism there should 

be no benefit in CR, yet in yeast deficient of undergoing oxidative respiration CR still 

increased lifespan, suggesting there may be an alternative mechanism.  

 

An alternative hypothesis was proposed that CR increases SIRT1 activity via the 

decrease of intracellular nicotinamide; a product of the SIRT1 deacetylation reaction 

which inhibits its activity. It is suggested that CR increases Nampt expression; a 

nicotinamidase enzyme which catalyses the initial reaction of NAD+ from 

nicotinamide; known as the nicotinamide salvage pathway, thus maintaining NAD+ 

levels and therefore allowing greater SIRT1 activity (212, 213). Consistent with this 

second hypothesis, the effects of CR are inhibited in yeast devoid of PNC1; a Nampt 

homolog were significantly blunted, suggesting there indeed may be a role for CR 

in SIRT1 regulation (214) (Fig. 1.11).  
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Fig. 1.11. Role of Calorific Restriction on 
SIRT1 expression. When Calorific Restriction is 

activated, an increase in nicotinamide 

phosphoribosyltransferase (Nampt) leads to a 

shift in NAD+ production; the substrate SIRT1 is 

dependent on, and a decrease in Nicotinamide, a 

known SIRT1 inhibitor.  

  

 

 

 

Furthermore, the interplay between SIRT1 and PARP1 has been shown to regulate 

SIRT1 activation as both require NAD+ as a substrate. PARP1 is a nuclear protein 

involved in DNA repair and chromatin remodelling and has similar mechanisms to 

SIRT1 through the sharing of cofactor NAD, demonstrating a duel role in cell survival 

and ATP depletion, with PARP1 activation directly inhibiting SIRT1 through 

competitive inhibition (215, 216). SIRT1 inhibition through PARP1 activation and 

subsequent NAD+ depletion has been demonstrated to increase H2O2 induced cell 

senescence. With SIRT1 deacetylation inhibiting activation of PARP1 and its ability 

to utilise NAD+, this suggests a negative feedback loop exists between SIRT1 and 

PARP1 in regulating cell function (217).  

 

Additionally, under DNA damage and cellular stress SIRT1 is positively regulated 

by the cell cycle and apoptosis regulator E2F1. E2F1 binds to the SIRT1 promotor 

via a consensus site at -65bp and induces transcription, however upregulation of 

SIRT1 then inhibits E2F1 via deacetylation, inhibiting cell cycle progression until 

DNA damage is repaired. As PARP1 binds E2F1 and co-activates the re-entry of 

quiescent cells into S phase, it suggests the regulation of SIRT1 is key to cell cycle 

progression following DNA damage and stress (218).   

  

SIRT1 is also regulated via p53, with research suggesting that SIRT1 inhibition 

leads to the stabilisation of p53 due to its hyperacetylation, whereas the upregulation 

of SIRT1 deacetylates p53 at Lys 382 resulting in its inhibition. Once p53 is stable, 
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it binds to -158bp and -182bp within the SIRT1 promotor, negatively regulating its 

transcription (Fig. 1.12). Interestingly in p53 deficient mice SIRT1 levels did not 

increase, suggesting further regulation by alternative pathways may also regulate 

SIRT1 expression (219).  

 

 
 

Fig. 1.12. Regulation of SIRT1 through p53 activation. Reduction of SIRT1 leads 

to hyperacetylation of p53. p53 then binds to the SIRT1 promotor region, inhibiting 

SIRT1 production and increasing cellular senescence and apoptosis in diseases 

such as diabetes. When SIRT1 is present, it inhibits acetylation of p53, resulting in 

a p53 molecule which is unstable and quickly degraded, allowing for cell cycle 

progression.  
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1.16.4. Post-translational modifications 

Alongside regulation via transcription factors, SIRT1 can also be regulated via a 

range of post-translational modifications (Fig. 1.13). Firstly, phosphorylation is the 

most common biological approach to protein regulation involving the covalent 

addition of a phosphate group to a serine, threonine, tyrosine or histidine residue by 

a kinase. So far 15 sites of phosphorylation have been suggested for SIRT1, both 

in the C-terminus and N-terminus however it is likely many more exist (220). JNK1 

phosphorylates SIRT1 at Ser27 and 47 and Thr 530 during cellular stress and 

increases protection from oxidative stress within the cardiovascular system, which 

appear to decrease the deacetylase activity of SIRT1 towards histone H3, however 

exhibits no effect on p53 (221), suggesting phosphorylation may alter SIRT1 in a 

substrate specific manner. Additionally, Casein Kinase II (CK2) phosphorylates Ser 

659 and 661 within human SIRT1, increasing substrate affinity and thus total activity 

of SIRT1 towards acetylated p53 and p65, the latter reducing NF-kB activation when 

deacetylated, contributing to increased cellular survival (222, 223). Furthermore, 

CDK1 complex phosphorylates SIRT1 at Thr 530 and Ser 540. Whilst the 

repercussions of this phosphorylation are not fully understood, mutation of these 

residues disrupts cell cycle progression and slows proliferation, suggesting the 

phosphorylation impacts downstream targets of SIRT1 as well (220). Finally, cyclin 

AMP/Protein Kinase A (cAMP/PKA) phosphorylates SIRT1 within the highly 

conserved core of the protein at Ser 434 (224). This phosphorylation rapidly 

increases intrinsic deacetylase activity of SIRT1 independent of NAD+ levels, 

increasing stimulation of fatty acid oxidation and energy expenditure in response to 

cellular stress and other stimuli.  

 

Besides phosphorylation, methylation of SIRT1 at lysine and arginine residues has 

also been shown to regulate the biological activity of SIRT1. SIRT1 is methylated at 

Lys 233, 235, 236 and 238 via lysine methyltransferase SET domain containing 7 

(Setd7 or Set7/9). Whilst the exact effect of methylation remains unclear, the 

interaction between Setd7 and SIRT1 prevents SIRT1 binding to p53, suggesting 

that methylation reduces SIRT1 ability to bind to protein substrates (225).  

 

SUMOylation; the reversible addition of small ubiquitin like modifiers (-12kDa) to 

lysine residues has also been demonstrated to modify SIRT1 activity. SIRT1 is 
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SUMOylated at Lys 734, inhibiting its deacetylase activity towards p53 and possibly 

other targets. The deSUMOylation enzyme Sentrin-specific protease (SENP) 

removes SUMOylation from SIRT1 and has been shown to increase stress induced 

apoptosis, whereas SUMOylated SIRT1 increases cellular resistance to apoptosis 

(226).  

 

Nitrosylation; the covalent incorporation of a NO moiety into thiol groups via S-

nitrosylated glyceraldehyde-3-phosphate dehydrogenase (SNO-GAPDH) is 

suggested to nitrosylate SIRT1 at Cys 387 and 390. As both these residues are 

located within the catalytic core of SIRT1, SIRT1 nitrosylation reduces the 

deacetylase activity of SIRT1, increasing acetylation of PGC1a, which in turn 

reduces mitochondrial biogenesis an activity, such as in times of calorie restriction 

or cellular starvation (227).  

 

Finally, ubiquitylation; the binding of a ubiquitin protein molecule which present in 

all eukaryotic cells and associated with protein degradation can control SIRT1 

expression. Once a protein is covalently bound to one ubiquitin molecule (mono-

ubiquitylated) multiple ubiquitin molecules are subsequently added to create a large 

ubiquitin chain which is then rapidly degraded along with the protein via the 

proteasome. Following phosphorylation at Ser 47 SIRT1 activity is briefly increased 

before it is rapidly poly-ubiquitylated and degraded. Interestingly, within obese 

patients, SIRT1 expression is reduced and persistent activation of JNK1 is 

increased, suggesting a possible mechanism for SIRT1 reduction in vascular 

calcification associated with obesity (228-230).  
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Fig. 1.13. Known post-translational modifications of SIRT1. Adapted from 

PhosphoSitePlus biological database. search term ‘SIRT1’. Table shown on next 

page. 
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Post Translational Modifications of SIRT1 

Target 
site 

Modification Change in activity 

Ser14 Phos No known effect 

Ser26 Phos No known effect 

Ser27 Phos Reduces deacetylase activity. Intracellular localisation  

Ser47 Phos Reduces deacetylase activity. Intracellular localisation  

Ser172 Phos Inhibits nuclear localisation. Reduces deacetylase activity 

Ser173 Phos Inhibits nuclear localisation. Reduces deacetylase activity 

Lys233 Me Reduces ability to bind substrates 

Lys235 Me No known effect 

Lys236 Me No known effect 

Lys238 Me / Ub No known effect / Degradation 

Tyr280 Phos Regulates protein association. Inhibits transcription 

Tyr301 Phos Regulates protein association. Inhibits transcription 

Lys314 Ub Degradation 

Cys387 NO Reduces deacetylase activity 

Cys390 NO Reduces deacetylase activity 

Ser434 Phos Increases deacetylase activity independent of NAD+ 

Lys499 Ub Degradation 

Thr530 Phos Reduces deacetylase activity. Intracellular localization.  
Regulates protein association.  

Ser540 Phos Increases acetylation. Increases enzymatic activity 

Lys601 Ub Degradation 

Ser659 Phos Increases substrate affinity. Essential for SIRT1 activity 

Ser661 Phos Increases substrate affinity. Essential for SIRT1 activity 

Ser682 Phos Intracellular localisation 

Lys734 Sumo Reduces deacetylase activity 

Ser747 Phos No known effect 
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1.16.5. Effects of SIRT1 in the cardiovascular system and in disease  

SIRT1 has been demonstrated to have a function in a variety of vascular and cardiac 

cells suggesting it has a key role in cardiovascular pathologies, through a range of 

molecular pathways (Fig. 1.14). SIRT1 is highly expressed in endothelial cells, 

maintaining normal endothelial function and angiogenic potential (231). Under 

pathological conditions SIRT1 shuttles between the nucleus and the cytoplasm 

modulating signalling within the oxidative stress protection pathway. Specifically, 

SIRT1 prevents H2O2 induced senescence in ECs via deacetylation of p53 and 

inhibits the induction of functional abnormalities (232, 233).  

 

Additionally, SIRT1 has been demonstrated to protect against hyperglycaemic 

induced endothelial dysfunction through the downregulation of P66Shc expression 

and eNOS regulation (234). SIRT1 mRNA and protein levels progressively decline 

during endothelial senescence, which is associated with CVD risk factors, with 

overexpression of SIRT1 increasing the deacetylation of stress responsive 

serine/threonine kinase BI, again preventing endothelial senescence. SIRT1 has 

also been shown to stimulate NO production through deacetylation at Lys 496 and 

506 of eNOS in endothelial cells (232, 233), increasing the prevention of endothelial 

dysfunction. Since NO synthesised by the endothelial layer is a gas, it diffuses 

across the endothelium in to the adjacent vSMCs (235, 236), maintaining GTP 

controlled muscle tension, homeostasis (237) and ultimately inhibiting 

atherosclerotic lesion formation. Additionally, SIRT1 activation has been shown to 

blunt oxLDL induced apoptosis within the endothelium in ApoE(-/-) mice, whilst also 

reducing aortic plaque development in those fed a western diet (238).  

 

Within macrophages, SIRT1 downregulation was concurrent with the production of 

foam cells (239), with activation of SIRT1 via SRT1720 blocking the formation of 

foam cells in vitro. SIRT1 deacetylates RelA/p65 and suppresses the expression of 

Lox-1, a scavenger receptor for oxLDL, and thereby prevents the intake of LDL and 

the subsequent foam cell formation (240). SIRT1 has been shown to contribute to a 

mechanism regulating monocyte adhesion to endothelial cells via miR-34a; a known 

repressor of SIRT1 which is critically involved in endothelial inflammation and 

downregulated via shear stress (241). Moreover, treatment with resveratrol has 

been shown to reduce ICAM-1, VCAM-1 and monocyte chemoattract protein-1 
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(MCP-1) through a SIRT1 dependent mechanism, suggesting an interesting effect 

of SIRT1 activation on the inflammatory pathways associated with T2DM (242). 

 

Coronary heart disease, often resulting from a high fat diet and the elevation of fatty 

acid and lipoprotein lipase products (243) may be attenuated via the activation of 

endothelial SIRT1 (195, 244, 245). The dysregulation of the endothelium provides 

the foundation of plaque development via platelet activation and vessel thrombosis, 

whereas the hypertrophy of vSMCs results in the deposition of the calcified matrix 

in which the foam cells can adhere. The application of resveratrol leads to a 

reduction of ERK activation, resulting in a decrease in oxidative stress induced 

proliferation, often considered to be the first step in plaque formation (246).  
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Major SIRT1 Regulation Genes 

Gene Function 

EP300 Histone acetyltransferase. Regulates transcription via 
chromatin remodelling.  

PGC-1α Transcriptional coactivator for steroid receptors and 
nuclear receptors. Regulates key mitochondrial genes.  

TP53 

Tumour suppressor, inducing growth arrest or apoptosis 
depending on the physiological circumstances and post-
translational modifications. 

S19BP 
Active regulator of SIRT1. Enhances SIRT1-mediated 
deacetylation of p53. 

FOXO3 Forkhead box protein 3. Transcriptional activator triggers 
apoptosis in the absence of survival factors.  

Ku70 X-ray repair cross complementing protein. Single 
stranded DNA-dependent ATP-dependent helicase. 

HDAC1 Histone deacetylase 1. Has roles in epigenetic repression 
in transcriptional regulation, cell cycle progression and 
developmental events.  

FOXO1 Forkhead box protein 1. Transcriptional factor that targets 
insulin signalling and regulates metabolic homeostasis in 
response to oxidative stress.  

 
Figure 1.14. Table of major SIRT1 regulated genes. Adapted from STRING 
biological database. search term ‘SIRT1’.   
  

S19BP 

PGC-1α 
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1.16.6. Role of SIRT1 in diabetes 

With the role of SIRT1 well described within the context of cardiovascular disease, 

the impact of its activation on vascular calcification specifically will be the focus of 

this thesis. Administration of Resveratrol, a natural SIRT1 activator has been 

demonstrated to reduce arterial calcification both in non-human primates and in 

uremic rats, suggesting SIRT1 may be a good candidate for sustained control of 

VC. (247, 248) In hyperphosphatemia induced calcification, SIRT1 activation was 

shown to inhibit the development of matrix mineralisation in vitro via the reduction 

of senescence associated calcification, through the blunting of a phosphate 

cotransporter NPC (249). However, whilst this model mimics part of the diabetic 

environment through elevated phosphate, no increase in calcium and glucose was 

used, raising the question of SIRT1s ability to exhibit control of mineralisation within 

a complete diabetic model.  

 
1.16.7. Small molecule activators of SIRT1 

Since Sirtuins have been suggested to mediate a range of pathologies associated 

with both cardiovascular disease and cancer, there has been considerable interest 

in producing drugs to target their mechanisms. Competitive inhibitors such as 

nicotinamide, or more potent Sirtuin inhibitors such as Sirtinol, Splitomycin and 

Suramin have shown promise in some cancer models (250), via a decrease in the 

in vivo and in vitro binding of the substrate with the catalytic domain, reversing the 

first catalytic step of SIRT1 activation.  

 

A range of natural and synthetic SIRT1 activating compounds (STACs) have been 

developed predominantly through high-throughput screening using recombinant 

SIRT1. Most activators identified were polyphenolic with a structure activity 

relationship characterised by planar multi-phenyl rings bearing hydroxyl groups 

(251). Resveratrol; probably the most well-known activator enhances SIRT1 

deacetylation activity 8-fold and has since been documented to be present in a wide 

range of victuals, such as red wine, dark chocolate and berries (252). Since natural 

STACs proved the concept and benefit of SIRT1 activation, a range of second 

generation STACs (SRT1720, SRT1460, SRT2183) were produced with greater 

bioavailability, solubility and potency. These STACs are derivatives of 
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imidazothiazole scaffolds and chemically distinct form resveratrol, with a much lower 

EC50 required to elicit a response (253). 

 

Mechanistically, STACs increase the activity of SIRT1 via one of two suggested 

models. Firstly, allosteric activation of SIRT1 through the lowering of the Km; and 

thus an increase affinity to its substrate, or secondly through an indirect activation 

resulting from off-target effects (251, 253-255). Whilst the first model has been more 

widely accepted, the interaction between SIRT1 and STACs may be either direct 

between the compound and the SIRT1 bound substrate, or as a result of assisted 

allosteric activation, in which the STAC binds to a substrate induced exosite on 

SIRT1, which stabilises the substrate binding and subsequent deacetylation (256). 

However, whilst the precise mechanism of action remains elusive, STACs have 

been increasingly trialled in a range of models pertaining to cancer, cardiovascular, 

inflammation, neurodegeneration and metabolism and the outcomes will be eagerly 

observed by many (Fig. 1.15). 
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Fig. 1.15. Structure of SIRT1 in both open and closed states. When inactivated 

SIRT1 presents as an open state with an NAD+ binding domain on the outside. 

Following substrate and NAD+ binding the Zn2+ binding motif rotates and closes 

around the substrate, deacetylating it within the active site. Adapted from Davenport 

et al. 2014 
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1.16.8. Clinical outcomes of SIRT1 activators 

Since SIRT1 has been demonstrated to play a role in a wide range of human 

pathologies, over 24 clinical trials have been conducted to evaluate the safety and 

efficacy of SIRT1 activation (Table 1.4). Preliminary phase 2 clinical trials have been 

conducted by GSK for the tolerance of SRT2104 (NCT00937326), a second 

generation SIRT1 activator. Up to 2 grams of SRT2104 per day were well tolerated, 

with no significant primary or secondary negative outcomes up to 28 days treatment 

with a 58 day follow up. No significant improvement in glucose or insulin control was 

observed, likely to be due to the observed pharmacokinetics which were not dose 

dependent on the participant (257). Interestingly, a follow on trial looking at the 

effects of SRT2104 on arterial stiffness in type II diabetic patients and smokers 

(NCT01031108) found that 2g/day reduced augmentation pressure and may 

improve measures of arterial stiffness, however a larger sample size was 

recommended to increase statistical relevance (258, 259).   

 

In addition to SRT2104, SRT2379; another small molecule SIRT1 specific activator 

was trialled for the reduction of endotoxin induced inflammation (NCT01416376). 

1000 mg of SRT2379 was administered 4 hours before IV LPS (4 ng/kg) and 

demonstrated a dose-dependent reduction in IL-17, IL-6 and Tumour necrosis factor 

alpha (TNFα) when compared with placebo. Moreover, a significant reduction in 

both glucose response and increased vascular endothelium activation was found, 

which may suggest a possible role within vascular disease or glucose homeostasis. 

A Phase 1 clinical trial (NCT01018628) aimed to evaluate the effect of SRT2379 on 

plasma fibroblast growth factor 21 (FGF21) a biomarker for T2DM. SRT2379 dose-

dependently reduced FGF21 expression and reduced C-reactive protein 

expression, possibly suggesting future clinical use as part of a T2DM treatment.   
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SIRT1 Modulators 

Drug name Activator / Inhibitor  Clinical Trial 

Resveratrol Activator NCT01150955, NCT03384329, 
NCT01668836, NCT03819517, 
NCT00654667, NCT02549924, 
NCT02433925, NCT02123121, 
NCT01938521 

SRT1720 Activator No 

SRT1460 Activator No 

SRT3025 Activator NCT01340911 

SRT2183 Activator No 

SRT2104 Activator NCT01014117, NCT01031108, 
NCT01018017, NCT00938275, 
NCT00937326, NCT00933530, 
NCT00933062 

SRT2379 Activator NCT01018628, NCT01262911, 
NCT01416376 

STAC5 Activator No 

STAC9 Activator No 

STAC10 Activator No 

Nicotinamide Inhibitor NCT02961829, NCT02558595 

Sirtinol Inhibitor No 

Splitomicin Inhibitor No 

Suramin Inhibitor No 

EX-527 Inhibitor No 

MC2141 Inhibitor No 
 Table 1.4. List of SIRT1 activating and inhibiting compounds. Adapted from 

clinicaltrials.gov NIH national library of Medicine, search term ‘SIRT1’.   
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1.17. Aims 

Vascular calcification is now recognised as a clinically important component of 

cardiovascular disease (260) and further insight into the mechanisms which control 

its development may result in novel strategies to better manage and control it. The 

overarching aim of this study was to examine the role of SIRT1 in vascular 

calcification and diabetes and investigate the effects of hyperglycaemia on the 

development of calcification. The aim was achieved by the following objectives: 

 

1. To determine the effect of hyperglycaemia in vitro using two 

concentrations of glucose. Additionally, the effect of this model on a key 

osteogenic pathway; Runx2 was also examined.  

 

2. To elucidate the role of SIRT1 within this established tissue culture model 

calcification process via the use of small molecule activators and 

inhibitors, and siRNA.  

 

3. To identify the inherent differences in adhesion and cytoskeleton formation 

between diabetic and non-diabetic vascular smooth muscle cells.  

 

4. To determine the effect of SIRT1 on DNA damage induced calcification, 

through the MRN DNA repair pathway. With previous studies 

demonstrating hyperglycaemic conditions induce DNA damage related 

calcification the effect of SIRT1 on this mechanistic pathway was 

investigated.  
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2. Materials and Methods 
 

2.1. Chemicals and Reagents 
All chemicals were analytical grade and purchased from Sigma, unless stated 

otherwise. All glassware, plasticware, media and reagents were either supplied 

sterile or, where necessary, were sterilised by autoclaving at 121°C for 15 minutes, 

or via filtering using a 0.22 µm filter (Millipore). All cell culture medium, serum and 

supplements were acquired from Lonza, unless otherwise stated. Cell culture 

consumables were supplied by Nunc. Thermo Fisher. Specific chemicals and 

reagents used in individual methods are referred to within the descriptions. Details 

of all primary, secondary and conjugated antibodies are provided within the 

appendix, as are all primers used within this thesis.   
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2.2. Tissue culture  

 
2.2.1.  Primary smooth muscle cells 

Commercially available primary human coronary artery vascular smooth muscle 

cells (CA vSMCs) were used for the majority of these experiments, with diabetic 

mellitus patient popliteal artery vascular smooth muscle cells (DM vSMCs) extracted 

for validation of a different vascular bed. CA vSMCs were acquired from Caltag at 

passage 3 and used up to passage 9. Primary popliteal artery vSMCs were 

harvested from diabetic patients undergoing amputation, as described below, under 

ethics approval number REC Ref: 14/MW/1062; IRAS Project ID 142332 and 

cultured for a maximum of 6 passages.  

 

 2.2.2. Extraction of primary diabetic vascular smooth muscle cells 

Human samples were received and immediately processed to release SMCs from 

the arterial sample (87). The sample was washed in smooth muscle cell media 

(PromoCell, UK) and the outer layers of tissue removed to expose the vessel wall. 

The vessel was then sliced open longitudinally and the endothelial layer was 

removed, and the remaining tissue was washed again. The tissue was sliced finely 

into 1-2 mm sections and placed internal side down into 6-well plates and 0.5 mL of 

culture medium as described below was added to each well containing the tissue 

biopsy and incubated overnight at 37°C as to not move or rotate the sections. After 

24 hours, the media was topped up (1 - 1.5 mL) and incubated until cells appeared 

to proliferate outward from the tissue.  

 

2.2.3. Human vascular smooth muscle cell maintenance and passage 
vSMCs were cultured in smooth muscle cell basal medium 2 (PromoCell, UK) 

supplemented with Foetal Calf Serum (FCS) (0.5 mg/mL), hFGF (2 ng/mL), hEGF 

(0.5 ng/mL) and insulin (2.5 µg/mL). Cells were grown until 80% confluent in T75 

flasks with the media changed every three days, and then passaged 1:2 via 

trypsinisation. Cells were washed once with PBS, and trypsin EDTA was added and 

returned to the incubator for 2 minutes. The flask was then lightly tapped until the 

cells were dislodged and viewed as mobile under a light microscope. Trypsin was 

subsequently neutralised with culture medium and the cell suspension was 

transferred to Falcon tubes and centrifuged at 300g for 5 minutes. The supernatant 
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was removed, and the cells were resuspended in an appropriate volume before 

being seeded at a density of 10 x 105 cells/cm2 into the appropriate number of culture 

flasks.  

 

 2.2.4. Induction of calcification  

Mineralisation of vSMCs was induced using an osteogenic media. vSMCs were 

seeded into 6 well plates at 80% confluence at a density of 1 x 106 per well and the 

media changed from smooth muscle cell basal medium 2 (5.5mM glucose) 

(PromoCell, UK) to low (5 mM) or high (25 mM) Glucose DMEM accordingly, 

supplemented with 10% FBS, 5% Penicillin-Streptomycin, 5% L-Glutamine, to 

reflect a normal or diabetic milieu respectively. Both low and high glucose DMEM 

possess the same osmolarity as each other. Cells were left for 24 hours to adhere 

after which the media was switched to osteogenic media containing 5 mM β-

glycerophosphate (BGP) and 2.6 mM CaCl2 for 21 days or until mineralisation was 

apparent (87). Negative controls used only low glucose DMEM without CaCl2  and 

BGP.  

 

 2.2.5. siRNA Transfection  

Cells were plated in 6-well plates at 1 x 106 per well and left to adhere overnight. 

Media was changed to serum and antibiotic-free media for 2 hours before siRNA 

was added. 1.5 µg of siRNA was dissolved in TE buffer; [10 mM Tris-HCl, 1 mM 

EDTA pH 8 in dH20] with 100 µL of serum and antibiotic-free media and mixed. 10 

µL of PolyFect (Qiagen) was then added and mixed via vortex and left for 10 minutes 

at room temperature to allow complex formation. Media was subsequently aspirated 

from the plate and 100 µL of siRNA solution was added to each well drop-wise, 

along with 600 µL of serum and antibiotic-free media. Plates were gently swirled for 

uniform distribution of the complexes and incubated for 6 hours. Media was then 

replaced with either low or high DMEM complete media and cells harvested to check 

for gene expression for up to seven days.  
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2.3. Histology  

 
2.3.1. Sample preparation 

Human popliteal arteries were obtained from diabetic patients in the Manchester 

Royal Infirmary during lower limb amputation (Ethics Reference 14/NW/1062). 

Human internal mammary arterial sections were used from the archived 

Alexander/Wilkinson repository of human embedded tissues (obtained during 

coronary artery bypass surgery and surplus to surgical requirements). Vessels 

obtained from the diabetic patients were washed in PBS and cut into two pieces; 

the first being processed for embedding to be cut into 7 µm wax sections, while the 

second part of the vessel retained for smooth muscle cell extraction. Tissues for 

histology were fixed in 4% paraformaldehyde (PFA) overnight at 4°C. Following this, 

tissues were washed, and placed into a tissue processor (Shandon), in which they 

were dehydrated in ascending ethanol concentrations (40%, 50%, 70%, 85%, 

100%) followed by two changes in 100% xylene. Tissues were then immersed in 

liquid paraffin and left to set on a cold plate until solidified. Wax-embedded tissue 

was then cut into 7 µm sections on a microtome (Lecia) and transferred to super-

frost-plus slides and allowed to dry overnight at 37°C before use (90).  

 

2.3.2. Haematoxylin and Eosin staining  

Paraffin sections were rehydrated by placing first in xylene for 2 x 3 minutes, 

followed by decreasing ethanol concentrations (100%, 100%, 90%, 70%, 50%) and 

washed in distilled water, then PBS. Sections were then stained with Mayer’s 

haematoxylin for 5 minutes and washed under running water for 5 minutes. Sections 

were then immersed in eosin for 5 minutes and washed in running water for a further 

3 minutes (261). The samples were then dehydrated in increasing ethanol 

concentrations as before and cleared in xylene before mounting with DPX and left 

to dry overnight. Slides were imaged via the Axio Imager M1 brightfield microscope.  

 

2.3.3. Alizarin red staining 
Paraffin sections were rehydrated as before, then stained with 4% Alizarin red 

solution (pH 4.2) for 5 minutes to detect the extent of calcium mineral deposition 

(261). The slides were then washed in distilled water to remove excess dye. 

Sections were dehydrated in acetone for 30 seconds, followed by acetone-xylene 
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(1:1) solution, followed by xylene for 30 seconds each, then mounted with DPX and 

left to dry overnight. Slides were imaged via the Axio Imager M1 brightfield 

microscope (Zeiss). 

 

2.3.4. Von Kossa staining 

Von Kossa staining was used to determine phosphate ion presence (262). Paraffin 

sections were rehydrated as before and rinsed twice in distilled water. Sections were 

then incubated in 1% aqueous silver nitrate solution in a clear glass copulin jar 

placed under a 60w lightbulb for 1 hour. Slides were rinsed twice in distilled water 

and placed in 5% sodium thiosulfate for 5 minutes to remove any unreacted silver. 

Sections were then rinsed in distilled water and counterstained with nuclear fast red 

for five minutes. The slides were dehydrated in ascending concentrations of ethanol 

as before, for 3 minutes each and following 2 x 5 minutes of xylene, coverslips were 

mounted using DPX and left to dry overnight. Slides were imaged via the Axio 

Imager M1 brightfield microscope. 

 

 2.3.5. Sudan Black B (Lipofuscin Stain) 
Sudan black B staining was used as a stain to visualise lipofuscin accumulation as 

a senescence associated marker, to determine the presence of senescent cells in 

paraffin fixed sections (263). Paraffin sections were rehydrated as before and rinsed 

twice in distilled water. Sudan black was dissolved in 70% ethanol and filtered 

through filer paper and used immediately. Single drops of Sudan black B were 

placed onto coverslips with the section slides placed flat on top. Staining was 

observed under a microscope before 5 minutes until stain became apparent. Cells 

were then washed in 50% ethanol and transferred and washed in distilled water 

before counter staining with nuclear fast red for five minutes. Slides were then 

washed again in distilled water, dehydrated as before and coverslips were mounted 

using DPX and left to dry overnight. Slides were imaged via the Axio Imager M1 

brightfield microscope. 

 

2.3.6. Immunohistochemistry  

Paraffin sections were rehydrated as before and placed in 95°C citrate buffer (10 

mM citric acid, pH 6) and left until cool (264). Slides were then incubated in 3% H2O2 

in methanol for 5 minutes to block endogenous peroxide activity. Slides were 
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washed with PBS and incubated with 4% goat serum in PBS for 1 hour, then washed 

in PBS and incubated in 2% goat serum with the appropriate primary antibody 

(Table 7.1) for 2 hours at room temperature. Slides were rinsed three times in PBS 

and then incubated with a secondary HRP-conjugated antibody (Table 7.1) for 1 

hour. Slides were then washed and incubated with diaminobenzidine (DAB) (Vector 

Labs) with nickel for 2-10 minutes, until black stain appeared. The sections were 

counterstained with nuclear fast red for 5 minutes before washing in distilled water, 

then dehydrated in ascending concentrations of ethanol then xylene as before and 

coverslips were mounted using DPX and left to dry overnight. Slides were imaged 

via the Axio Imager M1 brightfield microscope. 

 
2.3.7. Immunocytochemistry  

vSMCs were seeded into 8-well chamber slides at a density of 1 x 105 per well (87). 

Cells were treated for 4 days as previously described, then washed with PBS and 

fixed with 4% PFA for 10 minutes. Fixed cells were then washed in PBS and 

incubated for 1 hour in 4% goat serum in PBS. Following this, the cells were 

incubated with a primary antibody at the appropriate concentration (Table 7.1) in 2% 

goat serum in PBS for 2 hours. Negative controls were performed by replacing the 

primary antibody with normal IgG at the same concentration. Cells were then 

incubated for 1 hour in 2% goat serum in PBS with the appropriate Alexa Fluor 

secondary antibody (Table 7.1) diluted at 1:1000. Where phalloidin (Fluka) was 

used, it was added at this stage at 1:5000 dilution in 2% goat serum. After three 

washes in PBS, cells were mounted with DAPI antifade gold (Vector Labs) and left 

to dry overnight in the dark at room temperature. Slides were imaged via florescence 

the Leica SP5 confocal microscope or the Zeiss Axioimager Z1.   
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2.4. DNA Integrity assays  

 
2.4.1. Comet assay  

The comet assay has a specific advantage over other sensitive methods for 

detecting DNA damage in that it is a single-cell assay and can detect variation in 

the extent of damage between both cells of the same type and between different 

types of cells in mixed populations (265). Cells were pre-treated for four days in 

assay-dependent media before moving to serum-free media supplemented with 200 

µM H2O2 for 1 hour, or 2 mM H2O2 for positive control. Cells were then washed and 

either harvested immediately or placed back in conditioned media and left to recover 

for up to 3 hours. Cells were counted via a haemocytometer and were concentrated 

at 1 x 106/mL, diluted 1 in 7 in PBS and 30 µL was mixed with 1 mL of 0.7% low 

melting agarose.  The cell suspension was plated on top of 1% agarose on 

microscope slides, and a cover slip placed on top, all of which was then placed on 

ice for 5 minutes. Coverslips were then removed, and slides were placed in Comet 

lysis buffer [2.5 M NaCl, 100 mM EDTA, 0.3 M NaOH. 5.5% DMSO, 1.1% Triton X-

100 pH 10] for 100 minutes at 4°C. Slides were washed in dH20 for five minutes, 

before transferring to an opaque electrophoresis tank containing Comet 

electrophoresis buffer (3M anhydrous sodium acetate, 10M Tris, pH 9) and allowed 

to equilibrate for twenty minutes. Following this, electrophoresis was carried out at 

25V, 300mA for 25 minutes. Slides were then transferred to Comet neutralisation 

buffer [0.4M Tris Base pH 7.5, diluted to 30% in dH2O] for 10 minutes, before drying 

overnight at room temperature. The following day, slides were rehydrated for 30 

minutes in dH20 and dried briefly. SYBR Gold (Thermo Fisher) was then diluted 

1:10,000 and added to each gel for 30 minutes before washing in dH20 for 10 

minutes and drying. Slides were imaged on a Zeiss Axio1 fluorescent microscope 

at x100. Subsequent images were quantified using ImageJ software. Comet assay 

data was presented as tail percentage of entire comet, head percentage of entire 

comet and tail moment; an index of induced DNA damage taking into consideration 

both migration and relative amount of DNA in the tail. 

 

2.4.2. Relative telomere length quantification 
Cells were cultured in 6-well plates and RNA isolated via TriZol, as described in 

section 2.5.1 and reversed transcribed. Quantitative real-time polymerase chain 
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reaction (qPCR) was used to determine relative telomere length (266). Briefly, qPCR 

was conducted in 96 well plates. Each reaction contained 20 µL in total, 10 µL of 

SYBR Green master mix (BioLine), 400 nM of each forward and reverse primers 

and 6 µL of cDNA (10 ng/µL). All reactions were completed in triplicate, with relevant 

no cDNA and no primer controls used and cycled on a StepOnePlus cycler (Thermo, 

UK). Initial denaturation was carried out at 95°C for 10 minutes, followed by 40 

cycles of 95°C for 60 seconds, annealing at 58°C for 30 seconds, and extension at 

72°C for 30 seconds. Primers were designed to amplify either a single copy gene 

(Col6a and Col3a) or Telo1; a CG rich segment of the telomere sequence. The 

relative telomere length was calculated via the ratio of the telomere amplification 

production to that of a single copy gene, using the 2-∆∆Cq method. 

 

2.4.3. TUNEL assay 
The terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay 

assesses DNA damage via labelling the 3’-hydroxyl termini within double stranded 

breaks. A TUNEL colorimetric kit was purchased from Promega (G7360). Briefly, 

slides were washed twice in xylene for 5 minutes before being immersed in 100% 

ethanol for 5 minutes. Slides were then rehydrated in decreasing concentrations of 

ethanol (100%, 95%, 85%, 70%, 50%) for 3 minutes each. Finally, slides were then 

washed in 0.85% NaCl for 5 minutes followed by 5 minutes in PBS. Slides were then 

immersed in 4% PFA for 15 minutes, before washing in PBS. Cells were then 

permeabilised with 20 µg/mL of proteinase K for 30 minutes at room temperature 

before washing twice in PBS. Slides were then fixed in 4% PFA again for 5 minutes, 

before washing with PBS and equilibrating slides with equilibration buffer for 10 

minutes. 100 µL of TdT reaction mix was then added and incubated for 60 minutes 

at 37°C in a humidified chamber. Slides were then washed in 2x SSC for 15 minutes, 

following 3 washes in PBS. Slides were then blocked in 0.3% H2O2 for 5 minutes, 

before rewashing and adding 100 µL of Streptavidin HRP (1:500) for 30 minutes at 

room temperature. Slides were then washed in PBS and 100 µL of DAB salutation 

was added. Slides were all developed for the same time and then washed in 

deionized water before mounting coverslips using DPX and left to dry overnight. 

Finally, slides were imaged via the Axio Imager M1 brightfield microscope. 
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2.5. RNA Assays  

 

2.5.1. RNA Isolation  

Cells were grown in relevant media to 80% confluence on 6-well plates for four days 

before direct lysis with 1 mL TRIzol reagent per well, according to manufacturer’s 

instruction. Cells were then incubated for 15 minutes at room temperature for 

complete dissociation of nucleoprotein complexes, before all cell lysate was 

transferred into pre-chilled RNase-free Eppendorf tubes. 200 µL of chloroform per 

1 mL of TRIzol was added and vigorously mixed for 30 seconds, before another 10 

minute incubation at room temperature. Samples were then centrifuged at 12000g 

for 15 minutes at 4°C until phase separation was observed. Supernatant containing 

RNA was removed and precipitated from the aqueous phase via mixing an equal 

volume of chilled isopropanol and vortexing. The sample was then incubated for 10 

minutes at room temperature before centrifugation at 12000g for 10 minutes at 4°C. 

The RNA pellet was washed in 1 mL of chilled 75% ethanol and centrifuged at 7500g 

for 5 minutes at 4°C and air-dried for 5-10 minutes. The RNA was resuspended in 

DEPC-treated water and the concentration of the RNA measured using a 

spectrophotometer (Nanodrop, UK).  

 

RNA quality was assessed using agarose gel electrophoresis. 1 µg of RNA was 

loaded on a 1.5% agarose gel prepared with fresh 1X TBE buffer [45 mM Tris Base, 

44.5 mM Boric Acid, 1 mM EDTA, pH 8] and electrophoresis was conducted using 

RNase-free tank and 1 X TBE buffer. If both the 18S and 28S ribosomal RNA bands 

are observed, it could be concluded that no degradation occurred, and the RNA 

preparation would be suitable for further PCR analysis. The RNA sample was 

aliquoted and stored at -80°C in DEPC-treated water for use within a month. For 

long term usage RNA was stored in ethanol and precipitated for use.  

 

2.5.2. Reverse transcription and cDNA generation  

500 ng of total RNA was reverse-transcribed into complementary DNA (cDNA) via 

a Tetro cDNA synthesis kit (BioLine), all samples were vortexed before use and 

prepared on ice. 1 µL of random hexamers, 1 µL of 10 mM dNTP mix, 4 µL 2x RT 

Buffer, 1 µL Ribosafe RNase Inhibitor and 1 µL of tetro reverse transcriptase (200 

ug/µL) were mixed with total RNA in a pre-chilled Eppendorf and made up to 20 µL 
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with DPEC-treated water. Samples were then incubated at 25°C for 10 minutes 

followed by 45°C for 30 minutes. The reaction was terminated by incubating at 85°C 

for 5 minutes, then chilled on ice and used immediately or stored at -20°C.  

 

2.5.3. Polymerase chain reaction 

PCR experiments were prepared on ice using MyTaq Mix (BioLine). 5 ng of template 

was added to 2 µL of forward and reverse primers (20 µM), 25uL of MyTaq Mix 

(BioLine), and dH20 to make the solution up to 50 µL. Samples were vortexed and 

subjected to an initial denaturisation step of 1 minute at 95°C, followed by 30 cycles 

of: denaturation for 15 seconds at 95°C, annealing for 15 seconds at 65°C and 

extension for 10 seconds at 75°C. Followed by a final elongation step of 5 minutes 

at 75°C. PCR products were subjected to electrophoresis on agarose gel.  

 

2.5.4. Agarose gel electrophoresis 

RNA quality was assessed using agarose gel electrophoresis. A 1.5% agarose gel 

was dissolved with heat in TBE buffer, then 1.5 µL of Midori Green (Fisher) was 

added for DNA visualisation, and the mixture swirled to ensure an even mix. 1 µg of 

RNA was loaded using Blue Loading Dye (BioLine) and a 1kb HyperLadder 

(BioLine) was used to identify the size of the DNA bands. All samples were loaded, 

and electrophoresis was conducted at 100V until loading dye front had reached the 

end of the gel, using an RNase-free tank and TBE buffer.  

 

2.5.5. Quantitative polymerase chain reaction  

qPCR was conducted in 96 well plates. Each reaction contained a final volume of 

10 µL in total, 5 µL of SYBR Green master mix (BioLine), 400 nM of each forward 

and reverse primer, and 3 µL cDNA (50 ng/µL). A no cDNA template and no primer 

control were used, with DPEC-treated water replacing the relevant component. The 

qPCR was cycled on a StepOnePlus thermocycler (Thermo, UK). Initial 

denaturation was carried out at 95°C for 5 minutes, followed by 40 cycles of 95°C 

for 30 seconds, 58°C for 30 seconds and 72°C for 30 seconds, each sample was 

used to generate technical triplicates with each experiment being performed a 

minimum of four times to generate biological repeats. Primers were designed to 

span an exon in order to avoid amplifying genomic DNA. Relative expression of the 

analysed genes was compared to housekeeping genes GAPDH and ß-Actin and 



 74 

calculated via the 2-∆∆Ct method. Primer efficiency was confirmed via serial dilution 

of both the cDNA and the primers, at a range of Tm’s from 60-65°C. Data was then 

plotted on a standard curve, and the amplification efficiency over 90% was used in 

further experiments. All primers used had efficiency checked and was determined 

to be between 90-95%.  
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2.6. Protein analysis  

 
2.6.1. Protein isolation  

Total protein was extracted from cells cultured in 6-well plates. Media was removed 

and cells were washed once with PBS. 30 µL of cold lysis buffer [1.5 µL of 50 mM 

Tris pH 8.0, 0.9 µL 150 mM NaCl, 0.3 µL 1% Triton X-100, 0.03 µL 1 M DTT, 0.3 µL 

1X Protease inhibitor Cocktail, 0.3 µL 1X Phosphatase inhibitor Cocktail and 26.67 

µL DPEC-Treated water]; was added to each well and a cell scraper was used to 

remove all cells and transfer to a pre-chilled Eppendorf tube. Cell suspensions were 

incubated for 20 minutes on ice and vortexed every 2 minutes to increase lysis 

efficiency, then centrifuged at 14,000g at 4°C for 5 minutes. Supernatant containing 

protein was then collected in a pre-chilled Eppendorf tube and the debris within the 

pellet discarded. The supernatant was used immediately for downstream application 

or stored at - 80°C for further analysis.  

 

2.6.2. Nuclear fractionation 

Total protein was extracted from cells cultured in 6 well plates and a nuclear 

extraction kit (ab113474) was used to fractionate the protein. Media was removed 

and cells washed once with PBS. Cells were then detached with Trypsin, centrifuged 

at 300g for 5 minutes and counted. 2.5 x 106 cells were then resuspended in 200 

µL of 1x pre-extraction buffer (completed with DTT and phosphatase inhibitor) and 

incubated on ice for 10 minutes before vortexing and centrifuging for at 12,000g at 

4°C for 1 minute. Cytoplasmic extract contained within the supernatant was 

removed and used immediately for downstream application or stored at - 80°C for 

further analysis. 20 µL of extraction buffer was then added to the remaining pellet 

and incubated on ice for 15 minutes and vortexed every three minutes. Samples 

were then centrifuged at 14,000g at 4°C for 10 minutes. The supernatant was then 

collected in a pre-chilled Eppendorf tube and the pellet discarded. The supernatant 

was used immediately for downstream application or stored at -80°C for further 

analysis.  

 

2.6.3. Protein determination  

Protein concentration was determined using a bicinchoninic acid (BCA) assay kit 

(Pierce, Thermofisher). Standards were made from bovine serum albumin (2 mg/mL 
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to 0.2 mg/mL) diluted in lysis buffer. 10 µL of all samples (diluted where required) 

and standards were added to individual wells on a 96 well plate and run in triplicate. 

190 µL of master mix [50 parts buffer A to 1 part buffer B] was added to both samples 

and standards, mixing well. The plate was incubated at 37°C for 30 minutes before 

being read at 562nm on a Synergy HTX Multi-mode plate reader (BioTek).  

 

2.6.4. Sodium Dodecyl Sulphate / Polyacrylamide Gel Electrophoresis 
(SDS/PAGE) 
Proteins were separated on a 10% resolving mini gel [10% (v/v) 50% 

Acrylaminde/BIS (29:1).] Resolving gel [(10% (v/v) Acrylamide/Bisacrylaminde 

(37:1), 0.373 M Tris-HCl pH 8.8, 0.1 % (w/v) 1% SDS, 2.5%(w/v) Ammonium 

persulphate, 0.025M (v/v) TEMED] made up to 15 mL final volume with dH2O. 10% 

SDS polyacrylamide resolving gel was poured into a preassembled cassette 

(Invitrogen), overlaid with water and allowed to set. A 4% stacking gel was prepared; 

[4% (v/v) 50% acrylamide/BIS (29:1), 0.125M Tris-HCl pH 6.8, 1% SDS, 0.075% 

ammonium persulphate, 0.15 (v/v) TEMED]. The water was removed from the 

resolving gel and the stacking gel poured, the comb promptly inserted to form wells 

and the gel was allowed to set. 20 µg of protein sample was mixed with 3x LDS 

Loading buffer (Invtrogen) containing 1:4 1M DTT and denatured for 5 minutes at 

100°C, before being chilled on ice and loaded onto the gel alongside 10 µL of pre-

stained protein ladder (Cleaver Scientific). The gel was electrophoresed at 200V for 

45 minutes, until the loading dye reached the bottom.  

 

 2.6.5. Western blotting  
Proteins were separated on a 4-12% Bis-Tris Gel (Invitrogen) or 10% self-cast gels, 

using X Cell surelock Mini-Cell kit (Invitrogen) and transferred onto an Amersham 

Hybond-P PVDF membrane (GE Healthcare) using a X Cell II Blot module 

(Invitrogen), equilibrated in NuPage transfer buffer (Invitrogen). The gel was 

sandwiched between sponges, absorbent filter papers and PVDF membrane and 

transferred using 35V for 90 minutes.  

 

Non-specific binding sites were blocked by incubating the membrane in 10 mL of 

blocking buffer (PBS Tween (0.1%) containing 5% (w/v) non-fat powdered milk) for 

1 hour at room temperature on a rocker. Primary antibodies (Table 7.1) were diluted 
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according to manufacturer’s instructions and incubated overnight at 4°C on rocker. 

Following this, the membrane was washed three times in PBS with 0.2% Tween 

(PBST) for 10 minutes each, then incubated in HRP-conjugated secondary antibody 

diluted in blocking buffer as per manufacturer’s instructions for 1 hour. The blot was 

washed as before, and immunoreactivity was detected using ECL reagent (Pierce) 

and visualised immediately via chemiluminescence on a ChemiDoc, (BioRad). The 

membrane was stripped between each staining of primary antibodies, using Restore 

western blot stripping buffer (ThermoFisher) for 10 minutes at room temperature, 

and washed in PBST. α-Tubulin (Table 7.1) was used as a loading control for all 

blots.  

 

 2.6.6. ELISA 
A SIRT1 ELISA SimpleStep kit (AbCam) was used to determine SIRT1 serum 

concentration (87). All materials were equilibrated to room temperature prior to use. 

A standard curve was produced using reconstituted human SIRT1 protein within a 

40-0 ng/mL range just before use. 50 µL of both standards and serum samples 

(diluted 1:2 in dilution buffer) were added to microplate strips in duplicate, alongside 

50 µL of the antibody cocktail solution. The plate was then incubated for 1 hour at 

room temperature shaking at 400 rpm. Each well was washed three times with wash 

buffer PT before adding 100 µL of TMB substrate to each well and incubating for 10 

minutes at room temperature in the dark shaking at 400 rpm. 100 µL of stop solution 

was added to each well and shaken for 1 minute to mix. Endpoint readings were 

then taken at 450nm on a Synergy HTX Multi-mode plate reader.  
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2.7. Migration and Adhesion assays 

  
2.7.1. Modified Boyden chamber assay  

Cells were seeded at 80% confluence and treated for four days as previously 

described (267). A modified Boyden chamber was set up utilising 8µm pore sizes, 

with serum-free media completed with 20 ng/mL of Platelet Derived Growth Factor 

(PDGF) BB used as a chemoattractant. The top chamber was filled with serum-free 

media as before, containing no PDGF. In drug-treated wells, the drug was added 

equally to both the top and the bottom chamber. The cells were counted and seeded 

into the top of the chamber at 1 x 105 cells per well and incubated for 6 hours. The 

media was then removed, and cells were fixed with 4% PFA for 10 minutes before 

staining with DAPI in PBS and counted using the Lecia live cell imager AF6000.  

 

2.7.2. Adhesion assay  

Cells were seeded at 80% confluence in a 24-well plate and treated for four days as 

previously described (268). The cells were then counted and seeded at 1 x 105 cells 

per well and incubated for either 45 minutes or 3 hours. Cells were then washed 

three times with PBS to remove non-adhered cells before fixing with 4% PFA for 10 

minutes. Cells were finally stained with nuclear fast red and imaged on the Zeiss 

Primovert microscope.   
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2.8. Survival assays 

 
2.8.1. Cellular viability (Alamar blue) 

Cells were harvested from confluent wells on 6-well plates at day 14 and day 21 

after calcification induction, washed, resuspended and seeded at 1 x 105 cells in 

triplicate in a 96 well plate with 200uL of media. Alamar blue (Invitrogen) was then 

added at a 1:10 dilution and incubated at 37°C for 6 hours. Absorbance was read 

at 570nm and 600nm on a Synergy HTX Multi-mode reader. Percentage reduction 

in viability was calculated via the equation below and presented as percentage 

normalised to control. Alamar blue assay confirms redox potential of the cell, used 

as a substitute for cellular viability and proliferative activity.  

Percentage difference between treated and control cells =	
(O2 x A1)	- (O1 x A2)
(O2 x P1)	- O1 x P2)	  x100 

 
O1 = Molar extinction coefficient E of oxidised Alamar Blue at 570 nm 
O2 = E of oxidised Alamar Blue at 600 nm 
A1 = Absorbance of test wells at 570 nm 
A2 = Absorbance of test wells at 600 nm 
P1 = Absorbance of positive control wells at 570 nm 
P2 = Absorbance of positive control wells at 600 nm 
 
 2.8.2. Cellular cytotoxicity  

A CytoTox-Fluor cytotoxicity assay was purchased from Promega, UK. Cells were 

cultured in 6-well plates for 7, 14 and 21 days after calcification induction, harvested, 

counted and plated at 4 x 104 seeding density, in triplicate in 96 wells with 100 µL 

of media. An equal volume of complete CytoTox-Fluor cytotoxicity assay reagent 

was added, mixed via orbital shaking and incubated at 37°C for 30 minutes. 

Fluorescence was measured at 485nmEx/530Em on a Synergy HTX Multi-mode 

reader.  

 

 2.8.3. β-galactosidase senescence associated assay 

To determine senescence associated β-galactosidase presence (87), cells were 

firstly cultured in 24 wells plates for four days in relevant culture medium. Cells were 

washed in PBS and fixed in 4% PFA for 15 minutes, before washing in 0.1 M 

phosphate buffer (pH 7.3) supplemented with 2 mM MgCl2 twice for 5 minutes. 

Subsequently cells were stained with 1 mg/mL x-gal (Invitrogen) for 2 hours, before 

aspirating the stain and rewashing in the same buffer as before, and finally imaged 

on a Zeiss Primovert microscope with positive blue cells quantified using imageJ.   
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2.9. Calcification assays  

 
2.9.1. Alkaline phosphatase assay  

To determine the alkaline phosphatase activity during calcification of vSMCs, a 

colorimetric assay was performed. vSMCs were seeded at 0.5 x 106 in 6-well plates, 

cultured in relevant media and harvested at day 4 and day 7. Prior to harvesting, 

cells were washed once in PBS and then solubilised with 0.2 mL of pre-chilled 

0.05% Trixon X-100 in PBS per well, freeze-thawed twice, scraped and sonicated 

for 30 seconds. Lysates were then centrifuged at 500g for 10 minutes at room 

temperature to discard cellular debris.  

Protein concentrations were determined with a BCA assay. 20 µg of total protein 

was made up to 20 µL using 0.05% Triton X-100 in PBS and 180 µL of para-

nitrophenyl phosphate (pNPP) (Thermo, UK) was added to each sample. A standard 

curve of p-nitrophenol (Thermo, UK) was prepared ranging between 1 mM and 1 M 

in Triton X-100 up to 20 µL, in 0.2 M increments, with 180 µL of pNPP added to 

each well, a blank was also prepared with 20 µL of Triton X-100. Both samples and 

standards were run in triplicate in a 96 well plate and incubated at 37°C for half an 

hour, until a colour change from clear to yellow was evident within the standard 

range.  

The enzymatic reaction was subsequently stopped in all wells by the addition of 50 

µL of 3 M NaOH. Samples were then read at 405nm using Synergy HTX Multi-mode 

plate reader. If ALP was present/active within the lysate the colourless pNPP 

substrate was converted into yellow p-nitrophenol, with the colour change being 

directly proportional to the amount of active ALP present in the lysate. ALP activity 

was calculated via the standard curve as nM p-nitrophenol converted/µg protein for 

each cell lysate sample (106).  

 

 2.9.2. Quantification of calcium deposition  
A colorimetric calcium detection kit was purchased from AbCam (ab102505). Cells 

were harvested from confluent wells on 6-well plates at day 14 and day 21 (2 x 106 

cells) and washed with PBS before being resuspended in 500 µL (or 4x the sample 

volume) of PBS with 0.1% NP-40 and incubated on ice. Cells were homogenised 

via a sonicator and centrifuged for 5 minutes at 4°C at top speed to remove insoluble 
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material. The supernatant was then transferred to fresh tubes and 50 µL of each 

sample was plated in triplicate with 90 µL of chromogenic reagent and 60 µL of 

calcium assay buffer in each well. Both samples and standards were mixed well and 

incubated for 10 minutes in the dark before being read at 575nm on a Synergy HTX 

Multi-mode reader.  

 

 2.9.3. Alizarin red staining and elution 
Mineralisation was detected in culture via Alizarin red staining. Briefly, cells were 

washed three times in PBS before fixing with 4% PFA for 10 minutes. Fixed cells 

were then washed with PBS a further three times before incubating with 4% Alizarin 

red in distilled water on a rocker for 10 minutes. Excess stain was removed via 

washing with distilled water until the water ran clear. Stained cells were left to dry 

before imaging via the Zeiss Primovert microscope. 

 

Alizarin red staining was eluted in order to quantify the level of mineralisation. 

Alizarin red stained cells were incubated with 600 µL 10% (v/v) Formic acid in 

distilled water for 15 minutes on a shaker. 200 µL of the resulting liquid was 

transferred into each well of a 96 well plate and absorbance was read at 405 nm on 

the Synergy HTX Multi-mode reader, with formic acid alone used as a negative 

control. Results were normalised to the control sample and presented as fold 

difference between the test sample and control.  
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2.10. Griess assay  

 

The Griess assay was used to reflect the bioavailability of nitric oxide (NO2) within 

the tissue culture medium. Briefly, the Griess assay measures nitrite concentration 

after conversion of nitrate to nitrite with nitrate reductase. It is based on a two-step 

diazotization reaction in which acidified NO2- produces a nitrosating agent, which 

reacts with sulphanilamide to produce a diazonium ion. This ion is then coupled to 

N-1-napthylethylenediamine dihydrochloride to form the chromophore azo-

derivative which absorbs light at 540nm (269).  

 

Firstly, a preparation of the nitrate standard reference curve was produced between 

100 µM and 0 µM, and 50 µL placed into a 96 well plate in duplicate, alongside all 

experimental samples. Once equilibrated to room temperature, 50 µL of the 

sulphanilamide solution was added to each well, followed by a 10 minute incubation 

in the dark. 50 µL of NED solute ion was then added to all wells, followed by another 

10 minute incubation in the dark, absorbance was then read immediately at 540 nm 

on the Synergy HTX Multi-mode reader and presented as nitrite concentration (µM). 
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2.11. Chromatin Immunoprecipitation  

 

A SimpleChIP kit #9003 (Cell Signalling) was used to perform chromatin 

immunoprecipitation (270). Cells were cultured until confluent in relevant media and 

harvested at day 4. Each immunoprecipitation required two T75 flasks per 

treatment. Cells were crosslinked in 20 mL culture medium with a final formaldehyde 

concentration of 1% for 10 minutes at room temperature. 2 mL of 10X glycine was 

added to each flask and mixed briefly then incubated for 5 minutes at room 

temperature. Cells were then washed twice with ice-cold PBS before adding 2 mL 

of ice cold PBS supplemented with 0.5% v/v 200X PIC. Cells were scraped and 

transferred to 15 mL tubes and centrifuged at 2000g for 5 minutes at 4°C. 

Supernatant was discarded and the pellet was resuspended in 1 mL of 1X Buffer A 

with DTT and PIC and incubated for 10 minutes on ice and mixed by inverting every 

3 minutes. The nuclei suspension was then centrifuged for 2000g for 5 minutes at 

4°C and the supernatant discarded. The pellet was resuspended in 1X Buffer B with 

DTT with repeated centrifugation, and the pellet subsequently resuspended in 100 

µL of 1X Buffer B with DTT per prep. The sample was transferred to a 1.5 mL 

Eppendorf tube, with 0.5 µL Micrococcal nuclease added, mixed and incubated for 

20 minutes at 37°C to digest DNA to 150-900bp fragments. The digest was stopped 

by adding 10 µL of 0.5 M EDTA and the tube placed on ice for 2 minutes. Nuclei 

were then pelleted by centrifuging at 16,000g for 1 minute at 4°C. The supernatant 

was removed, and pellet resuspended in 100 µL of 1X Chip Buffer + PIC and 

incubated on ice for 10 minutes. Lysates were then pulse-sonicated 5 times and 

incubated on ice and centrifuged at 9400g for 10 minutes at 4°C.  

 

50 µL of chromatin was taken to validate chromatin digestion and concentration. 40 

µL was mixed with 100 µL nuclease free water, 6 µL 5 M NaCl and 2 µL RNAase 

and incubated for 30 minutes at 37°C. Subsequently 2 µL of Proteinase K was 

added and mixed before incubation for 2 hours at 65°C. DNA was isolated via spin 

column extraction, washed in DNA wash buffer and purified in DNA elution buffer. 

10 µL of purified DNA was taken and electrophoresed on a 1% agarose gel as 

previously described, alongside a 100bp Hyperladder (BioLine). DNA was identified 

as being between 150-900 bp long. DNA concentration was determined using a 

nanodrop spectrophotometer.   
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10 µg of digested cross-linked chromatin was used per immunoprecipitation. 400 µL 

of 1X ChIP Buffer and 2 µL of 200X PIC was added to chromatin and placed on ice. 

A ChIP grade antibody was then added to each sample at the appropriate 

concentration, before incubation overnight at 4°C whilst rotating. 30 µL of Protein G 

Magnetic Beads were then added to each IP and incubated for 2 hours at 4°C with 

rotation. Each sample was then placed on a magnetic separation rack until the 

solution was clear. The pelleted protein G magnetic beads were then washed with 

1 mL of wash buffer three times before repeating the magnetic separation rack stage 

again. 150 µL of ChIP elution was then added to each IP and eluted for 30 minutes 

at 65°C on a thermomixer. Samples were then placed on a magnetic separation 

rack again and the supernatant transferred to a new tube. 7 µL 5 M NaCl and 2 µL 

proteinase K was added and incubated for 2 hours at 65°C. 750 µL of DNA Binding 

Buffer was then added to each sample and mixed before being transferred to a DNA 

spin column and centrifuged at 18500g for 30 seconds, where the collected liquid 

was discarded. The procedure was repeated twice more. 50 µL of DNA Elution 

buffer was added, and the centrifugation step repeated. The eluent contained 

purified DNA.  

 

DNA was then to quantified for further use in qPCR. Primers were designed around 

conserved regions of known H3K27Ac marks near to each genes regulatory 

elements. 2 µL of DNA sample was added to each well containing 2 µL of 5 µM 

primers and 6 µL of Nuclease-free water. The samples within the PCR plate were 

then subjected to the following treatment: Initial denaturation 95°C for 3 minutes, 

followed by 40 cycles of denaturation at 95°C for 15 seconds and annealing and 

extension at 60°C for 60 seconds. Results were then analysed using the 2-∆∆Ct 

method. 
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2.12. Cell cycle analysis  

 

Flow cytometry was used to determine cell cycle, as well as nucleus size and area 

(271). Cells were grown in 6-well plates and harvested at day four of treatment. 

Media was removed from cells, washed twice, trypsinised and pelleted at 4°C. The 

pellet was resuspended in 500 µL of PBS and the cell count adjusted to 1 x 106 

cells/mL. Subsequently 3 mL of ice cold 75% ethanol was added drop-wise to 500 

µL of cell suspension whilst mixing. Cell suspension was then mixed again via a 20-

gauge syringe and incubated overnight at -20°C. The following day, cells were 

centrifuged at 500g for 10 minutes at 4°C, to aspirate ethanol, and washed with 

PBS, mixed and then centrifuged as before. The pellet was resuspended in 250 µL 

of PBS and 12.5 µL of propidium Iodide (1 mg/mL) was added alongside 10 µL of 

RNase A (20 mg/mL) and mixed, before incubation in the dark for 30 minutes at 

37°C. Samples were then centrifuged as before, removing staining solution, and 

resuspended in PBS within flow cytometry tubes. Flow cytometry was performed on 

a BD FACS Calibur (BD Biosystems) and analysed via FlowJo (FlowJo Inc). 
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2.13. Statistics 

 

The statistical significance of all experimental data was determined via GraphPad 

Prism 6 Software (GraphPad, USA). The normality of all data was firstly determined 

via a Quantile-Quantile (Q-Q) plot, to confirm normal distribution of data, with a 

histogram plot produced to check for bimodality and a skewed distribution. 

Furthermore, a Shapiro-Wilk test was conducted on GraphPad to further confirm 

normality and homoscedasticity. Statistical significance was then determined via an 

unpaired T-test for normally distributed data sets with two independent groups. One-

way analysis of variance (ANOVA) was used to compare the variance of group 

means within a normally distributed data set containing three or more groups with 

only one independent variable. Finally, a Two-way ANOVA was used to determine 

the variance of normally distributed data sets containing three or more groups with 

two independently defined categorical groups. Post-hoc analysis was conducted on 

all ANOVA tests using either Bonferroni or Tukey analysis. For data sets without 

normal distribution an unpaired, non-parametric Mann-Whitney test was used to 

confirm significance.(*P<0.05, **P<0.005, ***P<0.001). 
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3. SIRT1 activation reduces the osteogenic differentiation of 

vascular smooth muscle cells in vitro through a senescence and 

Runx2 dependent pathway  
 

3.1. Introduction  

 

 
3.1.1. Clinical problem of vascular calcification  
Vascular calcification is highly correlated with an increased cardiovascular risk, 

especially within the diabetic patient (65, 272, 273), and as such there has been 

great emphasis on studies to determine the molecular process in which ectopic 

calcification develops. Whilst many imaging studies have been completed (73), the 

molecular basis remains unclear. With the development of calcification now 

accepted to be a cell mediated process resembling osteogenesis rather than a 

passive process as previously believed (274, 275), the key players within the 

mineralisation process are shown to maintain a fine balancing act between the 

reduction of inhibitory molecules and the induction of osteogenic differentiation 

factors, to keep vSMCs in line with the rest of the vessel (276, 277). Previous studies 

have shown that hydroxyapatite crystals form the final stage of the calcification 

process (278, 279), however the composition of these crystals and the factors 

triggering their development differ widely (280), depending on the disease 

conditions and the processes which drive the development of calcification. 

 

3.1.2. Vascular calcification induced senescence 
Cellular senescence is defined as the irreversible loss of proliferation potential, 

either due to replicative senescence; where the cells cease to divide as a result of 

telomere uncapping (266), or as part of the senescence associated secretory 

phenotype and has been linked to the deposition of a mineralised matrix within soft 

tissues (281, 282). vSMCs undergo senescence, in part, due to the differentiation 

to a senescence associated secretory phenotype, which can be triggered by 

activation of the tumour suppressor gene p53 and the cyclin-dependent kinase 

inhibitors that operate in conjunction with this pathway (89). Whilst senescence 

accumulates over the lifespan of all healthy humans, senescent cells are found 
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primarily in renewable or inflamed tissues, such as cells within the vascular system 

(283). In addition to permanent senescence, cells often acquire a range of 

morphological and functional changes, including a flatter and hypertrophic 

morphology (284), increasing expression of β-galactosidase and proinflammatory 

cytokines, as such as IL-6 and IL-8 (88), which can cause increased inflammation, 

perpetuating the cycle of senescence and inflammation. Whilst vSMCs within the 

vessel wall may exhibit increased migratory and proliferative capacity when first 

damaged (268), cells within the plaque which are constantly exposed to 

inflammation and damage gain this senescent phenotype (285), in which p21, p16 

and β-galactosidase increase in expression and co-localise in the same vicinity 

inducing irreversible G1 cell cycle arrest (167). The links between senescence and 

vascular calcification have been developed from the osteogenic gene expression 

profile of SMCs undergoing a senescent change in phenotype.  

 

3.1.3. Runx2 pathway in the process of cellular calcification 

One of the proteins often linked with senescence is Runx2 (286, 287), which is also 

an osteogenic transcription factor that acts as a marker of vascular calcification 

(288, 289).  In addition, within calcified vessels, proteomic analysis has confirmed 

an upregulation of a range of bone related transcription factors, which in addition to 

Runx2,  include Msx2, Sox9, and Ostrix (290), all of which upregulate expression of 

both bone and chondrocytic proteins (291), and which are normally supressed within 

the contractile smooth muscle cell. With pro-osteogenic factors, such as BMPs (292) 

and inflammatory mediators such as TNFα (293) increased within the vessel wall 

prior to calcification (294), they bind to receptors on the cell surface, inducing a 

cascade of pro-osteogenic protein activation.  

 

One such cell surface receptor; Pit-1 has been reported to increase activation 

following hyperglycaemia, leading to an influx of calcium and sodium into the cell 

(295), which forms the basis of the established in vitro model of calcification which 

is used today.  Inhibition of sodium through the Pit-1 cotransporter has shown to 

inhibit osteogenic transcription factor Runx2 (296) and downstream production of 

osteocalcin and osteopontin, suggesting that phosphate is a key player within the 

activation of both Runx2 and matrix mineralisation. Concurrently, the increase in 

cellular calcium activates multiple signalling pathways, such as the Wnt (297), 
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MAPK (148) and ALP (298) leading to secretion of vesicles containing calcium and 

phosphate, which once secreted from the cell, bind to the matrix causing widespread 

tissue mineralisation. Previous studies have demonstrated that Runx2 knockout 

mice develop defective bone formation and decreased arterial calcification (299, 

300) when compared to hyperphosphatemic conditions, suggesting Runx2 is 

required for vSMCs osteogenic differentiation. One of the pathways which modulate 

the Runx2 transcription factor in bone is the histone deacetylase, SIRT1 (301). 

Although SIRT1 has been linked to the development of vascular calcification (302), 

whether this is executed via Runx2 activation remains to be elucidated and will be 

part of the focus of this study. 

 

3.1.4. SIRT1 as a regulator of vascular calcification 
Sirtuin proteins, which have previously been shown to exert control over a range of 

metabolic functions, including insulin resistance and glucose sensing (303), have 

further been found to play a role in inhibiting hyperglycaemic induced calcification 

in both rat and mouse models (249, 304), via the inhibition of osteoblastic 

differentiation of the vSMCs, although the mechanism still remains unclear. SIRT1 

activation is induced by the increase in NAD+ present within vSMCs, and the shift 

within the NADH/NAD+ ratio towards NADH observed in hyperglycaemic conditions 

may decrease SIRT1 expression (211, 305).  This reduction in SIRT1 expression 

may potentially lead to negative effects within the cell and induce vSMC osteogenic 

differentiation (87).  
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3.2. Aim and Objectives  

 
The aim of this chapter was ultimately to determine whether a lack of SIRT1 

expression within a diabetic environment contributes to hyperglycaemic induced 

calcification in human smooth muscle cells in vitro and establish a mechanism of 

action. This was achieved via the following objectives: 

 

i) Firstly, to determine if the in-vitro osteogenic model could mimic the vSMC 

phenotypic transition observed in the diabetic patients and by which 

pathway this model increased the development of calcification within the 

vSMCs.  

ii) Secondly, this study sought to determine the expression level of SIRT1 in 

osteogenic and hyperglycaemic conditions. 

iii) Thirdly, this study aimed to elucidate the role of senescence in vSMC 

during the development of calcification, 

iv) And finally, this study sought to establish if SIRT1 modulation could affect 

both this development of cellular senescence and the overall 

development of calcification within the vSMCs.  
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3.3. Results  
 

3.3.1. Hyperglycaemic conditions reduce SIRT1 expression 
First, it was important to establish whether SIRT1 expression was modulated in the 

in vitro diabetic model. Cells were grown in 1) control, 2) osteogenic and 3) 

hyperglycaemic with osteogenic conditions as described in Chapter 2. Expression 

of SIRT1 was assessed using western blot analysis and localisation of SIRT1 was 

assessed by immunocytochemistry. Following 4 days pre-treatment, SIRT1 protein 

expression significantly decreased by 60% in hyperglycaemic conditions when 

compared to both control (p<0.0001) and osteogenic conditions (p<0.0255), with all 

blots normalised to α-tubulin (Fig. 3.1a). Fluorescent staining showed localisation of 

SIRT1 within the cytoplasm and the nucleus in the control conditions. There 

appeared to be a decrease in SIRT1 positive staining following 4 days of osteogenic 

treatment, with SIRT1 appearing to move from the nucleus to the cytoplasm as well 

as decreasing in fluorescence within hyperglycaemic conditions (Fig. 3.1b). 

 
  



 92 

 
 

Fig. 3.1. SIRT1 expression decreased under hyperglycaemic conditions. The 

effect of control (Ctrl), CaCl2 and BGP osteogenic (Ost) and osteogenic with high 

glucose (HG) conditions on SIRT1 expression following 4 days of treatment was 

assessed. a) 20 µg of protein lysate isolated from vSMCs treated for 4 days with 

control, osteogenic or hyperglycaemic conditions were examined. SIRT1 protein 

expression was decreased in hyperglycaemic conditions compared to both control 

and osteogenic treatments. Blots were re-probed with α-Tubulin shown as loading 

control (n=6) (One-way ANOVA, Tukey Post-Hoc test). b) vSMCs cultured for four 

days were stained for SIRT1. Phalloidin red, DAPI blue, SIRT1 green. (n=6). 

*P<0.05, **P<0.005. Scale Bars = 10μm. Mean ±SEM. 
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3.3.2. Hyperglycaemic conditions induce smooth muscle cell calcification 

The next objective was to show whether hyperglycaemic conditions effected the 

calcification of vSMCs. Cells were treated with control, osteogenic or 

hyperglycaemic conditions for 21 days, fixed and stained with Alizarin red (Fig. 3.2a) 

which stains for matrix mineralisation. Alizarin red staining showed some 

mineralised nodules within the osteogenic conditions, which were lacking in control 

conditions. There was a clear increase in positive Alizarin red staining which when 

quantified showed a significant increase in the hyperglycaemic conditions compared 

to control cells (p<0.0037) (Fig. 3.2b). ALP activity was used as an early marker of 

osteogenic differentiation and as an important component of hard tissue formation 

and was measured at day 4 and day 7 timepoints. A significant increase in activity 

was observed at day 4 (p<0.0107) and day 7 (p<0.0238) in hyperglycaemic 

conditions compared to control, and a significant increase was also observed in 

hyperglycaemic conditions compared to osteogenic (p<0.0238) (Fig. 3.2c). A final 

validation of calcification was assessed using total calcium concentration in the 

three conditions at day 21. Calcium concentration tripled in the hyperglycaemic 

treatment compared to the control (p<0.0023), further supporting the Alizarin red 

staining (Fig. 3.2d).  
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Fig. 3.2. Hyperglycaemic conditions induce smooth muscle cell 

mineralisation. The effect of control (Ctrl), CaCl2 and BGP osteogenic (Ost) and 

osteogenic with high glucose (HG) conditions was examined. a) Representative 

micrographs show positive Alizarin red staining in osteogenic conditions at day 21, 

which is increased in high glucose osteogenic media (n=4 and 5FoV). b) Alizarin 

red staining quantified via elution was significantly increased in hyperglycaemic 

conditions compared to control (n=4) (One-way ANOVA, Tukey Post-Hoc test). c) 

ALP activity was assessed via the para-nitrophenyl phosphate colorimetric assay. 

ALP activity doubled by day 4 in hyperglycaemic conditions compared to control and 

increased by over a two-fold in hyperglycaemic conditions compared to osteogenic 

conditions by day 7 (n=5) (Two-way ANOVA, Tukey Post-Hoc test). d) Calcium 

concentration assessed via AbCam Kit (ab102505) at day 21 was increased four-

fold in hyperglycaemic conditions compared to control treatment (n=5) (One-way 

ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005, ***P<0.001. Scale Bars = 

100μm. Mean ±SEM. 
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3.3.3. Hyperglycaemic conditions induce Runx2 activation 

The calcification process was also confirmed on a molecular level, with Runx2, the 

master osteogenic transcription factor being examined. First, day 4 Runx2 mRNA 

abundance was measured using qPCR analysis and a significant increase was 

found in both hyperglycaemic conditions compared to osteogenic (p<0.0050) and 

control (p<0.0.0002) conditions (Fig. 3.3a) which also correlated with the change in 

protein levels. Runx2 protein expression significantly increased in osteogenic 

conditions compared to control (p<0.045) and doubled in hyperglycaemic conditions 

(p<0.0232) (Fig. 3.3b) which was expressed relative to the α-tubulin loading control. 

It was next of interest to determine if the increase in Runx2 protein levels correlated 

with its transcriptional activity status. The acetylation profile of the promotor region 

of the Runx2 gene was examined via ChIP. Since Runx2 acetylation is known to 

regulate the activation and production of Runx2 protein, the effect of 

hyperglycaemia on this process was investigated. Primers designed around a 

known H3K27Ac mark demonstrated an increase in the acetylation of the Runx2 

promotor, with hyperglycaemic conditions demonstrating a doubling compared to 

osteogenic conditions (p<0.0064) and a five-fold increase compared to control 

(p<0.0002), when normalised to a 2% input and IgG pull-down control (Fig. 3.3c).  
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Fig. 3.3. Hyperglycaemic conditions increase Runx2 promotor acetylation and 

protein expression. The effect of control (Ctrl), CaCl2 and BGP osteogenic (Ost) 

and osteogenic with high glucose (HG) conditions was examined. mRNA, Protein 

and DNA isolated from vSMCs at a day 4 timepoint was examined for Runx2 

expression. a) Runx2 mRNA abundance was increased by over 10-fold in 

hyperglycaemic conditions compared to osteogenic and untreated controls (n=9) 

(One-way ANOVA, Tukey Post-Hoc test). b) Runx2 protein levels increased in 

hyperglycaemic conditions compared to untreated controls, western blots were 

quantified using densitometry and expressed relative to α-Tubulin shown as loading 

control (n=3) (One-way ANOVA, Tukey Post-Hoc test). c) Chromatin 

immunoprecipitation (ChIP) was conducted to determine the acetylation profile of 

the Runx2 promotor region. ChIP demonstrated a significant increase in acetylation 

of lysine within the Runx2 promotor in hyperglycaemic conditions compared to both 

osteogenic and control (n=3) (One-way ANOVA, Tukey Post-Hoc test). *P<0.05, 

**P<0.005, ***P<0.001. Mean ±SEM. 
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As the gene encoding the non-collagenous bone matrix protein OCN is a 

downstream target of Runx2 and known to be involved in vascular calcification 

(306), its expression was assessed at day 7 during the hyperglycaemia-induced 

vSMC calcification process. OCN positive staining was apparent in both osteogenic 

and hyperglycaemic treatments, with an apparent increase in OCN both in the 

cytoplasm and the nucleus in hyperglycaemic conditions when compared to control 

(Fig. 3.4a). The mean fluorescence of OCN assessed via ImageJ was significantly 

increased in both osteogenic and hyperglycaemic conditions compared to control 

(p<0.0001) (Fig. 3.4b) which mimicked the increased OCN mRNA at an earlier day 

4 time point (Fig. 3.4c). OCN mRNA abundance doubled (p<0.0209) within 

osteogenic conditions at day 4 and increased 8-fold under hyperglycaemic 

conditions (p<0.0004) at the same timepoint.  

 

Additional bone-related markers and downstream targets of Runx2 (307) were also 

analysed at the mRNA level at the day 4 time point (Fig. 3.4d). Both OPG and OPN 

expression showed no significant change between treatments at this time point. 

However, it is interesting to note that MSX2; a transcription factor critical for the 

development of chondrocyte/osteogenic differentiation (308) was significantly 

increased in hyperglycaemic conditions (p<0.049) (Fig. 3.4d). 
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Fig. 3.4. Hyperglycaemic conditions increase protein expression of 
downstream markers of the Runx2 pathway in vitro. The effect of 

hyperglycaemia on calcification markers was examined. Three conditions were 

assessed; control (Ctrl), CaCl2 and BGP osteogenic (Ost) and osteogenic with high 

glucose (HG). a) Following 4 days of treatment OCN protein localisation was 

assessed by fluorescent staining (n=4 and 5FoV). b) staining was quantified via 

ImageJ. OCN increased via a third in hyperglycaemic conditions compared to 

osteogenic conditions (n=4) (One-way ANOVA, Tukey Post-Hoc test). c) OCN 

mRNA abundance increased via four-fold in hyperglycaemic conditions compared 

to osteogenic at day 4 (n=9) (One-way ANOVA, Tukey Post-Hoc test). d) OPN, OPG 

and MSX2 mRNA expression was examined following 4 days of treatment. MSX2 

expression significantly increased in hyperglycaemic conditions compared to control 

(n=4) (One-way ANOVA, Tukey Post-Hoc test). OCN green, DAPI blue. *P<0.05, 

**P<0.005, ***P<0.001. Scale Bars = 10μm. Mean ±SEM.  
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3.3.4. Diabetic patient vessels exhibit calcification markers 

Having established the links between hyperglycaemic conditions and calcification in 

conjunction with a down-regulation of SIRT1 expression, it was next of interest to 

investigate SIRT1 expression and calcification marker expression in diabetic patient 

tissue compared to non-calcified tissue.  

 

Diabetic patient popliteal arterial vessels were acquired from patients during lower 

limb amputation and were found to exhibit increased expression of calcification 

markers compared to non-calcified internal mammary artery controls. Positive 

Alizarin red staining shown in dark red stain was positive within the smooth muscle 

layer of the DM sections  and is absent in the IMA control (Fig. 3.5a). Both Runx2 

(Fig. 3.5b) and OCN (Fig. 3.5c) staining shown in black was increased in the diabetic 

patient vessels, localised to the medial layer and conversely absent in the IMA 

controls. Both the diabetic patient and the IMA vessels demonstrate positive αSMA 

staining suggesting the presence of vSMCs within the vessel, correlating with the 

location of calcification marker expression (Fig. 3.5d). Haematoxylin and Eosin 

staining was used to demonstrate the integrity of the section obtained from the 

vessel, where the cytoplasm of the cells stained pink, the nucleus in purple, and 

calcified areas were identified by the positively stained areas in dark purple (Fig. 

5e). Osteopontin, a known marker of calcification was stained for and developed 

with brown DAB, whilst the samples were counterstained with Haematoxylin (Fig. 

5f). Positive staining observed in the DM samples are shown in brown, compared to 

the lack of brown staining in the IMA control. A negative IgG control demonstrates 

the DAB staining is specific for the antibodies used (Fig. 3.5g).   
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Fig. 3.5. Osteogenic 
marker expression is 

increased in diabetic 
patients. Internal 

mammary arteries (IMA) 

were harvested from non-

diabetic patient undergoing 

CABG surgery and used as 

controls. Popliteal arteries 

(PA) were harvested from 

diabetic patients (DM) 

undergoing lower limb 

amputation. a) Alizarin red 

staining, positive staining 

shown by arrow (n=3). b) 

Runx2 staining, positive 

staining observed in the DM 

compared to the IMA. c) 
OCN staining, positive 

staining observed in the DM 

compared to the IMA d) 

𝛼SMA staining e) H&E 

staining differentiating the 

cytoplasm in pink from the 

nucleus in blue. f) OPN 

staining showing the 

positive OPN staining in 

brown observed in the DM 

compared to the IMA g) IgG 

staining as a negative 

control. (n=6 for all). Scale 

bars = 200μm/20μm 
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3.3.5. Hyperglycaemic conditions induce cellular senescence and increase 

smooth muscle cell plasticity 
Diabetic patients often exhibit decreased wound healing and a loss of a smooth 

muscle contractile phenotype within the vessels. A β-galactosidase assay was used 

to determine the development of senescence within vSMCs under in vitro 

hyperglycaemic conditions.  

 

Positive blue staining at day 4 is shown in both osteogenic and hyperglycaemic 

conditions (Fig. 3.6a) with a significant increase in both osteogenic (p<0.0417) and 

hyperglycaemic (p<0.006) conditions compared to controls. Furthermore, a 

significant increase is apparent between osteogenic and hyperglycaemic conditions 

(p<0.0115) (Fig. 3.6b). Given that cells develop a senescent phenotype due to 

irreversible cell cycle arrest, the expression of cyclin-dependent kinase inhibitors 

was examined. p16 mRNA abundance significantly increased in hyperglycaemic 

conditions compared to both control (p<0.0053) and osteogenic (p<0.0129) 

conditions at day 4. Both p21 and master transcription factor p53 significantly 

increased mRNA abundance in hyperglycaemic conditions compared to controls 

(p<0.0028) (p<0.0021) respectively, however no significant difference was detected 

in the osteogenic condition at day 4 (Fig. 3.6c). Cell cytotoxicity showed no change 

in day 7 treatments under hyperglycaemic conditions, however by day 21 

cytotoxicity was significantly greater in hyperglycaemic cells (p<0.0001) (Fig. 3.6d). 
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Fig. 3.6. Hyperglycaemic conditions increased cellular senescence and 

associated markers. Three treatment conditions were assessed; control (Ctrl), 

CaCl2 and BGP osteogenic (Ost) and osteogenic with high glucose (HG). Positive 

cellular senescence represented via blue β-galactosidase activity observed in 

micrographs. a) Cells were cultured for 4 days in respective conditions and stained 

using x-gal substrate. Hyperglycaemia significantly increased β-gal staining (n=4 

and 5FoV), b) staining quantification normalised to control treatment showed a 

significant increase in osteogenic and hyperglycaemic conditions compared to each 

other (n=4) (One-way ANOVA, Tukey Post-Hoc test). c) RNA harvested from 

treated cells at 4 day demonstrated cyclin-dependant kinase inhibitors p16 and p21 

were significantly increased in hyperglycaemic conditions compared to control. p53 

expression was increased in both osteogenic and hyperglycaemic conditions 

compared to control but showed no difference when compared to one another (n=4) 

(One-way ANOVA, Tukey Post-Hoc test). d) Cell cytotoxicity assessed by Promega 

assay (G9290) showed no significant increase at day 7, however hyperglycaemic 

treatment significantly increased cytotoxicity within the cells by day 21. (n=4) (Two-

way ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005. Scale Bars = 100μm. 

Mean ±SEM.  
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Since healthy vSMCs exhibit high levels of αSMA in order to maintain a contractile 

phenotype, the expression level was assessed via immunofluorescence within the 

model at day 4. Under hyperglycaemic conditions it was found that αSMA staining 

was diminished (Fig. 3.7a) with a significant decrease in both the hyperglycaemic 

(p<0.0077) and osteogenic (p<0.0107) conditions compared to the controls when 

quantified via imageJ (Fig. 3.7b).  

 

Secondly, cellular proliferation was also examined to determine the activation of 

these cells under hyperglycaemic conditions. Whilst proliferation initially increased 

in a hyperglycaemic environment (p<0.0034) at day 14, by day 21 proliferation had 

decreased by 30% compared to controls (p<0.0127), correlating with the increase 

in senescence markers previously noted (Fig. 3.7c). 10,000 cells were examined 

from each sample under flow cytometry to determine cell cycle and size. Both nuclei 

area (Fig. 7d) and number (Fig. 3.7e) were examined. Nucleus number significantly 

decreased in hyperglycaemic conditions compared to controls (p<0.0386), 

corresponding with an enrichment in S phase (Fig. 3.7f) and a decrease in G1 

phase.  
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Fig. 3.7. Hyperglycaemic conditions modify cellular phenotype. The role of 

three treatment conditions; control (Ctrl), CaCl2 and BGP osteogenic (Ost) and 

osteogenic with high glucose (HG). Were assessed on cellular proliferation and 

phenotype was examined. a) 𝛼SMA, a marker of smooth muscle contractility 

decreased staining intensity during 4 days of hyperglycaemic treatment (n=4 and 

5FoV) b) staining quantified via ImageJ, significantly decreased in both osteogenic 

and hyperglycaemic conditions compared to controls (n=4) (One-way ANOVA, 

Tukey Post-Hoc test). c) Cellular proliferation confirmed via the  blue assay 

increased at day 14 in hyperglycaemic conditions however it significantly decreased 

by day 21 (n=3) (Two-way ANOVA, Tukey Post-Hoc test). d) Nucleus area size 

confirmed via propodeum iodine staining under flow cytometry showed no 

significant change in hyperglycaemic conditions compared to control (n=4) (One-

way ANOVA, Tukey Post-Hoc test) whereas e) nucleus number significantly 

decreased in hyperglycaemic conditions compared to control (n=4) (One-way 
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ANOVA, Tukey Post-Hoc test). f) Cell cycle phases were examined with flow 

cytometry. S phase increased in hyperglycaemic conditions compared to controls, 

whereas G1 phase decreased (n=4). 𝛼SMA green, DAPI blue. *P<0.05, **P<0.005, 

Scale Bars = 10μm. Mean ±SEM.   
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3.3.6. SIRT1 expression can be modulated via chemical and genetic 

approaches 
The SIRT1 activator SRT1720 (Selleckchem) was used at a dose dependent 

concentration which was shown to have no negative effect on cell viability between 

the doses of 0-0.5 µM (Fig. 3.8a) as was SIRT1 inhibitor; Sirtinol (Selleckchem) 

between the doses of 0-10 µM (Fig. 3.8b), while at higher doses viability decreased. 

Therefore, SRT1720 and Sirtinol was used at 0.5 µM and 10 µM respectively 

henceforth. Control conditions were supplemented with DMSO at an equal 

concentration to that which is within the drug treated conditions, thus henceforth all 

control conditions; when compared to a drug treated condition, contain DMSO at a 

proven (309) sublethal concentration of 0.1% (1:1000).  

 

SIRT1 activation increased SIRT1 mRNA expression by almost 15-fold (p<0.0006), 

whereas SIRT1 inhibition via Sirtinol reduced expression to under a third of 

untreated expression levels (p<0.0001) (Fig. 3.8c). Pharmacological modification of 

SIRT1 was mirrored in protein expression, with a three-fold increase observed with 

SRT1720 activation (p<0.0010) and a significant reduction observed in Sirtinol 

treatment (p<0.0001) compared to control (Fig. 3.8d). SIRT1 siRNA was used to 

confirm the effect of Sirtinol inhibition. SIRT1 siRNA reduced SIRT1 mRNA 

expression to a tenth compared to scrambled siRNA controls (p<0.0001) (Fig. 3.9a), 

which was also evident in protein expression (p<0.0061) (Fig. 3.9b).  

 

  



 107 

 
 
Fig. 3.8. SIRT1 modulation via chemical approaches. The effect of SIRT1 

activators and inhibitors on SIRT1 expression was examined. Cells were treated 

with either the activator; SRT1720 or inhibitor; Sirtinol for 4 days prior to harvesting 

for RNA and protein or assessed for viability via the Alamar blue assay. Control 

samples were treated with the equivalent amount of DMSO (0.1%). a) SIRT1 

activation via SRT1720 significantly reduced cell viability when used at doses over 

0.5 µM (n=3) (Two-way ANOVA, Tukey Post-Hoc test). b) Sirtinol inhibition 

significantly reduced cell viability at over 10 µM (n=3) (Two-way ANOVA, post doc 

test). c) SIRT1 mRNA expression was significantly increased via 0.5µM SRT1720 

activation, and significantly reduced via 10 µM Sirtinol inhibition. (n=4) (One-way 

ANOVA, Tukey Post-Hoc test), d) which was sustained to SIRT1 protein expression 

(n=3) (One-way ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005, ***P<0.001. 

Mean ±SEM. 
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Fig. 3.9. SIRT1 knockdown via a genetic approach. The effect of SIRT1 siRNA 

and Scrambled siRNA on SIRT1 expression was examined. cells were cultured until 

confluence then placed in antibiotic free media for 2 hours before siRNA dissolved 

in TE buffer was added. PolyFect was used as a transfection reagent and left to 

incubate for 6 hours before media was replaced with calcifying media for 7 days. 

SIRT1 knockdown via siRNA significantly reduced SIRT1 a) mRNA (n=4) (Paired T-

test) and b) in protein expression (n=4) (Paired T-test). *P<0.05, **P<0.005, 

***P<0.001. Mean ±SEM.  
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3.3.7. Modulation of SIRT1 modifies smooth muscle cell mineralisation 

Since previous literature has demonstrated that SIRT1 activation inhibits 

hyperphosphatemia-induced calcification through a premature senescence 

pathway (249), the impact of SIRT1 expression within the current hyperglycaemic 

model was assessed. Cell matrix calcification was examined in the three treatment 

groups via Alizarin red staining, ALP activity and total calcium content, to determine 

the effects of SIRT1 modulation. Where a small molecule activator or inhibitor was 

used to modulate SIRT1 expression, 0.1% DMSO was used in non-drug treated 

controls.  

 

SIRT1 activation via SRT1720 was protective against calcified matrix deposition in 

both osteogenic (p<0.0019) and hyperglycaemic conditions (p<0.0365), evidenced 

by a reduction of Alizarin red staining at day 21 compared to untreated (Fig. 3.10a, 

top panel). Conversely, SIRT1 inhibition via Sirtinol significantly induced a more 

pronounced mineral deposition in hyperglycaemic conditions (p<0.0332) (Fig 9a 

lower panel), which was significant when quantified (Fig. 3.10b). However, control 

cells treated with either SRT1720 or Sirtinol did not show any positive calcification 

staining (Fig. 3.10b).  

 

To further confirm the development of calcification, cells and their matrix were 

harvested at day 21 and their total calcium content assessed. A significant decrease 

was observed in hyperglycaemic conditions with the addition of SRT1720 compared 

to untreated (p<0.0173) (Fig. 3.10c), in which the opposite was found in both 

osteogenic (p<0.0011) and hyperglycaemic (p<0.0002) conditions with the addition 

of Sirtinol when compared to untreated.  
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Fig. 3.10. Modulation of SIRT1 modifies smooth muscle cell mineralisation. 

The effect of SIRT1 activator SRT1720 (0.5 μM) and SIRT1 inhibitor Sirtinol (10 μM) 

on smooth muscle calcification was investigated, with 0.1% DMSO used within 

untreated controls. Three treatments were investigated; control (Ctrl), CaCl2 and 

BGP osteogenic (Ost) and osteogenic with high glucose (HG). a) Representative 

micrographs demonstrate decreased staining with the addition 0.5 μM SRT1720 

and increased staining with the addition of 10 μM Sirtinol following 21 days of 

treatment (n=4 and 5FoV), b) quantification confirms a significant increase in both 

osteogenic and hyperglycaemic conditions under 10 μM Sirtinol treated conditions 

compared to 0.5 μM SRT1720 and untreated (n=4) (Two-way ANOVA, Tukey Post-

Hoc test). c) Total cellular calcium assessed at the same timepoint was significantly 

increased in 10 μM Sirtinol treated cells in both osteogenic and hyperglycaemic 

conditions and decreased under hyperglycaemic 0.5 μM SRT1720 conditions 

compared to control (n=4) (Two-way ANOVA, Tukey Post-Hoc test).  *P<0.05, 

**P<0.005, ***P<0.001. Scale Bars = 100μm. Mean ±SEM.    
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To assess the early stage development of calcification, ALP activity was examined. 

ALP activity significantly increased in osteogenic conditions by day 4 (p<0.0073) 

and was sustained until day 7 with the addition of Sirtinol (p<0.0007) when 

compared to untreated osteogenic conditions. ALP activity reduced with the addition 

of SRT1720 compared to the untreated control cells, however this was not 

significant (Fig. 3.11a). In hyperglycaemic treatment little difference in ALP activity 

was found between Sirtinol and untreated conditions at day 7, however there was a 

decrease in SRT1720 treated cells, when compared to Sirtinol (p<0.0280) and 

untreated (p<0.0322) conditions (Fig. 3.11a). SIRT1 siRNA was not used to assess 

matrix calcification or calcium content of cells due to its short half-life and the 

apoptotic effect repeat transfection would have on the cells, however ALP activity 

could be assessed within the first seven days of siRNA treatment. ALP activity was 

increased in hyperglycaemic conditions following SIRT1 siRNA knockdown by day 

7 when compared to scrambled siRNA controls (p<0.0327) (Fig. 3.11b).  

 
 
Fig. 3.11. Modulation of SIRT1 modifies smooth muscle cell alkaline 

phosphatase activity. The effect of SIRT1 activator SRT1720 (0.5 μM) and SIRT1 

inhibitor Sirtinol (10 μM) on vSMC ALP activity was investigated, on two conditions; 

CaCl2 and BGP osteogenic (Ost) and osteogenic with high glucose (HG). with 0.1% 

DMSO used within untreated control. a) SIRT1 activation decreased ALP activity in 

both osteogenic and hyperglycaemic conditions compared to SIRT1 inhibition (n=5) 

(Two-way ANOVA, Tukey Post-Hoc test). b) SIRT1 siRNA and scrambled control 

were used to confirm Sirtinol findings. SIRT1 siRNA significantly increased ALP 

activity in both osteogenic and high glucose conditions compared to scrambled 

siRNA. (n=4) (Two-way ANOVA, Tukey Post-Hoc test).  *P<0.05, **P<0.005. Mean 

±SEM.   
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Since SIRT1 activation and inhibition has now been demonstrated to inhibit and 

increase the development of vSMC calcification respectively, the transcriptional 

pathway targeted by SIRT1 was examined. The acetylation profile of Runx2 was 

again assessed following the addition of SIRT1 activator SRT1720. SRT1720 

significantly decreased Runx2 acetylation in all conditions by day 4, with 

hyperglycaemic treatment causing a decrease by over 7-fold (p<0.0001) (Fig. 

3.12a). With histone modifications around the H3K27Ac mark of Runx2 promotor 

region shown to be significantly downregulated with SIRT1 activation, the total 

mRNA and protein level was assessed. Runx2 mRNA was significantly increased in 

both osteogenic (p<0.0001) and hyperglycaemic (p<0.0146) conditions with the 

addition of Sirtinol (Fig. 3.12b), whereas there was a ten-fold decrease in Runx2 

mRNA abundance when cells were treated with SRT1720 (p<0.0206).  

 

Following mRNA analysis, protein expression of Runx2 at day 4 was also assessed. 

SRT1720 activation decreased protein expression by a third compared to untreated 

in hyperglycaemic conditions (p<0.0057) (Fig. 3.12c) whereas Sirtinol had the 

opposite effect, increasing Runx2 activity by over 3-fold (p<0.001) (Fig. 3.12d). 

siRNA inhibition of SIRT1 was confirmed to be effective up to 7 days after 

transfection (Fig. 3.9b). SIRT1 siRNA knockdown exhibited similar effects to Sirtinol 

treatment, significantly increasing Runx2 mRNA and protein expression at day 4 

when compared to scrambled siRNA controls. mRNA abundance was significantly 

increased compared to hyperglycaemic conditions treated with scrambled siRNA 

(p<0.0019) (Fig. 3.13a). Greater variability was detected in Runx2 protein 

expression, with a significant increase in Runx2 expression found in hyperglycaemic 

conditions only (p<0.0473) (Fig. 3.13b).  

 

  



 113 

 

 
 
Fig. 3.12. Activation of SIRT1 modulates the Runx2 pathway. The effect of 

SIRT1 activator SRT1720 (0.5 μM) and SIRT1 inhibitor Sirtinol (10 μM) on the 

Runx2 pathway was investigated on control (Ctrl), CaCl2 and BGP osteogenic (Ost) 

and osteogenic with high glucose (HG) with 0.1% DMSO used within untreated 

control. a) Acetylation of the Runx2 promotor region was significantly increased 

following 4 days of treatment in hyperglycaemic conditions compared to both the 

control and hyperglycaemic conditions treated with 0.5 μM SRT1720 (n=3) (Two-

way ANOVA, Tukey Post-Hoc test). b) Runx2 mRNA expression significantly 

increased at the same timepoint in 10 µM Sirtinol treated conditions in both 

osteogenic and hyperglycaemic treatments whereas 0.5 μM SRT1720 decreased 

Runx2 expression (n=4) (Two-way ANOVA, Tukey Post-Hoc test). c) Runx2 protein 

expression also at day 4 significantly decreased with 0.5 μM SRT1720 activation in 

all treatments and increased in 10 µM Sirtinol treated conditions (n=3) (Two-way 

ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005, ***P<0.001. Mean ±SEM.  
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Fig. 3.13. Genetic knockdown of SIRT1 modulates the Runx2 pathway. The 

effect of SIRT1 siRNA and scrambled control on control (Ctrl), CaCl2 and BGP 

osteogenic (Ost) and osteogenic with high glucose (HG). on the Runx2 pathway 

was investigated following 4 days of treatment. a) SIRT1 siRNA significantly 

increased Runx2 mRNA expression compared to scrambled siRNA (n=4) (Two-way 

ANOVA, Tukey Post-Hoc test). b) SIRT1 siRNA significantly decreased SIRT1 

protein expression and increased Runx2 protein expression (n=3) (Two-way 

ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005, ***P<0.001. Mean ±SEM. 
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3.3.8. SIRT1 activation negatively regulates proteins downstream in the Runx2 

pathway 
Whilst SIRT1 inhibition has been demonstrated to upregulate Runx2 expression, 

the effect of SIRT1 activation on downstream effector proteins within the Runx2 

pathway is still unclear. OCN, concomitantly the most abundant non-collagenous 

peptide found in matrix mineralisation, has a known Runx2 binding element; 

osteoblast-specific cis-acting element 2 (OSE2; ACCACA) (310) and is therefore a 

good target to examine the downstream effects of SIRT1 on the Runx2 pathway. 

Expression of OCN was again examined at day 4 via fluorescent staining (Fig. 

3.14a) and quantified via the mean fluorescent intensity (Fig. 3.14b). SIRT1 

activation inhibited OCN expression in a similar trend to Runx2 expression, with no 

significant increase in OCN between osteogenic and hyperglycaemic conditions 

(p<0.8140) and a significant decrease compared to untreated cells in both 

osteogenic (p<0.0176) and hyperglycaemic treatments (p<0.0001). SIRT1 inhibition 

had the opposite effect, significantly increasing OCN expression at both osteogenic 

(p<0.0001) and hyperglycaemic treatments (p<0.0030) compared to untreated, 

however control cells treated with Sirtinol showed no significant increase in OCN 

staining (Fig. 3.14b). mRNA expression of OCN was significantly increased in 

Sirtinol treatment compared to osteogenic untreated conditions (p<0.0001). In 

hyperglycaemic conditions SRT1720 significantly decreased OCN mRNA 

expression compared to untreated (p<0.0012) and Sirtinol treatment (p<0.0048) the 

latter which was increased by 10-fold (Fig. 3.15a).  

 

Msx2 activity followed a similar trend, with a significant increase in day 4 mRNA 

expression observed in osteogenic Sirtinol treated cells compared to untreated 

(p<0.0001) (Fig. 3.15b). OPN mRNA expression showed no change in osteogenic 

conditions irrespective of SIRT1 treatment. However, within hyperglycaemic 

conditions SIRT1 activation increased OPN expression 5-fold, with no significant 

change observed in Sirtinol treatment compared to control (Fig. 3.15c) (p<0.0036). 

Likewise, OPG followed a similar course, however osteogenic conditions showed a 

significant variation between SIRT1 activation; which increased OPG expression by 

over 20-fold (p<0.0312), as did hyperglycaemic conditions (p<0.0243).  However, 

unlike OPN, no change in expression was observed between osteogenic and 
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hyperglycaemic SRT1720 treatment (p<0.9999) (Fig. 3.15d), suggesting that maybe 

the two proteins have different activators within the diabetic milieu.  

 

Finally, SIRT1 siRNA knockdown was used to confirm the effect of SIRT1 inhibition 

on the downstream Runx2 pathway. OCN mRNA expression was significantly 

raised in SIRT1 knockdown treated cells compared to scrambled siRNA (p<0.0206) 

(Fig. 3.16a). Additionally, Msx2 mRNA expression was also examined and a 

significant increase was observed in both osteogenic (p<0.0041) and 

hyperglycaemic (p<0.0003) SIRT1 siRNA treated cells, however no change was 

observed in control, similar to Sirtinol treatment (Fig. 3.16b).  

Fig. 3.14. SIRT1 modulates OCN expression 

downstream of the Runx2 pathway. The effect of 

SIRT1 activator SRT1720  (0.5 μM)and SIRT1 

inhibitor Sirtinol (10 μM) on control (Ctrl), CaCl2 and 

BGP osteogenic (Ost) and osteogenic with high 

glucose (HG) conditions in OCN production was 

investigated following 4 days of treatment, with 

0.1% DMSO used within untreated control. a) OCN 

fluorescent staining was significantly decreased in 

all treatments with the addition of 0.5 μM SRT1720 and increased with the addition 

of 10 µM Sirtinol (n=3), b) this was confirmed by ImageJ quantification (n=3) (Two-

way ANOVA, Tukey Post-Hoc test). OCN green, DAPI blue. P<0.05, **P<0.005, 

***P<0.001 Scale Bars = 10μm. Mean ±SEM.  
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Fig. 3.15. SIRT1 modulates Runx2 downstream gene expression. The effect of 

SIRT1 activator SRT1720  (0.5 μM) and SIRT1 inhibitor Sirtinol  (10 μM) on control 

(Ctrl), CaCl2 and BGP osteogenic (Ost) and osteogenic with high glucose (HG) on 

downstream effector proteins within the Runx2 pathway was investigated, with 0.1% 

DMSO used within untreated controls. RNA harvested from day 4 treated cells was 

assessed. a) OCN (n=4) (Two-way ANOVA, Tukey Post-Hoc test) and b) MSX2 

mRNA was significantly upregulated in both osteogenic and hyperglycaemic 

treatments with the addition of 10 µM Sirtinol (n=4) (Two-way ANOVA, Tukey Post-

Hoc test). mRNA expression of osteogenic differentiation markers c) OPN (n=4) 

(Two-way ANOVA, Tukey Post-Hoc test) and d) OPG were examined at the same 

timepoint. OPN significantly increased in hyperglycaemic conditions when treated 

with 0.5 μM SRT1720 compared to both untreated and 10 µM Sirtinol treated 

conditions. OPG expression was significantly upregulated in both osteogenic and 

hyperglycaemic conditions with 0.5 μM SRT1720 compared to both untreated and 

10 µM Sirtinol treatment (n=4) (Two-way ANOVA, Tukey Post-Hoc test). P<0.05, 

**P<0.005, ***P<0.001. Mean ±SEM.   
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Fig. 3.16. SIRT1 siRNA increases downstream Runx2 marker expression. The 

effect of SIRT1 siRNA and scrambled siRNA on control (Ctrl), CaCl2 and BGP 

osteogenic (Ost) and osteogenic with high glucose (HG) on downstream effector 

proteins in Runx2 pathway was investigated following 4 days of treatment after 

transfection. SIRT1 siRNA significantly increased expression of both a) OCN (n=4) 

(Two-way ANOVA, Tukey Post-Hoc test) and b) MSX2 mRNA compared to 

scrambled controls (n=4) (Two-way ANOVA, Tukey Post-Hoc test). P<0.05, 

**P<0.005, ***P<0.001. Mean ±SEM. 
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3.3.9. SIRT1 inhibition increases cellular senescence under hyperglycaemic 

conditions 
As demonstrated, SIRT1 activation reduces the induction of smooth muscle 

mineralisation. Recent studies have demonstrated the development of a 

senescence associated secretory phenotype concurrently alongside the 

development of calcification (311, 312) and therefore the effect of SIRT1 on cellular 

senescence was investigated.  

 

β-galactosidase activity was again used to determine the presence of senescent 

cells, in association with cell cycle inhibitor expression analysis. SIRT1 activation 

via SRT1720 had little impact on cellular senescence in osteogenic conditions 

compared to untreated cells, however a significant decrease was observed in 

hyperglycaemic conditions compared to untreated (p<0.0042). Sirtinol inhibition of 

SIRT1 increased positive staining in osteogenic conditions by 50% (p<0.0001) and 

in hyperglycaemic conditions by over a third (p<0.0030) (Fig. 3.17a). SIRT1 siRNA 

knockdown was again used to confirm the pharmacological findings of Sirtinol. 

SIRT1 siRNA significantly increased β-galactosidase staining in both osteogenic 

(p<0.0001) and hyperglycaemic treatments (p<0.0001) by almost 6-fold with the 

scrambled siRNA demonstrating similar positive staining to untreated cells (Fig. 

3.17b).  

 

Following the finding that SIRT1 modulation could impact the development of 

hyperglycaemic induced senescence, the effect of SIRT1 on cell cycle kinase 

inhibitors was examined in order to tease out the mechanism underpinning the 

development of senescence within the diabetic mileu. p16 mRNA expression was 

significantly reduced when SIRT1 was activated in hyperglycaemic conditions 

(p<0.0006). Conversely SIRT1 inhibition increased hyperglycaemic induced p16 

expression by almost a third (p<0.0084), with the control Sirtinol treatment 

significantly increasing p16 activation compared to untreated control (p<0.0050) 

(Fig. 3.18a).  

 

p21 expression followed a similar trend to p16 expression, with a significant 

reduction in p21 in SRT1720 treatment under hyperglycaemic conditions compared 

to untreated (p<0.0048), with no significant difference between SRT1720 treated 
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control, osteogenic and hyperglycaemic treatments. Sirtinol treatment showed over 

a 50-fold increase of p21 expression in hyperglycaemic conditions compared to 

untreated hyperglycaemic conditions (p<0.0001), with a large increase in p21 

mRNA expression compared when compared to Sirtinol control conditions 

(p<0.0001) (Fig. 3.18b).  

 

Lastly, p53 expression was examined, with a significant decrease in expression 

observed in hyperglycaemic SRT1720 treated cells compared to hyperglycaemic 

untreated (p<0.0079), and a significant increase in hyperglycaemic Sirtinol treated 

cells when compared to hyperglycaemic untreated cells (p<0.0004) (Fig. 3.18c). 

Following this, acetylation of p53 promotor region was examined, as p53 promotor 

acetylation has been demonstrated to increase p21 expression, stabilise p53 

expression and perpetuate a senescent phenotype (313). Enrichment of the lysine 

within the p53 promotor region was examined. SIRT1 activation significantly 

reduced enrichment in hyperglycaemic conditions (p<0.0027) (Fig. 3.18d), in 

concordance with the overall reduction of p53 mRNA when observed when treated 

with SIRT1 activator, SRT1720 (Fig. 3.18c).   
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Fig. 3.17. SIRT1 modulation effects cellular senescence. The effect of SIRT1 

activation via SRT1720 (0.5 μM) and SIRT1 inhibition via Sirtinol (10 μM) on cellular 

senescence was investigated following 4 days of treatment, with control (Ctrl), CaCl2 

and BGP osteogenic (Ost) and osteogenic with high glucose (HG) conditions and 

0.1% DMSO used in untreated controls. SIRT1 siRNA was used to confirm Sirtinol 

results, with scrambled siRNA used as control. a) SIRT1 activation inhibits cellular 

senescence development under hyperglycaemic and osteogenic conditions, 

whereas SIRT1 inhibition via 10 µM Sirtinol significantly increased staining (n=4) 

(Two-way ANOVA, Tukey Post-Hoc test). b) SIRT1 siRNA increased cellular 

senescence regardless of glucose treatment, whereas scrambled siRNA showed no 
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significant increase in senescence (n=4) (Two-way ANOVA, Tukey Post-Hoc test). 

*P<0.05, **P<0.005, ***P<0.001 Scale Bars = 100μm. Mean ±SEM. 

 

Fig. 3.18. SIRT1 modulation effects cellular senescence marker expression. 

The effect of SIRT1 activation via SRT1720 (0.5 μM) and SIRT1 inhibition via Sirtinol 

(10 μM) on cellular senescence was investigated following 4 days of treatment, with 

control (Ctrl), CaCl2 and BGP osteogenic (Ost) and osteogenic with high glucose 

(HG) conditions and 0.1% DMSO used in untreated controls. a) p16 mRNA 

expression significantly reduced following SIRT1 activation and increased with 

SIRT1 inhibition as did (n=4) (Two-way ANOVA, Tukey Post-Hoc test) b) p21 (n=4) 

(Two-way ANOVA, Tukey Post-Hoc test) and c) p53 (n=4) (Two-way ANOVA, 

Tukey Post-Hoc test). d) p53 chromatin enrichment was significantly increased in 

hyperglycaemic conditions and reduced with SIRT1 activation (n=3) (Two-way 

ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005, ***P<0.001. Mean ±SEM.  
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3.3.10. SIRT1 inhibition reduces smooth muscle cell proliferation and cell 

cycle progression 
As previously reported, healthy, contractile vSMCs exhibit high levels of αSMA, 

allowing the cell to function as a contractile and motile unit. Previous data (Fig. 3.7a) 

suggest that this is lost during osteogenic differentiation under hyperglycaemic 

conditions, thus the effects of SIRT1 activation and inhibition on αSMA expression 

as a marker of contractility was compared between osteogenic and hyperglycaemic 

conditions (Fig. 3.19a).  

 

SIRT1 activation with SRT1720, significantly increased αSMA expression in 

hyperglycaemic conditions at day 4 (p<0.01512), however no significant difference 

was observed between osteogenic and hyperglycaemic SIRT1 activated conditions. 

Sirtinol inhibition had the opposite effect, with a reduction in αSMA expression 

compared to untreated, in both osteogenic (p<0.0199) and hyperglycaemic 

treatments (p<0.0108) (Fig. 3.19b).  

 

Since the phenotypic profile of a cell often affects its ability to proliferate and 

differentiate, the Alamar blue assay was conducted to assess its proliferative 

capacity. SIRT1 activation increased proliferation in hyperglycaemic conditions 

(p<0.0247), whereas SIRT1 inhibition significantly reduced proliferation in 

hyperglycaemic conditions compared to untreated (p<0.0021) (Fig. 3.20a).  

 

To confirm the changes in cellular proliferation, cells were counted and seeded at 

equal density followed by four days of treatment, after which the number of nuclei 

within each sample was assessed by flow cytometry using propidium iodide. A 

significant increase in the number of nuclei between SRT1720 treated cells and 

untreated was in both control (p<0.0144) and hyperglycaemic conditions (p<0.0015) 

(Fig. 3.20b), correlating with the increase in proliferation previously noted (Fig. 

3.20a). Conversely, a significant decrease in nucleus number was observed in 

Sirtinol treatment compared to SRT1720 treatment in hyperglycaemic conditions 

(p<0.0028).  

 

Whilst nuclei number was assessed as a secondary marker of proliferation, nucleus 

area was also calculated to determine if cellular senescence was occurring between 
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G0-G1, as this would result in a doubling of the nuclear material but arresting of the 

cycle before the cell divided. However, no significant change was found with any 

treatments or media conditions (Fig. 3.20c).  

 

Finally, cell cycle stage was assed via flow cytometry. The G1 phase within the cell 

cycle is often inhibited via p21 and p53 activation, and thus was reviewed to 

determine if this was the cause of cell cycle arrest within the model. Although none 

of the results were significant, the increasing trend towards greater G1 phase 

accumulation in Sirtinol treatment between osteogenic and hyperglycaemic 

conditions could suggest a possible increase in cell cycle arrest, compared to 

SRT1720 treated cells, in which the G1 phase percentage was lower than the 

control (Fig. 3.20d). 
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Fig. 3.19. SIRT1 modulation effects smooth muscle cell marker expression. 

The effect of SIRT1 activator SRT1720 and SIRT1 inhibitor Sirtinol on 𝛼SMA 

expression was investigated, with control (Ctrl), CaCl2 and BGP osteogenic (Ost) 

and osteogenic with high glucose (HG) and 0.1% DMSO used in untreated controls. 

a) 𝛼SMA staining was conducted following 4 days of treatment and was significantly 

increased in all treatments with the addition of 0.5 μM SRT1720 and decreased with 

the addition of 10 µM Sirtinol b) this was confirmed by quantification (n=3) (Two-

way ANOVA, Tukey Post-Hoc test). 𝛼SMA green, DAPI blue. *P<0.05. Scale Bars 

= 10μm. Mean ±SEM. 
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Fig. 3.20. SIRT1 modulation effects cellular proliferation and cell cycle 
progression. The effect of SIRT1 activator SRT1720 and SIRT1 inhibitor Sirtinol 

on proliferation and cell cycle was investigated, with control (Ctrl), CaCl2 and BGP 

osteogenic (Ost) and osteogenic with high glucose (HG )and 0.1% DMSO used in 

untreated controls. a) Cellular proliferation was increased in all 0.5 μM SRT1720 

treated conditions and decreased with the addition of Sirtinol (n=3) (Two-way 

ANOVA, Tukey Post-Hoc test). b) Nucleus number significantly instead with 0.5 μM 

SRT1720 treatment in hyperglycaemic conditions, and decreased in 10 µM Sirtinol 

treated conditions, however no difference was observed between the control and 

hyperglycaemic (n=4) (Two-way ANOVA, Tukey Post-Hoc test). c) Nucleus area 

showed no significant difference between treatments (n=4) (Two-way ANOVA, 

Tukey Post-Hoc test). d) Flow cytometry cell cycle analysis showed no change in 

G1 between untreated conditions, an increase was found in 10 µM Sirtinol treatment 

however this was not significant (n=4) (Two-way ANOVA, Tukey Post-Hoc test). 

*P<0.05, **P<0.005. Mean ±SEM.   
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3.4. Discussion 

  
This is the first study to link the reduction of SIRT1 signalling with senescence and 

osteogenic differentiation within human vSMCs, correlating with diabetic tissue 

calcification, supporting the hypothesis that suppression of SIRT1 orchestrates the 

osteogenic trans-differentiation of vSMCs through a senescence pathway. These 

data show the convergence of both osteogenic and senescence pathways to 

support the process of mineralisation with the addition of glucose, inorganic 

phosphate and calcium in-vitro, which may be reflective of the diabetic environment 

in-vivo. Whilst this study focuses on the modulation of SIRT1 using pharmacological 

and genetic approaches, it is worth noting that a variety of SIRT1 polymorphisms 

have been linked to coronary artery calcification, cognitive impairment (314) and 

abnormal cholesterol metabolism and that specific SNPs have been demonstrated 

to increase long term survival in the total population, whereas interestingly, other 

SNPs have only shown a protective effect in overweight and obese subjects (303).  

 

3.4.1 Marker expression correlates with reduction in SIRT1 expression 
Firstly, this study demonstrates severe calcification occurring within the intima layer 

of the diabetic vessel wall, which is notably absent in the non-calcified IMA control. 

Histological staining shows the localisation of the calcification within the smooth 

muscle layer, with the dark Alizarin red staining correlating with the darkest parts of 

the αSMA stain, confirming the suggested calcification localisation. This 

development of calcification within the smooth muscle layer is further confirmed via 

the co-localisation of both Runx2 and OCN, which is absent within the IMA. Taken 

together these data suggest the correlation between the prevalence of calcification 

and the upregulation of proteins in association with the Runx2 pathway.  With 

increased magnification to 40x, the localisation of OPN, OCN and Runx2 can be 

observed to be within the nucleus, as opposed to the IMA, where faint and diffuse 

Runx2 and OCN staining is located both with the cytoplasm and nucleus, suggesting 

an increase in osteogenic marker expression with the DM vessels. Previous studies 

have shown the nuclear localisation signal of Runx2 located on the c-terminus is 

activated through its acetylation via p300 (154), which neutralises the positive 

charge throughout the protein, making it more accessible to chromatin binding and 

subsequent transcription factor activation (315). With a lack of SIRT1 in these 
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diabetic samples, increased acetylation of Runx2 may occur in its reduction, leading 

to increased nuclear translocation and subsequently the development of 

calcification.  

 
3.4.2. SIRT1 activation promotes negative regulation of the Runx2 pathway 

To further investigate the mechanistical pathways involved, commercially available 

human coronary artery vSMCs from donors were purchased and grown under 

diabetic conditions; containing phosphate and calcium in the presence of high 

glucose to determine how SIRT1, or its absence, mediates the development of 

calcification. Whilst calcification was confirmed using previously reported markers 

of osteogenic differentiation including OPN, OPG, Msx2 and Alizarin red, the 

transcription factor Runx2 and associated pathway was examined under greater 

detail. Runx2 has fast emerged as a potent gene regulator associated with both 

tissue development and osteogenesis (316), determining the fate of cells, by 

regulating cell growth and differentiation down a variety of lineages (317, 318). 

Whilst null mutations of Runx2 can cause major defects during development, both 

loss and gain mutation have been pathologically associated with cancer (319), 

cardiovascular disease and skeletal malformations (320) depending on the 

biological timepoint. With Runx2 activation attributed to directly increasing OCN 

expression (142) the upregulation of both these proteins were reviewed in the 

presence of hyperglycaemic and osteogenic conditions. Both Runx2 and OCN 

expression increased in the presence of osteogenic conditions, and then further 

increased with the presence of hyperglycaemia, suggesting that hyperglycaemic 

conditions, which are manifested within diabetes, are likely to contribute to the 

development of calcification. With recent studies demonstrating the direct activation 

of ALP requiring Runx2 binding (298), the effect of osteogenic conditions on its 

expression was examined. ALP; an enzyme shown to catalyse reactions that induce 

calcification via the depletion of the potent calcification inhibitor, pyrophosphate, is 

suggested to be an early response to pathological stimuli such as calcium and 

phosphate. ALP activity was increased in osteogenic conditions compared to control 

and further increased in the hyperglycaemic environment. Since ALP activation is 

the first stage in the development of a calcified matrix, later timepoints were 

examined to determine if full calcification did develop under these conditions. Total 

cellular calcium content of the cells and associated matrix was assessed at day 21 
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alongside Alizarin red staining, both of which were upregulated in osteogenic 

conditions and again further upregulated in hyperglycaemic conditions, suggesting 

the link between the preliminary upregulation of ALP, Runx2 and Msx2 and the 

following matrix deposition. Whilst OPN and OPG expression was also examined, 

no significant change was observed at this earlier timepoint, with either the addition 

of osteogenic or hyperglycaemic media, suggesting there may be more to the 

control of the OPN-OPG axis than hyperglycaemia alone. Furthermore, both OPN 

and OPG are considered late stage markers of osteogenic differentiation, gained 

after treatment with high phosphate following the dramatic reduction of smooth 

muscle cell lineage markers (321-323) and thus a day 14 or day 21 timepoint might 

be more appropriate to observe a significant change in either proteins expression. 
 

Since SIRT1 expression has been previously implicated in a range of both histone 

and non-histone target deacetylations, including senescence (324) and atherogenic 

pathways (325), its effect on the development on the Runx2 osteogenic pathway 

was examined. Activation of SIRT1 was achieved pharmacologically via SRT1720, 

whereas SIRT1 inhibition was achieved via both siRNA and the pharmacological 

inhibitor Sirtinol. SIRT1 activation promoted an abrupt inhibition of both Msx2 and 

Runx2 expression, leading to a downregulation of OCN expression and ALP activity, 

reducing the total matrix mineralisation and calcium content within the cells, 

correlating with previous animal studies which suggest SIRT1 could inhibit 

hyperphosphatemia induced calcification (249). The role of SIRT1 was further 

validated with the inhibition and genetic knockdown of SIRT1, the latter of which 

was sustained for 7 days. Runx2 activation was increased following the reduction of 

SIRT1, as were downstream markers OCN and ALP. Following 21-day treatment 

with Sirtinol, Alizarin red staining confirmed a significant increase in calcium matrix 

deposition, with cellular calcium five-times higher than cells treated only in 

hyperglycaemic conditions, suggesting the role of SIRT1 is increasingly important 

in the development of vascular calcification. This study extends and supports the 

previous rat findings that Runx2 activation can be negatively regulated via SIRT1 

within vSMCs (249), however it is worth noting that studies in osteoblasts have been 

shown to be positively regulated by SIRT1, highlighting the differential regulatory 

properties of SIRT1 in different cell types (301). 
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3.4.3. Hyperglycaemia reduces expression of SIRT1 

Another pathway in which this study and others (326, 327) hypothesise that SIRT1 

could modify longevity is through glucose homeostasis. Since this study has 

demonstrated an inverse correlation between diabetic status and SIRT1 expression, 

a hyperglycaemic model was used to compare the direct effect of high glucose and 

increased calcium and phosphate on SIRT1 production. SIRT1 expression was 

reduced in osteogenic conditions but significantly reduced in hyperglycaemic 

conditions, with the expression of the remaining SIRT1 possibly being contained in 

the cytoplasm rather than in the nucleus thus inhibiting its activation, as previously 

observed in stressed endothelial cells (196) and further examined in Chapter 5. 

Increased glucose concentrations in the blood has been shown to produce 

pseudohypoxia (328) with glucose being quickly metabolised along the sorbitol 

pathway (329). Specifically, glucose is firstly reduced to the sugar alcohol sorbitol 

by aldose reductase, whilst NADPH is simultaneously oxidised to NADP+. 

Secondly, sorbitol is oxidised by sorbitol dehydrogenase to the ketonic 

monosaccharide fructose, reducing NAD+ to NADH, producing an increased 

concentration of NADH in the blood. This lack of NAD+ can be directly attributed to 

hyperglycaemia, causing a rate limiting step for SIRT1 activation, as without this co-

factor SIRT1 is unable to deacetylate its targets. This hypothesis matches the 

diabetic blood assayed, as SIRT1 expression is significantly decreased when 

compared to healthy controls. (Fig. 4.1) 

 

Relating this to the osteogenic pathway in diabetes, the Runx2 promotor region 

contains ten conserved lysine residues, all of which are possibly sites for acetylation. 

Furthermore, it is likely that osteogenic growth factors such as FGFs and BMPs 

(154) increase stability, acetylation and transcriptional activity of Runx2 via 

increased histone acetyltransferase activity via CBP and p300 protein levels, 

leading to an overall increase in acetylation. Under healthy conditions this balance 

would be restored via the activation of SIRT1 and subsequent deacetylation, 

however once the SIRT1 co-factor NAD+ is diminished via hyperglycaemia it is 

unable to competitively inhibit this acetylation, leading to an overactivation of the 

osteogenic differentiation pathway within the vSMCs (330). Since the diabetic 

patients within the study demonstrated a significant reduction in SIRT1 serum 

levels, the acetylation profile of the Runx2 promotor was examined. Gene 
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expression profiling combined with protein and ChIP analysis demonstrates not only 

a decrease in Runx2 expression as a direct result of SIRT1 activation, but also a 

decrease in promotor acetylation at H3K27Ac marks. Within hyperglycaemic 

conditions, the increase in Runx2 promotor acetylation correlated with a 

downregulation of SIRT1 expression in cells, suggesting that Runx2 activation may 

have a direct effect, or be directly influenced by the reduction of SIRT1 in vSMCs 

and contribute to their osteogenic differentiation.  

 

Previous studies have suggested that minor allele carriers of specific SIRT1 SNPs 

have better glucose tolerance within overweight and obese patients (303), with little 

significant effect on healthy patients. This is correlated with mouse data, in which 

overexpression of SIRT1 in transgenic mice (331, 332) exhibits beneficial 

phenotypes such as improved glucose tolerance, indicating that specific SNPs, 

particularly those within the transcription factor binding site, may lead to a global 

overexpression of SIRT1, which would account for the increased tolerance to 

glucose in presence of both phosphate and calcium. These data are the first to 

suggest that the acetylation profile of Runx2 may be modulated within a diabetic 

model, suggesting a pathway by which SIRT1 may directly influence the activation 

of osteogenic trans differentiation within the vascular smooth muscle layer. 

 

3.4.4. SIRT1 activation inhibits hyperglycaemia promoted loss of smooth 

muscle markers 

Whilst changes to the overall vessel have been well documented in the diabetic 

vasculature, little research has been conducted on the morphological changes of 

vSMCs as a direct result of hyperglycaemic conditions. αSMA, a marker of 

contractile and healthy vSMCs was used to determine the phenotypic change of 

cells undergoing osteogenic treatment. Under control conditions the expression of 

αSMA maintained the straited spindle-like form, however once treated with 

osteogenic and hyperglycaemic conditions αSMA expression reduced, with cells 

becoming increasingly flattened and rhomboid shaped. SIRT1 activation allowed 

cells to maintain this spindle shape, with no significant decrease in αSMA 

expression observed between all SRT1720 treated cells. However, SIRT1 inhibition 

induced a greater morphological change within cells, with a significant reduction of 

αSMA and a greater number of cells losing their classic spindle-like shape (333). 
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Previous studies have demonstrated a quick increase in collagen fibre synthesis 

during hyperglycaemic treatment (334, 335), leading to the disorganisation of the 

fibres as they received mixed signals from both proliferative and osteogenic 

pathways, which this study confirms. Since the data presented in Chapter 4 

confirmed the change in cellular morphology during hyperglycaemic treatment and 

in diabetic cells, the cell cycle and proliferation was assessed. Hyperglycaemic 

conditions induced no notable change in cells accumulating in G phase, however 

the nuclei number decreased after 4 days treatment, suggesting a reduction in the 

proliferative capacity in hyperglycaemic treatment, in-line with the hypothesis of 

glucose induced senescence, presented here and by others (336, 337). However, 

SIRT1 activation induced a significant increase in both nuclei number and overall 

proliferative capacity, suggesting that the cell cycle inhibition was reduced under 

hyperglycaemic conditions via SIRT1 activation. The opposite was confirmed with 

Sirtinol inhibition, with an increase in the number of cells arrested in G1 phase, 

suggesting an inhibition of the cell cycle, which may occur via the p16-Rb or p53 

pathways (338).  

 

3.4.5. SIRT1 activation inhibits development of a senescence associated 

secretory phenotype 
Having demonstrated the morphological and phenotypic changes which occur 

during the osteogenic process, where vSMCs switch from a contractile, quiescent 

phenotype to a synthetic phenotype, thus acquiring an increased senescent 

capacity, the changes then manifest as a decrease in arterial compliance and an 

increase in arterial stiffness. Thus, whilst this study aimed to investigate the 

correlation between calcification and the modulation of SIRT1, it was important to 

establish, not only whether the morphological changes were a result of this 

relationship, but also if this was dependent on a senescence associated pathway. 

On a macro-level, SIRT1 has a wide array of targets which are linked to the 

modulation of the ‘senescence-associated secretory phenotype’ (324), which when 

acetylated can translocate to the nucleus, resulting in the development of premature 

cellular senescence. With this study and others confirming that the upregulation of 

hyperglycaemia (336) and hyperphosphatemia (339) leads to senescence via the 

p21 pathway, the effect of SIRT1 activation and inhibition was assessed. 

Pharmacological and genetic depletion of SIRT1 was shown to significantly increase 
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cellular senescence regardless of glucose or phosphate concentration within the 

media, suggesting a vital role for SIRT1 within the development of senescence. 

However, distinguishing whether the senescence or the calcification developed first 

was still unclear, as senescence has also been associated with vSMCs phenotypic 

changes alone. β-galactosidase staining, confirming lysosomal β-galactosidase 

accumulation was shown to appear at an earlier day 4 timepoint within untreated 

hyperglycaemic conditions and with the inhibition of SIRT1, compared to Alizarin 

red which was still negative at day 4 (data not shown). Therefore, it could be 

suggested that senescence is developing before the calcification. It may be that the 

downregulation of SIRT1, which was apparent from day 4 onwards, even in 

hyperglycaemic only treated cells, triggers the development of senescence, which 

in turn activates the vSMCs to differentiate into an osteogenic phenotype. This 

hypothesis is supported by the greater expression of Runx2 observed under day 4 

in hyperglycaemic cells compared to normal glucose conditions, suggesting that 

Runx2 activation occurs more readily in the senescent environment. This is further 

confirmed by previous studies in mouse fibroblasts, in which overexpression of 

Runx2 induces greater positive β-galactosidase staining and a significant decrease 

in BrDu incorporation (340), which taken together, strengthens the findings that the 

senescent vSMC is a transient phenotype, increasing the sensitivity of these cells 

to begin the induction of calcification (167, 341).  

Since SIRT1 expression has been long associated with a variety of proliferative and 

cell cycle pathways, the expression of both p16 and p21 was next examined in 

regard to the modulation of SIRT1. p53, commonly referred to as a tumour protein, 

is a tetrameric transcription factor, tightly regulated by posttranscriptional 

modifications (342). Regarded as a powerful tumour suppressor gene, it has the 

ability to inhibit cellular proliferation and induce immediate apoptosis via cell cycle 

arrest. Both p53 and its inducible cyclin-dependent kinase inhibitor p21 were 

significantly upregulated in hyperglycaemic conditions in which SIRT1 was 

diminished, and then further upregulated when SIRT1 was inhibited via Sirtinol. It 

has been shown previously that p53 acetylation is needed to induce the 

transactivation of p21 alongside other senescence markers, and that the 

deacetylation of p53 via SIRT1 reduces its stabilisation and half-life, therefore 

decreasing its overall cellular activity (343, 344). Recent research has demonstrated 

that within both neurons (345) and HUVECs (45) a hyperglycaemic environment 
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increases the acetylation of the p53 promotor, however the effect within the vSMCs 

is unknown. This is the first study to demonstrate that hyperglycaemic conditions 

can significantly increase the acetylation of the p53 promotor region around 

H3K27Ac marks, which correlates with the elevated p53 and p21 mRNA expression 

found in the in-vitro calcification experiments. To confirm that the modulation of p53 

promotor acetylation was directly linked to SIRT1, SRT1720 activated cells were 

examined via ChIP and exhibited a significant decrease in enrichment, regardless 

of glucose or phosphate presence. Possibly suggesting that the p53 promoted 

senescence is more directly linked to the activation of SIRT1, rather than indirectly 

from the diabetic environment of the cells.  

As SIRT1 is reduced within the diabetic patient, p53 is sustained at a constant state 

of acetylation and production, thus enhancing the production of the p53 target 

protein p21, within the cell (346). Since the promotor of SIRT1 contains two 

response elements to p53, it has been suggested that p53 may work to reduce 

SIRT1 expression in a negative feedback loop, thus propagating not only its stability 

but its production of p21, inducing cellular senescence. Genome-wide association 

studies have consistently found an association of p16 with increased diabetic risk 

(347). p16 is a tumour suppressor gene that inhibits cyclin D-dependent protein 

kinases, prohibiting G1-S transition within the cell cycle via the Rb pathway. Thus, 

it was next of interest to establish whether p16 expression was altered in the model. 

The data demonstrates that p16 expression was increased in both hyperglycaemic 

conditions and under pharmacological and genetic SIRT1 inhibition. An increase in 

p16 production has been reported when p300 acts to acetylate the appropriate sites 

on its promotor (348), findings which are supported by this study, which shows that 

a reduction of the deacetylase SIRT1 leads to an increase of p16 expression; 

however the mechanism by which this occurs remains to be elucidated. Based on 

the current findings, hyperglycaemic inhibition of SIRT1 leads to the increased 

production of p16 and p21, as well increased acetylation of p53, leading to a 

promotion of the senescent phenotype in vSMCs, acting as a basis for the 

development of smooth muscle calcification (Fig. 3.21).  
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Fig. 3.21. Suggested model for the role of SIRT1 in the Runx2 calcification 

pathway. Hyperglycaemia coupled with hyperphosphatemia and increased cellular 

calcium leads to a decrease in SIRT1 expression. A lack of SIRT1 allows for 

increase p53 activation, resulting in p16 and p21 expression both of which 

upregulate cellular senescence and inhibit cell cycle progression. Cellular 

senescence increases Runx2 activity, leading to its nuclear translocation and 

binding to multiple promotor regions of osteogenic genes, which results in an 

increase in a calcified matrix deposition and osteogenic differentiation.  
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3.5 Limitations  
 
Whilst this study clearly demonstrates the protective effect SIRT1 has on smooth 

muscle mineralisation, it is not without its limitations. Firstly, the use of a single 

timepoint to assess the expression of mRNA transcripts for OPN, OPG and OCN 

may have missed their expression as later stage osteogenic markers, which are 

upregulated once hydroxyapatite crystals have formed in response to the cell trying 

to inhibit the osteogenic process. Multiple timepoints for mRNA and protein analysis 

should be taken, however with the use of siRNA, SIRT1 suppression is not 

sustained beyond 7 days and therefore late timepoint expression changes could 

only be confirmed with small molecule modulation alone. Secondly ,the lack of long 

term genetic modification to overexpress and inhibit SIRT1 can be seen as a 

limitation. SIRT1 overexpression plasmids should be constructed in order to 

corroborate the SIRT1 activator data at day 21, through alizarin red staining and 

osteogenic differentiation markers of the cell, to confirm the change in SIRT1 

expression is solely responsible for this effect, rather than a mechanism within the 

activator alone.   

 
3.6. Conclusion 
 
 In conclusion, these data presented in Chapter 3 has demonstrated the protective 

effect of SIRT1 in a hyperglycaemic environment regarding the reduction of 

calcification development and suggests a relationship between calcification and 

cellular senescence. It could be suggested that the reduction of SIRT1 within a 

diabetic environment results in the induction of calcification, which acts in synergy 

with the induction of cellular senescence exacerbated by the presence of 

hyperglycaemia, forming a transient state in which vSMCs can undergo osteogenic 

differentiation. It will next be of interest to identify specific SNPs that are present 

within osteogenic and non-differentiating cells, and to probe further into the exact 

pathway by which damage sustained during hyperglycaemia within the vessel is 

modulated via SIRT1, which will be presented in the following chapters of this thesis. 
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4. Diabetic vascular smooth muscle cells exhibit increased 

migration and proliferation through activation of focal adhesion 

kinase and associated proteins via the ERK pathway, which can be 

attenuated via the activation of SIRT1 

 

4.1. Introduction  

 

 
4.1.1. The pathological impact of diabetes on the vasculature 

Cardiovascular disease, of which atherosclerosis is a key pathology, is a leading 

cause of morbidity and mortality within diabetic patients, accounting for 1 in 7 of all 

deaths worldwide in the last two decades (273). Within the vasculature, smooth 

muscle and endothelial cells throughout the vessel wall constantly respond to 

repetitive injury, such as hypertension or DNA damage, leading to their dysfunction 

and dedifferentiation (349, 350). Healthy vSMCs exist in a quiescent contractile 

state in which stretch and contractile factors such as RhoA and calponin are 

upregulated. However, when the cell undergoes chronic stress and damage (351), 

it responds by downregulating its contractile phenotype and increasing its 

proliferative and migratory properties through pathways such as MAPK and PI3K 

(352, 353), in an attempt to repair and protect against future damage. Whilst both 

the contractile and synthetic phenotype exist as two extreme ends of the scale, the 

differentiation scale is a spectrum, with a mix between both phenotypes often 

present within a vessel (112). Once the vSMCs are dedifferentiated and proliferating 

at an increased rate, intimal hyperplasia can occur, leading to stenosis of the vessel, 

often resulting in decreased blood supply and the need for surgery and or 

amputation (354, 355).  

 

Whilst the development of atherosclerosis and stenosis of the vessel can be 

attributed to three main modifiable risk factors; obesity, diabetes and smoking, the 

underlying molecular pathology remains unclear, with the current understanding 

being an interaction of multiple pathways regulating the increase of inflammatory 

cytokines and growth factors, leading to an extremely complex molecular network 

(356-359). However, recent studies have shown that there is a significant genetic 
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risk; independent of the three main risk factors described above, with smooth 

muscle differentiation and atherosclerotic development occurring under specific 

molecular signatures (360). Suggesting that there may be a more intrinsic reason 

why some patients are predisposed to such a poor outcome, something which will 

be addressed in the following chapter.   

 

4.1.2. Role of cellular cytoskeletal reorganisation and focal adhesion 
formation in diabetic vessels 

Smooth muscle cell migration plays an essential role in the tube formation of blood 

vessels during development (361, 362) and has been recently implicated in a variety 

of vascular pathologies, including pulmonary arterial hypertension (363, 364) and 

coronary artery disease (365), in which the intimal layer within the vessel thickens, 

reducing the lumen size and increasing pressure. Smooth muscle thickening may 

stem from the migration of proliferating progenitor cells such as CVCs to the site of 

damage (134), or the recruitment of circulating precursor cells into the smooth 

muscle layer via adhesion proteins.  

 

In response to adhesive proteins within the ECM, cells form focal adhesions at the 

leading edge to strengthen their attachment to the ECM and induce retraction at the 

opposite rear edge (366, 367), dragging the cells towards to the focal adhesion via 

a mesh of F-actin, attached to the nucleus via intermediate filaments and 

microtubules (368). Once migrated forwards, the older focal adhesions are 

dismantled and new ones formed, following this cycle until the cell finishes migrating 

(369, 370). With increased damage of the vessel observed in diabetic patients, the 

normal, healthy basement membrane; composed of laminin and collagen IV is 

disrupted and the damaged areas filled with fibronectin. It is believed that this 

fibronectin mediates integrin cell surface receptors, activating focal adhesion 

formation proteins such as FAK and vinculin (371), leading to increased vSMC 

migration and proliferation, eventually resulting in the development of 

atherosclerosis and vessel stenosis. Whilst the increased migration of cells can be 

directly attributed to the formation of focal adhesions and the remodelling of the actin 

cytoskeleton, the activation and upregulation of the key motility and proliferation 

pathways such as MAPK and AKT (372-375) also play a key role in the vascular 

remodelling and widespread development of atherosclerosis. More recently these 
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pathways have been examined as possible druggable targets, with Metformin 

recently shown to reduce both ERK 1/2, PKC and ROS production in both mouse 

and clinical human models (376-379).   

 

4.1.3. SIRT1 as a possible treatment for reduction of smooth muscle cell 

proliferation and migration in diabetes 
One such possible target for the reduction in aberrant vSMC migration and 

proliferation may be the histone deacetylase SIRT1. With recent experimental data 

demonstrating the role of SIRT1 in upregulating adiponectin (380, 381), which plays 

a crucial role in protecting against insulin resistance and atherosclerosis within the 

adipose tissue and the loss of SIRT1 impairing pancreatic beta cell insulin secretion 

and glucose sensing (382), SIRT1 has become a promising candidate as a multi-

organ diabetes treatment (383). As proliferation of vSMCs is known to increase 

under hyperglycaemic conditions (384) which also increases their migratory 

response towards insulin growth factor (385); both of which are increased in 

diabetes. SIRT1 may be able to blunt this effect through hyperglycaemic control, 

therefore reducing the remodelling of the vessel and ultimately reducing diabetic 

associated vascular dysfunction.  

 

 
   



 140 

4.2. Aim and Objectives  

 
The overall aim of this chapter was to determine the differences between diabetic 

and healthy smooth muscle cells, both on a morphological and molecular level. 

 

i) Firstly, to elucidate if diabetic cells exhibited different morphological and 

physiological traits when compared to healthy vSMCs and if this affects 

their proliferative and migratory ability.  

ii) Secondly this study sought to establish if diabetic cells produced greater 

focal adhesions compared to healthy vSMCs. 

iii) And finally, this study aimed to determine if SIRT1 modulation could affect 

this development of focal adhesions and proliferative and migratory 

properties of diabetic vSMCs. 
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4.3. Results  

 
4.3.1. Diabetic patients exhibit decreased SIRT1 levels 

Vessels harvested from type II diabetic patients undergoing lower limb amputation 

were compared to IMA tissue leftover from CABG surgery. Von Kossa staining; 

shown in black, positively stained for phosphate deposits within the diabetic vessels 

which was localised to the smooth muscle layer and was negative in the IMA 

controls, demonstrating the vessel was calcified (Fig. 4.1a). Positive SIRT1 staining 

was detected in the IMA vessel in black, localised to both the smooth muscle layer 

and the endothelial layer, whilst being reduced in the diabetic vessel (Fig. 4.1b).  

 

 
 

 
Fig. 4.1. Diabetic patients exhibit a decreased level of SIRT1. Vessels harvested 

from DM patients undergoing limb amputation and healthy controls from IMA leftover 

after CABG surgery.  a) Diabetic vessels exhibit increased phosphate deposition in 

black, typical of vessel calcification, whereas IMA showed no positive staining (n=6). 

b) Vessels were stained for SIRT1 in black (n=6). c) Serum taken from diabetic 

patients exhibited significantly less SIRT1 than healthy controls when assessed via 

ELISA (n=20) (Mann-Whitney Unpaired Test). *P<0.05, **P<0.005 ***P<0.001. 

Scale bars = 200μm/20μm Mean ±SEM. 

   

a 

b 

c 
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Since SIRT1 expression was confirmed to be reduced within the vessel, SIRT1 

expression within the serum was also measured to confirm a system-wide reduction 

in SIRT1. Serum from diabetic patients was significantly reduced when compared 

to healthy controls (p<0.0001), correlating with vSMCs SIRT1 expression (Fig. 

4.1c).  

 

Following conformation of calcification within the patient’s vessel via 

immunohistochemistry, 6 independent patient vSMCs were extracted from vessels, 

and cultured. vSMCs were stained with αSMA to confirm smooth muscle cell 

phenotype, with vSMCs from healthy controls also stained as a control (Fig. 4.2a). 

vSMCs were then stained with SIRT1 to determine expression. SIRT1 expression 

was reduced in diabetic vSMCs compared to non-diabetic vSMCs (Fig. 4.2b). mRNA 

(Fig. 4.2c) and protein expression (Fig. 4.2d) confirmed a significant reduction in 

SIRT1 expression when compared to non-diabetic vSMCs (p<0.0022) (p<0.0022) 

respectively.  
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Fig. 4.2. Diabetic patient vSMCs exhibit a decreased level of SIRT1. Healthy 

vSMCs were purchased and DM vSMCs were harvested from diabetic vessels 

following DM patients undergoing limb amputation. Both cell groups were cultured 

in 5.5mM glucose until 80% confluence and fixed or harvested for further analysis.  

a) vSMCs stained for 𝛼SMA to confirm presence of vSMCs only (n=6) (Unpaired T-

test), b) cells were stained for SIRT1 in green, which is decreased in the DM vSMCs 

compared to healthy vSMCs (n=6). c) SIRT1 mRNA and d) protein was significantly 

reduced in DM vSMCs compared to healthy vSMCs (n=6) (Unpaired T-test). SIRT1 

green, DAPI blue. *P<0.05, **P<0.005 ***P<0.001. Scale Bars = 10μm. Mean 

±SEM.  
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4.3.2. Morphological differences between diabetic and non-diabetic vascular 

smooth muscle cells 
Cells were harvested from donor vessels as described within Chapter 2 and cultured 

either in control conditions; 5 mM DMEM supplemented with 10% FBS, or high 

glucose conditions; 25 mM DMEM supplemented with 10% FBS. Important to note; 

unlike conditions described in Chapter 3 and Chapter 5, cells were not 

supplemented with CaCl2 or BGP in culture.  

 

vSMCs derived from non-diabetic origin clearly exhibit the ‘hill and valley’ 

morphology, however vSMCs derived from diabetic patients displayed 

morphological differences, with a more dense and disorganised spread (Fig. 4.3a). 

The actin-based cytoskeleton morphology was compared with and without four days 

pre-treatment with SIRT1 activator; SRT1720. The cytoskeleton of DM vSMCs 

appears more rhomboid-like, with the non-diabetic vSMCs appearing more 

classically spindle shaped. When comparing cytoskeleton organisation, non-

diabetic cells appeared more aligned and organised, with longer straighter F-Actin 

fibres, whereas diabetic vSMCs exhibited a more disorganised network of shorter 

fibres facing many directions and often layered on top of each other. With the 

addition of the SIRT1 activator SRT720, the F-Actin seemed to align more under 

both control and high glucose conditions, with fibres seeming to be longer and more 

uniform, comparable to the observation of non-diabetic cells (Fig. 4.3b).  

 

  



 145 

 
 
Fig. 4.3. Photomicrographs of diabetic and non-diabetic vSMCs. Diabetic 

vSMCs exhibit changes in morphology compared to healthy vSMCs. Diabetic cells 

were explanted from patients undergoing lower limb amputation and grown out from 

vessels in culture before culturing to 80% confluence and imaging. Cells were 

cultured in 5.5mM glucose (Ctrl), 25mM glucose (HG) with either 0.1% DMSO or 

0.5 μM SRT1720 treatment for 4 days prior to imaging. Control cells purchased from 

Caltag were also grown until 80% confluence and imaged. a) Diabetic vSMCs 

exhibit a decrease in ‘hill and valley’ morphology when compared to healthy vSMCs, 

and at high however DM vSMCs do not appear spindle-like, rather rhombus shaped 

(n=6). b) F-Actin stained with phalloidin demonstrates decreased organisation of the 

actin-based cytoskeleton which appears to be better organized in the healthy 

controls. (n=6). Scale bar=10μm. 
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4.3.3. Diabetic vascular smooth muscle cells exhibit increased proliferative 

capacity 
Cells from diabetic and non-diabetic vessels were seeded at equal densities and 

cultured in normal glucose (5 mM) or high glucose (25 mM) for 7 days. Proliferation 

was determined by measurement of the non-toxic reducing agent Alamar blue. 

Diabetic vSMCs cultured in both control (p<0.0209) and high glucose (p<0.0002) 

proliferated at a significantly greater rate than the non-diabetic vSMCs over 7 days. 

The addition of SIRT1 activator SRT1720 to diabetic vSMCs reduced proliferation 

by 5% under control conditions after 7 days, and by almost 10% in high glucose 

conditions, however neither of these were significant (Fig. 4.4a).  

 

Since low levels of NO seem to favour proliferation (386) and SIRT1 is known to 

increase overall production of NO, the Griess assay was used to determine NO 

generation from cells cultured for 4 days in control conditions. NO was reduced by 

almost half in the diabetic vSMC media compared to non-diabetic vSMCs 

(p<0.0001), however with the inclusion of SIRT1 activator SRT1720, there was a 

significant increase NO production within diabetic vSMCs (p<0.0001), which was 

not significantly different to non-diabetic patients (p<0.3944) (Fig. 4.4b). 
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Fig. 4.4. Diabetic vSMCs exhibit increased proliferation and decreased nitric 

oxide availability. Cells harvested from DM vSMCs were compared to healthy 

controls. Cells were cultured in 5.5mM glucose (Ctrl), 25mM glucose (HG) with 

either 0.1% DMSO or 0.5 μM SRT1720 treatment. a) Cells were seeded at equal 

densities and proliferation was measured over a week via the Alamar blue assay. 

DM vSMCs proliferation was significantly increased compared to healthy vSMCs, 

addition of SIRT1 activator 0.5 μM SRT1720 reduced this after 7 days. DM vSMCs 

grown in high glucose media exhibited significantly more proliferation when 

compared to normal glycaemic conditions and proliferated significantly more than 

healthy vSMCs after 7 days. SIRT1 activation reduced DM vSMC proliferation via 

5% (n=6) (Two-way ANOVA, Tukey Post-Hoc test). b) NO released into the media 

after 4 days of culture was analysed via the Griess assay. NO was significantly 

reduced in DM patients compared to control; both of which were supplemented with 

0.1% DMSO to equivalate toxicity, and 0.5 μM SRT1720 increased NO by 50% 

(n=6) (One-way ANOVA, Tukey Post-Hoc test). *P<0.05, **P<0.005 ***P<0.001. 

Mean ±SEM. 
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4.3.4. Diabetic induced migration and adhesion within smooth muscle cells 

is reduced under SIRT1 activation following hyperglycaemic treatment 
As cells from diabetic origins have been reported to exhibit increased adhesive and 

migratory properties in order to form dense atherosclerotic plaques within a shorter 

time frame (387, 388), the vSMCs harvested from diabetic patients were examined 

for these traits.   

 

Equal densities of cells were seeded for 45 minutes and 3 hours, before washing, 

fixing and counting, to determine their adhesive properties. After 45 minutes, 

diabetic vSMCs demonstrated significantly greater adhesion compared to cells of a 

non-diabetic origin in control glucose conditions (p<0.0001). High glucose treated 

diabetic vSMC exhibited significantly greater adhesion than both diabetic cells 

grown in control glucose media (p<0.0001) and non-diabetic vSMCs (p<0.0071), 

with the addition of SIRT1 activator significantly reducing the diabetic vSMCs 

adhesion by 10% (p<0.0001). Following incubation for 3 hours, this trend was 

reversed in the control treatment, with non-diabetic vSMCs demonstrating increased 

adhesion, which was significantly greater than both diabetic vSMCs (p<0.0150) and 

diabetic vSMCs treated with SRT1720 (p<0.0095) (Fig. 4.5a).  

 

Since diabetic patient vSMCs exhibit increased invasive properties within the 

vessels which leads to faster development of atherosclerosis, with a greater chance 

of vessel stenosis, the migratory capacity of diabetic vSMCs determined using a 

modified Boyden chamber technique in which cells migrate through a semi-

permeable membrane, with PDGF-BB used as a chemoattractant. In non-diabetic 

vSMCs, increased glucose concentration within the media induced no change in 

their migratory properties after six hours. However, when compared to vSMCs from 

a diabetic origin, the migration of diabetic vSMCs was found to be 50% higher in the 

control media (p<0.0001), and even greater within the high glucose treatments 

(p<0.0001). Following SIRT1 activation, no change in migratory property was 

observed in diabetic vSMCs treated with control media compared to those left 

untreated. Furthermore, SIRT1 activated diabetic vSMCs demonstrate significantly 

greater migration than the vSMCs from non-diabetic origin (p<0.0001). Conversely, 

once treated with high glucose and SRT1720, diabetic vSMCs significantly reduced 

their capacity by almost a fifth after 6 hours (p<0.0003) (Fig. 4.5b).   
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Fig. 4.5. Adhesion and migration of diabetic vSMCs was reduced with SIRT1 
activation. Cells harvested from DM vSMCs were compared to healthy controls. 

Cells were cultured in 5.5mM glucose (Ctrl), 25mM glucose (HG) with either 0.5 μM 

SRT1720 or 0.1% DMSO to equivalate toxicity. a) Cells were counted and seeded 

in equal densities in 24 well plates and left to adhere. Adhesion was confirmed over 

3 hours. Under normal glucose conditions DM vSMCs adhered significantly less 

than healthy vSMCs, with SIRT1 activation having no significant impact on 

adhesion. High glucose treatment increased DM vSMC adhesion via 50% after 3 

hours, with a significant reduction in adhesion with SIRT1 activation (n=6) (Two-

Way ANOVA, Tukey Post-Hoc test). b) A modified Boyden chamber was used to 

measure cell migration. Cells were counted and seeded at equal densities within 

the top chamber of the plate. DM cell migration was significantly higher in both 

control and hyperglycaemic treatments compared to healthy vSMCs. SIRT1 

activation reduced migration in hyperglycaemic conditions only (n=6) (One-way 

ANOVA, Tukey Post-Hoc test).  *P<0.05, **P<0.005 ***P<0.001. Mean ±SEM. 
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4.3.5. Focal adhesion formation is reduced following SIRT1 activation 

Previous studies have demonstrated the link between glucose concentration and 

focal adhesions within a diabetic setting (389, 390), and since a reduction in focal 

adhesions has been shown to reduce the migratory properties of vSMCs, the role 

of SIRT1 on focal adhesion production was examined. Immunofluorescence was 

used to establish the expression of F-Actin and vinculin; the latter, a cytoskeleton 

associated protein which directly controls focal adhesion formation with actin (391).  

 

Staining of vSMCs from a diabetic origin showed an increase in positive vinculin 

staining when cultured in high glucose media for 4 days, with a remodelling of the 

spread of vinculin adhesions appearing to move from the tips of the cells to the 

centre of the cells, where they became less spindle-like and more rhomboid shaped. 

Comparatively, when localising vinculin in cells from a non-diabetic origin, although 

overall vinculin staining was much lower, the focal adhesion formations did not move 

from the tips of the cells, even under high glucose conditions. The role of SIRT1 in 

both control and high glucose conditions was also examined by pre-treating the cells 

for 4 days with SIRT1 activator; SRT1720, followed by fixing and staining.  

 

Within the cells from a diabetic origin, a large decrease in vinculin staining was 

observed in both control and high glucose conditions, with vinculin adhesions 

appearing on the tips of the cells, again rather than the middle of the cells, and the 

spindle-like shape  of the cells was retained in high glucose treatment, rather than 

the diabetic rhomboid shape. Within cells from a non-diabetic origin, SIRT1 

activation reduced positive vinculin staining to a very low level, with the cells 

retaining their spindle shape in both control and high glucose conditions (Fig. 4.6a).  
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Fig. 4.6. SIRT1 activation 

reduced diabetic vSMC 
vinculin expression. Cells 

harvested from DM vSMCs 

were compared to healthy 

controls. Cells were cultured 

in 5.5mM glucose (Ctrl), 

25mM glucose (HG) with 

either 0.5 μM SRT1720 or 

0.1% DMSO to equivalate 

toxicity.. Cells were treated 

for 4 days in culture before 

fixing and staining. Vinculin 

staining was increased in 

hyperglycaemic conditions 

compared to control in both 

DM and healthy vSMCs, with 

DM vSMCs exhibiting greater 

vinculin staining in all four 

treatments. SIRT1 activation 

via 0.5 μM SRT1720 reduced 

vinculin staining under high 

and normal glucose 

conditions (n=6). F-Actin red, 

vinculin green, DAPI blue. 

Scale Bars = 5μm. 
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To validate the theory that focal adhesions were playing a role in the diabetic 

environment, localisation of a second focal adhesion protein; paxillin, was also 

examined. Previous studies demonstrated the role of paxillin and vinculin to be 

intertwined (392, 393), with both having control over the migratory ability of the cell, 

as well as the reorganisation of the cytoskeleton following an influx of Ca2+ 

signalling, all of which are upregulated following high glucose conditions, which is a 

hallmark of diabetic patients.  

 

Within DM vSMCs, paxillin was overall more pronounced under immunofluorescent 

staining than cells from a non-diabetic origin, regardless of the glucose 

concentration or drug treatment. Within diabetic cells, 4-day treatment with high 

glucose media induced a greater level of staining compared to control conditions, 

however the pattern of distribution was much the same, with the cells all assuming 

a more rhomboid cytoskeleton shape compared to the healthy spindle shape. 

Activation of SIRT1 via SRT1720 reduced paxillin staining in the control conditions, 

with the overall cytoskeleton shape of the cell remaining unchanged. SIRT1 

activation under high glucose conditions had little effect on paxillin expression, with 

the localisation of the paxillin adhesions appearing to be in a similar cellular location, 

as when cultured in the absence of SIRT1 activator; SRT1720, which was evident 

as lining the edges of the actin cytoskeleton as before.  

 

However, within cells from a non-diabetic origin, the differentiation between SIRT1 

activated and untreated was much more pronounced. Since paxillin expression was 

almost non-determinable in control glucose conditions, SIRT1 activation had little 

effect on the overall paxillin expression of non-diabetic cells, maintaining a similar 

cytoskeleton structure as without SIRT1 activation. Within the high glucose 

conditions, a large reduction in paxillin was observed with SIRT1 activation, with 

paxillin only lining a few of the actin cytoskeleton edges, rather than over most of 

the cells as per the high glucose only treatment. As with the vinculin staining, SIRT1 

activation notably reorganised the actin cytoskeleton, with the rhomboid shape cells 

present in high glucose conditions being absent and the cells acquiring the spindle-

like shape of healthy vSMCs (Fig. 4.7a).  
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Total cellular protein was also extracted from cells at the same day 4 timepoint, with 

paxillin expression examined by western blotting and normalised to α-tubulin, to 

strengthen the data obtained from the immunocytochemical staining. A significant 

3-fold increase in paxillin expression was detected in diabetic cells compared to 

those from a non-diabetic origin (p<0.0032), and over 50% reduction found with the 

addition of SRT1720 to the diabetic cells (p<0.0094) (Fig. 4.7b).  
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Fig. 4.7. SIRT1 activation reduced diabetic vSMC paxillin expression. Cells 

harvested from DM vSMCs were compared to healthy controls following 4 days of 

culture. Cells were cultured in 5.5mM glucose (Ctrl), 25mM glucose (HG) with either 

0.5 μM SRT1720 or 0.1% DMSO to equivalate toxicity. a) Paxillin staining was 

increased in hyperglycaemic conditions compared to control in both DM and healthy 

vSMCs. DM vSMCs exhibited greater paxillin staining in control media compared to 

healthy vSMCs. SIRT1 activation via 0.5 μM SRT1720 reduced paxillin staining 

under high and normal glucose conditions in both DM and healthy vSMCs (n=6). b) 

Protein was harvested from cells following 4 days of treatment and paxillin 

expression assessed. Paxillin expression was significantly increased in DM vSMCs 

compared to healthy vSMCs. SIRT1 activation significantly reduced paxillin protein 

expression in DM vSMCs (n=6) (One-way ANOVA, Tukey Post-Hoc test). F-Actin 

red, paxillin green, DAPI blue. *P<0.05, **P<0.005. Scale Bars = 5μm. Mean ±SEM. 
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As paxillin is a key substrate for FAK (394), the expression of FAK relative to glucose 

concentration and SIRT1 activation was also examined. Since diabetic-insulin 

resistant adipose tissue has been shown to express increased levels of FAK (395), 

leading to remodelling of the ECM, increased vSMC invasion and FAK interaction 

with migratory and survival proteins p53 (396) and ERK (397), FAK expression in 

diabetic vSMCs was also examined via immunofluorescence.  

 

FAK expression was relatively low within control conditions in both cells from a non-

diabetic and diabetic origin, with slight staining observed on the tips of the spindles 

of the cells. Hyperglycaemic conditions increased FAK expression in both diabetic 

and non-diabetic cells, with both sets of cells again losing their spindle-like shape in 

favour or a more rhomboid cytoskeleton. FAK expression appeared disorganised in 

diabetic cells, with no distinct staining on the end of the actin filaments, compared 

to the cells from a non-diabetic origin, in which FAK expression appeared to line the 

outside of the actin cytoskeleton. SIRT1 activation via SRT1720 in diabetic cells 

reduced FAK expression in high glucose conditions, however no distinct change in 

staining was observed in the control conditions with and without SIRT1 activation. 

In cells from a non-diabetic origin, SIRT1 activation made little difference to FAK 

expression, with no significant staining apparent in control glucose conditions, and 

little change found in high glucose conditions with SIRT1 activation (Fig. 4.8a).  

 

As before, total protein was extracted for western blot analysis at the same day 4 

timepoint as staining, and expression of total and phosphorylated FAK was 

normalised to α-tubulin and analysed. Total FAK expression was significantly 

increased in diabetic cells compared to cells from a non-diabetic origin (p<0.0175), 

with SIRT1 activation reducing the expression of FAK in diabetic cells, however this 

was not significant (p<0.1071) (Fig. 4.8b). Phosphorylated FAK was found to be 

significantly increased 5-fold in diabetic cells (p<0.0155) when compared to 

controls, with a significant reduction observed following the addition of SIRT1 

activator SRT1720 (p<0.0242), which reduced phosphorylated FAK to the levels 

observed in non-diabetic cells (Fig. 4.8c). 
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Fig. 4.8. SIRT1 activation reduced diabetic vSMC focal adhesion kinase 

activation. Cells harvested from DM vSMCs were compared to healthy controls 

after 4 days of treatment. Cells were cultured in 5.5mM glucose (Ctrl), 25mM 

glucose (HG) with either 0.5 μM SRT1720 or 0.1% DMSO to equivalate toxicity. a) 

FAK staining was increased in hyperglycaemic conditions compared to control in 

both DM and healthy vSMCs. DM vSMCs exhibited greater FAK staining in 

hyperglycaemic media compared to control conditions. SIRT1 activation via 0.5 μM 

SRT1720 reduced FAK staining under high and normal glucose conditions in both 

DM and healthy vSMCs (n=6). b) Total FAK expression was significantly increased 

in DM vSMCs compared to healthy controls (n=6) (One-way ANOVA, Tukey Post-

Hoc test). c) phosphorylated FAK expression was significantly increased in DM 

vSMCs compared to healthy vSMCs, which was reduced with the activation of 

SIRT1 (n=6) (One-way ANOVA, Tukey Post-Hoc test). F-Actin red, focal adhesion 

kinase green, DAPI blue.  *P<0.05. Scale Bars = 5μm. Mean ±SEM. 
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4.3.6. Activation of the ERK and AKT pathways is upregulated in diabetic 

vascular smooth muscle cells 
Since proliferation (Fig. 4.4a), adhesion (Fig. 4.5a) and migration (Fig. 4.5b) 

production were all upregulated in cells from diabetic patients, the mechanistic 

pathways underpinning this process were interrogated. Given that MAPK pathway 

has been previously linked to impairing the function of diabetic cells (398, 399), the 

activation of this both MEK and ERK were investigated via western blot within the 

vSMC model.  

 

MEK phosphorylation was significantly increased in diabetic cells compared to 

control (p<0.0260) (Fig. 4.9a), however no significant difference was found in the 

total expression of MEK when normalised to α-tubulin (Fig. 4.9b). Downstream of 

MEK, ERK expression was also examined. ERK phosphorylation was increased 3-

fold in diabetic cells compared to those from a non-diabetic origin (p<0.0043) (Fig. 

4.9c), with total ERK expression also increased in diabetic compared to non-diabetic 

cells when normalised to α-tubulin (p<0.0384) (Fig. 4.9d). In order to examine the 

pathway further, AKT; known to play a role in NO production and endothelial 

dysfunction within diabetic vessels, was also investigated. AKT phosphorylation was 

significantly increased in cells from diabetic patients compared to control (p<0.0245) 

(Fig. 4.9e), with total AKT expression also increased in diabetic cells compared to 

control and normalised to α-tubulin (p<0.0010) (Fig. 4.9f). 

 

Furthermore, having demonstrated that activation of SIRT1 attenuates cellular 

proliferation and focal adhesion formation in vSMCs, the effect of SIRT1 activation 

on these pathways was again examined via western blot. SIRT1 activation within 

diabetic cells significantly reduced ERK phosphorylation to lower than control levels 

(p<0.0028) (Fig. 4.10a), however no reduction in total ERK expression was found 

when normalised to α-tubulin (Fig. 4.10b). Finally, AKT phosphorylation in diabetic 

cell was reduced to near control levels with the addition of the SIRT1 activator 

(p<0.0245) (Fig. 4.10c), whilst total AKT expression was significantly reduced to 

less than control when normalised to α-tubulin (p<0.0001) (Fig. 4.10d). 
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Fig. 4.9. MAPK and AKT activation are increased in diabetic vSMCs. Cells 

harvested from DM vSMCs were compared to healthy controls. Cells were cultured 

in control media until confluence when protein was isolated. Cells were cultured in 

5.5mM glucose. a) DM vSMCs exhibited increased MEK phosphorylation compared 

to healthy controls (n=6), b) however no change in total MEK was found (n=6). c) 

Diabetic vSMCs exhibit significantly increased phosphorylated ERK when 

compared to healthy vSMCs (n=6), and d) significantly more total ERK was also 

observed (n=6). e) Diabetic vSMCs exhibit significantly increased phosphorylated 

AKT (n=6) and f) total AKT when compared to healthy vSMCs (n=6). (Unpaired T-

test conducted a-f). *P<0.05, **P<0.005. Mean ±SEM. 
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Fig. 4.10. ERK and AKT activation is reduced in diabetic vSMCs with the 
addition of SIRT1 activator SRT1720. Cells harvested from DM vSMCs were 

compared to healthy controls. All cells were cultured for 4 days in treatment media. 

Cells were cultured in 5.5mM glucose (Ctrl), 25mM glucose (HG) with either 0.5 μM 

SRT1720 or 0.1% DMSO to equivalate toxicity. a) SIRT1 activator 0.5 μM SRT1720 

reduced ERK phosphorylation via a factor of three (n=6), b) but had little effect on 

total ERK expression (n=6). c) SIRT1 activation significantly reduced AKT 

phosphorylation in diabetic vSMCs compared to healthy controls and (n=6), d) 

reduced total AKT expression below healthy control levels (n=6) (One-way ANOVA, 

Tukey Post-Hoc test conducted a-d). *P<0.05, **P<0.005 ***P<0.001. Mean ±SEM.    



 162 

4.4. Discussion 
 

 

Whilst the phenotypic heterogeneity of vSMCs has been well established (117), little 

is known about the changes occurring in long-term diabetic patients, something 

which this study sought to address using an in vitro model. Atherosclerosis, a 

leading killer within cardiovascular disease is a chronic inflammatory disease 

leading to narrowing of the lumen and plaque development (400), resulting in intimal 

hyperplasia caused predominantly by vSMCs. This study utilised a model of 

vascular injury produced by chronic high glucose to stimulate hyperproliferation and 

migration within vSMC, to determine the role of SIRT1 on this invasive process.  

 

4.4.1. Distinct changes in morphology are present between diabetic and non-

diabetic vascular smooth muscle cells 

With emerging bodies of evidence suggesting that vascular remodelling may be due 

to inherent morphological differences between diabetic and non-diabetic vSMCs 

(268), the morphology of cells from both origins was examined. Typically, vSMC 

morphology can be divided into two distinct phenotypes; a spindle-shaped 

phenotype commonly derived from healthy origins cultured in normoglycemic 

media, with the classic hill and valley appearance. Secondly a rhomboid shaped 

phenotype, often derived from a damaged vessel, which appears flatter with a 

greater surface area compared to its healthier counterparts. The latter morphology 

is often reported to be found within intimal legions caused via stent implantations 

(401), either from invasion or an in situ morphological change (402). In this study, 

under light microscope observation, cells from diabetic patients appeared to lose 

their spindle-like morphology, instead they appeared to be spread along the dish, 

as opposed to cells from a non-diabetic origin, which appeared to become aligned 

and maintain this spindle like morphology. Changes within the F-Actin cytoskeleton 

have been reported within the diabetic endothelial layer (403) causing restructuring, 

increasing microvascular leakage, with diffuse F-actin staining and areas of loss 

was evident. This study demonstrated a similar change in F-actin structure, with a 

reduction of organisation and directionality with the F-Actin, leading to an increase 

in cells overlapping compared to the non-diabetic vSMCs, which appeared more 

organised and striated. Whilst it is important to note that the two cell sub-types; 
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diabetic and non-diabetic used in this study arise from different vascular beds, 

previous comparative studies between the two vascular beds show no significant 

difference in the percentage of vSMCs within a plaque, nor is there a significant 

difference in the type of calcification presence between the two. Moreover, there 

was no significant difference observed between Runx2 and ALP mRNA expression, 

neither did Alizarin red staining demonstrate a significant difference in their 

mineralisation capacity, further suggesting that whilst these vascular bed locations 

remain distinct, the vSMCs which occupy the vessels are phenotypically 

comparable (404).  

 

4.4.2. High glucose conditions reduce actin organisation and increase 
proliferation 
With hyperglycaemia being a key independent risk factor for cardiovascular disease 

(405, 406), the effect of glucose on cells from diabetic and non-diabetic origins was 

examined. F-Actin staining demonstrated that diabetic cells under high glucose 

conditions have a further reduction in their organisation and structure, with little to 

no striated pattern observed. When compared to their diabetic counterparts, non-

diabetic cells appear to line up under high glucose conditions, with an elongation in 

the cell morphology observed as they maintain the spindle-like shape typically 

associated with smooth muscle. Previous studies have suggested that vascular 

muscle cells from diabetic patients acquire a hypercontractile phenotype (407-409), 

similar to the remodelling of airways during asthma, suggesting a general 

mechanism for smooth muscle tissue reorganisation (410). This may give reason to 

the lack of organisation observed within diabetic vSMCs, with the hypercontractility 

resulting in the disorganisation and restructuring on the monolayer as observed 

within this study.  

 

It has been widely reported that NO, a key metabolic and vascular regulator is 

dysregulated within a wide range of tissue in diabetic patients (411). This study 

confirms a decrease in NO availability produced by the diabetic smooth muscle, 

even after four days culture ex-vivo in normal glucose levels. With NO known to 

inhibit proliferation and induce cell death within vSMC, this downregulation fuels the 

hypothesis that the trans-differentiation of diabetic vSMCs reduces their synthetic 

quiescent phenotype, leading to a hyperproliferative state, which provides the 
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perfect environment for atherosclerotic development. Additionally, NO activity within 

the intimal layer has been reported to exert paracrine effects on bone-marrow 

derived endothelial progenitor cells (386, 412, 413); a subset of adult stem cells 

which are recruited to sites of vascular injury, promoting endothelial regeneration 

and neovascularisation. With this lack of NO generation in diabetic cells, their 

paracrine ability to induce vascularisation and endothelial repair may be partially 

inhibited, leading to a perpetuating positive feedback loop towards vascular 

dysregulation.   

 

With hypermotility of cells being a defining feature of the diabetic smooth muscle 

layer (268, 414), and hypermotility and proliferation intrinsically linked, the effect of 

high glucose on proliferation, migration and adhesion was examined. Diabetic cells 

exhibited greater proliferation under control glucose conditions compared to cells 

from a non-diabetic origin, with this disparity observed to an even greater extent 

under high glucose conditions. With diabetic induced proliferation reportedly 

mediated via a variety of signalling mediators such as Notch (415, 416), MAPK (417) 

and AKT (418), these were investigated. AKT and ERK are often considered to 

control the process of smooth muscle development, and with diabetic vSMCs 

suggested to be dedifferentiated, it is proposed that over-activation of these 

pathways may be reverting these cells to a proliferative and migratory juvenile state 

(352, 419). Akt phosphorylation was significantly increased in cells from a diabetic 

origin compared to control cells, as was total AKT expression, to a lesser extent. 

AKT overexpression has been shown to decrease the contractile response within 

rats (420), and this correlates with the data presented here, suggesting that the 

reduction of key smooth muscle markers such as αSMA and the increase in AKT 

activation; both total and phosphorylated, could result in the diabetic vSMCs 

dedifferentiating and losing the contractile quiescent phenotype.  

 

The MAPK pathway was also examined as pro-proliferation pathway. With MEK and 

ERK activation shown to degrade senescence inducer p21 (421, 422), and thus 

allowing cells to continue through the cell cycle even with DNA damage from 

vascular injury, it was hypothesised that these would be upregulated in diabetic 

vSMCs. Phosphorylation of MEK was found to be upregulated in cells from a 

diabetic origin, with no total change in MEK expression noted. Downstream of MEK, 
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ERK1/2 was also upregulated, with diabetic patient cells exhibiting significantly 

greater phosphorylated and total amounts of ERK compared to non-diabetic 

vSMCs. With the clinical development of MAPK inhibitors coming to the forefront of 

cancer treatment due to their ability to inhibit cell proliferation, the impact of this on 

diabetic vascular disease has started to be examined (423-425). As MEK/ERK 

signalling is activated via a range of mitogens and growth factors, and downstream 

ERK1/2 catalyses numerous cytoplasmic and nuclear targets, it could be considered 

a useful bottleneck to attenuate aberrant proliferation following vascular injury. 

Diabetic adipose tissue has been demonstrated to have a dysregulated 

adipocytokine expression profile (426) and increased lipid activity, with ERK 

activation sequestered via PD184352 restoring these levels back to normal 

conditions (423). Whilst this was beyond the scope of this study, as the patient cells 

have been exposed to hyperglycaemia and thus upregulated ERK signalling for 20+ 

years, this model may demonstrate that the basis of the animal model is applicable 

to human cells, and that MAPK inhibition may be a viable future option for future 

vascular diabetic treatment.  

 

Since both AKT and MAPK pathways have been implicated in increased invasive 

properties of multiple cell types and these were both found to be upregulated in 

diabetic patients, the adhesive properties of diabetic cells were examined. Cellular 

adhesion was significantly lower in diabetic patient cells in control glucose 

compared to cells from a non-diabetic origin, however this was reversed in high 

glucose conditions, with diabetic cells found to adhere significantly more, suggesting 

a glucose induced adhesion related pathway may be activated to a greater extent 

in diabetic cells.  

 

Whilst current research has again focused mainly on the role of MAPK and ERK in 

cancer cell adhesion to a matrix (427), parallels can be drawn with vascular disease. 

Following vascular injury, smooth muscle within the intimal layer lays down 

excessive matrix, which under high glucose and hyperphosphatemic conditions may 

start to calcify, contributing to increased vascular dysfunction and the trans-

differentiation of vSMCs to a more osteogenic phenotype. Given that overactive 

ERK signalling in cancer cells promotes an increase in cell matrix adhesion (428, 

429), and with cell detachment leading to further upregulation of these pathways 
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until the cells re-adhere (430), one could propose a similar mechanism under the 

inflammatory diabetic environment, possibly resulting in the increased adhesion and 

intimal hyperplasia observed within diabetic vessels. vSMC migration, a key 

contributor to the development of atherosclerotic plaques, was therefore assessed 

using PDGF-BB as a chemoattractant. As expected, migration was increased in 

both control and high glucose conditions after 6 hours in diabetic cells compared to 

non-diabetic. This correlates with diabetic induced migration observed in vitro (268, 

431) with an upregulation required for the development of atherosclerosis and 

intimal hyperplasia (432), often corresponding with an increase in focal adhesion 

and F-actin remodelling, as found within this study.  

 

4.4.3. Reduction of SIRT1 within the diabetic patient correlates with increased 
vessel calcification  

Within the diabetic patient, calcification deposition within the vessel; shown via black 

Von Kossa staining; was significantly greater compared to the IMA control, with the 

staining localised to the intimal layer of the vessel wall and hyperplasia visible within 

the vessel. SIRT1 histological staining was inversely correlated with Von Kossa 

staining, with a reduction in staining observed in the smooth muscle layer within the 

vessel, which was greater within the IMA. With this study being among the first to 

show an inverse correlation between SIRT1 histological staining and calcification in 

human diabetic vessels (87), the SIRT1 levels within serum were also examined, to 

further demonstrate this relationship. Diabetic patients exhibited significantly 

decreased SIRT1 levels within their serum, possibly suggesting an overall decrease 

in expression, or perhaps that SIRT1 has shuttled into the nucleus via its NLS, which 

occurs during cellular stress (196). To further probe the expression of SIRT1 within 

diabetic patients, cells harvested from diabetic and non-diabetic origins were 

examined for SIRT1 expression. A significant decrease in both mRNA and protein 

expression in diabetic patients correlated with the fluorescent staining, which 

demonstrates a reduction of SIRT1, which was found within both the cytoplasm and 

the nucleus in cells from a non-diabetic origin. This study extends the results of 

previous findings (249), suggesting a correlation between the reduction of SIRT1 

and the development of diabetic vascular dysregulation within the intimal layer, 

however the underlying mechanism of this remains unclear.  
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4.4.4. SIRT1 reduces diabetic induced migration and adhesion under 

hyperglycaemic conditions 
SIRT1 activation has been found to exert a wide range of benefits, both to the 

vascular system and metabolism, with the activator SRT1720 shown to increase 

mouse lifespan by up to almost 10% over a three year period (433). In this study, 

SIRT1 activation within diabetic vSMCs was shown to reduce the disorganisation of 

the actin cytoskeleton, with the cells appearing more striated and more akin to the 

cells from non-diabetic origins. SIRT1 activation also appeared to reduce the 

rhomboid shape of the cells, even under high glucose conditions, with the spindle 

like ‘hill and valley’ morphology appearing to be somewhat restored. 

 

With a reduction of SIRT1 demonstrated in diabetic patients, and diabetic vSMCs 

showing a significant increase in proliferation, the effect of SIRT1 activation on 

proliferation was examined. Whilst diabetic vSMC proliferation was greater than that 

observed in the non-diabetic cells, SIRT1 activation demonstrated a decrease under 

both control and high glucose conditions following a similar trend to the diabetic 

cells. SIRT1 promoting a reduction in cellular proliferation has recently been 

confirmed in a range of in-vivo and in-vitro models, however a wide variety of 

molecular pathways have been attributed to this (434-436). Further examination of 

the MAPK pathway suggested a reduction in ERK phosphorylation following SIRT1 

activation. This is the first study to demonstrate a human vascular smooth muscle 

model in which activation of SIRT1 reduces phosphorylation of ERK, and thus 

decreases its downstream activation. Previous studies in rat chondrocytes suggest 

that a lack of SIRT1 leads to a hyperacetylation of ERK, allowing for increased self-

phosphorylation and thus overactivation and increased proliferation, something 

which this data corroborates (437). Once phosphorylated, ERK is translocated to 

the nucleus during G1 phase, which is crucial for the activation of a range of tertiary 

complex factors and growth related proteins (438), leading to a reorganisation of the 

actin cytoskeleton (439) as observed within this study. Since these data suggest 

both a systemic and vSMC localised decrease of SIRT1 within diabetic patients, it 

could be suggested that this lack of SIRT1 may permit the over-acetylation of a 

range growth factor targets, leading to the intimal hyperplasia often observed in 

diabetic vessels.  
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Additionally, a key marker of vascular calcification and diabetes; high intracellular 

calcium as demonstrated via the Von Kossa staining, has been linked to increased 

proliferation. Increased calcium ions have been shown to activate cellular matrix 

deposition as a means to remove excessive calcium from the cytoplasm, which has 

a range of downstream negative effects; activation of ERK signalling being one of 

them (440), which in turn increases proliferation. Furthermore, excess intracellular 

calcium may play a role within the AKT proliferation pathway. It has been well 

established that cyclic stretch within cells; such as those undergoing osteogenic 

differentiation and cytoskeleton remodelling, results in an influx of calcium into the 

cytoplasm (441-443). Alongside increased cyclic stretch, calcium influx allows 

increased phosphorylation of multiple proteins involved in the activation of the AKT 

pathway, permitting increased cellular proliferation.  These data demonstrate that 

AKT phosphorylation was significantly decreased in diabetic cells with the addition 

of SIRT1 activator SRT1720, as was total AKT expression. Elevated AKT activation 

has been linked with a range of anti-apoptotic effects in a multitude of cancers and 

p53 inhibition, with resveratrol shown to reduce aberrant proliferation and induce 

normal cell apoptosis and p53 activity (444). Under healthy basal conditions in which 

SIRT1 is at a ‘normal’ level, AKT activation is at a minimum, but within diabetic 

samples, hyperglycaemia (445) a change in insulin levels (446) and a lack of SIRT1 

may attribute to the significant rise of phosphorylation of AKT, leading to 

hyperactivation of this pathway, again forcing this hyperproliferative phenotype 

found in diabetic smooth muscle.  

 

With AKT phosphorylation directly regulating the production of focal adhesions and 

cellular adhesion to a matrix (447), the effect of SIRT1 on cellular adhesion was also 

examined. AKT phosphorylation correlated with an increase in cellular adhesion 

under high glucose, with SIRT1 activation reducing these adhesive properties after 

both 45 minutes and sustained to three hours. With cell migration linked to the 

remodelling and activation of the cellular cytoskeleton, SIRT1 substrates were 

reviewed to determine a link (448). Interestingly, Cortactin, an F-actin binding 

protein with established roles in protrusive actin dynamics (449) is found to be a 

substrate via co-immunoprecipitation experiments with SIRT1 (448). Within cancer 

cells, SIRT1 inhibition is suggested to decrease cellular adhesion and migration 

(450), the opposite is found within these data. However, with the role of SIRT1 still 
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under investigation, both within cancer and cell migration more generally, both 

findings may be correct under different physiological conditions (451). Caloric 

restriction; a known activating process of SIRT1, inhibits proliferation and reduces 

tumorigenesis (452), however SIRT1 has also been shown to increase Cortactin led 

migration (453), a key pathway in the development of cancer, suggesting that whilst 

high levels of SIRT1 may upset homeostasis, it is clear that a lack of SIRT1 is 

detrimental. Since diabetic patients exhibit significantly lower levels of SIRT1 than 

the general population and cancer patients exhibit significantly higher (454), the 

activation of SIRT1 within this study may increase SIRT1 expression to a healthy 

level, which is located somewhere between the two pathologies and far below the 

levels found in migratory cancer cells. Therefore, within this model SIRT1 activation 

is reducing the migration and adhesion properties of diabetic vSMCs, however this 

is not to say that overexpression of SIRT1 may have opposite effects, however this 

remains outside the scope of this study but an interesting area for future 

investigation.  

  

4.4.5. Focal adhesion formation is increased within diabetic vascular smooth 
muscle cells 

Focal adhesion complexes regulate a range of cellular functions, inducing adhesion, 

apoptosis and migration, and are considered crucial for linking the ECM to the actin 

cytoskeleton (455), allowing for the transmission of force within a vessel and overall 

vascular remodelling within a pathological setting. Among the hundreds of proteins 

which are contained within a single focal adhesion (456), vinculin, paxillin and FAK 

are especially important for connecting the matrix-integrin complex with downstream 

signalling molecules and actin stress fibres. This study sought for the first time to 

examine the change in focal adhesion formation within diabetic human vSMCs and 

the role of SIRT1 activation within this process.  

 

Depletion of vinculin has been demonstrated to lead to dramatic changes in cell 

motility and focal adhesion size (457-459), and more recently was proposed as a 

key player in the regulation of cell adhesion (391). Whilst the structure of vinculin 

has been well characterised in vitro, its expression level within diabetic patients is 

less well understood (460). Expression of vinculin was low in cells from a non-

diabetic origin compared to the diabetic samples, with an increase observed in both 
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when treated within a high glucose environment. Previous studies have shown that 

in diabetic patients, specifically those with either uncontrolled insulin or high 

glucose, there is an increased susceptibility to form focal adhesions (333, 389, 461), 

leading to aberrant migration and adhesion, found commonly in the narrowing of 

vessel lumen and their overall occlusion.  

 

Following an increase in vinculin, paxillin, a multifunction and multidomain focal 

adhesion adapter protein is recruited and phosphorylated at specific Tyr and Ser 

residues (462). Expression of paxillin was shown to be upregulated in diabetic 

samples compared to those from a non-diabetic origin, with activation again 

increased in high glucose conditions compared to control conditions. As paxillin acts 

as a scaffolding protein, it has duel effect on the maintenance of focal adhesion 

structure, with its activation and phosphorylation observed at the front motile end of 

the cells focal adhesion, in which it binds the ECM and enhances lamellipodial 

protrusions, allowing the cell to migrate forward (463). Conversely, 

dephosphorylation of paxillin leads to the dismantling of the focal adhesion located 

at the back of the cell, allowing cellular release from the ECM as it migrates 

forwards.  

 

With paxillin shown to localise with inactive ERK at the tips of actin filaments and 

phosphorylate (389), this pathway is self-enhanced. Activated ERK phosphorylates 

paxillin, following which both proteins are upregulated in the presence of high 

glucose, suggesting the activation of these pathways observed within the diabetic 

patient may be somewhat controllable by the reduction or inhibition of this cyclic 

pathway. Phosphorylation of paxillin has been demonstrated to associate not only 

with FAK, leading to further development of focal adhesions and increased 

migration, but also with the downstream effector; AKT (464). Phosphorylation of 

paxillin at tyrosine residues has been confirmed to increase AKT phosphorylation, 

which corresponds with the data in this study (464, 465). Activation of AKT via 

paxillin has been identified as an important mechanism for cancer growth (464). 

With this finding relatable to the increased proliferation observed within diabetic 

vSMCs, it could be suggested that overactivation of both focal adhesion proteins 

and associated AKT signalling may be responsible for the proliferative and migratory 

phenotype of diabetic vSMCs.  
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Finally, FAK; a cytoplasmic tyrosine kinase located within focal adhesions has been 

implicated as a key mediator for integrin signalling as well as cell surface receptors, 

leading to increased migration and proliferation in a variety of both cardiovascular 

and cancer related cell types (466, 467). Cells, both diabetic and non-diabetic, 

cultured under control glucose conditions exhibited little FAK staining, however FAK 

was greatly upregulated in the high glucose conditions, more notably within diabetic 

patient cells. FAK activation, which depends upon its phosphorylation, was 

significantly upregulated in diabetic patients, something which has been proven to 

be glucose induced (389) and thus could suggest reasoning for the upregulation 

within diabetic patients, who are often hyperglycaemic. Additionally, phosphorylated 

FAK directly phosphorylates paxillin (468), which acts as an adapter protein through 

FAK to increase the link between the actin cytoskeleton and integrin complex (467), 

remodelling the cytoskeleton for cell spreading and increased migration, resulting in 

vessel wall remodelling and the narrowing of the lumen.  

 

Furthermore, FAK has been demonstrated to activate the ERK pathway in a similar 

manner to paxillin activation, with FAK able to phosphorylate ERK at focal adhesions 

alongside Src, increasing the scaffold formation surrounding the development of 

focal adhesions (469). Previous studies have demonstrated FAK inhibition, both as 

a reduction of total protein and inhibition of FAK phosphorylation, reduces cellular 

sensitivity and F-actin remodelling in response to glucose (470). This previous data, 

when considered alongside these current data, may suggest a pathway in which 

increased FAK activation in response to chronic high glucose induces MAPK 

downstream activation, leading to the vascular remodelling and increased intimal 

hyperplasia observed in diabetic patients.  

 

4.4.6. SIRT1 activation reduces the occurrence of focal adhesion formation 

Having previously demonstrated the effectiveness of SIRT1 activation on 

decreasing cellular proliferation and migration, possibly through an ERK/AKT 

mediated pathway, it was investigated whether SIRT1 may have a role in focal 

adhesion lead migration (Fig. 4.11). Activation of SIRT1 reduced the expression of 

vinculin, paxillin and FAK to varying degrees within diabetic vSMCs, with a 

significant reduction of FAK phosphorylation when treated for 4 days prior to lysis. 

Whilst not widely reviewed within vascular remodelling, resveratrol; a SIRT1 
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activator, has been used in cancer models to reduce FAK activation (471), in order 

to reduce the rate of proliferation and migration and to induce apoptosis. With 

growing similarities drawn between cancer and cardiovascular risk in diabetes (472-

474), it seems a fair comparison to suggest this mechanism may act in a similar 

way, with a lack of SIRT1 allowing for increased acetylation of both FAK and paxillin, 

modulating microtubule and centrosome polarisation which leads to an increased 

trafficking of cells during migration (475). Given that a reduction of SIRT1 within the 

diabetic patient is a key finding within this study, activation of SIRT1 may reduce 

this acetylation of focal adhesion associated proteins, reducing their activation and 

thus cellular migration, however more co-localisation studies should be conducted 

to confirm the direct relationship between SIRT1 and focal adhesion proteins.  
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Fig. 4.11. Suggested mechanism for the role of SIRT1 in glucose activated 

focal adhesion formation. Firstly, hyperglycaemia reduces NAD to NADPH 

conversion, reducing SIRT1 substrate availability and therefore activation. 

Hyperglycaemia induces FAK activation which auto-phosphorylates and 

phosphorylates AKT and ERK, leading to an increase in vinculin and paxillin 

expression resulting in extracellular matrix remodelling and focal adhesion 

formation.  
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4.5. Limitations  
Whilst this chapter clearly demonstrates the difference in focal adhesion formation, 

migration and proliferation between diabetic and non-diabetic vSMCs, it is not 

without its limitations. Firstly, the difference between the two vascular beds in which 

vSMCs were harvested from; coronary arteries used for the control, and popliteal 

artery used for the diabetic patients is not an ideal comparison, due to the difference 

in cyclic stretch and sheer stress each vessel will face, leading to a different time 

course and possible differentiation pathway activation. However previous studies 

have demonstrated (404) that this discrepancy in vascular beds does not affect 

vSMCs osteogenic potential, it is worth considering when comparing data between 

the two. Furthermore, since the CA vSMCs are purchased from a supplier, the 

process of extraction will undoubtedly be different, leading to different culture 

conditions, which may affect their phenotype prior to treatment. Secondly 

throughout this thesis and within this chapter, the comparison of IMA to PA vessels 

when undertaking IHC staining is also a limitation. For the most useful data set, 

healthy PA vessels should be compared to the calcified PA DM vessels, however 

healthy popliteal vessels are not easily obtainable, non-calcified IMA sections were 

used. However, with the vSMCs within IMA known not to calcify (86) whilst they do 

not make a good comparison for the vascular bed, histologically they demonstrate 

the phenotype of a non-osteogenic, non-calcified vessel well.  

 

4.6. Conclusion  
In conclusion, the experiments described within this chapter demonstrate the 

inherent differences between vSMCs from a diabetic and non-diabetic origin, 

highlighting the morphological and phenotypic differences between them. Moreover, 

these data suggest an upregulation of the MAPK pathway as a crucial link between 

the increased proliferation and migration commonly observed in diabetic cells, and 

the increase development of focal adhesions, which may be fuelling this aggressive 

phenotype. Furthermore, this study shows that activation of SIRT1 may be able to 

reduce diabetic high glucose induced proliferation and migration, through a 

downregulation of ERK1/2 phosphorylation and focal adhesion assisted migration. 

Further investigation into the mechanism in which SIRT1 may reduce focal adhesion 

activation should be examined, and the precise relationship between FAK and ERK 

should also be considered.   
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5. Loss of SIRT1 in diabetes accelerates DNA damaged induced 

smooth muscle mineralisation in vitro and reduces activation of 

the DNA repair MRN complex 

 

5.1 Introduction  
 
 
5.1.1. The prevalence of diabetic induced calcification 

The occurrence of diabetes is fast becoming a global epidemic, with almost 9% of 

the population affected (273). Diabetes is associated with elevated oxidative stress, 

arising from hyperglycaemia through the activation of the polyol pathway (476), due 

to poor patient glycaemic control (477) and finally resulting in increased 

cardiovascular risk. One of the key co-morbidities associated with diabetes is 

vascular calcification (65, 478), a major cause of mortality within the western world, 

in which calcium and lipoprotein accumulate within the blood vessels, leading to the 

formation of fatty streak lesions and matrix deposition (479). At a molecular level, 

advanced vascular calcification is associated with cellular senescence (480, 481), 

telomere erosion and persistent DNA damage (121, 158) in response to various 

cellular stresses such as hyperglycaemia and reactive oxygen species production, 

further promoting the development of matrix deposition within the vessel. However, 

the mechanism by which hyperglycaemic conditions increase DNA damage and the 

pathways underpinning this, is still unclear. 

 

5.1.2. DNA damage response pathways 
The DNA Damage Response (DDR) is a collection of canonical pathways, which, 

following a stress factor, stimulate a variety of sensor proteins including MRE11 

RAD50, NBS1 (MRN complex) (482) and the histone variant H2AX (483). The DDR 

represents a multitude of signal transduction pathways which sense DNA damage 

and replicative stress and regulate the physiological processes which determine 

whether a cell undergoes DNA repair, enters irreversible senescence, or, in cases 

of severe damage, undergoes apoptosis. Firstly The MRN complex has been 

implicated in several aspects of DSBs, from initial detection, to triggering DDR 

signalling pathways and facilitating repair (484). Considered to be a flexible scaffold, 

the MRN complex binds to the DNA break, bridging over the broken DNA, before 
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activating the checkpoint signalling pathway (161). These sensors are then 

phosphorylated via recruited transducer members of the protein family 

phosphatidylinositol 3-kinase-like protein kinases (PIKKs) such as Ataxia 

Telanglectasia Mutated (ATM) to the site of damage (162). Subsequently, this leads 

to the activation of effector molecules such as checkpoint kinases and p53, which 

ultimately contribute to an arrest in the cell cycle, followed by DNA repair or 

apoptosis. Furthermore, recruitment of ATM by the MRN complex contributes to the 

activation and phosphorylation of the H2AX protein, which when phosphorylated 

directly binds to binding partner MDC1, further enhancing the MRN-ATM binding 

and contributing to the positive feedback loop which allows spreading of 𝛾H2AX 

over mega-base domains around the DSBs (485), in order to provide a platform for 

further recruitment of other DDR proteins. Following activation of the repair complex, 

damage undergoes repair either through nonhomologous end joining (NHEJ), or 

homolog recombination, the latter which only occurs during S or G phase after 

replication has been completed (160). Following successful repair, 𝛾H2AX is 

dephosphorylated by protein phosphatase 2a and the cell returns to its pre-

senescent phenotype (486).  

 

5.1.3. The role of SIRT1 in DNA damage sensing 
Sirtuin 1 (SIRT1) is a NAD+ dependent deacetylase, with roles in longevity, aging, 

glucose metabolism and calcification (211, 305). Having previously been reported 

that a reduction of SIRT1 leads to increased smooth muscle calcification (87, 487, 

488),  the effect of SIRT1 on DNA damage and repair has been examined. It is now 

understood that SIRT1 binds and regulates tumour suppressor p53, which following 

DNA damage, deacetylates p53 and attenuates its ability to act as a transcription 

factor (489). Consequently, SIRT1 activation has been suggested to increase cell 

survival under DNA damage conditions (490), however its role in diabetes-

associated DNA damage is yet to be investigated. Furthermore, a functional link has 

been shown between SIRT1 and NBS1 in increasing the resistance to DNA damage 

(491). However SIRT1 activators, specifically SRT1720, which has been shown to 

operate as a possible therapeutic for type II diabetes models (254), has been found 

to increase phosphorylated ATM in DNA damage models and reduces lag time in 

the initiation of DNA repair (492). Thus, making SIRT1 an interesting target for 

examination within a DNA damage diabetic model.   
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5.2. Aim and Objectives  
 

The aim of this part of the study was ultimately to determine whether a lack of SIRT1 

expression within a diabetic environment contributes to hyperglycaemic induced 

DNA damage and subsequent repair in human smooth muscle cells in vitro and 

establish a mechanism of action. This was achieved via the following objectives: 

 

i) Firstly, to establish if diabetic patient vessels and vSMCs isolated from 

diabetic patients exhibit DNA damage markers.  

ii) Secondly, to determine if the in-vitro calcification model induced DNA 

damage within vSMCs, if this was significantly greater under 

hyperglycaemic conditions compared to control and comparable to the 

damage observed in DM vSMCs.  

iii) Thirdly, to elucidate whether SIRT1 activation or inhibition impacted the 

level of damage sustained to the cells, when treated with a known inducer 

of DNA damage; H2O2. 

iv) And finally, to identify which mechanistic pathway could be responsible 

for the disparity in DNA damage in different SIRT1 environments.  
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5.3. Results  
 

5.3.1. Diabetic patients exhibit DNA damage and decreased SIRT1 expression 
Firstly, it was important to establish the prevalence of DNA damage within the 

diabetic vessels compared to control. Diabetic popliteal arterial vessels taken from 

patients undergoing lower limb amputation were examined histologically for 

calcification, senescence and DNA damage markers, and compared to non-calcified 

IMA harvested from CABG surgery patients. Von Kossa staining positively identified 

calcification via a precipitation reaction with the phosphate ions present, with Von 

Kossa staining negative within the smooth muscle and endothelium of the IMA 

samples (Fig. 5.1a). To confirm the presence of SIRT1 within the smooth muscle 

layer, SIRT1 was stained for, within both diabetic and control samples. Positive 

staining was decreased in the diabetic patient compared to the IMA, in which SIRT1 

was found ubiquitously expressed within both the endothelium and the smooth 

muscle layer (Fig. 5.1b). Since senescence is often associated within DNA damage 

and calcification, Sudan Black (Fig. 5.1c) and p21 (Fig. 5.1d) staining were used to 

confirm the presence of senescence located within the smooth muscle layer. Both 

Sudan Black and p21 were positively stained within the diabetic vessel, with little to 

no staining observed within the IMA control. Furthermore, the TUNEL assay was 

used to confirm the fragmentation of DNA within the vessels via the attachment of 

a tagged form of dUTP to 3’ ends of double and single stranded DNA breaks. 

Positive TUNEL staining was observed in all diabetic vessel samples examined, 

compared to the IMA which was negative (Fig. 5.1e). 𝛾H2AX staining was used to 

confirm the presence of DSBs. Staining was negative within the IMA vessel. 

Conversely, positive staining was observed both within the smooth muscle layer and 

the adventitia within the diabetic vessels (Fig. 5.1f). Since DNA damage repair 

protein complexes are assembled within minutes of damage occurring (493) and 

sustained until the damage is repaired to prevent cellular apoptosis, vessels 

removed from diabetic patients were assessed for presence of ATM and the MRN 

complex and compared to non-calcified IMA tissue. Positive staining confirmed the 

presence of ATM, RAD50 MRE11 and NBS1 within the smooth muscle layer of the 

diabetic vessel. Within the IMA controls faint ATM staining was observed throughout 

the vessel, however no positive staining was observed for MRE11, RAD50 or NBS1 

(Fig. 5.1g-j). 
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Fig. 5.1. Diabetic patient vessels exhibit increased DNA damage and 

senescence marker expression. Representative micrographs of popliteal arteries 

harvested from diabetic patients (DM) undergoing lower limb amputation and 

internal mammary artery (IMA) taken from non-diabetic patients. a) DM vessels 

showed positive Von Kossa staining compared to IMA controls, demonstrating an 

increase of phosphate within the vessel. b) SIRT1 expression was diminished in the 

DM patient vessel compared to the IMA control. DM vessels showed increased 

senescence markers c) lipofuscin (Sudan B) and d) p21 when compared to non-

calcified IMA (n=3). e) A TUNEL assay was performed on both IMA and DM 

sections, demonstrating an increase in double stranded DNA nicks in the DM 

compared to IMA. f) 𝛾H2A.X staining was increased in DM patients and lacking in 

the IMA samples. g) DM patients showed an increase in ATM staining compared to 

IMA, h) MRE11 i) RAD50 j) NBS1 staining was increased in DM patients compared 

to IMA controls.  (n=6). Scale bar=200μm/20μm. Mean ±SEM.   
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5.3.2. Cells harvested from diabetic patients exhibit low SIRT1 expression and 

increased DNA damage 
To determine whether DNA damage was increased in vSMCs isolated from patients 

with diabetes and if this correlated with SIRT1 expression, known markers of DNA 

damage were analysed in an in vitro cell culture model. Following culture until 80% 

confluence in control 5 mM glucose conditions, cells were harvested and combined 

with agarose to determine DNA damage using electrophoresis via the comet assay.  

 

vSMCs harvested from calcified popliteal vessels demonstrated a greater level of 

persistent DNA damage compared to healthy vSMC controls, indicated by a 

significantly larger tail moment (p<0.0001) and tail percentage (p<0.0001) (Fig. 5.2) 

compared to non-calcified controls. Telomere length confirmed via qPCR was also 

significantly decreased by over a quarter in diabetic vSMCs compared to healthy 

controls (p<0.0095) (Fig. 5.3a). Conversely, cellular senescence observed via p21 

(Fig. 5.3b) and p53 (Fig. 5.3c) mRNA abundance was increased in diabetic patient 

cells compared to controls (p<0.0022), (p<0.0476) respectively. mRNA expression 

of ATM, a protein known to phosphorylate 𝛾H2AX, was upregulated three-fold in 

diabetic vSMCs compared to healthy controls (p<0.0476) (Fig. 5.3d).  
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Fig. 5.2. Diabetic patient vSMCs exhibit DNA damage. vSMCs harvested from 

diabetic patients undergoing lower limb amputation demonstrated increased DNA 

damage compared to healthy controls. Cells were cultured in 5.5mM DMEM. Cells 

were cultured to 80% confluence within 6 well plates before harvesting. Double 

stranded DNA breaks were assessed via the comet assay. Tail DNA percentage 

increase by over a third in DM vSMCs compared to control, as did tail moment (n=6) 

(Unpaired T-test). *P<0.05, **P<0.005, ***P<0.001. Scale Bars = 100μm. Mean 

±SEM. 
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Fig. 5.3. Diabetic patient vSMCs exhibit decreased telomere length and 
increase senescence and DNA damage marker gene expression. vSMCs 

harvested from diabetic patients undergoing lower limb amputation demonstrated 

increased DNA damage marker expression compared to healthy controls. Cells 

were cultured in 5.5mM DMEM. a) DM samples showed a significant decrease in 

telomere length; assessed via qPCR, compared to healthy vSMCs (n=6). b) p21 

mRNA expression was significantly increased in DM vSMCs compared to healthy 

controls (n=6), as was c) p53 (n=6) and d) ATM mRNA expression (n=6). (Unpaired 

T-test conducted a-d) *P<0.05, **P<0.005, ***P<0.001. Scale Bars = 100μm. Mean 

±SEM. 
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5.3.3. Hyperglycaemic conditions induce DNA damage 

Phosphorylation of histone H2AX at Ser139 is considered to be an early marker of 

DNA damage, which correlates with the development of DSBs (485). To determine 

how a diabetic environment modulates DNA damage in vSMCs, a well-established 

in-vitro calcification model was used. Briefly, three conditions were used within the 

model; untreated control conditions, containing 5 mM of glucose. Untreated 

osteogenic conditions, containing 5 mM glucose alongside 5 mM BGP and 2.6 mM 

CaCl2, and finally untreated hyperglycaemic conditions, containing 25 mM glucose 

alongside 5 mM BGP and 2.6 mM CaCl2.  

 

Control cells had a baseline of 12 𝛾H2AX foci per cell, with many cells exhibiting no 

foci at all (Fig. 5.4a). However, when cultured in hyperglycaemic conditions, cells 

exhibited significantly more foci when compared to both control (p<0.0041) and 

osteogenic (p<0.0092) conditions. To confirm the immunocytochemistry data, total 

protein harvested at day 4 was assessed for 𝛾H2AX expression via western blot, 

with a significant increase found in hyperglycaemic conditions compared to both 

control (p<0.0072) and osteogenic (p<0.0079) conditions (Fig. 5.4b). As the tumour 

suppressor p53 has previously been reported to mediate cell cycle arrest in 

hyperglycaemic conditions (87), p21 foci activation, the product of p53 activation 

during hyperglycaemic treatment, was examined. p21 foci were significantly 

upregulated by over a third in hyperglycaemic conditions compared to control 

(p<0.0326), however no difference was found in osteogenic conditions alone, when 

compared to control (Fig. 5.5a). A comet assay was used to determine naturally 

occurring DSBs in the in-vitro model. Tail moment was significantly increased in 

hyperglycaemic conditions compared to both osteogenic (p<0.0001) and control 

(p<0.0001) and furthermore a two-fold increase was observed in tail percentage 

between control and osteogenic (p<0.0001) and control and hyperglycaemic 

(p<0.0001) (Fig. 5.5b).  
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Fig. 5.4. Hyperglycaemic conditions increase DNA damage marker 𝜸H2AX 

expression.  The effect of CaCl2 and BGP in high glucose conditions was assessed. 

Three treatments were investigated; control (Ctrl), CaCl2 and BGP osteogenic (Ost) 

and osteogenic with high glucose (HG). a) cells were cultured for 4 days in relevant 

media before fixing and staining for 𝛾H2AX foci. Foci count via ImageJ was 

significantly increased in hyperglycaemic conditions compared to both osteogenic 

and control (n=3) (One-way ANOVA, Tukey Post-Hoc test). b) protein harvested 

from all three treatments at the same timepoint showed significantly greater 𝛾H2AX 

expression in hyperglycaemic conditions compared to control and osteogenic 

condition (n=7) (One-way ANOVA, Tukey Post-Hoc test). DAPI blue, 𝛾H2AX green. 

*P<0.05, **P<0.005, ***P<0.001. Scale Bar = 10μm. Mean ±SEM. 
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Fig. 5.5. Hyperglycaemic conditions increase DNA damage marker 

expression.  The effect of three treatments were investigated; control (Ctrl), CaCl2 

and BGP osteogenic (Ost) and osteogenic with high glucose (HG). a) Following 4 

days of treatment and subsequent fixing and staining, senescence marker p21 was 

significantly more pronounced in hyperglycaemic conditions compared to control 

(n=3) (One-way ANOVA, Tukey Post-Hoc test). b) DSBs assessed via the comet 

assay were significantly increased in hyperglycaemic conditions compared to 

control, demonstrated via tail moment and percentage of DNA within the tail (n=3) 

(One-way ANOVA, Tukey Post-Hoc test). DAPI blue, p21 green. *P<0.05, 

**P<0.005, ***P<0.001. Scale Bar = 10μm. Mean ±SEM. 
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5.3.4. SIRT1 attenuates DNA damage induced osteogenic differentiation 

Firstly, to determine how DNA damage affects calcification in a diabetic 

environment, cells were cultured in the previously described, control, osteogenic 

and hyperglycaemic conditions in the presence or absence of 200μM H2O2 and 

SIRT1 activator; SRT1720 (0.5 μM), resulting in the following 9 conditions; 

untreated control, untreated osteogenic, untreated hyperglycaemic, H2O2 control, 

H2O2 osteogenic, H2O2 hyperglycaemic, and H2O2 SRT1720 control, H2O2 SRT1720 

osteogenic and finally H2O2 SRT1720 hyperglycaemic conditions.  

 
Cells treated with H2O2 alone exhibited increased calcification after 7 days when 

compared to those left untreated in both osteogenic (p<0.0431) and hyperglycaemic 

(p<0.0468) conditions. SIRT1 activation alongside H2O2 reduced Alizarin red 

staining significantly in both osteogenic (p<0.0420) and hyperglycaemic (p<0.0471) 

conditions (Fig. 5.6a). ALP activity was increased by day 4 in hyperglycaemic 

conditions compared to control, under both untreated (p<0.0002) and H2O2 

conditions (p<0.0004). A significant increase was also noted between osteogenic 

and hyperglycaemic untreated conditions (p<0.0029). Moreover, a significant 

increase was found between osteogenic and hyperglycaemic treatments under 

H2O2 conditions (p<0.0110), with a significant increase in ALP activity under H2O2 

hyperglycaemic conditions when compared to untreated hyperglycaemic conditions 

(p<0.0001). Finally, a reduction in ALP activity was observed when treated with 

SRT1720 and H2O2 when compared to H2O2 conditions alone under hyperglycaemic 

conditions (p<0.0011) (Fig. 5.6b). 
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Fig. 5.6. SIRT1 activation inhibits DNA damage induced smooth muscle 
calcification. H2O2 treatment induces osteogenic smooth muscle cell differentiation 

through the Runx2 pathway. The effect of SIRT1 activator SRT1720 on smooth 

muscle calcification was investigated, with 0.1% DMSO used within untreated 

controls. Three treatments were investigated; control (Ctrl), CaCl2 and BGP 

osteogenic (Ost) and osteogenic with high glucose (HG). 200 µM H2O2 was used to 

induce DNA damage. a) Alizarin red staining at day 7 showed no increase in 

untreated hyperglycaemic conditions, however an increase was seen in H2O2 

treatment, which was reduced with 0.5 μM SRT1720 pre-incubation (n=3) (Two-way 

ANOVA, Tukey Post-Hoc test). b) Day 4 ALP activity was increased in H2O2 

treatment and reduced in all 0.5 μM SRT1720 conditions (n=3) (Two-way ANOVA, 

Tukey Post-Hoc test). *P<0.05, **P<0.005, ***P<0.001. Scale Bar = 100μm. Mean 

±SEM.  
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To confirm the development of osteogenic differentiation, Runx2 and OCN mRNA 

expression was examined following 4 days of treatment. Both Runx2 (Fig. 5.7a) and 

OCN (Fig. 5.7b) were upregulated in H2O2 treated hyperglycaemic conditions 

compared to untreated hyperglycaemic conditions (p<0.0035) (p<0.0425) 

respectively. Runx2 activation increased between untreated control and untreated 

hyperglycaemic conditions (p<0.0188). Additionally, Runx2 mRNA expression 

increased in control conditions between H2O2 treated and untreated cells 

(p<0.0288), with a significant reduction in Runx2 mRNA abundance when cells were 

treated with SRT1720 in hyperglycaemic conditions under the presence of H2O2 

(p<0.0001). OCN mRNA abundance increased significantly between control H2O2 

treated cells and both osteogenic H2O2 (p<0.0081) and hyperglycaemic H2O2 

(p<0.0425) treated cells. Finally, following treatment with SRT1720 under 

hyperglycaemic H2O2 conditions, OCN mRNA expression decreased over 30-fold 

(p<0.0009) when compared to hyperglycaemic H2O2 conditions alone.  
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Fig. 5.7. SIRT1 activation inhibits DNA damage induced osteogenic markers. 

30 minutes of 200 μM H2O2 treatment induces osteogenic marker expression within 

vSMCs. Cells were pre-treated for 4 days; with SIRT1 activator; SRT1720 with 0.1% 

DMSO used within untreated controls to equivalate toxicity. Three treatments were 

investigated; control (Ctrl), CaCl2 and BGP osteogenic (Ost) and osteogenic with 

high glucose (HG), before 30 minutes of exposure to H2O2 and subsequent 

harvesting for RNA. a) Runx2 mRNA expression was significantly increased during 

hyperglycaemic treatment, and further increased when treated with H2O2, but 

reduced with 0.5 μM SRT1720 pre-incubation (n=4) (Two-way ANOVA, Tukey Post-

Hoc test). b) OCN mRNA expression was significantly increased in both osteogenic 

and hyperglycaemic conditions with H2O2 treatment and was significantly reduced 

in 0.5 μM SRT1720 treated cells (n=4) (Two-way ANOVA, Tukey Post-Hoc test). 

*P<0.05, **P<0.005, ***P<0.001. Mean ±SEM. 
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5.3.5. SIRT1 translocation increased following DNA damage 

Given the observed increase in osteogenic markers following treatment with H2O2, 

the effect of H2O2 on SIRT1 expression was assessed. Following 4 days of 

treatment, cells were fixed and stained for with SIRT1 and F-Actin marker phalloidin. 

SIRT1 staining appeared to reduce following osteogenic treatment, with a greater 

reduction observed under hyperglycaemic conditions. An increase in SIRT1 staining 

was shown across all three H2O2 treated conditions compared to untreated (Fig. 

5.8a).  

 

To confirm the fluorescent staining, protein was harvested at the same timepoint 

and assessed via western blot. Following osteogenic (p<0.0493) and 

hyperglycaemic (p<0.0008) treatments, SIRT1 expression significantly decreased 

as expected (previously demonstrated in Fig. 3.1a), however following H2O2 

treatment, SIRT1 expression was increased in all three conditions, with a significant 

upregulation detected between the hyperglycaemic conditions (p<0.0041) (Fig. 

5.8b). Interestingly, a small reduction in SIRT1 expression was observed when 

comparing H2O2 treated osteogenic and hyperglycaemic conditions (p<0.0138), 

however this was still higher than the comparative condition left untreated.  

 

Following this, the translocation of SIRT1 following H2O2 treatment was assessed 

at the same timepoint, using a nuclear fractionation kit (Abcam). In untreated 

conditions, there was a relatively even distribution of SIRT1 between the cytoplasm 

and the nucleus. However, when treated with H2O2 under hyperglycaemic 

conditions, SIRT1 was retained almost entirely to the cytoplasm instead of being 

translocated to the nucleus (p<0.0005) (Fig. 5.8c). Moreover, an increase in 

cytoplasmic SIRT1 was found between control and both osteogenic (p<0.0075) and 

hyperglycaemic (p<0.0031) conditions following H2O2 treatment.  
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Fig. 5.8. SIRT1 expression is increased following DNA damage but reduced in 
the nucleus. 30 minutes of 200 μM H2O2 treatment induces SIRT1 expression 

reduces nuclear SIRT1 expression. a) Following 4 days treatment in three 

conditions; control (Ctrl), CaCl2 and BGP osteogenic (Ost) and osteogenic with high 

glucose (HG), cells were treated with H2O2 and immediately fixed and stained. 

SIRT1 expression appears to be decreased in hyperglycaemic treatments 

compared to controls in both untreated and H2O2 treated vSMCs (n=3). b) 

Concurrent with staining, cells were harvested for protein following DNA damage. 
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SIRT1 expression significantly reduced following hyperglycaemic treatment and 

was significantly increased following H2O2 treatment in all three treatments (n=3) 

(Two-way ANOVA, Tukey Post-Hoc test). c) Cell fractionation was conducted to 

determine the subcellular location of SIRT1 following DNA damage. Fractionation 

demonstrated a significant shift in SIRT1 expression from the nucleus into the 

cytoplasm following H2O2 damage, with an increase in cytoplasmic SIRT1 in 

hyperglycaemic treatment compared to control (n=3) (Two-way ANOVA, Tukey 

Post-Hoc test). SIRT1 green, F-actin red, DAPI blue. *P<0.05, **P<0.005, 

***P<0.001. Scale Bars = 100μm. Mean ±SEM.   
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5.3.6. SIRT1 activation protects against DNA damage 

Having demonstrated the reduction of SIRT1 correlating with an increase in DNA 

damage, the effect of SIRT1 modulation was examined in vSMCs following recovery 

from the DSBs induced by H2O2. vSMCs were treated for 4 days with SIRT1 

activator SRT1720 (0.5 μM) or SIRT1 inhibitor Sirtinol (10 μM), before staining and 

counting of 𝛾H2AX foci within the nucleus or undergoing single cell electrophoresis 

via the comet assay.  

 

Cells were either left untreated and stained or treated with 200 µM of H2O2 for 30 

minutes and left to recover in fresh complete media before staining at 1 hour and 3-

hour time points. 𝛾H2AX staining showed no significant change before H2O2 

treatment following 4 days of pre-treatment with either SRT1720 or Sirtinol (Fig. 

5.9a). Following 30 minutes of H2O2 treatment, a significant increase was observed 

in foci number between SRT1720 treated hyperglycaemic cells and Sirtinol 

hyperglycaemic cells (p<0.0147) (Fig. 5.9b). Finally, following 3 hours of recovery, 

a significant decrease was observed in control conditions, between untreated and 

SRT1720 (p<0.0001) and a significant increase between untreated and Sirtinol 

treated cells (p<0.0282). In osteogenic conditions following 3 hours recovery, a 

significant increase was observed between Sirtinol and SRT1720 treated cells 

(p<0.0088). Lastly, under hyperglycaemic conditions after 3 hours recovery, 

SRT1720 reduced foci count by over half compared to Sirtinol treatment (p<0.0001) 

with SRT1720 treated cells expressing 40% less foci than untreated conditions 

(p<0.0039). Sirtinol activation increased foci accumulation by over 20% compared 

to untreated (p<0.0037) (Fig. 5.9c). All data was analysed via ImageJ (Fig. 5.9d).   
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Fig. 5.9. SIRT1 activation decreases DNA damage marker 𝜸H2AX expression. 
Presence of 𝛾H2AX was confirmed via fluorescent staining. The effect of SIRT1 

activator SRT1720 and SIRT1 inhibitor Sirtinol was investigated, with 0.1% DMSO 

used within untreated controls. Three treatments were investigated; control (Ctrl), 

CaCl2 and BGP osteogenic (Ost) and osteogenic with high glucose (HG). 200 µM 

H2O2 was used to induce DNA damage. Pre-treatment of cells with 0.5 μM SRT1720 

for 4 days before damage decreased 𝛾H2AX foci accumulation both a) before and 

b) after DNA damage via H2O2, and c) reduced the perpetuation of DNA damage 

after 3h. Conversely, 10 µM Sirtinol treatment increased b) cellular response to DNA 

damage demonstrated via 𝛾H2AX staining, which c) prolonged the damage 

response 3h after initial damage (n=3) d) quantification of all foci via ImageJ (Two-

way ANOVA, Tukey Post-Hoc test). Cells were either supplemented with 0.5 μM 

SRT1720, 10 µM Sirtinol or 0.1% DMSO to equivalate toxicity. DAPI blue, 𝛾H2AX 

green, images shown on previous page. *P<0.05, **P<0.005, ***P<0.001. Scale Bar 

= 10μm. Mean ±SEM.   
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DSBs were again assessed by the comet assay. Following pre-treatment for 4 days 

with SIRT1 activator SRT1720 (0.5 μM) or SIRT1 inhibitor Sirtinol (10 μM), cells 

were either left untreated or treated with 200 µM of H2O2 for 30 minutes and left to 

recover in fresh media before DNA was isolated and underwent electrophoresis to 

assess DNA damage.  

 

Head percentage was maintained at 90% with SRT1720 treated cells in the control 

environment, which was significantly greater than both the untreated (p<0.0001) and 

Sirtinol (p<0.0001) treatment after 3h recovery period, with Sirtinol inhibition of 

SIRT1 significantly reducing head percentage compared to control (p<0.0001) (Fig 

5.10b). Osteogenic conditions showed no significant difference before damage and 

1h following H2O2 damage, however a 20% repair in head percentage was observed 

in SRT1720 treated cells after 3h recovery compared to untreated (p<0.0490). 

Interestingly, a 10% recovery was detected in Sirtinol treated cells following a 3h 

incubation, however this trend was not significant. Hyperglycaemic conditions 

demonstrated the greatest decrease in head percentage when comparing Sirtinol to 

untreated and SRT1720 treated cells, with a significant drop observed in Sirtinol 

treatment after 3h when compared to SRT1720 (p<0.0001) and untreated 

(p<0.0001). Furthermore, SRT1720 maintained 20% greater DNA within the head 

of the comet compared to untreated after 3 hours recovery (p<0.0001). Moreover, 

SRT1720 treated cells showed no significant difference between all three conditions 

when comparing head percentage, whereas untreated and Sirtinol treatment 

significantly reduced head percentage between control and hyperglycaemic 

conditions (p<0.0001) (p<0.0001) respectively.  

 

Tail moment, an index of induced DNA damage taking into consideration both 

migration and relative amount of DNA in the tail, was also used to assess the DNA 

damage and subsequent repair. Within control treatment, tail moment did not vary 

significantly between 0h and 3h after damage, however a significant increase in 

moment was identified between Sirtinol (p<0.0001) and untreated (p<0.0001), 

compared to SRT1720 treatment. There was no significant difference between 

osteogenic and hyperglycaemic treatment regarding tail moment, however the 

addition of SRT1720 significantly reduced tail moment when compared to Sirtinol 

and untreated in both osteogenic (p<0.0001), (p<0.0001) and hyperglycaemic 
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(p<0.0001), (p<0.0001) conditions. Finally, a significant increase in tail moment was 

observed between Sirtinol and untreated in both osteogenic (p<0.0001) and 

hyperglycaemic (p<0.0001) conditions (Fig. 5.10a-d).  
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Fig. 5.10. SIRT1 activation protects against DSB formation. DSBs were 

determined via the comet assay. The effect of SIRT1 activator SRT1720 and SIRT1 

inhibitor Sirtinol was investigated, with 0.1% DMSO used within untreated controls. 

Three treatments were investigated; control (Ctrl), CaCl2 and BGP osteogenic (Ost) 

and osteogenic with high glucose (HG). 200 µM H2O2 was used to induce DNA 

damage. a) Following 4 days of pre-treatment in respective conditions, DNA 

damage was assessed before induction of damage via H2O2. No significant change 

was seen in either tail moment or head percentage in 0.5 μM SRT1720, 10 µM 

Sirtinol or untreated conditions. b) Following 30 minutes treatment with H2O2 cells 

were harvested immediately and assessed for damage. No significant change was 

seen between 0.5 μM SRT1720, 10 µM Sirtinol and untreated conditions. c) 

Following damage, cells were left to recover for 3 hours in complete media and the 

DNA was again assessed. In control conditions head DNA percentage significantly 
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decreased and tail moment significantly increased following 10 µM Sirtinol 

treatment, a pattern which was also seen in both osteogenic and hyperglycaemic 

conditions. 0.5 μM SRT1720 treatment had the inverse effect, with a decrease in 

time taken to repair seen compared to untreated conditions (n=3). d) Quantification 

of all slides conducted on ImageJ to demonstrate significance. (n=3) (Two-way 

ANOVA, Tukey Post-Hoc test). Corresponding images shown on previous page. 

*P<0.05, **P<0.005, ***P<0.001. Scale Bar = 10μm. Mean ±SEM.   



 203 

5.3.7. SIRT1 activation reduces chromatin acetylation and increases MRN 

activation 
Once DNA damage has been detected within the cell, sensor proteins are recruited 

to the damage sites and orchestrate the formation of multiprotein complexes for 

DDR activation (494). Initially H2AX is bound to DSBs, where it binds and is 

phosphorylated via an active acetylated ATM. This phosphorylation binds NBS1 

first, forming a trimeric complex with MRE11 and RAD50, tethering the MRN 

complex to the DNA damage site before translocating to the nucleus and forming 

distinct foci with 𝛾H2AX at DSBs (484).  

 

Since DDR activation is primarily activated by ATM phosphorylation (493), its 

activation profile was considered. Firstly, ChIP was performed to determine the 

acetylation profile of the promotor region within the ATM gene. Acetylation was 

significantly increased in a hyperglycaemic environment compared to osteogenic 

conditions (p<0.0054), with SIRT1 activation significantly reducing acetylation 

around the H3K27Ac mark in hyperglycaemic conditions (p<0.0074) (Fig. 5.11a). 

Acetylation of the MRN complex was then examined. Acetylation of the MRE11 

promotor region did not significantly change under hyperglycaemic conditions, nor 

with the activation of SIRT1 in either three treatments. Conversely, RAD50 promotor 

acetylation was significantly increased following hyperglycaemic treatment 

compared to control (p<0.0019) and osteogenic conditions (p<0.0010), with SIRT1 

activation significantly reducing acetylation in hyperglycaemic conditions 

(p<0.0012). Finally, NBS1 promotor acetylation was significantly increased following 

hyperglycaemic treatment in untreated conditions compared to control (p<0.0002) 

and reduced following SIRT1 activation within the same condition (p<0.0002).  
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Fig. 5.11. SIRT1 activation reduces promotor acetylation of MRN complex. 
Following 4 days of treatment in three conditions; control (Ctrl), CaCl2 and BGP 

osteogenic (Ost) and osteogenic with high glucose (HG), in the effect of SIRT1 

activator SRT1720 was investigated, with 0.1% DMSO used within untreated 

controls. Chromatin immunoprecipitation was performed with an anti-acetyl-lysine 

antibody to assess the acetylation profile of the ATM and MRN complex.  a) ATM 

promotor acetylation was increased during hyperglycaemic treatment and was 

significantly reduced following treatment with 0.5 μM SRT1720 (n=3). b) MRE11 

promotor acetylation was decreased in hyperglycaemic conditions and further 

reduced with the activation of SIRT1, however this was not significant (n=3). c) 

RAD50 promotor acetylation was significantly decreased when cells were cultured 

in a hyperglycaemic environment with 0.5 μM SRT1720 when compared to 

untreated hyperglycaemic conditions (n=3). d) Acetylation of the NBS1 promotor 

was significantly increased in hyperglycaemic conditions compared to control and 

decreased when cells were cultured in a hyperglycaemic environment with 0.5 μM 

SRT1720 (n=3). (Two-way ANOVA, Tukey Post-Hoc test conducted a-d). *P<0.05, 

**P<0.005, ***P<0.001. Mean ±SEM.    



 205 

Following assessment of the promotor acetylation, the impact of SIRT1 activation 

under DNA damage inducing conditions on protein expression was examined. Total 

ATM expression was increased in untreated hyperglycaemic compared to control 

(p<0.0038) concurrently upregulated with 𝛾H2AX protein expression, which was 

also increased in a hyperglycaemic environment (Fig. 5.4b). Of note, H2O2 

increased the baseline expression of ATM, with a significant reduction identified 

within the hyperglycaemic treatment compared to untreated hyperglycaemic 

conditions following H2O2 damage (p<0.0021). Furthermore, ATM expression was 

found to be significantly upregulated with SIRT1 activation after H2O2 damage, with 

a significant increase observed in both osteogenic (p<0.0001) and hyperglycaemic 

(p<0.0001) conditions compared to H2O2 damage alone, with a 50% increase found 

when comparing control and osteogenic H2O2 SRT1720 treated cells (p<0.0030) 

(Fig. 5.12a).  

 

Activation of the MRN complex was next examined. No significant change in 

phosphorylation of MRE11 was found between all three untreated and H2O2 

damaged cells. However, when SIRT1 was activated within a H2O2 DNA damage 

inducing environment, MRE11 phosphorylation significantly increased in 

hyperglycaemic conditions between untreated (p<0.0001) and H2O2 damage alone 

(p<0.0001). Additionally, a significant increase was found under hyperglycaemic 

conditions compared to osteogenic under SRT1720 H2O2 conditions (p<0.0303) 

(Fig. 5.12b). Next, RAD50 protein expression was examined. RAD50 expression 

under hyperglycaemic conditions was significantly increased compared to untreated 

cells (p<0.0146), however a 4-fold increase was observed when pre-treated with 

SRT1720, which was a significant increase when compared to hyperglycaemic 

untreated (p<0.0001) and H2O2 hyperglycaemic conditions (p<0.0001). Moreover, 

under control conditions, RAD50 expression increased 3-fold with SIRT1 activation 

when compared to H2O2 alone (p<0.0001). Finally, no change was found in NBS1 

phosphorylation following H2O2 treatment, irrespective of condition. However, a 

significant increase was observed in both osteogenic (p<0.0001) and 

hyperglycaemic (p<0.0015) conditions following SIRT1 activation under H2O2 

conditions, compared to H2O2 alone. Likewise, a 5-fold increase was observed in 

hyperglycaemic H2O2 SRT1720 treated cells compared to untreated (p<0.0002) 

(Fig. 5.12d).
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Fig. 5.12. SIRT1 activation reduces MRN complex activation. Following 4 days 

of treatment in previously noted conditions, protein expression of ATM and the MRN 

complex was assessed. Cells were either supplemented with 0.5 μM SRT1720 or 

0.1% DMSO to equivalate toxicity and cultured in three conditions; control (Ctrl), 

CaCl2 and BGP osteogenic (Ost) and osteogenic with high glucose (HG). a) ATM 

protein expression was increased under hyperglycaemic conditions compared to 

controls and decreased following DNA damage. ATM expression was further 

increased with the treatment of 0.5 μM SRT1720 under DNA damage conditions 

(n=3). b) MRE11 protein phosphorylation was increased following treatment with 

0.5 μM SRT1720 (n=3). c) RAD50 protein expression was significantly increased 

following H2O2 treatment, and further upregulated in all three conditions with SIRT1 

activation (n=3). d) Phosphorylation of NBS1 was significantly increased following 

SIRT1 activation (n=3). (Two-way ANOVA conducted, Tukey Post-Hoc test a-d) 

*P<0.05, **P<0.005, ***P<0.001. Mean ±SEM.   
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5.4. Discussion  
 

SIRT1 has been previously identified as a longevity gene and was found to be 

downregulated within diabetic patients (Chapter 4) (87, 495). Upregulation of SIRT1 

has been shown to slow a range of degenerative diseases via regulation of energy 

balance and protection against cellular senescence and apoptosis (496, 497). 

Vascular calcification, a highly prevalent pathology, is associated with major 

cardiovascular events, in which vSMCs play an integral role in mediating the 

development of calcification via osteogenic differentiation and the development of 

vesicles that deposit calcium-phosphate hydroxyapatite crystals along the matrix. 

Whilst previous studies have focused on the development of DNA damage within 

atherosclerotic plaques (159, 497, 498), this is the first in-vitro study to demonstrate 

that DNA damage-activated osteogenic differentiation in vSMCs may be 

perpetuated via a loss of SIRT1. Furthermore, suggesting that restoring SIRT1 

levels may further activate the MRN DNA repair complex and return cells to their 

normal quiescent state, instead of undergoing senescence and apoptosis.  

 

5.4.1. DNA damage is prevalent within the diabetic patient 
This study clearly demonstrates an increased presence of DNA damage markers 

such as 𝛾H2AX and the MRN complex within calcified popliteal vessels from diabetic 

patients when compared to a non-calcified IMA, alongside a lack of SIRT1 staining, 

which correlates with previously published data demonstrating a reduction of SIRT1 

within diabetic serum (87). Additionally, senescence markers Sudan Black, p21 and 

the TUNEL assay suggest the development of calcification correlates with increased 

DNA damage in areas which lack SIRT1; however, the precise mechanism 

underlying the relationship between reduced SIRT1 activity in calcification is not 

known. Furthermore, vSMCs harvested from calcified vessels were assessed for 

DNA damage and SIRT1 expression. SIRT1 expression was reduced in diabetic 

vSMCs compared to healthy controls, with a significant upregulation of p53, p21 and 

a decrease in telomere length, suggesting that an integral part of the diabetic vSMCs 

phenotype is the development of a senescent state and an increase in DNA 

damage, in agreement with previous findings (129, 341). Interestingly, ATM 

expression was upregulated in diabetic vSMCs compared to non-diabetic vSMCs, 

suggesting that whilst the DNA repair response is activated within these diabetic 
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cells, the response mechanism may be inhibited further down the pathway than ATM 

and that whilst this part of the repair mechanism is upregulated, it is unable to 

prevent a senescent phenotype from developing.   

 

To further investigate the mechanistic pathways involved, a human coronary artery 

smooth muscle cell model was used; where vSMCs were grown in osteogenic 

conditions in the presence or absence of hyperglycaemic, also in the presence of 

absence of H2O2 to induce DNA damage and the SIRT1 activator; SRT1720 and 

inhibitor; Sirtinol. Hyperglycaemic conditions were found to increase the rate of DNA 

damage in vSMCs within culture, with both 𝛾H2AX and p21 foci numbers 

significantly increasing in hyperglycaemic conditions compared to control, alongside 

the increase in both tail percentage and tail length of comets following 4 days of 

hyperglycaemic treatment. Whilst vSMCs within normal vessels are characterised 

as having low levels of osteogenic marker expression, this study demonstrated that 

an increase in osteogenic markers Runx2 and OCN occurred following DNA 

damage; with hyperglycaemic conditions exacerbating their expression. 

Additionally, ALP activity and Alizarin red staining was also increased within H2O2 

damaged cells. Although SIRT1 has multiple functions, this is the first study to 

directly link the increase in SIRT1 activity to a reduction in DNA damage induced 

calcification and osteogenic differentiation of vSMCs.  

 

5.4.2. An increase in cellular SIRT1 levels following DNA damage increases 

DNA repair 
Following DNA damage, SIRT1 expression was increased within H2O2 damaged 

cells, and upon further investigation via cell fractionation, SIRT1 levels were found 

to be significantly reduced within the nucleus following DNA damage, with SIRT1 

translocating to the cytoplasm. Whilst previous work has been conducted on SIRT1 

as a nuclear shuttling partner for a variety of transcription factors (499, 500), there 

is little knowledge surrounding whether SIRT1 originates within the cytoplasm or the 

nucleus. These data demonstrate the possible translocation of SIRT1 from the 

nucleus to the cytoplasm following treatment with hyperglycaemic, DNA damaging 

conditions. However, further investigation through techniques such as time lapse 

photography could confirm that shuttling occurs, rather than a degradation of SIRT1 

in one subcellular location and an increase within the other. Previous studies have 
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suggested that phosphorylation of SIRT1 at Ser-164 (501) may inhibit the nuclear 

translocation of SIRT1, allowing its retention in the cytoplasm and overall reduction 

in activity, and this may offer an explanation as to the lack of improvement observed 

in the DNA damage response, even though SIRT1 activity is increased during H2O2  

induced damage.  

 

To further evaluate the role of SIRT1 in H2O2 induced DNA damage, SIRT1 was 

inhibited via Sirtinol and activated via SRT1720. The presence of 𝛾H2AX was 

confirmed via quantification of foci accumulation in the nucleus. Inhibition of SIRT1 

demonstrated an increase in foci, which exponentially increased during a 3h 

recovery time. Conversely, 𝛾H2AX staining for cells treated with SRT1720 peaked 

at 1h following H2O2 treatment, with a reduction in 𝛾H2AX staining detected at three 

hours. Previous studies have suggested a mechanism in which SIRT1 physically 

interacts with acetyl-transferase Tip60, inhibiting the acetylation of 𝛾H2AX and thus 

reducing the cellular response, something these data corroborates (502-504). 

Furthermore, SIRT1 knockout cells have demonstrated increased sensitivity to 

radiation induced DNA damage and are more likely to undergo cell death than wild-

type cells (505), again suggesting that there is a role for deacetylation within this 

pathway, and it may be required in order for cells not to develop a senescent or 

apoptotic phenotype.   

 

5.4.3. DNA repair through the MRN complex is not fully activated in a reduced 

SIRT1 environment 
DNA damage was also assessed via the comet assay, with SIRT1 activation 

significantly reducing comet length after 3 hours, suggesting activation of a repair 

pathway, with SIRT1 inhibition having converse effects. Further examination of the 

DNA repair pathways demonstrated phosphorylation of both NBS1 and MRE11 

within SIRT1 activated cells, which may account for the repair observed in DNA 

damaged cells following SIRT1 activation. Previous studies have suggested that 

following DNA damage, NBS1 and SIRT1 are both recruited to the chromatin, and 

associated with one another, causing deacetylation of NBS1, a prerequisite to its 

activation (491). These findings are corroborated by this study, with SIRT1 

activation found to reduce acetylation around the H3K27ac mark within the 

transcription start site, suggesting that an increase in deacetylation promotes 
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production of the NBS1 protein, allowing for an active MRN repair complex to be 

produced. In addition, within hyperglycaemic conditions, acetylation of the NBS1 

promotor is significantly increased, with no change in production or  phosphorylation 

of the NBS1 protein, suggesting that whilst hyperglycaemic conditions are sufficient 

to induce DNA damage, they do not activate the DNA repair complex; MRN, possibly 

due to the reduction of SIRT1 within the cells. These data further suggest that SIRT1 

activation is required for the phosphorylation of MRE11 following DNA damage via 

the ATM kinase, which is simultaneously upregulated alongside SIRT1 activation. 

Previous studies have demonstrated that phosphorylation of MRE11 via ATM at 

s676 and s678 is important in the response to DNA DSBs and is dependent on the 

activation and presence of NBS1 (506). This is consistent with the data presented 

here, suggesting that both MRE11 and NBS1 must be phosphorylated in order for 

repair to occur. Interestingly, RAD50 expression significantly increased following 

DNA damage within hyperglycaemic conditions, however no increase in DNA repair 

was observed via the comet assay. This is in line with previous studies that found 

that the phosphorylation of both MRE11 and NBS1 may be more critical to MRN 

activation than RAD50 production (507).  
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5.5 Limitations 
Whilst this study clearly demonstrates the role of SIRT1 in the protection of diabetic 

conditions induced DNA damage, it is not without its limitations. Firstly, the use of 

an immediate and severe damaging agent; H2O2, instead of a longer term, slower 

and more persistent DNA damage intervention (such as sustained hyperglycaemia 

for weeks, or months), means this model is not a true representation of the DNA 

damage caused by diabetes. DNA damage and the subsequent vascular 

calcification develops over a course of 20-40 years in most cases, and whilst this 

model allows the researcher the ability to look at expression and mechanisms 

throughout the entire process, it does not mimic diabetic damage exactly.  

  

5.6. Conclusion 

 
In summary these data suggest a model in which DNA repair through the MRN 

complex is not fully activated by a diabetic environment, possibly due to reduction 

of SIRT1 within the patient. Reduction of SIRT1 may lead to increased acetylation 

of NBS1, blocking its phosphorylation sites, thereby inhibiting further activation of 

ATM and the formation of the MRN complex, and ultimately DNA repair (508) (Fig. 

5.13). This work builds on previous studies suggesting that a reduction of SIRT1 

may be responsible for inducing a pro-apoptotic, pro-calcification environment in 

which DNA repair though p53 is inhibited (343, 509, 510). Furthering the hypothesis 

by demonstrating that an increase in SIRT1 expression promotes MRN activation 

resulting in increased DNA repair and cell survival. Most importantly this work 

highlights the growing interest and importance in the role of DNA damage in 

vascular calcification, a pathology for which there is no current treatment, thus 

demonstrating the need for the development of treatments for targeted DNA 

damage. 
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Fig. 5.13. Suggested mechanism for the role of SIRT1 in DNA damage induced 
calcification. SIRT1 activation during DNA damage increases phosphorylation of 

the MRN complex, leading to p53 acetylation and its subsequent ubiquitination, 

resulting in DNA repair and increased cell survival. Within a low SIRT1 diabetic 

environment DNA damage induces acetylation of the MRN complex and reduces 

phosphorylation. Acetylation induces p53 activation resulting in increased 

senescence and apoptosis, ultimately resulting in calcification. 
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6. Conclusions and Future Works  

 
6.1. General Discussion 
Vascular calcification is a leading pathology in aged and diabetic vessels, with the 

severity of the disease correlating with enlarging deposits of calcium and phosphate 

hydroxyapatite crystals in major arteries, resulting in increased morbidity and 

mortality (478, 511, 512). Clinically, vascular calcification is now accepted as a 

reliable predictor of coronary heart disease and achieving any level of control over 

this process requires a greater understanding of the mechanisms involved, bridging 

multiple feedback loops and crosstalk between different organ systems. Whilst 

previously considered a passive and degenerative pathology, calcification is now 

recognised as a pathobiological process sharing many features with bone formation, 

and it is these mechanistic pathways that this thesis sought to investigate. 

Throughout this body of work an in-vitro model of vascular calcification has been 

utilised to investigate the mechanisms in which high glucose and osteogenic 

medium may promote vascular calcification and has demonstrated the role of SIRT1 

within these signalling pathways and the clinical relevance of SIRT1 to this 

pathology (Fig. 6.1) 
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Figure 6.1. Suggested mechanism of diabetic induced vascular calcification. 
Diabetic hyperglycemia increases ROS production, decreasing nitric oxide 

production. This loss of nitric oxide activates quiescent cells to increase cellular 

migration and proliferation, whilst becoming susceptible to increased DNA damage 

and the development of a senescence associated phenotype (SASP). This induces 

an inflammatory environment with an increase in focal adhesion production, further 

increasing intima thickening and leading to the development of the osteogenic 

phenotype within vSMCs, ultimately resulting in the development of vascular 

calcification. LH section; Processes involved in calcification development. RH 

section; molecular mediators – boxes without arrows suggests an increase. ROS; 

reactive oxygen species, SASP; senescence associated secretory phenotype, NO2; 

nitric oxide, MRN complex; MRE11 RAD50 NBS1, Vinc; Vinculin, Pax; Paxillin, FAK; 

Focal Adhesion Kinase, MMPs; Matrix Metalloproteinases.  
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This study has sought to determine the role of SIRT1 within the vascular calcification 

process and has achieved that through key findings. Firstly, this is the first study 

linking the reduction of SIRT1 signalling in a human diabetic vascular environment, 

in concordance with previous studies suggesting a loss of SIRT1 plays a crucial role 

in high glucose induced senescence in endothelial cells (495) and atherosclerotic 

calcification models in both mice and rats (249, 341). SIRT1 expression localised to 

the vascular smooth muscle layer of the vessels in calcified tissue is diminished in 

areas with positive Alizarin red and Von Kossa staining, suggesting an inverse 

correlation between the two. Additionally, activation of the DNA damage repair 

complex; MRN, was increased within the smooth muscle layer of the vessel, 

however DNA damage was still observed. Thus, suggesting that whilst the DNA 

damage repair mechanism may be activated in response to the damage observed, 

the repair mechanism is not fully switched on and may be an ill-fated attempt to 

repair damage.  

 

DNA damage has been widely reported as a possible trigger for the increase of 

calcification in atherosclerotic models (158, 159, 513), and is something these data 

agree with, demonstrating a significant increase in Runx2 and ALP activity following 

H2O2 induced damage when compared to the untreated model of hyperglycaemia. 

Furthermore, this study confirms reports suggesting that DNA damage reduces 

ATM activation (479), therefore blunting phosphorylation of the DNA repair 

mechanism, the MRN complex. Moreover, this body of work and others demonstrate 

increased SIRT1 activation increases ATM expression (492, 514) therefore 

activating downstream DNA damage repair pathways. This suggests a possible 

mechanism in which a hyperglycaemic, hyperphosphatemic environment induces 

DNA damage and where the repair process is inhibited due to a decrease in ATM 

activation, leading to cellular senescence and finally the development of vascular 

calcification. This study confirms that DNA damage significantly increases the rate 

and severity of hyperglycaemic calcification, with an increase in 𝛾H2AX foci 

correlating with the increase in Runx2 expression. In addition, this induction of DNA 

damage may induce a senescence associated secretory phenotype, demonstrated 

via an increase of p53, p21 and p16 expression as well as β-galactosidase staining, 

which has been shown here and elsewhere (129, 515) to increase the development 

of calcification.  
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Inhibition of both DNA damage and senescence through SIRT1 activation 

demonstrates a reduction in calcification suggesting a crucial role for SIRT1 in these 

pathways, through epigenetic gene regulation, observed within this study at histone 

3 lysine 27. The dynamics of H3K27 acetylation within DNA regulatorily regions play 

a fundamental role in the precise timing and level of gene transcription (516), 

marking both active promotors and distal enhancers. Aberrant H3K27ac marks have 

a suggested involvement in a range of disease pathologies (517, 518), including 

vascular disease (519). Here, the increase in H3K27ac marks around the promotor 

regions of p53, RAD50, NBS1 and Runx2 were found to correlate with an increase 

in senescence, calcification and the inability to repair DNA breaks effectively. SIRT1 

activation however, significantly reduced acetylation of all the aforementioned 

promotor regions, thus suggesting that SIRT1 may be a key regulator within this 

process, however much greater in depth analysis of the acetylation patterns of these 

promotor regions must be undertaken in order to further confirm this.  

Furthermore, this study demonstrates the inherent phenotypic differences between 

diabetic and healthy vSMCs and suggests a possible mechanism behind the 

invasive process observed in intimal hyperplasia prior to calcification (520). 

Hypermotility and hyperproliferation within diabetic vSMCs (521, 522) and their 

progenitors (523, 524) are responsible for the development of restenosis following 

angioplasty and are critical in the pathological processes of vascular diseases such 

as atherosclerosis and coronary heart disease. Therefore, a reduction in their 

proliferation and migration towards inflammatory markers and growth factors may 

produce a feedback loop to regulate vSMC proliferation and vascular neointimal 

hyperplasia (525).  

 

Moreover, this work suggests that the inherent loss of organisation within the vSMC 

structure may occur as a result of a lack of SIRT1 within the diabetic patient; which 

leads to the disorganisation and overlapping of cells within the vessel. This in turn 

may lead to microvascular leakage (526, 527) and the possibility of leukocyte 

infiltration into the intimal layer of the vessel (528), further inducing an inflammatory 

environment in which a calcified plaque could form. Moreover, with the activation of 

SIRT1 eliciting an increase in organisation of the cytoskeleton and a reduction of 

ERK activation; the latter of which has been noted to increase an invasive 
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phenotype in other cell types (122, 333, 429, 438), this study suggests that 

reactivation of both ERK and AKT within a diabetic vSMC may be responsible for 

the development of this migratory phenotype. This may suggest a dedifferentiation 

of the cells to an immature phenotype coupled with a reduction of contractility which 

collaborates with the reduction of αSMA observed when compared to healthy 

vSMCs cultured in the same environment. Interestingly, phosphorylated ERK has 

been shown to degrade p21 and increase cell cycle progression even after DNA 

damage (421, 529), allowing proliferation and migration to continue, perpetuating 

the pathology. With an increase in DNA damage found in the diabetic vSMCs as 

well as an increase in cellular proliferation and adhesion, a DNA damage 

mechanism in which vSMCs increase their focal adhesion production to further 

migrate and proliferate within the vessel before senescing and calcifying is 

supported by this body of work as a whole.   
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6.2. Future Work 

 
Whilst both the in-vitro and ex-vivo data within this study has convincingly shown 

that SIRT1 plays a critical role in inhibiting osteogenic differentiation within vSMCs, 

it remains clear that there are many key questions still to be answered.  

 

Firstly, whilst these data demonstrate the concurrent decrease in SIRT1 within both 

patient vSMCs and serum, it remains to be elucidated how SIRT1 is shuttled 

between the two, or by which precise signalling mechanism SIRT1 is downregulated 

within a diabetic patient. One such possible way in which to determine this is to 

observe the expression levels of SIRT1 within the extracellular vesicles either within 

the blood, or that are released from the vSMCs. Recent studies employing new high-

resolution microscopy technologies have shown extracellular vesicles from cardiac 

tissues closely resemble matrix vesicles released from bone, however they are 

phenotypically distinct (530). It would therefore be of use to determine the contents 

of these vesicles to investigate not only whether SIRT1 transcripts are present and 

up or downregulated in a diabetic patient, but also to see if osteogenic-inducing 

transcripts were also being transferred in this manner, and thus contributing to the 

increase in calcification. Interestingly, an emerging role for extracellular vesicles and 

the micro RNAs within them, as an inducer of the senescence associated secretory 

phenotype has been reported in lung disease (531) and since this is the suggested 

mechanism for the development of vSMC calcification through the Runx2 pathway 

(87), it would be interesting to examine whether this was the case within this model. 

To this end, isolated extracellular vesicles would ideally undergo RNA sequencing 

to unbiasedly determine the expression of RNA transcripts, before confirming the 

expression change with qPCR.  

 

With increasing amounts of research highlighting the distinct subpopulations and 

overall heterogeneity within vSMCs (117), it is clear that what was once considered 

a population of ‘vascular smooth muscle cells’ is now a heterogenous population 

composed of cells with distinct proteomic and transcriptional signatures from each 

other and that investigations into their disease pathology should be conducted as 

such (117). Therefore, further experiments on vSMCs harvested from the diabetic 

patient cohort should have their RNA sequenced individually; scRNA-seq, in order 
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to isolate unique markers of the vSMCs that calcify and those that do not. These 

markers should be then assessed via qPCR to confirm the results of the scRNA-

seq. With this approach, future patient samples within the laboratory could then 

undergo fluorescence-activated cell sorting and cells from all distinct subpopulations 

should be separated out and cultured separately, with the theory that one or more 

of the subpopulations might contain a pro-calcifying phenotype whilst others may be 

anti-osteogenic. This pro-calcification marker could then be treated as a biomarker 

and used downstream to stratify a patients likelihood of developing calcification. 

Additionally, the use of exciting new technologies such as SCoPE-MS (532); single 

cell proteomics by mass spectrometry, could be used to confirm the upregulated 

transcript identified by scRNA-seq was increased at protein level. With western 

blotting tremendously variable at best, techniques such as SCoPE-MS would not 

only increase the ability to identify and quantify thousands of proteins in a single 

experiment but would use significantly less of the patient sample to do so, leaving 

more sample to run further conformational analysis at a later date.  

 

With the process of smooth muscle mineralisation resulting in the calcification of the 

ECM deposited by vSMCs, future studies looking at the matrix deposited by the 

vSMCs might offer valuable insights into the process of calcification. With this study 

and others (333) demonstrating the inherent differences in migratory and adhesive 

properties of cells from a diabetic origin compared to healthy controls, their ability to 

degrade or produce a matrix should be assessed to determine if this contributes to 

osteogenic differentiation of vSMCs. With the reduction of basement membrane 

proteins known to promote phenotypic modulation of vSMCs (115, 533, 534), levels 

of matrix degrading proteases such as MMPs should be assessed, in order to 

determine whether they contribute to the development of calcification. Since SIRT1 

is known to be a negative regulator of MMP9 in diabetic retinal cells (535) and 

MMP13 in osteoblasts (536) it could be hypothesised that the activation of SIRT1 

observed within these data to inhibit vSMC osteogenic differentiation could also play 

an inhibitory role in matrix remodelling and hydroxyapatite crystal deposition. 

Furthermore, the mitochondrial capacity of diabetic vSMCs should be examined via 

seahorse stress tests, in order to determine if increased DNA damage and the 

development of smooth muscle calcification correlates with mitochondrial 

dysfunction (373). With previous studies demonstrating the loss of mitochondrial 
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respiration in atherosclerosis promoting a necrotic core (195, 328), it would be of 

interest to link the speed of osteogenic differentiation with mitochondrial function to 

determine its role in the development of vascular calcification.  

 

Furthermore, from a more clinical perspective it may be useful to determine the 

NAD+ levels within the blood of the diabetic and healthy patients, in order to confirm 

if SIRT1 activity is further decreased due to a lack of available NAD+ in a 

hyperglycaemic environment to catalyse deacetylase reactions. With NAD+ utilised 

in a variety of inflammatory and metabolic pathways, many simple assays have 

been developed to determine its level. Liquid chromatography with tandem mass 

spectrometry has been well described to measure NAD+ within both blood and cells 

to a good chromatographic resolution of at least 17 metabolites using an amino 

phase column with polar selectivity (537). In addition, within the in vitro tissue culture 

model used, a simple NADPH assay could be utilised and the levels of NADPH 

measured via a spectrophotometer (538, 539), thus giving the opportunity to 

compare both NADPH/NAD+ levels within the patients’ blood and cells. As the 

balance between NADH and NAD+ is severely perturbed within a diabetic patient, 

the correlation between NAD+, SIRT1 levels and severity of calcification may 

provide useful insight into whether restoration of this imbalance may increase the 

effectiveness of SIRT1, or whether it is independently decreased compared to 

SIRT1.   
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6.3. Conclusion 

 
In conclusion, this thesis has examined the role of SIRT1 throughout different 

phases of the vascular calcification process pertaining to vascular smooth muscle 

cells. Significantly, these data demonstrate the inherent differences between 

diabetic and healthy smooth muscle cells, with a reduction of SIRT1 identified in 

diabetic patients. Furthermore, these data suggest that the lack of SIRT1 inhibits 

complete DNA repair, leading to the dysregulation and dedifferentiation of smooth 

muscle cells into an osteogenic phenotype, in which they gain migratory properties 

before developing a senescence associated secretory phenotype and mineralising, 

causing pathological calcification and leading to the need for clinical intervention.  
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7. Appendix 
Name Company Catalogue 

number 
Raised 
in 

Working 
concentration 

Target 
size 

SIRT1 AbCam Ab12193 Rabbit 1:5000 80 kDa 
𝜶-Tubulin  AbCam Ab7291 Mouse 1:1000 50 kDa 
Runx2 R&D  AF2006 Goat 1:500 57 kDa 
Osteocalcin R&D MAB1419 Mouse 1:500   
𝜶-SMA AbCam Ab5694 Rabbit 1:1000   
Osteopontin R&D Ab214050 Rabbit 1:2000   
Vinculin CST 13901 Rabbit 1:5000   
Phalloidin Fluka  77418 

 
1:5000   

Paxillin BD  610051 Mouse 1:5000 68 kDa 
Phospho-Focal 
Adhesion Kinase 
(Tyr925) 

CST 3284 Rabbit 1:1000 125 kDa 

Focal Adhesion Kinase CST 3285 Rabbit 1:1000 125 kDa 
Phospho-Mitogen-
Activated Protein 
Kinase Kinase 
(S218/S222) (S222/226) 

R&D MAB8407 Rabbit 1:250 50 kDa 

Mitogen-Activated 
Protein Kinase Kinase 

R&D AF2079 Goat 1:250 50 kDa 

Phospho-Extracellular-
Signal Regulated 
Kinase ½ (T202/Y204) 
(T185/Y187) 

R&D MAB1018 Rabbit 1:250 130 kDa 

Extracellular-Signal 
Regulated Kinase 1/2 

R&D MAB1578 Mouse 1:250 130 kDa 

Phospho-Protein 
Kinase B (S473) 

R&D AF887 Rabbit 1:250 60 kDa 

Protein Kinase B R&D MAB2055 Mouse 1:250 60 kDa 
p21 AbCam Ab109119 Rabbit 1:1000   
γ-H.2AX (S139) AbCam Ab11174 Rabbit 1:1000 14 kDa 
ATM AbCam Ab78 Mouse 1:1000 350kDa 
Phospho-Mre11 (S676) CST 4859 Rabbit 1:1000 81 kDa 
Mre11 CST 4847 Rabbit 1:1000 81 kDa 
Phospho-Nbs1 (S343) CST 3001 Rabbit 1:1000 95 kDa 
Nbs1 CST 14956 Rabbit 1:1000 95 kDa 
Rad50 CST 3427 Rabbit 1:1000 153 kDa 
Histone H3 CST 4620 Rabbit 1:1000 17 kDa 
Acetylated Lysine AbCam Ab21623 Rabbit 1:500   
IgG AbCam Ab238531 Rabbit 1:2000 150 kDa 

Goat anti-Mouse HRP Dako P0447 Goat 1:1000 
 

Goat anti-Rabbit HRP Dako P0448 Goat 1:1000 
 

Rabbit anti-Goat HRP Dako P0449 Rabbit 1:1000 
 

Table. 7.1. Antibodies used throughout thesis. Antibodies were diluted to 

appropriate concentrations in blocking solution before used.   



 224 

Primer name Company Accession 
number 

Sequence Product 
size 

SIRT1 Invitrogen NM_001142
498.1 

CTGGACAATTCCAGCCATCT 
GGGTGGCAACTCTGACAAAT 

63 bp 

Runx2 Invitrogen NM_001024
630.3 

CCCCACGACAACCCACCAT 
CACTCCGGCCCACAAATCTC 

289 bp 

GAPDH Invitrogen NM_001256
799.2 

CCACCCATGGCAAATTCCATG 
TCTAGACGGCAGGTCAGGTCC
ACC 

26 bp 

B-Actin Invitrogen NM_001101
.4 

AGAGCTACGAGCTGCCTGAC 
AGCACTGTGTTGGCGTACAG 

184 bp 

Osteocalcin Invitrogen NM_199173
.5 

CATGAGAGCCCTCACAAGAGC
GACACCCTAGAC 

315 bp 

Osteopontin Invitrogen NM_000582
.2 

CAGCTTTACAACAAATACCCAG
AT 
TTACTTGGAAGGGTCTGTGGG 

98 bp 

Osteoproteg
erin 

Invitrogen NM_002546
.3 

GTTAACCCTGGAGCTTTCTGC 
ATCGCCTGCCTTTGATCAGT 

114 bp 

Msx2 Invitrogen NM_002449
.4 

TTACCACATCCCAGCTCCTC 
 CCTGGGTCTCTGTGAGGTTC 

111 bp 

p16 Invitrogen NM_214646
.1 

CGTGGACCTGGCTGAGGAGC 
ACGAAAGCGGGGTGGGTTGT 

234 

p21 Invitrogen NM_000389
.4 
  

CTCAGGGTCGAAAACGGCGG 
GTGGGCGGATTAGGGCTTCCT 

95 bp 

p53 Invitrogen NM_000546
.5 
  

TAGCGATGGTCTGGCCCCTCC  
GATGGGCCTCCGGTTCATGC 

202 bp 

Col3a1 Invitrogen NM_000090
.3 
  

ATGCACGTCTACATTAAGGAAC
TC 
TGCCCTCAGTGTCCAGTATG 

204 bp 

Col6a1 Invitrogen NM_001848
.2 

TCACTCCTCTCCCTGTGGTTAT 
GGTTGACCTCGGTGGATGTG 

321 bp 

TelO Invitrogen   CGGTTTGTTTGGGTTTGGGTTT
GGGTTTGGGTTTGGGTT  
GGCTTGCCTTACCCTTACCCTT
ACCCTTACCCTTACCCT 

60 bp 

 

Table. 7.2. DNA oligonucleotide primers used for quantitative real-time PCR. 
Primers were obtained from Invitrogen in lyophilized form and reconstituted to 100 

µM with sterile distilled water and frozen at -20°C until further use. Working solutions 

were made fresh by diluting primer stocks 1:10 in fresh sterile distilled water.  
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Chip primer 
name 

Company Sequence Product size 

RAD50 Invitrogen CTTAGGAGCAGAAGCGTCCC 
TCCTAAGGTCGCTGTAGCCT 

49 bp 

p53 Invitrogen CCTGCGTCTGGAACTGGAAT 
AGAGTGCAATGATGGGTCGTT 

96 bp 

NBS1 Invitrogen TGGCGCTCTCCATACTCTCT 
GTGAAGGGTCTTGTCCTCGG 

98 bp 

MRE11 Invitrogen GTCTGCGGAGGAACACCTTT 
GATGTGGTGGGGGTTGTCTC 

97 bp 

ATM Invitrogen TCTCAGCAACAGTGGTTAGGT 
CAGACAGAGTGCTTTCTTTGGTG 

93 bp 

Runx2 Invitrogen AGGAGTAAGCGATACGGACG 
GGAAGTAGCTCGCTCGGG 

98 bp 

 

Table. 7.3. DNA oligonucleotide primers used for chromatin 

immunoprecipitation quantitative PCR. Primers were obtained from Invitrogen in 

lyophilized form and reconstituted to 100 µM with sterile distilled water and frozen 

at -20°C until further use. Working solutions were made fresh by diluting primer 

stocks 1:10 in fresh sterile distilled water and used immediately.  
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