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Abstract 

 

Senescence is a state of irreversible growth arrest in cells with potentially tumourigenic 

changes such as irreparable DNA damage. However, senescent cells accumulate with 

age, altering tissue structure and function and have been observed in atherosclerotic 

plaques and at sites predisposed to atheroma in man. Recent studies show that long term 

inhibition of the renin-angiotensin system attenuates the effects of ageing in rodent 

cardiovascular tissue. Therefore, this thesis investigated whether angiotensin II 

accelerates senescence of human vascular smooth muscle cells (hVSMC) in vitro and 

whether the mechanism involves reactive oxygen species, DNA damage, telomere 

attrition and cell cycle regulatory proteins. Since mitochondria are integral to theories of 

cellular ageing, the effect of angiotensin II on mitochondrial biogenesis and function 

were studied. 

 

Angiotensin II exposure enhanced superoxide generation via NADPH oxidase in 

hVSMC, although inhibitors identified the mitochondrial respiratory chain as a 

contributing source. Angiotensin II induced DNA stand breaks in the Comet assay and 

accelerated telomere attrition. Senescence associated-β-galactosidase activity was 

induced by angiotensin II after exposure for 30 days, but also after just 24 hours and 

after successive short treatments over three days. These effects were attenuated by an 

angiotensin II type-1 receptor antagonist and antioxidants. Simultaneously, increased 

expression of p21 and p53 were observed. Angiotensin II induced alterations in 

mitochondria. A rapid increase in mtDNA content, gene transcript levels involved in 

initiating mtDNA transcription and replication and ATP levels in hVSMC, suggested 

mitochondrial biogenesis occurs in response to stress. These data suggest that 

angiotensin II induces both accelerated replicative senescence (telomere-dependent) and 

stress-induced premature senescence (telomere-independent) of hVSMC, dependent 

upon the treatment regime used. These findings explain the anti-ageing effects of      

life-long angiotensin II blockade in rodents, and may provide a mechanism for 

accelerated vascular ageing and cardiovascular disease progression in the ageing human 

population.  
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Chapter 1.0: Introduction 

 

1.1 Vascular Ageing 

Age is an important risk factor for cardiovascular diseases (CVD). In the Western 

world, CVD are the leading cause of morbidity and mortality due in part to an ageing 

population. 

 

Age-related changes in blood vessels include increased wall thickness, stiffness 

(arteriosclerosis), blood and pulse pressure and endothelial cell (EC) dysfunction 

(Lakatta and Levy, 2003). These structural and functional changes are accelerated in the 

occurrence of age-associated CVD (Najjar et al., 2005). Cellular senescence has a 

critical role in vascular pathophysiology, as alterations in the functional behaviour of 

senescent vascular cells are consistent with changes identified in vascular diseases, such 

as atherosclerosis (Bennett et al., 1998; Minamino et al., 2002). Vascular ageing can 

therefore be defined as the progressive phenotypic changes that arise within the 

vasculature with advancing age that ultimately lead to deterioration or loss in normal 

vascular function, which may ultimately result in death. 

 

Angiotensin II (Ang II) is a major effector component of the renin-angiotensin system 

(RAS). Hemodynamic stress and sympathetic activity contribute to the increase in Ang 

II with age, which governs the adaptive responses to age-related vascular changes in 

order to maintain function (Najjar et al., 2005). The RAS is also associated with 

increased oxidative stress and inflammation, which are also observed in several CVD. 

Various cardiovascular risk factors may predispose to oxidative stress. The latter is 

often considered a major contributor of vascular ageing (Matthews et al., 2006; 

Minamino et al., 2003). 

 

Many age-associated vascular changes at the cellular and physiological level can be 

considered as risk factors themselves in the development of CVD. The association 

between cellular senescence, vascular ageing and CVD is highly suggestive of a causal 

link between the processes, although a direct link has not been determined as yet. 
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1.2 Cellular Senescence 

 

1.2.1 Characteristics of cellular senescence 

Cellular senescence is an important cell cycle regulatory mechanism that halts normal 

cell division in response to various intrinsic and extrinsic stress signals, which may be 

potentially oncogenic (Campisi, 2001; Itahana et al., 2001). It is also initiated when a 

critical level of damage occurs, restricting further cell division (Campisi, 2001;        

Ben-Porath and Weinberg, 2005).  

 

Senescent cells present a G1 deoxyribonucleic acid (DNA) content and are unable to 

enter the S-phase; they remain viable, metabolically active but unable to divide. Altered 

gene and protein expression compared to that of normal proliferating cells (Neumeister 

et al., 2002) tends to be cell-type specific, and possesses a distinctive altered 

morphology (Goldstein, 1990). In addition to these changes, they generally display 

acquired resistance to cell death (apoptosis) (Wang, 1995).  

 

Common morphological, biochemical and nuclear characteristics have been observed in 

various types of cell undergoing senescence. Many of these are often used as 

biomarkers to identify senescent cells in vitro and in vivo (Burrig, 1991; Dimri et al., 

1995; Minamino et al., 2002; Matthews et al., 2006). Table 1.1 displays these classical 

features of cellular senescence. 

 

Many propose cell senescence to contribute to organismal ageing, where the gradual 

accumulation of senescent cells with age may cause alterations in tissue structure and 

function (Campisi, 2001; Campisi, 2005) initiating the development of age-related 

pathologies, e.g. atherosclerosis, osteoarthritis (Campisi, 2001). For example, senescent 

chondrocytes have been shown to accumulate with age in articular cartilage, increasing 

the risk of osteoarthritis (Martin et al., 2004). 
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Table 1.1 Typical features of cellular senescence 

Senescent features 

Morphological alteration 

↑ cell size 

flattened cells (loss of typical cell shape)  

vacuolisation (↑ vacuole-rich cytoplasm) 

↑ granularity 

↑ polyploidy (multiple copies of entire genome in a cell) 

 

Biochemical change 

↑ perinuclear activity of senescence-associated beta-galactosidase  

(SA-β-gal) (↑ cell lysosomal content)  

overexpression of cell cycle regulatory proteins: p16
INK4a

; p21
CIP1

; p53 

underphosphorylated retinoblastoma protein (Rb) 

↑ reactive oxygen species (ROS) production 

overexpression of oncogenes: e.g. Ras; promyelocytic leukaemia (PML) 

 

Nuclear alteration 

↓ telomeric DNA 

DNA damage (phosphorylated histone γH2AX) 

chromatin condensation 

senescence-associated heterochromatin foci (SAHF) 

These are the major cellular features that occur as a consequence of senescence. 

Several of these characteristics are often used as biomarkers to identify senescent cells 

in vitro. (Reviewed by Neumeister et al., 2002; Ben-Porath and Weinberg, 2005; 

Campisi, 2005; McCrann et al., 2008) 

 

1.2.2 Categories of cellular senescence 

1.2.2.1 Replicative senescence 

In non-transformed cells, the progressive loss in proliferative capacity due to many 

rounds of cell division eventually results in a state of permanent cell growth arrest, 

which is termed „replicative senescence‟ (Ben-Porath and Weinberg, 2005). Hayflick 

and colleagues first described this concept of senescence; they observed a limited 

proliferating lifespan of normal human cells in vitro (Hayflick and Moorhead, 1961). 

The limited number of cell divisions is considered a „biological clock‟, eventually 

triggering cell-signalling pathways to cease cell division. Since this form of senescence 

is due to loss of telomere function, it is also known as „telomere-dependent senescence‟. 
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1.2.2.2 Stress-induced premature senescence (SIPS) 

The long-term exposure to subcytotoxic stresses in proliferating cells leads to the 

premature induction of senescence, which is also termed „stress-induced premature 

senescence‟ (SIPS) (Toussaint et al., 2002) or stress aberrant signalling-inducing 

senescence (STASIS). This rapid stimulation of senescence is elicited by various 

extrinsic stresses such as exposure to agents inducing oxidative stress (H2O2 (de 

Magalhães et al., 2004), t-BHP (Dumont et al., 2001), ethanol (Dumont et al., 2002) 

and ultra violet (UV) radiation (Debacq-Chainiaux et al., 2005)), inadequate nutrients 

for cell growth and cell-cell contact (Ramirez et al., 2001). These effects are 

independent of telomere dysfunction and may also be defined as „telomere-independent 

senescence‟. 

 

Both of the main forms of senescence can be induced by a DNA damage-response and 

activate p53. They exhibit the typical cellular features described in table 1.1 (apart from 

telomere changes). The only apparent difference therefore, is that replicative senescence 

is programmed at a specific time in the lifespan of a cell when telomeres become 

critically short, whereas SIPS is not programmed but results from the response to a 

given acute stress, e.g. when DNA is damaged beyond repair (Suzuki and Boothman, 

2008). 

 

Senescence can be induced in response to a range of cell stress-related stimuli. 

Telomere attrition or dysfunction is an important trigger, as the main function of 

telomeres is believed to be the maintenance of integrity of sub-telomeric DNA encoding 

genes. Other well-characterised initiators are irreparable DNA damage, enhanced 

oxidative stress, oncogene activation, improper growth conditions (Ben-Porath and 

Weinberg, 2005; Campisi, 2005) and epigenetic changes to chromatin structure 

(Neumeister et al., 2002). These main triggers of senescence are discussed below in 

section 1.2.3. 

 

1.2.3 Initiators of senescence 

1.2.3.1 Telomere uncapping and/or dysfunction 

Telomere shortening is regarded as a major trigger of replicative senescence (Itahana et 

al., 2001; Ben-Porath and Weinberg, 2005). Telomeres are termed  „replicometers‟, that 

count numbers of cell divisions due to a gradual shortening of the average length of 
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telomeres (Harley et al., 1990; von Zglinicki, 2001; Neumeister et al., 2002). Telomeres 

are chromosomal protective cap structures, consisting of long „TTAGGG‟ DNA repeat 

sequences (in man) that gradually shorten with each cell division. Human cells senesce 

when telomeres (often expressed as the Terminal Restriction Fragment (TRF) length) 

reach a critical length of 4-7kb, reduced from 15-20kb in the germ line (Harley et al., 

1990). In fact, it is likely that a single critically shortened telomere is sufficient to 

induce growth arrest. It is thought that critically shortened telomeres or an altered 

telomere structure due to lose of telomere-binding proteins, can no longer protect genes 

encoding DNA sequences. This signals the activation of senescence within the cell 

(Masutomi et al., 2003; Stewart et al., 2003). The shortening of telomeres is 

additionally affected by the presence of telomerase, a ribonucleoprotein involved in 

synthesizing telomeric DNA repeats, thereby maintaining telomere length (Harley et al., 

1990). The general tenet is that most somatic cells contain very low levels of telomeres, 

hence the limited potential for proliferation.   

 

Exactly how truncated telomeres signal a cell to undergo senescence is not clear, but 

„telomere uncapping‟ is thought to be one such mechanism (Blackburn, 2001). The end 

of each telomere has an extended guanine-rich 3‟ nucleotide overhang, which is 

intercalated into the double-stranded telomere DNA forming a telomeric „t-loop‟ 

(Stewart et al., 2003), which acts as a protective cap structure. Opening of this loop 

would leave the single-stranded overhang exposed to DNA damage (von Zglinicki, 

2001), thereby triggering senescence. This has been determined in senescent cells where 

loss of single-stranded telomere DNA results in a telomeric overhang (Stewart et al., 

2003). Uncapped telomeres may be identified as a DNA double-strand break (DSB), 

also initiating a DNA damage response. Common DNA damage foci have been detected 

in telomeres of senescent cells, and contain proteins such as γ-H2AX, 53BP1, MDC1 

and NBS1 (d‟Adda di Fagagna et al., 2003; Herbig et al., 2004), which further 

emphasises signalling of the DNA-damage response pathway via telomere attrition.  

 

1.2.3.2 DNA damage 

Exposure to radiation and DNA-damaging agents (e.g. ROS) can cause direct damage to 

DNA and trigger cells to undergo senescence (Wahl and Carr, 2001). Persistent damage 

to DNA can induce SIPS or accelerate telomere erosion (von Zglinicki, 2002; d‟Adda di 

Fagagna et al., 2003) thereby inducing replicative senescence.   
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ROS-induced DNA damage can cause oxidation of histones (DNA protecting proteins), 

DNA base oxidation, single-strand breaks (SSB) and DSB, that can cause cells to 

undergo premature growth arrest (Campisi, 2001). This response of the cell to DNA 

damage is dependent upon the harmful agent and dosage administered, by either 

inducing senescence as a result of minor damage or apoptosis due to significant damage       

(Ben-Porath and Weinberg, 2005). Cell cycle arrest is further determined by the severity 

of DNA damage where it can be transient to allow for DNA repair or permanent as a 

result of irreparable damage (Bertram and Hass, 2008).  

 

Extensive work has shown DNA damage to activate the tumour suppressor protein, p53. 

The initial DNA-damage signals a cascade of protein kinase activity, including of ataxia 

telangiectasia mutated (ATM), ataxia telangiectasia and Rad-3-related (ATR) and 

DNA-activated protein kinase (DNA-PK). Histone H2AX molecules situated close to 

the site of DNA damage are phosphorylated and stimulate p53 (Shiloh, 2003; von 

Zglinicki et al., 2005).  

 

Multiple forms of DNA damage maybe one of the potential causes of the different 

forms of senescence that are instigated by telomere dysfunction and oncogene activation 

(d‟Adda di Fagagna et al., 2003; Di Micco et al., 2006). 

 

1.2.3.3 Oxidative stress 

ROS act as secondary messengers in the cell-signalling senescence pathways. However, 

enhanced ROS can lead to a state of oxidative stress (imbalance between ROS and 

antioxidants in cells and tissues) and participate in senescence by causing damage to 

biomolecules, for example, by oxidizing DNA, lipids and proteins (Chen et al., 1998). 

Substantial ROS-induced damage to genomic DNA accelerates senescence via the 

DNA-damage response pathway (Bertram and Hass, 2008). 

 

ROS are regarded as major mediators of SIPS. For example, sublethal H2O2 and       

tert-butylhydroperoxide (t-BHP) exposures induced premature senescence of human 

fibroblasts (Chen et al., 1998; Dumont et al., 2001). Moreover, when grown under 

ambient oxygen (O2) conditions of ~20%, these cells underwent early senescence 

compared with those grown in just 2 to 3% O2 (Chen et al., 1995). 
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1.2.3.4 Oncogene activation 

Oncogenic activation is an intrinsic stress that can cause rapid cell senescence to 

suppress tumour formation. Overexpression of Ras or Raf oncogenes can trigger healthy 

cells to undergo early senescence (Serrano et al., 1997). Ras/Raf signalling initiates 

senescence through the mitogen-activated protein kinase (MAPK) pathway, which is 

mainly coordinated via p16
INK4a

 induction (Campisi, 2005), but also via p53 (Serrano et 

al., 1997). Activated oncogenes endorse cells to initially undergo uncontrollable 

proliferation. This stress response then triggers cells to enter senescence, to prevent 

tumour transformation (Ferbeyre et al., 2002), as illustrated in figure 1.1.  

p16INK4a p53
P

P

Rb
P

Raf

oncogenic Ras

tumorigenesis

MEK

ERK

premature senescence

p38 MAPK

uncontrolled 
cell proliferation

ROS-induced 
stress signal

p16INK4a p53
P

P

p53
P

P

Rb
P

Rb
P

Raf

oncogenic Ras

tumorigenesis

MEK

ERK

premature senescence

p38 MAPK

uncontrolled 
cell proliferation

ROS-induced 
stress signal

 

Figure 1.1 Oncogenic Ras-induced tumour formation and senescent signalling 

mechanism. Overexpression of various oncogenes including Ras, activate the           

Raf-MEK-ERK-MAPK pathway resulting in tumorigenesis. ROS generated via the 

initial uncontrollable cell proliferation can act as a stress signal and activate p38 MAPK 

and thereby trigger cells to undergo rapid growth arrest, to prevent tumour formation. In 

human cells, Ras predominantly triggers senescence via overexpression of p16
INK4a

 

although this mechanism can also be initiated by p53 expression (Serrano et al., 1997). 

ERK, extracellular signal-regulated kinase; MEK, mitogen-activated extracellular 

signal-regulated kinase. (Adapted from Bringold and Serrano, 2000; Han and Sun, 

2007) 
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Constitutive activation of oncogenes has been shown to induce premature senescence. 

This has been observed with overexpression of Ras in vascular smooth muscle cells 

(VSMC), which then exhibit a senescent phenotype resembling that detected in 

atherosclerosis (Minamino et al., 2003). Oncogenic Raf has also been shown to initiate 

rapid senescence in human lung fibroblasts (Zhu et al., 1998).  

 

1.2.3.5 Inadequate growth conditions  

A deficiency in cell nutrients and growth promoting factors, as well as improper       

cell-cell and cell-matrix contacts are additional extrinsic stresses that can promote 

premature growth arrest of cells in vitro (Ben-Porath and Weinberg, 2005). Early loss of 

cell growth has also been demonstrated when human fibroblasts have been grown in 

media containing 0.25% (
v
/v) serum and when human keratinocytes were not cultured 

on feeder layers (Ramirez et al., 2001), which shows that improper cell contacts leads to 

the rapid onset of senescence. The activation of p16
INK4a

 has strongly been implicated in 

response to these stresses, since the induction of premature senescence is independent of 

telomere attrition (Rheinwald et al., 2002).  

 

1.2.3.6 Multiple stresses 

The various triggers of cellular senescence previously discussed are not exclusively 

independent, as cells can be exposed to more than any one of these stresses 

simultaneously. It has been proposed that numerous stresses exerted in a population of 

cells can induce an accumulative growth arrest (Ben-Porath and Weinberg, 2005). 

Additionally, extrinsic stresses such as oxidative stress, DNA damage and oncogene 

overexpression can affect intrinsic stresses. For example, enhanced ROS can cause 

damage to DNA and accelerate telomere erosion (von Zglinicki et al., 1995), but is also 

thought to be involved in oncogenic Ras mediated senescence (Lee et al., 1999). The 

diversity of stresses that signal a cell to undergo senescence is both varied and complex, 

essentially allowing the mechanism of senescence to be induced in response to altered 

or damaged cell function.  

 

1.2.4 Diverse cell senescence signalling pathways 

The tumour suppressor proteins p53 and pRb play a major role in the senescence 

induction, by mediating cascade signalling pathways. These pathways can be triggered 

independently or interact to promote growth arrest (Campisi, 2001; Ben-Porath and 
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Weinberg, 2005) depending upon the stress signal incurred, as shown in figure 1.2. 

Both replicative senescence and SIPS can be mediated by the core p53 and pRb cell 

signalling pathways to induce growth arrest. 
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Figure 1.2 Human cell signalling senescence pathways in response to the various stress 

signals. Schematic representation shows the overlap in signalling senescence triggered 

by the diverse stimuli. Telomere dysfunction and DNA damage activate ATM/ATR 

kinases and stabilize p53. Oxidative stress and overexpressed oncogenes tend to 

mediate effects through p38 activation and p16
INK4a

 expression (Ben-Porath and 

Weinberg, 2005), although oncogenic Ras can induce p53 in response to elevated ROS 

production (Campisi, 2005). Inadequate cell growth conditions and insufficient cell 

contacts can trigger rapid senescence via p16
INK4a

 (Rheinwald et al., 2002). These 

mechanisms have been mainly determined from human fibroblast studies. (Adapted 

from Ben-Porath and Weinberg, 2005; Han and Sun 2007) 

 

1.2.5 Hayflick mosaic 

In vivo, the proliferative potential of cells/tissues is never entirely lost since the renewal 

of cells by stem cells allows for senescent cells to be replaced by “young” ones. 

Therefore, the „Hayflick mosaic‟ has been described as the small number of cells in the 

tissues of aged people that are likely to be senescent which interfere with the overall 

homeostasis of tissues or organs that may contribute to ageing (Shay and Wright, 2000).  
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1.3 Vascular Cell Senescence, Ageing and CVD 

 

1.3.1 Vascular cell senescence 

Many age-related changes in vascular structure and function are suggested to contribute 

to the increased risk of CVD development in the elderly. Major changes include a 

decrease in blood vessel compliance and increase in inflammation (Najjar et al., 2005). 

Alterations at the cellular level have also been extensively investigated in relation to 

ageing and disease progression. Many typical senescent characteristics are detected in 

aged vascular cells; this coincides with alterations determined in atherosclerosis 

(Minamino et al., 2002; Gorenne et al., 2006; Matthews et al., 2006) which strongly 

suggests that cellular senescence has a major role in vascular pathology.  

 

Dysfunctional, senescent vascular cells are considered to alter the overall tissue or organ 

function (Campisi, 2005) and thereby contribute to the development of many            

age-related CVD, e.g. atherosclerosis, ischemic heart disease and myocardial infarction 

(Minamino et al., 2004; Erusalimsky and Kurz, 2005). The incidence of CVD increases 

with age, as tissue function is thought to decline due to the gradual loss in cell renewal 

capacity and/or repair. 

 

1.3.2 Vascular cell senescence in vitro 

EC and VSMC undergo senescence in vivo and in vitro (Minamino et al., 2004). EC 

have a critical role within the vasculature, maintaining vascular tone. A vast 

accumulation of senescent EC is considered to have an extreme effect on vascular 

integrity, function and homeostasis (Foreman and Tang, 2003). Senescent EC display a 

reduction in nitric oxide (·NO), ·NO synthase activity (Minamino et al., 2002) and 

prostacyclin production that causes impairment of the vasodilatory function of the 

vessel. In addition to these changes, these cells also display upregulation of adhesion 

molecules, proinflammatory cytokines and plasminogen activator inhibitor-1 (PAI-1) 

(Erusalimsky and Kurz, 2005).  
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VSMC have a major structural role within blood vessels and are primarily involved with 

vasoconstriction. Senescent VSMC display decreased elastase production which 

contributes to arterial stiffness; and a diminished response to ·NO and β-adrenoceptor 

stimulation with advancing age (Crass et al., 1992).  

 

1.3.3 Progeroid syndromes 

Progeroid syndromes are characterised by accelerated ageing and shortened lifespan. 

Analysis of these conditions has advanced our understanding of accelerated cell 

senescence and human ageing.  

 

Fibroblasts isolated from people with Werner and Hutchinson-Gilford Syndrome 

displayed premature replicative senescence in vitro, reducing the cumulative cell 

population doubling to 70% compared with fibroblasts from healthy people (Faragher et 

al., 1993; Chang, 2005). Both these progeroid conditions are associated with the early 

development of atherosclerosis. In particular, Werner Syndrome is a result of a genetic 

mutation in the RecQ helicase, which functions to maintain genomic stability (Gray et 

al., 1998). Murine models of the condition have exhibited similar cell ageing 

characteristics to that observed in humans with Werner Syndrome, with rapid telomere 

loss having a major role in the pathology (Chang et al., 2004). Another suggestion is 

that increased DNA mutations and damage may lead to genomic instability and cellular 

abnormalities which trigger the early onset of vascular cell senescence, and maybe the 

underlying causes of accelerated atherosclerosis and premature ageing in these 

conditions (Capell et al., 2007). However, atherosclerosis has not been observed in 

other progeria syndromes that are associated with shortened telomeres, such as Ataxia 

Telangiectasia and Dyskeratosis Congenita (Erusalimsky and Kurz, 2005), suggesting 

not all age-related disorders develop via a telomere-dependent mechanism. 

 

1.3.4 Evidence for the role of vascular cell senescence in CVD 

1.3.4.1 Replicative vascular cell senescence 

A number of EC and VSMC within atherosclerotic lesions exhibit morphological 

features characteristic of cell senescence. Senescent EC found on the surface of 

atherosclerotic plaques appear as large giant-like cells, showing irregularities in 

patterning positions (Burrig, 1991) and also appear flattened (Minamino et al., 2002). 

Similar observations of senescent VSMC in the intima of atherosclerotic lesions and in 
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aortic aneurysms probably result from substantial cell replication (Minamino et al., 

2003; Liao et al., 2000).     

 

SA--gal activity is a commonly used cytochemical biomarker of cellular senescence 

and is shown to correlate with cellular ageing. Cultivated cells approaching growth 

arrest express increased -galactosidase activity at pH 6.0 (Dimri et al., 1995), 

commonly measured as a blue cytochemical staining of the cytoplasm. Vascular cells 

staining positive for SA-β-gal have been detected in atherosclerotic plaques of human 

coronary arteries isolated from ischemic heart disease patients (Minamino et al., 2002) 

and in VSMC derived from plaques compared to those from normal arteries (Gorenne et 

al., 2006). Additionally, other senescent markers have been detected in VSMC derived 

from advanced plaques; these include increased expression of cyclin dependent kinase 

inhibitors (CDKI) p16
INK4a

 and p21, shortened telomeres and extensive oxidative DNA 

damage (Matthews et al., 2006). These are all hallmarks of cell ageing. 

 

Accumulating evidence has shown telomere shortening to result in unprotected 

chromosome ends, thereby playing a prominent role in triggering cell senescence 

(Neumeister et al., 2002; Minamino et al., 2004). Telomere shortening has been 

observed in cultured human EC and VSMC following extensive cell division (Chang 

and Harley, 1995; Minamino et al., 2001). This loss of telomeres has been determined 

in different vascular cell types. It has been correlated with increasing age and 

progressive atherosclerotic grades in abdominal aortas (Okuda et al., 2000). Telomere 

attrition in coronary EC may contribute to dysfunction that could enhance the 

development of coronary artery disease (Ogami et al., 2004).  

 

Moreover, shortening of telomeres in white blood cells (WBC) has been detected in 

numerous conditions that associate with the risk for CVD, such as diabetes, 

hypertension, impaired glucose tolerance, life stress, obesity, and smoking (Jeanclos et 

al., 1998; Benetos et al., 2001; Adaikalakoteswari et al., 2007; Epel et al., 2004; Valdes 

et al., 2005). This further emphasises that loss of telomeres is associated with 

dysfunctional cells, which is a well-known characteristic of cells undergoing replicative 

senescence. 
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It still remains unclear as to whether senescence arises from or is a consequence of 

telomere attrition or dysfunction (Minamino et al., 2004). Changes in TRF length 

indicate a link between CVD and accelerated vascular ageing. For example, telomere 

DNA length, assessed by the Southern Blotting technique was shorter in cultured EC 

isolated from iliac arteries, compared to iliac veins (Chang and Harley, 1995). It was 

suggested that this may be due to iliac arteries being exposed to higher hemodynamic 

stress in vivo and greater cell turnover from disturbed blood flow. The rate of telomere 

loss also increased with an increase in donor age (Chang and Harley, 1995).  

 

Significantly shorter mean TRF lengths of white cells were observed in subjects at risk 

of premature myocardial infarction (MI), compared to controls (Brouilette et al., 2003). 

An increase of 2.8 to 3.2-fold was found in subjects at-risk of MI and displaying shorter 

than average telomeres, independent of other risk factors. This study showed a potential 

link between biological ageing and the development of coronary artery disease, and 

contributed to our understanding of the variations in biological ageing (telomere DNA 

length) and disease onset (Brouilette et al., 2003; 2007). The mean telomere lengths in 

blood of healthy people, 60 years and over were analysed by quantitative polymerase 

chain-reaction (qPCR) and Southern blotting. Those with shorter telomere lengths, 

showed a 3.2-fold increase in mortality rate from heart disease, and an 8.5-fold increase 

from infectious diseases (Cawthon et al., 2003). 

 

A possible X-linked mechanism of inheritance for telomere length was proposed 

following a family-based cohort of the Flemish Study, which observed environmental, 

genetic and health aspects. A high agreement of TRF lengths was seen between mothers 

and offspring and between fathers and daughters only, suggesting that genetic 

predisposition to age-related diseases could be related to shortened telomeres that are 

inherited in an X-linked manner (Nawrot et al., 2004). 

 

1.3.4.2 SIPS of vascular cells 

The accumulation of ROS-induced cellular damage is implicated in the induction of 

premature senescence and may favour the onset of CVD. Premature vascular cell 

senescence has been detected following vascular injury and during disease 

development. For example, the repeated balloon catheter denudations of rabbit carotid 

arteries caused increased SA-β-gal activity in the injured arteries (Fenton et al., 2001). 
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It was proposed that the stress incurred by denudations and enhanced proliferation of 

vascular cells may have led to the onset of premature senescence. 

 

VSMC from the fibrous caps of human atheromas exhibited increased SA-β-gal activity 

in vitro. This coincided with p16
INK4a

 and p21 CDKI expression and telomere loss, but 

also presented increased oxidative DNA damage. This was mimicked by oxidant 

exposure to VSMC in vitro (Matthews et al., 2006) suggesting a mechanism for the 

induction of premature senescence in vivo. 

 

Increased levels of the senescent biomarker apolipoprotein J have been determined in 

serum of type II diabetic patients with developing coronary heart disease (Trougakos et 

al., 2002). This protein has been associated with both replicative senescence and SIPS, 

but in this instance the elevated levels corresponded to early cellular changes that 

resembled those observed in various CVD.   

 

A subpopulation of peripheral-blood mononuclear cells (PBMC) taken from people 

with chronic kidney disease (CKD) revealed accelerated telomere attrition, increased 

p53 expression and overexpression of proinflammatory cytokines (Ramirez et al., 

2005). Shortened telomeres correlated with the increased C-reactive protein levels 

indicating inflammation as a possible cause. The acute senescence of these cells was 

considered to arise from repeated cellular activation (Ramirez et al., 2005). 

Taken together the evidence indicates that premature senescence within the vasculature 

may have a significant role in vascular ageing and in the initiation of vascular 

pathologies. 

 

1.3.5 Telomere-dependent and -independent vascular cell senescence 

As previously described, cell senescence is commonly categorized as either replicative 

or SIPS (section 1.2.2), which is mainly based upon the length of time taken to detect 

substantial senescence and the type of stress induced. Senescence can also be classified 

as being telomere-dependent or telomere-independent, although this definition only 

accounts for loss in telomeres and discounts other triggers that maybe involved in the 

senescence mechanism. The induction of senescence is complex and can be initiated by 

various stresses (discussed in 1.2.3.6).  
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Several CVD strongly associated with senescence cannot be grouped under this 

classification, since many of these diseases present at late-age, e.g. atherosclerosis. The 

evidence of shortened telomeres in this disease with advancing age would suggest this 

to be a telomere-dependent mechanism of senescence. However, in addition to this, the 

expression of other biomarkers of senescence indicate early growth arrest of cells, e.g. 

dual staining of VSMC with p16
INK4a

 and SA-β-gal expression and increased oxidative 

DNA damage (Matthews et al., 2006), which suggests also a telomere-independent 

mechanism. From this, it might be suggested that atherosclerosis involves either one or 

the other senescent mechanism; but is more accurately an amalgamation of telomere-

dependent and –independent senescence mechanisms.      
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1.4 Angiotensin II 

 

1.4.1 Synthesis of Ang II  

Ang II is a multifunctional octapeptide hormone that has a major effector role in the 

RAS, cardiovascular homeostasis (Taubman, 2003) and in adaptive responses to ageing 

within the vasculature and disease (Duprez, 2006). Ang II is synthesized mainly via the 

renal RAS (plasma) and locally via tissue RAS. The renal-derived renin cleaves hepatic-

derived angiotensinogen to form angiotensin I (Ang I) which is then converted to Ang II 

(Phillips et al., 1993), as shown in figure 1.3. Additionally outlined are the alternative 

pathways that can also convert Ang I to Ang II, via enzymes (e.g. tonin and cathepsin), 

which may have a significant role in the development of disease states. Almost all 

components of the RAS are present in tissues to enable local Ang II synthesis. This is 

the case within the vasculature, except that renin is absent (Touyz and Schiffrin, 2000). 

Local Ang II formation is regulated by the uptake of renal-derived renin from the 

circulation and angiotensin-converting enzyme (ACE) in vascular cells. 

 

1.4.2 Function of Ang II and signalling mechanisms 

Ang II primarily functions as a vasoconstrictor by inducing contraction of blood vessels 

to ensure ample blood flow. It is therefore essential in the structural and functional 

integrity of vessels. Ang II also has a role in modulating blood pressure, contributing to 

the regulation of sodium and water homeostasis, central nervous system mechanisms 

(e.g. thirst), and maintaining vascular tone (Touyz and Schiffrin, 2000).  

 

Ang II induces pleiotropic actions in the vasculature. Short-term rapid effects of Ang II 

lead to contraction, whereas longer-term effects regulate vasomotor tone, induce cell 

growth, migration and differentiation, apoptosis and extracellular matrix (ECM) 

deposition (Touyz and Schiffrin, 2000). However, it can also act as a „proinflammatory‟ 

mediator by stimulating the production of ROS, inflammatory cytokines and adhesion 

molecules via the expression of transcription factors. This can result in inflammation, 

EC dysfunction and vascular remodelling (Touyz, 2005) which are commonly observed 

in CVD such as atherosclerosis, MI, vascular remodelling and cardiac hypertrophy 

(Weiss et al., 2001; Touyz et al., 2003). 
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Figure 1.3 Formation of angiotensin hormones of the RAS. The angiotensinogen 

precursor is converted to angiotensin I by renin, and then further hydrolysed to Ang II 

via ACE. Ang II can alternatively be generated by other enzymes from its precursors; 

these include chymase, cathepsin G, chymostatin-sensitive Ang II-generating enzyme 

(CAGE) and tonin (Urata et al., 1996). This may contribute to increased Ang II levels 

observed in disease. The expression of bradykinin inhibits the effect of ACE thereby 

preventing the formation of Ang II, and can also bind to Ang II receptors modifying 

their expression (Watanabe et al., 2005). Synthetic ACE inhibitors also prevent ACE 

from converting Ang I to Ang II. Local Ang II formation in vascular tissue occurs via 

the same mechanism since all components of the RAS are present in tissue except renal-

derived renin, which is absorbed from circulating plasma. The Ang II secreted binds to 

Ang II receptors on nearby cells, inducing an intracellular response. Eventually, 

aminopeptidases degrade Ang II to angiotensin III and IV (Touyz and Schiffrin, 2000). 

Red lines indicate inhibitors of Ang II formation and activation, which include ACE 

inhibitors and Ang II receptor blockers (ARB). 

 

Complex Ang II-signalling pathways initiate these intracellular responses via the 

activation of phospholipase C (PLC), tyrosine kinases, MAPK, matrix 

metalloproteinases (MMP) and growth factors, as summarised in figure 1.4. Ang II can 

also elicit an effect via NAD(P)H oxidase activation by stimulating ROS production 

(see section 1.5.4.1). 
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Figure 1.4 Diverse Ang II signalling responses in VSMC. Various cellular effects of 

Ang II are initiated by binding to Ang II type-1 receptors (AT1R). This receptor 

activation leads to phosphorylation of tyrosine kinases (brown boxes) further initiating 

downstream signalling molecules. Activation of MEK/ MAPK cascades regulates cell 

growth, proliferation, apoptosis, migration and adhesion; which may occur several 

hours or days after signalling (circled light green). Additionally, Ang II can induce 

growth factor production influencing cellular growth. PLC – inositol triphosphate (IP3) 

signalling causes the rapid release of calcium (Ca
2+

) ions initiating contraction which 

occurs within seconds (circled white). Akt/PKB, Akt kinase/protein kinase B; EGF, 

epidermal growth factor; ET-1, endothelin-1; FAK, focal adhesion kinase; IGF-1, 

insulin-like growth factor-1; JAK2, janus kinase 2; PI3K, phosphatidylinositol-3-kinase; 

PDGF, platelet-derived growth factor; Pyk2, proline-rich tyrosine kinase 2; cSrc, non-

receptor protein-tyrosine kinase; STAT, signal transducers and activators of 

transcription proteins; TGF-β, transforming growth factor β. (Adapted from Touyz and 

Schiffrin, 2000; Touyz, 2005) 

 

1.4.3 Ang II receptor subtypes 

Ang II effects are mainly mediated by binding to G-protein coupled plasma membrane 

receptors, the so-called AT1R and type-2 receptors (AT2R). Additional receptors include 

Ang II type-3 and type-4 receptors (AT3R and AT4R) but these are not fully elucidated. 

Ang II does not directly bind to AT4R. The degradation peptide angiotensin IV (Ang IV         

(Ang 3-8)) mediates its effects via this receptor. The characteristics and physiological 

responses mediated via AT1R, AT2R and AT4R are summarised in table 1.2. 
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Table 1.2 Characteristics and responses mediated by angiotensin receptor subtypes 

Characteristics Receptor subtypes 

 AT1R AT2R AT4R 

Structure 359 amino acids, 7 transmembrane 

domains (human) (AT1AR + AT1BR – 

rat) 

 

363 amino acids, 7 transmembrane 

domains (human and rat) 

dimer connected by disulfide bonds 

Molecular mass 41- 42 kDa 

 

40- 41 kDa α -50 kDa; β -140 kDa 

Affinity Ang II> Ang III> Ang I 

 

Ang III> Ang II> Ang I Ang IV> LVV-hemorphin-7 

Location adrenal glands, brain, heart, kidneys, 

liver and highly expressed in VSMC 

 

adrenal glands, brain, ↑foetal tissue, 

heart, kidneys, myometrium, 

ovaries 

adrenal glands, bladder, brain, 

colon, EC, heart, kidneys, spinal 

cord  

Antagonists Candesartan, Irbesartan, Losartan 

(active metabolite E3174), Valsartan  

CG-42112, PD123177, PD123319 divalinal-Ang IV 

Receptor coupled to G-protein G-protein tyrosine kinase 

Signal transduction 

pathways 

↓adenylate cyclase, ↑Ca
2+

, IP3, PLA2, 

PLC, PLD, MAPK/JAK/STAT 

pathways 

 

↓guanylate cyclase, ↑cGMP, K
+
, 

·NO, PLA2, prostaglandins  

Gab1, Grb2, Grb10, PI3K, PLC-8, 

SHP2, Shc 

Physiological 

effects 

↑blood pressure, Na
+
/H2O reabsorption, 

↑contractility, aldosterone secretion, 

vascular cell growth, vasoconstriction 

 

↑blood pressure, PAI-1 expression,                

anti-proliferation, apoptosis, 

vasodilation 

↑blood flow, ·NO release, PAI-1 

expression, kidney natriuresis, 

vasorelaxation 

Pathological effects hypertension, coagulation, 

inflammation, promotes cell growth 

↓blood pressure, vascular injury, 

inhibits VSMC growth 

ischemia injury, seizures, ↑renal 

blood flow 

Summarises the main receptor activated responses mediated in the cardiovascular system. Specific Ang II-signalling transduction pathways are initiated 

upon activation of a specific receptor subtype. E3174, EXP3174; Gab1, Grb2-associated binder-1; Grb-2, -10, growth factor receptor-bound protein-2, -

10; K
+
, potassium ions; PL-A2, -C, -C8, -D, phospholipase A2, C, C8, D; Shc, adaptor protein; SHP2, tyrosine phosphatase containing Src homology 2 

domains; ↑increased effect; ↓decreased effect. (Adapted from Wright and Harding, 1997; de Gasparo et al., 2000; Mehta and Griendling, 2007) 
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1.4.4 Inhibitors of Ang II 

Major clinical studies have shown blocking of the RAS can protect against adverse 

cardiovascular effects and minimise the risk of mortality (Dahlöf et al., 2002; 

McMurray et al., 2003; Aguilar et al., 2004). Hypertension is one of the main 

contributing risk factors in the development of CVD, which is mediated by high 

circulating levels of Ang II. Since Ang II mediates its effects mainly via the AT1R, 

many pharmacological agents have been developed to inhibit Ang II and target this 

receptor, therefore aiming to reduce blood pressure and prevent the onset of disease. 

There are two main classes of pharmacological inhibitors, ACE inhibitors and ARB 

(Ruilope et al., 2005). 

  

1.4.4.1 ACE inhibitors 

ACE inhibitors competitively inhibit ACE, which prevents the conversion of Ang I to 

Ang II and results in reduced levels of plasma and tissue-generated Ang II. These 

inhibitors are not specific and do not completely inhibit Ang II production since it can 

be generated via non-ACE pathways (figure 1.3). ACE inhibitors were the first 

developed pharmacological agents that blocked the RAS by interfering with Ang II 

formation.  

 

There are various ACE inhibitors, which include Captopril, Enalapril, Ramipril and 

Perindopril (Wong et al., 2004). The accumulation of plasma bradykinin as a result of 

blocking the conversion to Ang II, led to many side effects with these agents, such as 

dry cough, hypotension, decline in renal function and angio-oedema (Burnier and 

Brunner, 2000). This led to the development of new ACE inhibitors with a carboxyl or 

phosphoryl group attached, which minimised these side-effects and additionally 

improved binding efficiency to ACE and tissue absorption.  

 

These agents are effective in lowering blood pressure, in inducing regression of left 

ventricular hypertrophy and in improving endothelial function. They are relatively 

successful in treating hypertension and congestive heart failure (Dinh et al., 2001). For 

those intolerant to ACE inhibitors, alternative antagonists of the RAS are used, such as 

ARB. 
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1.4.4.2 ARB 

ARB do not reduce Ang II formation but block the action of Ang II at the AT1R site 

(figure 1.3). Irrespective of how Ang II is synthesized these inhibitors antagonize 

AT1R-mediated effects enabling the circulating high levels of Ang II to bind to AT2R, 

which also contributes to the beneficial anti-hypertensive effects of ARB (Ruilope et 

al., 2005). ARB commonly used in the treatment of hypertension are Losartan, 

Candesartan, Valsartan and Ibersartan (Burnier and Brunner, 2000). Losartan is a 

biphenyl-tetrazole „sartan‟ agent that is metabolized in the liver and generates an active 

carboxylic acid derivative, EXP 3174 (E3174). This major metabolite is highly potent 

and has a high binding affinity for AT1R with no affinity for AT2R. It is a non-

competitive antagonist in the presence of Ang II and has a plasma half-life of 6 to 9 

hours in vivo (Triggle, 1995). Binding studies in Ang II treated rat VSMC revealed 

inhibition with E3174 with an IC50 =1.1 × 10
-9

 mol/L, which is 40 times more potent 

than Losartan (Wong et al., 1990). E3174 is marketed as Losartan, which has to be 

metabolized to generate active E3174 (Burnier and Brunner, 2000). When intravenously 

administrated, E3174 is effective at reducing blood pressure (Wong et al., 1990). In 

vitro studies comparing E3174 with various other biphenyl-tetrazole sartans showed 

Candesartan to have a higher potency due to its binding affinity which resulted in a 

long-lasting inhibition (Vanderheyden et al., 1999). ARB are generally better tolerated 

than ACE inhibitors, and are also effective in lowering blood pressure and improving 

arterial compliance (Shargorodsky et al., 2002) and endothelial function in hypertensive 

patients. In addition, ARB can also minimise inflammation as determined in patients 

with atherosclerosis (Navalkar et al., 2001). These responses have led to a reduced risk 

of mortality. 

 

1.4.5 Ang II inhibition and cardiovascular ageing 

ACE inhibitors and ARB have been observed to prevent many age-related alterations in 

structure and function of the vasculature. Treatment with the ARB, Candesartan, 

reduced ECM components within rodent and human vessels; these are a contributing 

element in vascular remodelling (Intengan and Schiffrin, 2000) which is a characteristic 

of vascular ageing.  

 

Chronic treatment of Wistar rats with Enalapril or Losartan (6 or 18 months) prevented 

many age-related cardiovascular changes, such as left ventricular hypertrophy, aortic 
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stiffness and improved endothelial function and increased NOS activity, even in 

normally ageing rats (Gonzalez-Bosc et al., 2001). Both of these inhibitors also 

attenuated changes in kidney mitochondria from ageing rats, by preventing a decline in 

the energy production capacity and preventing an increase in mitochondrial-derived 

ROS (de Cavanagh et al., 2003), both of which are associated with ageing. It has 

therefore been proposed that long-term blockade of Ang II may delay the development 

of various age-related changes in the cardiovascular system (Ferder et al., 2002). 

 

1.4.6 Genetic manipulation of Ang II in experimental models  

Inhibiting the effects of Ang II by treatment with ACE inhibitors and ARB results in 

beneficial effects on the vasculature and delays the onset of various CVD. However, the 

effects of Ang II are not entirely eliminated since it can mediate effects via AT2R 

activation and can be synthesized via alternate pathways (figure 1.3). Therefore, a 

better understanding of the physiological (and pathological) mechanisms of Ang II via 

specific modes of activation has been gained from gene targeted experiments in animal 

models. One of the first targeted knockouts was of the early precursor of Ang II – 

angiotensinogen (Agt−/−), which resulted in mice with exceptionally low blood 

pressure, significant renal defects and hypertrophy of renal blood vessels which caused 

death before weaning (Tanimoto et al., 1994). Similar observations were determined in 

renin-deficient mice (Yanai et al., 2000) and ACE knockout mice (Ace−/−) (Krege et 

al., 1995) although the latter survived for up to 12 months and also revealed impaired 

male fertility (Esther et al., 1996). Knockout of these key RAS components, therefore, 

identified a role for Ang II in regulating blood pressure, maintaining vascular and renal 

structure and in survival.  

 

Knockout models of Ang II receptor subtypes were expected to specifically clarify the 

effects mediated by Ang II upon receptor activation. Mice have two AT1R subtypes 

(AT1AR and AT1BR) and experiments were performed by knockout of each individual 

subtype. AT1AR knockout mice displayed low blood pressure and following Ang II 

infusion only a small rise in blood pressure was detected over a prolonged period of 

time, compared to wild-type mice where a rapid increase was observed after 20 seconds 

(Ito et al., 1995). Treatment of this model with Losartan caused a further decline in 

blood pressure similar to levels detected in Agt−/− and Ace−/− models, suggesting 

blood pressure is regulated via AT1BR (Oliverio et al., 1997). The same effect was 
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observed in double knockout models of the AT1R subtypes, where ACE inhibition 

caused a rise in blood pressure, indicating a response via AT2R (Oliverio et al., 1998). 

AT2R-null mice displayed slightly higher blood pressure than wild-type mice, which 

was further elevated and sustained following Ang II infusion over 7 days. This 

identified AT2R activation to have a counteractive role in regulating blood pressure 

(Siragy et al., 1999). 

 

The importance of Ang II in vascular ageing and CVD has also been studied using gene 

targeted models. The overexpression of ACE in healthy rat carotid arteries caused 

increased vessel wall thickness which is indicative of hypertrophy (Morishita et al., 

1994) which suggested Ang II has a promoting role in vascular remodelling. AT1AR 

knockout and wild-type mice transplanted with bone marrow cells which express 

AT1AR, reduced the progression of Ang II-induced atherosclerosis and aneurysms 

formation, whereas expression of these receptors in vascular tissue are involved in the 

Ang II promotion of these inflammatory diseases (Cassis et al., 2007). This identified 

Ang II to have a role in the initiation and regression of disease.  

 

The ApoE and AT2R double-knockout mice displayed exaggerated atherosclerotic 

changes compared to the ApoE knockout model, which suggested AT2R stimulation to 

have a role in preventing the development of atherosclerosis (Iwai et al., 2005). 
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1.5 ROS Initiated Responses in the Vasculature 

 

1.5.1 Role of ROS in the vasculature 

ROS are the universal products of oxidative cellular metabolism (Loscalzo, 2003). They 

are molecules or ions formed by the incomplete, one-electron reduction of O2, forming 

oxygen radicals and some non-radical derivatives of oxygen. ROS have the potential to 

damage bio-molecules by oxidizing lipids, proteins and DNA, and also act as important 

mediators in various cell signalling pathways and thereby regulate cell function by 

initiating alterations in gene transcription, protein synthesis and enzyme activity (Touyz 

and Schiffrin, 2004).  

 

ROS have a major physiological role in the cardiovascular system, by functioning as 

secondary messengers in a controlled manner in signal transduction pathways, which 

maintain cardiac and vascular integrity. Some vasoactive agents such as Ang II and 

growth factors such as vascular endothelial growth factor (VEGF) can generate ROS in 

vascular cells. Uncontrolled levels of ROS leading to a state of oxidative stress, have 

been implicated in the initiation and progression of CVD such as hypertension, type II 

diabetes, atherosclerosis, ischemic heart disease and chronic heart failure (Landmesser 

and Harrison, 2001). 

 

At the cellular level, Ang II mediates some of its effects by ROS production and 

signalling. Ang II also effectively activates NAD(P)H oxidase which further augments 

intracellular ROS generation in vascular cells, which can lead to oxidative stress and 

potentially initiate and/or contribute to pathophysiological states within the 

cardiovascular system.  

 

1.5.2 ROS and reactive nitrogen species (RNS) 

The various ROS generated within all vascular cells include superoxide (O2·
­
), H2O2, 

hydroxyl radicals (·OH), ·NO and peroxynitrite (ONOOˉ) (Touyz and Schiffrin, 2004). 

The latter two are conventionally termed as RNS. The formation of these ROS/RNS 

species, their properties and specific cellular scavengers are summarized in table 1.3.  
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Table 1.3 Properties of ROS and RNS generated in the vasculature 

Species Formation Cellular properties Endogenous ROS scavengers 

 

O2·
­
 

         e־         
2 O2 → 2 O2·

 ­  

[univalent reduction of 

O2 in the presence of a e־] 

 

Highly reactive; Unstable 

Short-lived (seconds)  

Hydrophilic; membrane impermeable  

Possible uptake - anion channels  

(Han et al., 2003) 

 

SOD  

[CuZnSOD; ecSOD; MnSOD] 

(Fridovich, 1997) 

 

H2O2 

             SOD          

 2 O2·
­
 → H2O2 

[spontaneous or SOD catalysed] 

 

 

 

 

Reactive; Stable  

Half-life >O2·
­
  

Lipophilic; membrane permeable 

 

Catalase 

Glutathione peroxidase (Schafer and 

Buettner, 2001) 

Thioredoxin 

 

·OH 

           Fe
2+

 

H2O2 → ·OH + Fe
3+

  
(metal-catalysed Haber-Weiss/ Fenton 

reaction) 

 

Highly reactive  

Localized damage at site of generation 

 

 

 

Any nearby molecule 

 

·NO 
                       (NOS) 

L-Arginine → L-Citrulline + ·NO 

 

Reactive; Stable gas  

Short-lived (seconds) 

Lipophilic;  membrane permeable 

Diffusion 

 

 

ADMA (Vallance and Leiper, 2004) 

Hemoglobin 

ONOOˉ O2·
­
 + ·NO →ONOOˉ Highly reactive 

Short-lived (seconds) 

Uric acid 

Initial O2·
­
 generation can form H2O2 or generate ONOOˉ in the presence of ·NO. H2O2 can be further reduced by metal ions to form ·OH. ADMA, 

asymmetrical dimethylarginine; CuZnSOD, copper-zinc SOD; eˉ, free electron; ecSOD, extracellular SOD; Fe
2+

 and Fe
3+

, iron ions; MnSOD, 

manganese SOD; NOS, nitric oxide synthase; SOD, superoxide dismutase. 
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1.5.3 Vascular enzymatic sources of ROS 

All vascular cells within vessel walls are reported to produce ROS, including EC, 

VSMC and adventitial fibroblasts. The quantity of ROS they generate is dependent 

upon the effects of diverse stimuli. ROS generation is initiated by multiple enzymatic 

systems, but is mainly generated via the activation of membrane-bound nicotinamide 

adenine dinucleotide phosphate (reduced form; NAD(P)H) oxidase. Other ROS 

generating systems include xanthine oxidase (XO), NOS, mitochondrial respiratory 

chain (mtRC) enzymes, cytochrome P-450, and phagocytic myeloperoxidase (MPO) 

(Touyz and Schiffrin, 2004). The magnitude of ROS derived from these sources is 

dependent upon the type of cell and quantity of enzymes present within these cells. 

These sources of ROS are discussed below in relation to VSMC.  

 

1.5.4 Molecular sources of ROS 

1.5.4.1 NAD(P)H oxidase 

NAD(P)H oxidase is reported to be the main source of O2·
­
 in VSMC (Griendling et al., 

1994; Touyz and Schiffrin, 2001). This preassembled multimeric enzyme complex 

(Lassègue and Clempus, 2003) is constitutively functional and produces low but 

sustained levels of intracellular O2·
­
. This is consistent with a role in signalling cascades 

and differs from phagocytic NAD(P)H oxidase which is only active upon stimulation 

and generates high bursts of O2·
­
 (Babior et al., 2002). Vascular NAD(P)H oxidase 

comprises of specific subunits, which include gp91phox (phagocyte oxidase) (Nox2), 

p22phox, p40phox, p47phox and p67phox (Lassègue and Clempus, 2003). Different 

homologs of Nox2 are now recognized and include Nox1, Nox4 and Nox5, which have 

different functional roles in vascular cells. Nox1 is expressed in rat VSMC (Touyz et 

al., 2002) whereas Nox4 is abundantly expressed in all vascular cells. Increased Nox5 

expression has been detected in the vasculature of coronary artery disease patients 

(Guzik et al., 2008). The combined functional effect of these subunits drives the 

generation of O2·
­
. NAD(P)H activation causes the production of O2·

­
 by donating one 

e־ to molecular O2·
­
: 

                                                                 e־ 

                                   2 O2 + NAD(P)H → 2 O2·
­
 + NAD(P)

+
 + H

+
 

                                                                                        (Touyz and Schiffrin, 2004) 
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NAD(P)H oxidase activity is regulated by various stimulatory factors, such as 

vasoactive agents (e.g. Ang II, ET-1), growth factors (e.g. VEGF and thrombin), 

cytokines (e.g. tumour necrosis factor-α; TNFα) (Lassègue and Clempus, 2003), 

metabolic factors (e.g. glucose and insulin) (Inoguchi et al., 2000) and physical factors 

(e.g. shear stress, stretch, and strain) (Lassègue and Clempus, 2003). 

 

Ang II is a potent stimulator of NAD(P)H activity by signalling via AT1R. This causes 

the increased expression and/or activation of NAD(P)H subunits (Griendling et al., 

1994; Touyz et al., 2002) resulting in sustained O2·
­
 generation, which is followed by 

increased intracellular H2O2 production. ROS affect signal transduction pathways and 

induce many processes, e.g. induction of hypertrophy and thereby contributes to 

hypertension (Griendling et al., 1994; Zafari et al., 1998). Therefore elevated O2·
­
 via 

this source can lead to oxidative stress and contribute to the development of CVD, as 

shown in figure 1.5. 

 

DNA damage induced by oxidative stress has been detected in VSMC in human 

atherosclerotic plaques (Matthews et al., 2006). Exogenous Ang II exposure causes 

elevated O2·
­
 and H2O2 production in VSMC, leading to increased cell proliferation and 

hypertrophy (Griendling et al., 1994; Zafari et al., 1998). These changes are associated 

with hypertension and remodelling in vivo. 

 

1.5.4.2 XO 

Xanthine oxidoreductase is a ubiquitous metalloflavoprotein with two interchangeable 

forms, xanthine dehydrogenase (reducer) and XO (oxidizer), which metabolize 

hypoxanthine, xanthine and NADH/O2 substrates to generate O2·
­
 and H2O2. Elevated 

O2·
­
 production by XO activity in VSMC results in hypertrophy, which suggests this 

enzyme maybe involved in mediating vascular remodelling effects (Matesanz et al., 

2007). Enhanced activity has also been determined in conditions of 

ischemia/reperfusion injury, hypercholesterolemia, and a role in EC dysfunction has 

been suggested (Landmesser et al., 2002; Spiekermann et al., 2003). 
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Figure 1.5 Redox-dependent signalling via vascular NAD(P)H oxidase. Intracellular 

O2·
­
 generation is slow and sustained in VSMC. Growth factors, vasoactive agents (Ang 

II) and physical stress initiate various signalling pathways that stimulate ROS 

generation via NAD(P)H oxidase. Intracellular ROS influence downstream signalling 

mechanisms, which if uncontrolled, can lead to significant alterations in the vasculature 

and contribute to the development of CVD. (Adapted from Touyz and Schiffrin, 2004; 

Touyz, 2005). 

 

1.5.4.3 Uncoupled NOS 

There are three isoforms of NOS namely endothelial NOS (eNOS), inducible NOS 

(iNOS) and neuronal NOS (nNOS). NOS are oxidoreductases, transferring electrons 

from the reductase domain to the oxidase domain. They oxidize the amino acid             

L-arginine to generate ·NO, which has a favourable effect in the vasculature by 

regulating blood pressure and vessel tone. A deficiency in the NOS essential cofactor 

tetrahydrobiopterin or substrate L-arginine, can cause uncoupling of NOS , causing O2·
­
 

generation by NOS (Vasquez-Vivar et al., 2003). In hypertension, NAD(P)H oxidase-

derived O2·
­
 is highly elevated, causing uncoupling of NOS (Landmesser et al., 2003). 

A similar mechanism is also implicated in atherosclerosis, diabetes and 

hypercholesterolemia. 
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1.5.4.4 mtRC complexes 

The mtRC complexes are regarded as the main source of cellular ROS generation. 

During aerobic metabolism these mtRC enzymes undergo oxidation and reduction 

reactions, harnessing energy in the form of phosphate bonds of ATP and resulting in the 

leakage of e־ and in O2·
­
 generation to a small extent. Complexes I and III are 

responsible for the majority of O2·
­
 formation (Lenaz, 1998). Although Ang II primarily 

stimulates ROS generation via NAD(P)H oxidase, ROS mediated via this enzyme can 

potentially enhance further ROS generation via mitochondria. For example, it has been 

demonstrated Ang II induces mitochondrial ROS via enhanced NAD(P)H oxidase-

derived ROS during ischemia/reperfusion injury in rat VSMC (Kimura et al., 2005b).  

 

1.5.4.5 Phagocytic MPO 

MPO is a heme enzyme that metabolizes H2O2 to form mainly hypochlorous acid 

(HOCl). MPO is mainly associated with inflammatory diseases, and has been identified 

as a source of ROS generation in atherosclerotic lesions (Winterbourn et al., 2000). 

 

1.5.5 Physiological and pathological consequences of ROS 

ROS are important in regulating vascular function via redox-signalling processes. As 

such they are involved in growth, apoptosis, migration, matrix regulation and 

inflammatory gene expression. When excessive oxidants overwhelm the capacity of 

endogenous antioxidants it causes an imbalance in the redox state, causing „oxidative 

stress‟ (Taniyama and Griendling, 2003) which is believed to significantly contribute to 

the development and progression of age-associated vascular diseases (Touyz and 

Schiffrin, 2004). However, ROS can induce either physiological or pathological effects 

depending upon the type and concentration of species generated, as detailed in table 

1.4. 

 

1.5.6 Antioxidant defence in the vasculature 

The normal redox state within vascular cells is maintained by balancing ROS 

production with the action of cellular antioxidants. These antioxidants tightly regulate 

oxidants by inhibiting oxidation reactions. There are both enzymatic and non-enzymatic 

antioxidant systems. The enzyme systems include SOD, catalase, glutathione 

peroxidase (GPx) and thioredoxin reductase (TrxR), and non-enzymatic systems include 

uric acid and vitamins C and E. 
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Table 1.4 Physiological and pathological consequences of ROS in VSMC 

ROS/RNS 

 

ROS/RNS induced vascular responses 

Physiological  Pathological 

O2·
­
  Vasoconstriction ↑Inflammatory genes - atherosclerosis 

Hypertension (Fortuño et al., 2004) 

 

H2O2 Regulates VSMC growth Proliferation 

Vasoconstriction 

Vasodilation (Miura et al., 2003) 

 

↑Hypertrophy - vascular remodelling, hypertension (Zhang et al., 2005) 

·OH Apoptosis Reperfusion injury (Negishi et al., 2001) 

Inflammation - atherosclerosis 

 

·NO Inhibits VSMC proliferation, adhesion  

molecules and tissue factor expression 

↓Blood pressure 

Vasodilation 

Haemostasis 

Promotes angiogenesis 

Apoptosis 

Platelet function (Naseem, 2005) 

 

↑ → Apoptosis - atherosclerosis 

↓ → EC dysfunction - vascular remodelling, hypertension, 

atherosclerosis 

ONOOˉ ↓Endothelial-dependent vasodilation Primary inducer of vascular lesions                                                            

e.g. atherosclerosis (Beckmann et al., 1994; Patel et al., 2000) 

Hypertension  

Ischemia/reperfusion injury 

Lipid peroxidation - cellular damage 

Table summarises the diverse cellular functions initiated by specific ROS/RNS induced in a physiological response or that initiates or contributes to a 

pathological state in blood vessels.  
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1.5.6.1 SOD 

SOD are the main enzyme scavenger of O2·
­ 
and consist of a metal-containing active 

centre. The three isoenzymes of SOD are cytosolic CuZnSOD, ecSOD and the 

mitochondrial, MnSOD. ecSOD is secreted by VSMC, regulating the oxidant levels in 

the vascular interstitium (Wassmann et al., 2004) and is reduced in advanced 

atherosclerotic lesions (Luoma et al., 1998) suggesting that extracellular ROS 

production maybe elevated in this situation.  

 

1.5.6.2 Catalase 

Catalase is located in the cytosol and within peroxisomes. It scavenges H2O2 and 

thereby indirectly removes O2·
­
 from cells. During chronic oxidative stress, catalase 

rapidly metabolizes H2O2 to protect the cell from damage (Wassmann et al., 2004). For 

example, ROS generation, induced in VSMC by exogenous Ang II, was reduced by the 

overexpression of catalase (Zafari et al., 1998) 

 

1.5.6.3 Other enzymatic antioxidants 

GPx 

GPx is a selenoprotein with different isoforms located in the cytosol and mitochondria 

of cells. GPx use reduced glutathione (GSH) as a substrate to reduce H2O2 and lipid 

hydroperoxides to form H2O, lipid alcohols and oxidized GSH (GSSG). Under normal 

cellular conditions GSSG is maintained at less than 1% of the total GSH, and during 

chronic oxidative stress it is greatly increased (Dickinson and Forman, 2002). GPx is 

important in maintaining cardiovascular function, as the overexpression of GPx in 

murine models prevented cardiac remodelling and heart failure (Shiomi et al., 2004).
 

 

TrxR 

TrxR are a family of thiol-containing antioxidant enzymes that also contain selenium 

within an active site. TrxR act together with thioredoxin (Trx) and NADPH to form an 

oxidoreductase system (Yamawaki et al., 2003). The redox-active centre of Trx,            

-Cys-Gly-Pro-Cys-, undergoes reversible oxidation/reduction at the two cysteines. The 

Trx/TrxR system metabolises oxidized thiols on proteins by re-forming reduced thiol 

groups (Wassmann et al., 2004). Oxidation of NADPH then restores the reduced Trx. 

Upregulation of this antioxidant has been observed in the development of 
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atherosclerosis and is possibly involved in the defence against CVD (Furman et al., 

2004).  

 

1.5.6.4. Non-enzymatic antioxidants 

Vitamin C and E 

Vitamin C (L-ascorbic acid) and vitamin E (α-tocopherol) are mainly acquired through 

diet and supplements. They scavenge ROS, for example, they prevent                       

low-density-lipoprotein (LDL) oxidation which is associated with EC dysfunction and 

is implicated in atherosclerosis (Villacorta et al., 2007). Studies of both vitamins taken 

in combination have shown lower oxidative stress levels, and improved         

endothelial-dependent vasodilation and a decline in blood pressure in hypertension. For 

example, adult spontaneously hypertensive rats stroke-prone (SHRSP) treated with both 

vitamins for 6 weeks, displayed reduced vascular NAD(P)H oxidase and increased SOD 

activity, displaying a reduction in oxidative stress with improved vascular structure and 

function (Chen et al., 2001b).  

 

1.5.7 ROS induced cellular senescence 

Intracellular ROS act as signalling molecules in pathways determining cell fate, where 

high-levels tend to favour apoptosis and lower levels tend to trigger cellular senescence. 

As previous described, various extrinsic and intrinsic factors trigger the onset of 

senescence. Many of these factors commonly elevate intracellular ROS, which maybe 

the initiator for signalling growth arrest. This concept is further supported by the 

observation that exogenous ROS (e.g. H2O2, t-BHP) cause SIPS of cells in vitro 

(Dumont et al., 2001; Matthews et al., 2006). Activity of the oncogene Ras has been 

shown to induce senescence by enhancing ROS generation in further downstream 

signalling pathways (Colavitti and Finkel, 2005).  

 

Rodent primary cell cultures incubated with H2O2 or with overexpressed Ras (did not 

induce cell proliferation) showed increased p53 and p16
INK4a

 levels thereby triggering 

rapid cell senescence (Serrano et al., 1997). Activated Akt protein in EC have also been 

shown to accelerate growth arrest, via ROS generation (Miyauchi et al., 2004). The two 

proposed signal transduction pathways that can initiate senescence via ROS production 

are by activated Ras and Akt proteins, as shown in figure 1.6. 
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Figure 1.6 Ras and Akt induced ROS-mediated cellular senescence. Activated Ras 

causes an increase in ROS, which activates FAD-oxidoreductase (Seladin-1), which 

then binds directly to p53, initiating senescence. The other pathway is through forced 

expression of Akt kinase, as seen in EC. Activation of Akt inhibits transcription factor 

Foxo3A, causing a reduction in antioxidant defences (e.g. MnSOD) leading to increased 

ROS, which in-turn increases p53 activity (Adapted from Colavitti and Finkel, 2005) 

 

Evidence for oxidative stress in CVD such as atherosclerosis, type II diabetes and 

hypertension (Touyz and Schiffrin, 2001; Sampson et al., 2002; Matthews et al., 2006) 

provides a potential mechanism for the induction of vascular cell senescence in vivo 

(Kunieda et al., 2006). 
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1.6 Mitochondria, Oxidative Stress and Ageing 

 

1.6.1 Mitochondria 

1.6.1.1 Mitochondrial structure and function 

Mitochondria are subcellular organelles with several known functions. The primary 

function is to mediate aerobic respiration to conserve cellular energy in the form of 

adenosine triphosphate (ATP). This is synthesized via the Krebs cycle and oxidative 

phosphorylation systems, as described in figure 1.7. ATP is then utilized via metabolic 

pathways. Mitochondria additionally have a role in pyruvate and β-fatty acid oxidation, 

nitrogen metabolism, heme and iron-sulphur biosynthesis, Ca
2+

 homeostasis and 

apoptosis. 

 

The number of mitochondria present in cells varies between different types of cells and 

due to extracellular stimuli depending upon the required cellular energy. Thus, the 

number of mitochondria can be increased by mitochondrial biogenesis.   

 

1.6.1.2 Mitochondrial biogenesis 

The biogenesis process refers to the control of mitochondrial replication, involving the 

generation of its components, the import of components from the cytoplasm and the 

complex cross-talk signalling between the nucleus and mitochondria. Mitochondria are 

not newly synthesized, but are postulated to arise from the extended growth of          

pre-existing mitochondria by fission. Signalling by nuclear coactivators, such as 

peroxisome proliferator-activated receptor γ coactivator-1α (PGC1α) and nuclear 

transcription factors control the expression of the numerous nuclear genes involved in 

mitochondrial replication (Scarpulla, 2008) (figure 1.8). 

 

Under physiological states, mitochondrial biogenesis is modulated through the 

expression of regulatory transcription factors depending upon energy requirements and 

hormonal responses. Alterations have been detected in response to cold temperatures 

(Ricquier and Bouillaud, 2000), caloric restriction (Civitarese et al., 2007) and intense 

physical exercise (Wright et al., 2007).  
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Figure 1.7 Diagrammatic representation of the mitochondrion and mtRC complex. A, 

Cross-section of a mitochondrion. The double-membrane bound organelle contains its 

own unique genome, mitochondrial DNA (mtDNA). The mtRC complexes are bound in 

the inner membrane. Different functions of the mitochondria are conducted in the 

different compartments. B, mtRC complexes involved in oxidative phosphorylation and 

ATP synthesis. A membrane potential generated in the inner membrane leads the 

oxidation of NADH to NAD+, this initiates an electron flow through complex II, which 

oxidizes flavin adenine dinucleotide dehydrogenase (FADH2) to flavin adenine 

dinucleotide (FAD
+
), then through complex III via ubiquinol (U). The electrons are then 

transferred by cytochrome c (C) to complex IV, where O2 is reduced to H2O. The 

harnessed electro-chemical gradient from the electron flow and proton (H
+
) transfer 

from the complexes into the intermembrane space are utilized by complex V to drive 

the production of ATP (Hatefi, 1985). ROS is simultaneously produced by this process, 

as O2·
­
 is generated via complexes I and III (Li et al., 1999), and upon the activation of 

complex II. Complex I, NADH dehydrogenase; II, succinate/ubiquinone 

oxidoreductase; III, ubiquinol/cytochrome oxidoreductase; IV, cytochrome c oxidase; 

V, ATP synthase; ADP, adenosine diphosphate; Pi, inorganic phosphate. (Adapted from 

Ryan and Hoogenraad, 2007) 
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Figure 1.8 PGC1α signalling in mitochondrial biogenesis. Many internal and external 

cell stimuli initiate the transcription of PGC1α in the nucleus, as well as signalling via 

myocyte enhancer factor 2 (MEF2) and cAMP response element binding (CREB) 

protein activation. PGC1α coactivates the expression of various nuclear transcription 

factors (nuclear respiratory factor 1 (NRF1), 2 (NRF2), estrogen-related receptor α 

(ERRα), peroxisome proliferator activated receptor α and δ (PPARα and δ)) which in 

turn governs the expression of nuclear genes that signal specific alterations in 

mitochondria, mediating biogenesis. This highly complex process involves coordinated 

nuclear-mitochondrial communications in response to numerous stimuli. AMPK, AMP-

activated protein kinase; CaMKIV, Ca
2+

/calmodulin-dependent protein kinase IV; 

cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; 

mtTFA, mitochondrial transcription factor A; PKA, protein kinase A. (Adapted from 

Scarpulla, 2008)   

 

Under pathological states, an increase in mitochondria occurs as a compensatory 

response due to the presence of damaged or impaired mitochondria. This is often 

observed in conditions of oxidative stress (Lee et al., 2000; Rasbach and Schnellmann, 

2007) and related disease conditions such as insulin resistance (Patti et al., 2003) and 

Alzheimer‟s (de la Monte et al., 2000). Mitochondrial biogenesis is therefore 

considered a cell survival response by meeting energy demands and/or primary response 

to mitochondrial injury. 
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Although the mechanism of mitochondrial biogenesis has not been fully elucidated, 

experimental evidence strongly indicates that ·NO signalling maybe involved. 

Exogenous ·NO promoted PGC1α, NRF1 and mitochondrial transcription factor A 

(mtTFA) expression in various cell lines, consistent with increased ATP generation 

(Nisoli et al., 2004). ·NO signalling in this process is mediated by the cGMP pathway, 

activating soluble guanylate cyclase which directly increases PGC1α and the other 

related genes, resulting in increased functional mitochondria. Ca
2+

-dependent signalling 

enzymes have also been implicated in this process, as the constitutive expression of 

CaMKIV in mice results in elevated mitochondria (Wu et al., 2002) and this pathway is 

also sensitive to ATP levels within the cell. 

 

Alterations in mitochondrial biogenesis have been characterised in CVD, for example 

reduced mitochondrial components and function were detected in lung EC taken from 

patients with idiopathic pulmonary arterial hypertension (IPAH) (Xu et al., 2007). This 

was hypothesised to be due to the low levels of ·NO associated with the disorder, as 

·NO is involved in the biogenesis process. Moreover, in rodent models of heart failure 

down-regulation of genes associated with mitochondrial bioenergetics and biogenesis 

were observed (Garnier et al., 2003) presumably since the heart requires high levels of 

ATP. These studies demonstrate that defects in aspects of the mitochondrial biogenesis 

process can contribute to/cause CVD. 

  

1.6.2 Mitochondrial theory of ageing 

The accumulation of free radicals was first linked to ageing by Denham Harman in 

1956. He proposed the “Free Radical Theory of Ageing”. The “Mitochondrial Theory of 

Ageing” developed from this theory where deleterious formation of ROS in cells was 

generated via the respiratory process, that is, via mitochondria (Harman, 1972). 

Mitochondria are the main generators of cellular ROS, derived as a by-product of the 

production of ATP. The increased generation of cellular ROS with ageing causes 

accumulated oxidative damage and organelle dysfunction, which gives rise to the 

mitochondrial theory of ageing. 

 

The increase in ROS-induced damage to mitochondrial components such as mtDNA 

and respiratory chain complexes increases with age, most likely due to close proximity 

of these biomolecules to the site of ROS generation and due to limited repair 
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mechanisms. These damaged components are considered to further increase ROS 

generation due to disruption of proper mtRC function. Moreover, increased mtDNA 

mutations in murine models with defective mitochondrial DNA polymerase, result in 

premature ageing phenotypes and shortened lifespan (Trifunovic et al., 2004).  

 

ROS are continuously generated within cells yet it is still not clear exactly how they 

cause or contribute to the development of ageing. ROS can trigger cellular senescence 

and can cause mitochondrial dysfunction. Both of these effects accumulate with age. 

This has identified a possible relationship between mitochondria and senescence which 

is yet to be fully determined. 

 

1.6.3 Mitochondrial dysfunction in CVD 

Extensive oxidative stress can induce damage to mtRC enzymes, mtDNA, lipids, and 

proteins, impairing their function and initiating further ROS formation. Damage or 

alterations to mitochondria are hypothesized to contribute to ageing and CVD 

development. 

 

Defective mitochondrial components resulting in dysfunctional mitochondria have been 

determined in several CVD associated with oxidative stress. The myocardium is 

associated with high levels of mitochondria to sustain its function, and much lower 

levels of ATP were detected in the failing human myocardium, due to mtRC 

impairment (Beer et al., 2002). A similar effect was detected in EC taken from people 

with IPAH, accompanied by reduced mitochondria and mtDNA due to a decline in 

mitochondrial biogenesis (Xu et al., 2007). The elevated ROS produced during 

ischemia/reperfusion elicits numerous damaging effects in mitochondria, such as 

oxidized proteins, mitochondrial swelling, mtRC impairment and enhanced 

mitochondrial membrane permeability (Khaliulin et al., 2004). Moreover, accumulating 

evidence of damaged mtDNA in vascular cells has been implicated in development of 

atherosclerosis (Ballinger et al., 2002). 

 

1.6.4 Mitochondria, senescence and ageing 

At present, there is no direct connection linking mitochondria and senescence. 

However, there is substantial evidence to suggest senescence may be induced due to the 

substantial ROS generated by mitochondria. Oxidative damage can result in 
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dysfunctional mitochondria giving rise to even more ROS production, which is 

proposed to contribute to telomere shortening consequently accelerating the onset of 

replicative senescence. This was supported by a recent study showing enhanced 

mitochondrial O2·
­
 and mtDNA damage in human fibroblasts with increasing replicative 

age (Passos et al., 2007), indicating mitochondrial ROS may have a role in telomere-

dependent senescence.    

 

mtDNA damage and mutations in mitochondria have been observed in senescent cells. 

For example, mitochondria isolated from donors between 20 weeks to 103 years of age 

were introduced into human mtDNA-less cells. They showed decreased growth and 

respiratory rate, indicating that mitochondria may have a role in triggering senescence 

(Laderman et al., 1996). In-depth analysis of senescent fibroblasts grown in vitro, 

showed the accumulation of oxidized proteins and lipofuscin in mitochondria; these are 

indicators of oxidative stress (Sitte et al., 2001; Passos and von Zglinicki, 2005). These 

observations suggest that defective mitochondria are likely to be involved or contribute 

to the induction of cellular senescence.  

 

The extreme murine model of the homozygous knock-in expression of the proof-reading 

deficient catalytic subunit of mtDNA polymerase γ enzyme (POLG), exhibited 

numerous mtDNA mutations and deletions accompanied by many physical age-related 

phenotypes (Trifunovic et al., 2004). Although this model is consistent with the notion 

that cumulative mtDNA mutations arise with age, many of these phenotypes have not 

been observed in diseases manifesting from single mtDNA mutations. Another model 

has demonstrated the strong link between ageing and the effect on mitochondria. The 

prolonged lifespan of rodents following treatment with chronic ARB and ACE 

inhibitors revealed protection against ageing effects in various tissues (de Cavanagh, et 

al., 2003). The prevention of age-related dysfunction was associated with prevention of 

age-induced mitochondrial changes further strengthening the link between 

mitochondrial function and senescence. The ultrastructure of renal mitochondria is 

affected by the RAS and a role for impairment in mitochondria and the development of 

age-related CVD has been suggested (de Cavanagh, et al., 2008a). 
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1.7 Hypothesis and Aims 

 

Vascular cell senescence and telomere attrition have been associated with CVD 

development and ageing. The pleiotropic effects of Ang II may be mediated via ROS 

production, initiate numerous cell signalling pathways which play a major role in 

vascular physiological and pathological outcomes in the cardiovascular system. This 

project aimed to investigate the hypothesis that Ang II promotes senescence of VSMC 

via ROS production. 

 

Investigating the mechanism(s) through which Ang II initiates senescence at the cellular 

level could help to determine whether it plays a role in the accumulation of senescent 

cells in blood vessels and subsequently in vascular ageing and development of disease. 

This may also suggest mechanisms for current therapies and ways in which novel 

therapies might be applied. 

 

The experimental aims were:  

 To establish a hVSMC culture model to analyse alterations in molecular and 

cellular function following Ang II exposure 

 

 To investigate the induction of hVSMC senescence by Ang II exposure 

 

 To determine the extent to which Ang II stimulates intracellular ROS production 

in hVSMC, and the source of ROS 

 

 To investigate the effect of Ang II on cell cycle regulatory proteins and the 

relationship to the induction of senescence 

 

 To establish whether telomere attrition has a significant role in Ang II mediated 

senescence 

 

 Since mitochondrial function is implicated in ageing this thesis also aimed to 

assess the affects of Ang II on mitochondria, mitochondrial biogenesis, 

mitochondrial ROS and ATP  
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Chapter 2.0: Materials and Methods 

 

2.1 Materials 

 

2.1.1 Cell culture and treatment reagents 

2.1.1.1 Cell lines and primary cells 

Human vascular smooth muscle cells (hVSMC) were isolated from human saphenous 

vein explants, taken from varicose vein surgery. 

 

Human dermal fibroblast (HDF) cells were isolated from human skin biopsies of the 

buttock region, by Paulene Quinn, Department of Cardiovascular Sciences, University 

of Leicester, UK.  

 

Hep G2 cells were originally isolated from a human liver biopsy taken from a male 

patient (15-years old) with hepatocellular carcinoma. These cells were purchased as an 

established cell line from ATCC (http://www.lgcstandards-atcc.org/). 

 

Human aortic smooth muscle cells (17-year old donor) transfected with the human 

catalytic subunit of telomerase (hASMC-hTERT) were a kind gift from Professor Laura 

Niklason, Department of Anaesthesia and Biomedical Engineering, Yale University, 

Conn, USA. 

 

HeLa cells were originally derived in 1951 from cervical cancer cells taken from the 

patient Henrietta Lacks. These cells were purchased as an established cell line from 

ATCC (http://www.lgcstandards-atcc.org/). 

 

2.1.1.2 Cell culture consumables 

Nunclon cell culture flasks (T25, T75 and T175cm
2
), clear multi-well plates (6, 12, 24 

and 96-well) and flat bottom polystyrene white 96-well microplates were purchased 

from Nunc
TM

, Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK. Serological 

pipettes (5, 10 and 25ml) and 15ml plastic centrifuge tubes were from Corning Life 

Sciences, Fisher Scientific UK Ltd.  



Chapter 2.0: Materials & Methods 

 44 

Cell scrapers were from Techno Plastic Products, AG, Trasadingen, Switzerland. Sterile 

plastic syringes (10 and 20ml) were obtained from BD Plastipak
TM

, Becton Dickinson 

UK Ltd, Oxford, UK and Acrodisc® sterile syringe filters (0.45μm) from Pall 

Corporation, Ann Arbor, MI, USA. 

 

2.1.1.3 Cell culture media 

Basal media 

The basal medium RPMI 1640 with L-glutamine, phenol red and without phenol red 

indicator were purchased from Lonza, Wokingham, Berkshire, UK. Dulbecco‟s 

Modified Eagle‟s Medium (DMEM) with high glucose (containing 4500mg/L glucose, 

110mg/L sodium pyruvate and 4mmol/L L-glutamine) and Earle‟s Minimum Essential 

Medium (EMEM) (without L-glutamine) were from Gibco, Invitrogen UK Ltd, Paisley, 

Scotland, UK. 

 

Cell media additives and supplements 

Foetal calf serum (FCS) (Batch number: 4647HI) was purchased from BioSera Ltd, UK.  

Additional reagents and media additives that were purchased from Lonza were 

200mmol/L L-glutamine, 5000units/5000μg penicillin-streptomycin solution, 10× 

trypsin-diaminoethanetetra-acetic acid (EDTA) solution (5mg/ml porcine trypsin and 

2mg/ml EDTA), 1mol/L HEPES buffer and Dulbecco‟s phosphate buffered saline 

(DPBS) without Ca
2+

 and Mg
2+

; pH 7.4, and SmGM®-2 singlequots® (consisting of 

insulin, hFGF-B, and hEGF). MEM non-essential amino acid (NEAA) solution (100×) 

was from Sigma-Aldrich, Poole, UK. Human smooth muscle cell growth supplement 

(20×) was obtained from TCS CellWorks, Botolph Claydon, Buckingham, UK and 

50mg/ml hygromycin B in DPBS was from Invitrogen UK Ltd. 

 

2.1.1.4 Cell treatment reagents 

Synthetic human angiotensin II (Ang II) acetate salt, tert-butylhydroperoxide              

(T-HYDRO® solution, 70% (
w
/v) in water) (t-BHP), hydrogen peroxide (H2O2) solution  

(30% 
w
/v), catalase (H2O2 scavenger) (from bovine liver; 1,824 units per mg),               

4-hydroxy-3-methoxyacetophenon (apocynin), 5-hydroxydecanoic acid sodium salt    

(5-HD), dimethyl sulphoxide (DMSO), N-acetyl-L-cysteine (NAC), rotenone and 

superoxide dismutase (SOD) (from bovine liver) were purchased from Sigma-Aldrich. 

Thenoyltrifluoroacetone (TTFA) was from Fisher Scientific UK Ltd. E3174, the AT1R 
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antagonist and active metabolite of the drug Losartan, was a kind gift from Merck & 

Co, Inc., Rahway, New Jersey, USA. Ethanol (absolute) (EtOH) was from VWR 

International (BDH) Ltd and (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-

oxoethyl)-triphenylphosphonium chloride, monohydrate (mito-TEMPO) was purchased 

from ALEXIS® Biochemicals, Axxora (UK) Ltd, Bingham, Nottingham, UK.  

 

2.1.1.5 Markers of cell viability 

Trypan blue solution (contained 0.81% sodium chloride (NaCl), 0.06% potassium 

phosphate and 0.4% (
w
/v) bromophenol blue) and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Isopropanol 

(also known as propan-2-ol) and clear 96-well microplates were obtained from Fisher 

Scientific UK Ltd. The ApoGlow® adenylate nucleotide ratio assay kit was purchased 

from Lonza, Wokingham, Berkshire, UK.  

 

2.1.2 Cell imaging 

2.1.2.1 Immunofluorescence  

All antibodies, reagents and materials used for immunofluorescence cell staining, are 

listed in table 2.1. 

Antibody Supplier 

Anti-α-smooth muscle actin (clone 1A4) Sigma-Aldrich 

Goat anti-mouse IgG (Fc specific) 

fluorescein isothiocyanate (FITC) conjugate 

Sigma-Aldrich 

Reagent  

Bovine serum albumin (fraction V) (BSA) Sigma-Aldrich 

Clear nail varnish The Boots Company PLC, UK 

DPBS Lonza 

Industrial methylated spirit (IMS) Genta Medical, York, UK 

Paraformaldehyde BDH Ltd, Poole, UK 

Tris(hydroxymethyl)-methylamine) (Tris) Fisher Scientific UK Ltd 

t-Octylphenoxypolyethoxyethanol        

(Triton X-100) 

Sigma-Aldrich 

Ultrapure water (UP H2O) Laboratory grade 

VectorShield mounting medium for 

fluorescence 

Vector Laboratories, Inc., 

Burlingame, CA 

Material  

Glass microscope slides BDH Ltd 

Circular glass coverslips (22mm diameter) BDH Ltd 

Sterile Petri-dishes (60mm diameter) Nunc
TM

, Fisher Scientific UK Ltd 

Table 2.1 Reagents and materials used for immunofluorescence cell staining of α-smooth 

muscle actin. 
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2.1.2.2 Senescence associated β-galactosidase (SA-β-Gal) staining 

The senescent cell staining kit was purchased from Sigma-Aldrich. Reagents within the 

kit are all detailed in table 2.2.  

Reagent Reagent components 

10× Fixation buffer 20% Formaldehyde  

2% Glutaraldehyde  

70.4mmol/L Na2HPO4  

14.7mmol/L KH2PO4  

1.37mol/L NaCl  

26.8mmol/L KCl 

10× Phosphate-buffered saline (PBS) - 

Reagent B  400mmol/L Potassium ferricyanide 

Reagent C  400mmol/L Potassium ferrocyanide 

10× Staining solution - 

40mg/ml X-gal solution - 

Table 2.2 Senescent cell staining kit reagents. 
 

Additional reagents and materials that were used, but not included in the kit were: 

glycerol which was obtained from Sigma-Aldrich; laboratory standard UP H2O was 

used to dilute some reagents of the kit; sterile plastic syringes (10 and 20ml) were from 

BD PlastipakTM, Becton Dickinson UK Ltd; acrodisc® sterile filters (0.2μm) were 

from Pall Corporation; parafilm was obtained from Brand GMBH & Co, Germany.   

 

2.1.3 Measurement of apoptosis 

2.1.3.1 Caspase-3/7 activity assay 

The Caspase-Glo® 3/7 assay (containing caspase-glo® 3/7 buffer and caspase-glo® 

substrate (lyophilized)) was purchased from Promega, Chilworth Science Park, 

Southampton, UK. Acetate plate sealers (8.3×13.3cm) were from Dynex Technologies 

Ltd, Worthing, West Sussex, UK and IMS was from Genta Medical. 

 

2.1.3.2 Hoechst 33258 staining 

All reagents and materials used for staining and visualising fragmented DNA in whole 

cells are listed in table 2.3. 
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Reagent/ Material Supplier 

Absolute methanol Fisher Scientific UK Ltd 

Clear nail varnish The Boots Company PLC 

DPBS Lonza 

Glycerol Sigma-Aldrich 

Hoechst 33258, pentahydrate (bis-

benzimide) 10mg/ml solution in water 

Molecular Probes, Inc., 

Invitrogen UK Ltd 

Micro-oil immersion oil BDH Ltd 

Circular glass coverslips BDH Ltd 

Glass microscope slides BDH Ltd 

Table 2.3 Reagents and materials utilized to stain whole cell DNA with 

Hoechst 33258. 

 

2.1.4 Reactive oxygen species (ROS) measurements 

2.1.4.1 Fluorescent-based measurement of ROS formation 

The fluoroprobe 5-(and-6)-chloromethyl-2‟,7‟-dichlorodihydrofluorescein diacetate, 

acetyl ester (CM-H2DCFDA) was purchased from Molecular Probes, Inc., Invitrogen 

UK Ltd. Hank‟s balanced salt solution (HBSS) (with Ca
2+

 and Mg
2+

) was from Gibco, 

Invitrogen UK Ltd, DPBS was from Lonza and DMSO was from Sigma-Aldrich.  

 

2.1.4.2 Lucigenin chemiluminescence assay (LCLA) 

Bis-N-methylacridinium nitrate (lucigenin), DMSO, ethylene glycol-bis/β-aminoethyl 

ether)-N,N,N‟,N‟-tetraacetic acid (EGTA), KH2PO4 and protease inhibitor cocktail for 

mammalian tissue (containing the inhibitors: 104mmol/L AEBSF, 0.08mmol/L 

aprotinin, 4mmol/L bestatin, 1.4mmol/L E-64, 2mmol/L leupeptin and 1.5mmol/L 

pepstatin A) were purchased from Sigma-Aldrich. Potassium hydroxide (KOH) and 

sucrose were from Fisons Plc, Loughborough, Leicestershire, UK. Hydrochloric acid 

(10.2mol/L) (HCl) was from Fisher Scientific UK Ltd and EtOH (absolute) was from 

VWR International (BDH) Ltd, UK. All stimulators and inhibitors of ROS are listed in 

table 2.4. 

 

Flat bottom polystyrene white 96-well microplates were from Fisher Scientific UK Ltd 

and black 1.5ml eppendorfs were from MP Biomedical, Cambridge, UK. 

 

 

 

 



Chapter 2.0: Materials & Methods 

 48 

Stimulator Supplier 

Antimycin A (from Streptomyces species) Sigma-Aldrich 

β-nicotinamide adenine dinucleotide (NADH) (disodium 

salt, reduced form) 

Sigma-Aldrich 

β-nicotinamide adenine dinucleotide phosphate (NADPH) 

(tetrasodium salt, reduced form) 

Sigma-Aldrich 

2,6-dihydroxypurine (xanthine) Sigma-Aldrich 

Succinate (disodium salt) Sigma-Aldrich 

Inhibitor  

Antimycin A ( from Streptomyces species) Sigma-Aldrich 

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) Sigma-Aldrich 

4,5–dihydroxy-1,3-benzene disulfonic acid (tiron) 

(disodium salt, hydrate) 

Sigma-Aldrich 

Diphenylene iodonium (DPI) (DPI chloride) Sigma-Aldrich 

5-HD Sigma-Aldrich 

Indomethacin Sigma-Aldrich 

NAC Sigma-Aldrich 

Rotenone Sigma-Aldrich 

TTFA Fisher Scientific UK 

Ltd 

Table 2.4 Stimulators and inhibitors of cellular ROS. 

 

2.1.4.3 Fluorescent-based measurement of mitochondrial O2·
­
 

The fluoroprobe MitoSOX
TM

 red mitochondrial O2·
­
 indicator (MitoSOX

TM
) was 

purchased from Molecular Probes, Inc., Invitrogen UK Ltd. DMSO was from       

Sigma-Aldrich and HBSS (with Ca
2+

 and Mg
2+

) was from Gibco, Invitrogen UK Ltd.  

 

2.1.5 Extraction and quantitation methods 

2.1.5.1 DNA extraction and quantitation 

The QIAamp® DNA blood mini kit was purchased from QIAGEN. EtOH (VWR 

International (BDH) Ltd) was additionally required to dilute buffers AW1 and AW2 

from the kit, before usage. DPBS was purchased from Lonza. Quantitation of DNA was 

determined by the fluorescence-based Quant-iT
TM

 PicoGreen® dsDNA assay kit, 

purchased from Molecular Probes, Inc., Invitrogen UK Ltd. The clear 96-well 

microplates were from Nunc
TM

, Fisher Scientific UK Ltd. 
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2.1.5.2 Ribonucleic acid (RNA) extraction and quantitation 

The High Pure RNA Isolation kit was purchased from Roche Applied Science. EtOH 

(VWR International (BDH) Ltd) was required to prepare Wash Buffers I and II from the 

kit and DPBS was from Lonza. Total RNA was quantified using the fluorescent   

Quant-iT
TM

 RNA assay kit and Qubit
TM

 assay tubes (0.5ml) from Molecular Probes, 

Inc., Invitrogen UK Ltd. Filter pipette tips (for P2-P200 pipettes) were from Rainin 

Instruments, Anachem Ltd. 

 

2.1.5.3 RNA quality and PCR primer quantitation 

TE buffer, pH 7.4 (DNase and RNase free) was from Fluka and Riedel-de Haën, 

Gillingham, UK.  

 

2.1.5.4 Protein extraction and quantitation 

The lysis buffer used to extract whole cell protein from cultured cells consisted of                   

β-mercaptoethanol, magnesium acetate, and protease inhibitor cocktail (for mammalian 

tissue), which were obtained from Sigma-Aldrich. EDTA, HCl, KCl, and tris were from 

Fisher Scientific UK Ltd.  

 

Membrane-bound proteins were extracted from cells using radio immuno precipitation 

assay (RIPA) buffer which consisted of nonidet-P40 (NP-40), protease inhibitor 

cocktail, sodium deoxycholate, SDS, and sodium fluoride (NaF), which were all 

purchased from Sigma-Aldrich. EDTA, HCl, NaCl, and tris were from Fisher Scientific 

UK Ltd. 

 

Protein quantitation using the Bio Rad protein assay dye reagent concentrate was from 

Bio Rad Laboratories Ltd. BSA was from Sigma-Aldrich and clear 96-well microplates 

were from Nunc
TM

, Fisher Scientific UK Ltd. 

 

2.1.6 Molecular biology techniques 

2.1.6.1 Western blotting 

The Western blotting reagents purchased from Bio Rad Laboratories Ltd were 30% (
w
/v) 

acrylamide/bis solution (29:1) and precision plus protein standards, all blue. 

Ammonium persulfate (APS), HCl, methanol, KCl, NaCl, NaOH, 5% (
w
/v) 

trichloroacetic acid and tris were from Fisher scientific UK ltd. BSA,                            
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β-mercaptoethanol, bromophenol blue, DMSO, dithiothreitol (DTT), glycerol, glycine 

(electrophoresis grade), 30% (
w
/v) H2O2, isopropanol, luminol, N, N, N‟, N‟-

tetramethyl-ethylenediamine (TEMED) (electrophoresis reagent), p-coumaric acid, 

polyoxyethylene sorbitan monolaurate (tween-20), ponceau S and sodium 

dodecylsulfate (SDS) were obtained from Sigma-Aldrich. DPBS was from Lonza, IMS 

was from Genta Medical and non-fat Marvel milk powder was from Premier 

International Foods (UK) Ltd, Lincolnshire, UK. Restore
TM

 Western Blot Stripping 

Buffer was purchased from Perbio Science UK Ltd, Cramlington, Northumberland, UK. 

The antibodies used in Western blotting are listed in table 2.5. 

 

Primary antibody Antibody class Supplier 

Anti-AT1R [TONI-1] (mouse) Monoclonal Abcam plc, Milton road, 

Cambridge, UK 

Anti-AT2R (C-18) (goat) Polyclonal Santa Cruz Biotechnology, 

Inc., Santa Cruz, California, 

USA. 

Anti-α-tubulin (clone DM1A; 

mouse) 

Monoclonal Sigma-Aldrich 

Anti-β-actin (clone AC-15; 

mouse ascites fluid)  

Monoclonal Sigma-Aldrich 

Anti-myosin (smooth) (clone 

HSM-V; mouse ascites fluid) 

Monoclonal Sigma-Aldrich 

Anti-p16 (C–20) (rabbit) Polyclonal Santa Cruz Biotechnology, Inc. 

Anti-p21 (F–5) (mouse) Monoclonal Santa Cruz Biotechnology, Inc. 

Anti-p53 (DO–1) (mouse) Monoclonal Santa Cruz Biotechnology, Inc. 

Anti-telomerase (rabbit) Polyclonal Abcam plc 

Secondary antibody   

Donkey-anti-goat IgG – H & L 

horseradish peroxidase (HRP) 

 Abcam plc 

Goat-anti-rabbit IgG –

peroxidase conjugate (whole 

molecule) 

 Sigma-Aldrich 

Rabbit-anti-mouse IgG – H & L 

HRP 

 Abcam plc 

Table 2.5 Primary and secondary antibodies used for Western blotting. All primary antibodies 

were directed against human proteins. 

 

Saran
TM

 film wrap was purchased from Fisher Scientific UK Ltd. Whatman filter paper 

was from Whatman International Ltd, Maidstone, UK. Hybond ECL nitrocellulose 

membrane (20×20cm) and Hyperfilm ECL (5×7 inches) were obtained from Amersham 

Biosciences UK Ltd, Little Chalfont, Buckinghamshire, UK. 
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2.1.6.2 Southern blotting 

The restriction enzymes used for Southern blotting are detailed in table 2.6. 

Restriction enzyme Recognition site Supplier 

HinfI 5‟ . . . G
↓
A N T C . . . 3‟ 

3‟ . . . C  T N A↑G . . . 5‟ 

New England Biolabs (NEB) UK 

Ltd, Hitchin, Hertfordshire, UK 

RsaI 5‟ . . . G T 
↓
A C . . . 3‟ 

3‟ . . . C A ↑T G . . . 5‟ 

New England Biolabs (NEB) UK 

Ltd 

Table 2.6 Restriction enzymes used for Southern blotting. 

 

NEBuffer 2, T4 polynucleotide kinase (PNK) and 10× PNK buffer were also obtained 

from New England Biolabs (NEB) UK Ltd. BSA, 2,7-diamino-10-ethyl-9-phenyl-

phenanthridinium bromide (ethidium bromide), SDS, and sodium citrate were 

purchased from Sigma-Aldrich. EDTA, glacial acetic acid, HCl , NaCl, NaOH and tris 

were from Fisher Scientific UK Ltd. Disodium hydrogen orthophosphate (Na2HPO4) 

and orthophosphoric acid (H3PO4) were purchased from Fisons Plc. Agarose 

(electrophoresis grade), BlueJuice
TM

 gel loading buffer (containing: 65% (
w
/v) sucrose, 

10mmol/L tris-HCl, pH7.5, 10mmol/L EDTA, and 0.3% (
w
/v) bromophenol blue), 1kb 

DNA ladder and high molecular weight (HMW) DNA markers were from Invitrogen 

UK Ltd. 

 

The oligonucleotide complementary to the telomere sequence (TTAGGG)4 was 

synthesized by Invitrogen UK Ltd. The γ
32

P-ATP (9.25MBq) and γ
32

P-CTP (9.25MBq) 

were obtained from Amersham Biosciences UK Ltd. The QIAQUICK nucleotide 

removal kit was purchased from QIAGEN, Crawley, West Sussex, UK, and the 

Rediprime
TM

 II kit was from Amersham Biosciences UK Ltd.  

 

Whatman filter paper was from Whatman International Ltd. KODAK scientific imaging 

film and quickdraw blotting sheets were from Sigma-Aldrich. Hybond
TM

-XL nylon 

membrane for nucleic acid transfer was from Amersham Biosciences UK Ltd. Paper 

towels were from Kimberley-Clarke Europe Ltd, Reigate, Surrey, UK and Saran
TM

 film 

wrap was from Fisher Scientific UK Ltd. 
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2.1.6.3 DNA Damage Measurements - Comet assay (single cell gel electrophoresis) 

HBSS (without Ca
2+

 and Mg
2+

) was purchased from Gibco, Invitrogen UK Ltd. EDTA, 

HCl, NaCl, tris, and NaOH were all from Fisher Scientific UK Ltd. DMSO and       

triton X-100 were purchased from Sigma-Aldrich. Low melting point (LMP) agarose 

and normal melting point (NMP) agarose were obtained from Invitrogen UK Ltd. DPBS 

was purchased from Lonza, IMS was from Genta Medical, EtOH was from VWR 

International (BDH) Ltd, and SYBR green 1 stain was from Molecular Probes, Inc., 

Invitrogen UK Ltd.  

 

Glass microscope slides were from BDH Ltd and square glass coverslips (18×18mm) 

were from Menzel-Glazer; Bios Europe Ltd, Skelmersdale, Lancashire, UK. 

 

2.1.6.4 Detection of telomerase activity 

The TeloTAGGG telomerase PCR ELISA kit was purchased from Roche Applied 

Science, Roche Diagnostics Ltd, Burgess Hill, UK. The reagents and materials included 

in the kit are listed in table 2.7. 

 

Reagents Materials 

Lysis buffer 96-well microplate (precoated 

with streptavidin and post-

coated with blocking reagent) 

2× Reaction buffer Self-adhesive cover foils 

Denaturation reagent  

Hybridization buffer  

10× Washing buffer  

120mU Anti-DIG-POD (Anti-digoxigenin 

peroxidase) 

 

Conjugate dilution buffer  

TMB substrate (containing POD substrate 

3,3‟,5‟5‟– tetramethyl benzidine) 

 

Stop reagent  

Positive cell extract (telomerase expressing 

human kidney cells) (293 cells) 

 

Table 2.7 All Reagents and materials of the TeloTAGGG Telomerase PCR ELISA kit 

 

Diethyl pyrocarbonate (DEPC) and mineral oil were purchased from Sigma-Aldrich. 

DPBS was from Lonza and filter pipette tips (DNase and RNase free) were from Rainin 

Instruments, Anachem Ltd. 
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2.1.6.5 Complementary DNA (cDNA) synthesis  

Reverse transcription of RNA using DyNAmo
TM 

cDNA synthesis kit was purchased 

from New England Biolabs (NEB) UK Ltd, nuclease-free water was from Qiagen and 

filter pipette tips were from Rainin Instruments, Anachem Ltd. 

 

2.1.6.6 Polymerase chain reaction (PCR) 

Quantitative PCR (qPCR) 

The PCR primers used to amplify specific nuclear DNA (nDNA) (encodes the acidic 

ribosomal phosphoprotein PO gene) and mitochondrial DNA (mtDNA) (partially 

encodes NADH dehydrogenase subunit 6, glutamic acid transfer RNA, and partially 

cytochrome b genes) sequences are listed in table 2.8. These primers were 

manufactured by Invitrogen UK Ltd. 

 

Accession 

No. 

Primer 

 

Primer sequence Length 

(bp) 

nDNA 

(NM_001002) 
36B4d 

(sense) 

5‟ CCCATTCTATCATCAACGGGTACAA 3‟ 75 

36B4u 

(antisense) 

 

5‟ CAGCAAGTGGGAAGGTGTAATCC 3‟ 

mtDNA 

(J01415) 
mt14620 

(sense) 

5‟ CCCCACAAACCCCATTACTAAACCCA 3‟ 222 

mt14841 

(antisense) 

5‟ TTTCATCATGCGGAGATGTTGGATGG 3‟ 

Table 2.8 Primer sets used to amplify specific nDNA and mtDNA sequences. 

 

MX4000® 8-tube strips (0.2ml volume capacity), 8-cap strips and Brilliant® SYBR® 

green QPCR core reagent kits [comprising of SureStart® Taq DNA polymerase (5U/μl; 

500U), 10× core PCR buffer, 50mmol/L magnesium chloride, 20mmol/L dNTP mix 

(5mmol/L each of dATP, dCTP, dGTP, and dTTP), 100% DMSO, 50% glycerol, 

10,000× SYBR® green 1 solution and 1mmol/L 6-ROX (reference dye)] were 

purchased from Stratagene, Amsterdam, Netherlands. Water for molecular biology 

work (DNase and RNase-free) was obtained from Sigma-Aldrich. EDTA, HCl and tris 

were from Fisher Scientific UK Ltd and TE buffer, pH 7.4 (DNase and RNase free) was 

from Fluka and Riedel-de Haën.  

Reference DNA was extracted from a mixture of whole blood, comprising of four 

different blood samples, these were diluted to generate standards of known 

concentrations for both quantitative PCR. 
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Real-Time PCR (RT-PCR) 

Published PCR primer sequences used to amplify the human mitochondrial biogenesis 

genes, PGC1α and mtTFA were taken from Norrbom et al., 2004 and Civitarese et al., 

2007 respectively, and primers for the endogenous control gene, hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) was designed by Dr Tiago Duarte, Department of 

Cancer Studies and Molecular Medicine, University of Leicester. All PCR primer 

sequences are listed in table 2.9 and were manufactured by Fisher Scientific UK Ltd. 

 

Gene  Accession No. Primer sequence Length 

(bp) 

PGC1α NM_013261 5‟ CCAAACCAACAACTTTATCTCTTCC 3‟ 101 

 5‟ CACACTTAAGGTGCGTTCAATAGTC 3‟ 

mtTFA 

 

HPRT1 

NM_003201  5‟ CCCAGATGCAAAAACTACAGAACTAA 3‟ 

5‟ TCCGCCCTATAAGCATCTTGA 3‟ 

102 

 

103 

L29382 5‟ GCAGACTTTGCTTTCCTTGGTCAG 3‟ 

5‟ GTCTGGCTTATATCCAACACTTCGTG 3‟ 

Table 2.9 Primer sequences used to amplify human mitochondrial biogenesis genes and 

endogenous control 

 

The SYBR® Green JumpStart
TM

 Taq ReadyMix
TM

 was from Sigma-Aldrich. 

MicroAmp
TM

 fast reaction 8-strip tubes and 8-strip caps were purchased from Applied 

Biosystems, Warrington, UK. Filter pipette tips were from Rainin Instruments, 

Anachem Ltd.  

 

2.1.6.7 BigDye DNA sequencing 

The MinElute® PCR purification kit used to purify PCR products was obtained from 

Qiagen. EtOH was from VWR International (BDH) Ltd and TE buffer, pH 7.4 was from 

Fluka and Riedel-de Haën. Purified products were quantified using the Quant-iT
TM

 

PicoGreen® dsDNA assay kit, purchased from Molecular Probes, Inc., Invitrogen UK 

Ltd. Clear 96-well microplates were from Nunc
TM

, Fisher Scientific UK Ltd. 

 

2.1.6.8 Agarose gel electrophoresis 

 Agarose (electrophoresis grade), BlueJuice
TM

 gel loading buffer and HMW DNA 

markers were purchased from Invitrogen UK Ltd. Hyperladder V (DNA bands between 

25bp and 500bp) was from Bioline, Humber Road, London, UK. EDTA, glacial acetic 

acid and tris were from Fisher Scientific UK Ltd, and ethidium bromide was from 

Sigma-Aldrich. 
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2.2 Equipment 

 

2.2.1 Cell culture and treatment 

Equipment Source 

Centaur centrifuge and CO2 incubator Sanyo E & E Europe BV, 

Loughborough, Leicestershire, UK 

 

Class II microbiological safety cabinet Walkers Safety Cabinets Ltd, Glossop, 

Derbyshire, UK 

  

EDP3 electronic LTS multichannel pipette  

(20-200µl) 

Mettler-Toledo Ltd, Beaumont Leys, 

Leicester, UK 

 

EG & G Berthold LB96V Luminometer and 

WinGlow software (version 1.24) 

Berthold Technologies, Redbourn, UK 

 

  

Haemocytometer (cell counting chamber slide) Weber Scientific International Ltd, UK 

 

Kinematica (plate shaker) Philip Harris Scientific, Shenstone, 

Staffordshire, UK 

 

Multichannel pipette (25 - 200μl) Anachem Ltd, Luton, Bedfordshire, UK 

 

Nikon inverted trinocular phase contrast 

microscope (Model TMS-F) 

Nikon UK Ltd, Kingston Upon Thames, 

Surrey, UK 

 

Ultra absorbance microplate reader Bio-Tek Instruments,Inc. 

 

Waterbath  Grant Instruments (Cambridge) Ltd, 

Barrington, Cambridge, UK 

 

2.2.2 Cell imaging 

Equipment Source 

Class II microbiological safety cabinet Walkers Safety Cabinets Ltd 

 

Fumehood Morgan and Grundy Ltd, Uxbridge, 

Middlesex, UK 

 

Hybaid (Maxi 14) hybridisation oven Thermo Scientific, ABgene products, 

Epsom, UK 

 

Incubator (no CO2) Sanyo E & E Europe BV 

 

Nikon Eclipse E400 fluorescent microscope Nikon UK Ltd 

and Nikon inverted trinocular phase contrast 

microscope (Model TMS-F) 
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2.2.3 Apoptosis detection 

Equipment Source 

EG & G Berthold LB96V Luminometer and 

WinGlow software (version 1.24) 

Berthold Technologies 

 

  

Hamamatsu Orca AG camera system Hamamatsu Photonics UK Ltd, Welwyn 

Garden City, Hertfordshire, UK 

 

Kinematica (Platform shaker) Philip Harris Scientific 

 

Multichannel pipette (25 - 200μl) Anachem Ltd 

 

Nikon Eclipse TE2000E inverted microscope  Nikon UK Ltd 

 

Sutter DG4 fast fluorescence illumination 

system 

Prior Scientific Instruments Ltd, 

Fulbourn, Cambridge, UK. 

 

Volocity Acquisition software Improvision, Viscount Centre II, 

University of Warwick Science Park, 

Coventry, UK 

 

2.2.4 Reactive oxygen species (ROS) detection 

Equipment Source 

Cary Eclipse Fluorescence Spectrophotometer 

with plate-reader attachment and Cary Eclipse 

software 

 

Varian Ltd, Yarnton, Oxford, UK 

 

CO2 incubator, Micro Centaur microfuge and 

Soniprep 150 sonicator 

 

Cytofluor® series 4000 Multi-well plate reader 

and Cytofluor® software 

Sanyo E & E Europe BV 

 

 

Perseptive Biosystems, MA, USA 

  

EG & G Berthold LB96V Luminometer and 

WinGlow software (version 1.24) 

Berthold Technologies 
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2.2.5 Western blotting 

Equipment Source 

Heating Block Teche (Cambridge) Ltd, Duxford, 

Cambridge, UK 

 

Hybridisation oven and shaker Stuart Scientific, UK 

 

Hypercassette Amersham GE Healthcare UK Ltd, 

Chalfont, Buckinghamshire, UK 

 

Kinematica (Platform shaker) Philip Harris Scientific 

 

Power pack, Western blot gel casting, 

electrophoresis and protein transfer equipment 

Bio Rad Laboratories Ltd, Hemel 

Hempstead, Hertfordshire, UK 

 

Spiramax (Rotational mixer) Denley, Sussex, UK 

  

X-ray film processor (Curix 60) AGFA Geraert Ltd, Brentford, 

Middlesex, UK 

 

2.2.6 Southern blotting 

Equipment Source 

Hybaid cylinder tubes and nylon mesh Thermo Scientific  

 

Large electrophoresis tanks, large gel trays 

(20.3×19.4cm) and gel combs (23 wells) 

Designed by University of Leicester 

Workshop, UK 

 

Power  pack Bio Rad Laboratories Ltd 

 

Radiation Geiger counter Mini-Instruments Ltd, Essex, UK 

 

Telometric version 1.2 software Bioinformatics Facility, Fox Chase Cancer 

Center, Philadelphia, USA  

 

Waterbath (37ºC and 56ºC) Grant Instruments (Cambridge) Ltd 

 

X-ray film processor (Curix 60) AGFA Geraert Ltd 
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2.2.7 Molecular biology techniques 

Equipment Source 

AlphaImager™ 1220 Documentation and 

Analysis System 

 

Chromas (version 1.45) software 

 

Alpha Innotech Ltd, Cannock, UK 

 

http://www.technelysium.com.au/chro

mas.html  

 

Cytofluor® series 4000 multi-well plate 

reader and Cytofluor® software 

 

Perseptive Biosystems 

 

 

Dark incubation trays, medium tanks, gel 

trays (23.5 × 14cm) and gel combs (14 wells) 

 

University of Leicester Workshop 

 

DNA thermal cycler 480 Perkin-Elmer LAS (UK) Ltd, UK 

 

Horizontal (Maxi) gel electrophoresis tank Fisher Scientific UK Ltd 

 

Hybaid PCR Sprint thermal cycler 

 

Mandel Scientific Company Inc., 

Ontario, Canada 

 

Hybridisation oven and shaker 

 

Stuart Scientific, UK 

 

Komet (4.0) single cell analysis software 

 

MicroAmp
TM

 fast 48-well tray, StepOne
TM

 

Real-time PCR machine and software 

 

Kinetic Imaging Ltd, Liverpool, UK 

 

Applied Biosystems 

 

Micro Centaur microfuge Sanyo E & E Europe BV 

 

Micropestles (1.5 – 2.0ml), slide scorer, mini 

microcentrifuge and Wilson staining jars 

 

Fisher Scientific UK Ltd 

 

Multichannel pipette (25-200μl) Anachem Ltd 

 

MX4000
TM

 multiplex quantitative PCR 

machine and Tube-strip picofuge 

Stratagene, Amsterdam, Netherlands 

 

 

NCBI Basic Local Alignment Search Tool 

(BLAST) software 

 

http://www.ncbi.nlm.nih.gov/BLAST/ 

Nikon Eclipse E400 fluorescent microscope  Nikon UK Ltd 

 

Power pack 

 

Qubit
TM

 fluorometer 

Bio Rad Laboratories Ltd 

 

Invitrogen UK Ltd 

  

Ultra absorbance plate reader 

 

UV-visible spectrophotometer (UV-1601) 

Bio-Tek Instruments, Inc 

 

Shimadzu UK, Milton Keynes, UK 

http://www.technelysium.com.au/chromas.html
http://www.technelysium.com.au/chromas.html
http://www.ncbi.nlm.nih.gov/BLAST/
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2.3 Methods 

 

2.3.1 Cell culture and treatments 

2.3.1.1 Cell culture 

Originally, hVSMC were derived by primary culture of human saphenous vein explants 

as previously described (O‟Callaghan and Williams, 2000). Cells used in this project 

were obtained from stocks stored in liquid nitrogen. hVSMC were cultured in RPMI 

1640 media containing 10% (
v
/v) FCS with the additional supplements; 2.5% (

v
/v) 

human smooth muscle cell growth supplement, 100μg/ml L-glutamine, 100μg/ml 

penicillin/streptomycin, and 20mmol/L HEPES buffer. Only early passage hVSMC 

(passages 2 to 9) were studied.  

 

Prior to Ang II exposure, 90% confluent cells were rendered quiescent in media 

containing 0.5% (
v
/v) FCS (media consisted of all additional supplements, excluding 

human smooth muscle cell growth supplement) for 24 hours before experimentation. 

The limited presence of growth factors (from FCS) prevented down-regulation of AT1R 

gene expression (Nickenig and Murphy, 1994) and synchronized cells into the G0-phase 

of the cell cycle. 

 

HDF were from frozen stocks obtained by primary culture of human skin taken from the 

buttock region. Cells were cultured in DMEM with high glucose containing 10% (
v
/v) 

FCS, 100μg/ml L-glutamine and 100μg/ml penicillin/streptomycin. Cells were studied 

between passages 7 to 12 and rendered quiescent in media containing 1% (
v
/v) FCS for 

24 hours. 

 

Hep G2 cells were cultured in DMEM with high glucose containing 10% (
v
/v) FCS, 

100μg/ml L-glutamine and 100μg/ml penicillin/streptomycin. 

 

hASMC-hTERT was a kind gift from Professor Laura Niklason (Yale University, 

USA). These cells were originally isolated from a 17-year old donor before transfection 

with hTERT. They were cultured in DMEM with high glucose containing 20% (
v
/v) 

FCS, 100μg/ml penicillin/streptomycin, SmGM®-2 singlequots® (insulin, hFGF-B, and 
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hEGF) and 60μg/ml hygromycin B. Cells were rendered quiescent in media containing 

1% (
v
/v) FCS with no singlequot supplements, for 24 hours.  

 

HeLa cells were cultured in EMEM (without L-glutamine) containing 10% (
v
/v) FCS, 

100μg/ml L-glutamine and 1% (
v
/v) NEAA.  

 

All cells were incubated at 37ºC in Sanyo incubators with 5% (
v
/v) carbon dioxide 

(CO2). 

All cell types were sub-cultured by trypsinization. Cells were incubated with 2 to 3ml of 

pre-warmed 2× trypsin-EDTA solution (stock solution diluted with DPBS) for 5 

minutes at 37ºC, to detach them from the surfaces of culture vessels. The effect of 

trypsin-EDTA was neutralized with cell media and the cell suspensions were 

centrifuged at 180g for 5 minutes. Cells were resuspended in fresh media and divided 

into sterile flasks or multi-well plates.  

 

2.3.1.2 Cumulative population doublings (CPD) 

hVSMC cultured for SA-β-gal staining in 6-well/12-well plates were seeded at a density 

of 5×10
4
/1×10

4
 cells per well. Cells were seeded at 4×10

5
 cells/T75cm

2
 flask for 

determining mtDNA content of cells by qPCR. At each passage, cells were counted 

using a haemocytometer and population doublings (PD) were calculated using the 

following formula: 

PD = (log10Y – log10Z)/ log10 (2) 

 

(Y indicates the number of cells harvested; Z indicates the number of cells seeded). CPD 

was calculated as the sum of all PD with every successive passage. 

 

2.3.1.3 Cell treatments 

Ang II was dissolved in UP H2O and sterilised by filtration (0.2μm) immediately before 

cell treatment. Cells were rendered quiescent by serum deprivation as described in 

2.3.1.1, before relatively short incubation periods with Ang II (1 to 24 hours). 

Successive Ang II treatment over long periods was conducted in medium containing 

10% (
v
/v) FCS, where cells were treated on alternate days and also sub-cultured once 

confluence was reached. Working concentrations of H2O2 and t-BHP were made up in 

UP H2O and filter sterilised before treating cells for 1 to 24 hours. 
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AT1R inhibitors, ROS scavengers and mitochondrial complex inhibitors were filter 

sterilised prior to pre-treatment of cells for 1 to 4 hours, followed by Ang II exposure. 

Apocynin, rotenone and TTFA were dissolved in DMSO. 5-HD was dissolved in EtOH. 

Catalase and E3174 were dissolved in DPBS, whereas NAC and mito-TEMPO were 

made up in UP H2O. All of the cell treatments were conducted at 37ºC with 5% CO2. 

 

2.3.1.4 SIPS induction 

Cells were seeded at a density of 2×10
4
 cells per well in 6-well plates. After 48 hours, 

cells were rendered quiescent for 24 hours as described in 2.3.1.1, and then incubated 

with Ang II for 2 hours. Ang II was removed afterwards by changing the culture 

medium (containing 0.5% (
v
/v) FCS) to allow for cells to recover for 24 hours prior to 

subsequent exposures. Treatment with 40µmol/L t-BHP was conducted in the same 

manner using media containing 10% (
v
/v) FCS. 

 

2.3.1.5 Cell viability measurements 

Trypan blue exclusion method 

Trypan blue is a polar dye only absorbed by cells with ruptured cell membranes. Dead 

cells appear blue stained and viable cells appear clear or translucent. Cells were          

resuspended in a known volume of media, and a small portion was then further diluted 

1:1 with 0.4% (
w
/v) trypan blue solution. Cells were left to stand for 2 minutes to allow 

the dye to penetrate dead cells, before counting the number of blue and clear cells using 

a haemocytometer. Cells were counted in four 1.0mm
2
 regions and the mean values 

were used to calculate the percentage of viable cells using the equation below: 

 

% Viability =           Number of live cells           × 100 

             Number of live + Number of dead cells 

 

MTT colorimetric assay 

Cell proliferation and viability were detected using the quantitative colorimetric MTT 

assay developed by Mossman, which was then later refined to improve sensitivity and 

reliability (Denizot and Lang, 1986). The assay is based on the reduction of the 

tetrazolium salt, MTT, by the mitochondrial enzyme succinate dehydrogenase in viable 

cells, to form a blue formazan product (Mosmann, 1983). The amount of formazan 

produced is proportional to the number of viable cells present. 
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Cells were seeded into clear 96-well microplates at a density of 1×10
3
 cells per well and 

grown to confluence. Treatment was performed in complete media without phenol red 

(PR־) indicator. After treatment, the cell media was discarded from all wells using a 

multichannel pipette and the microplate was inverted and blotted on tissue paper several 

times to remove any residual media. MTT solution (1mg/ml) was made in RPMI 1640 

PRˉ basal media, filter sterilised and 100μl was added per well. The microplate was 

incubated at 37ºC in the dark (covered with foil) for 4 hours to allow for MTT 

reduction. MTT solution was then discarded, and the microplate was inverted and 

blotted to remove any remaining MTT solution. The visible blue formazan product was 

solubilised by the addition of 100μl of isopropanol per well and slow agitation on a 

plate shaker for 5 minutes at room temperature (RT). Absorbance was measured at 

562nm and 690nm (reference) wavelengths using the Ultra absorbance microplate 

reader. 

 

ApoGlow® adenylate nucleotide ratio assay 

Metabolically viable cells have maintained levels of adenosine triphosphate (ATP) 

which gradually degrade upon the onset of apoptosis, where an increase in adenosine 

diphosphate (ADP) levels is observed. In necrosis, ATP levels rapidly drop and 

coincide with increased ADP levels.  

 

The ApoGlow® assay primarily allows for the distinction between apoptosis, necrosis 

and proliferation of cells in vitro. However, ATP production is strongly associated with 

mitochondria and was used to assess mitochondrial function. The reaction utilizes 

luciferase to generate light from the reaction of ATP and luciferin. The light intensity 

generated correlates with ATP concentration and ADP is then determined from the 

conversion of ATP by luciferase. Cells were seeded into white 96-well microplates 

(7×10
3
 cells per well in 100µl of media) for 24 hours prior to treatment in 10% (

v
/v) 

FCS containing media. All microplates and prepared reagents were equilibrated to RT 

for 30 to 45 minutes prior to the end of treatment.  

 

An electronic multichannel pipette was used to add all reagents to the wells. Five 

minutes after the addition of the nucleotide releasing reagent (NRR) (100µl per well), 

20µl per well of the nucleotide monitoring reagent (NMR) (1:10 dilution in tris-acetate 

buffer) was added and a 1 second integrated reading expressed as arbitrary light units 
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(ALU) (Reading A) was taken in the luminometer (temperature controlled at 22°C), to 

measure ATP levels. The ATP signal was then allowed to decay to a steady-state for 10 

minutes prior to Reading B. Finally, ADP was converted to ATP by the addition of ADP 

converting reagent (ADP-CR) (20µl per well) and Reading C was taken after a 5-minute 

incubation period. The ADP:ATP ratio was calculated as described (Bradbury et al., 

2000) using the equation below: 

 

Reading C – Reading B 

     Reading A 

 

Relative ATP was calculated from the initial reading of wells; Reading A - Reading B. 

But ATP was also expressed as ALU/μg protein. 

 

2.3.2 Cell imaging 

2.3.2.1 Microscopy images 

Light microscopy images were taken of hVSMC grown in T75cm
2
 Nunc

TM
 flasks, in 

media containing 10% (
v
/v) FCS. Phase contract microphotographs were taken at ×40 

and ×100 magnifications, using a colour camera attached to a Nikon inverted trinocular 

phase contrast light microscope. 

 

2.3.2.2 Immunofluorescence 

Cells were seeded on sterile, round, glass coverslips (immersed in 70% IMS then       

air-dried for 30 minutes to sterilize) in 6-well plates at 2×10
4
 cells per well, grown to 

near confluence (80%) in media containing 10% (
v
/v) FCS and then rendered quiescent 

for 7 days (as described in section 2.3.1.1). Cells were fixed in 4% (
w
/v) 

paraformaldehyde in DPBS for 20 minutes at 4ºC, followed by 3 washes for 2 minutes 

each with tris buffered-saline (TBS) (24.8mmol/L tris; 137mmol/L NaCl; 2.7mmol/L 

KCl, pH7.4), permeabilized (0.5% (
v
/v) triton X-100 in TBS) for 10 minutes, and 

washed 3 times in washing buffer (0.1% (
v
/v) triton X-100 in TBS) for 5 minutes each. 

Cells were blocked (0.1% (
v
/v) triton X-100; 2% (

w
/v) BSA in TBS) for 10 minutes at 

RT, then incubated with the anti-α-smooth muscle actin antibody (1:600) in blocking 

buffer at 37°C for 1 hour in the dark. After washing, the cells were incubated with   

anti-mouse IgG FITC conjugate secondary antibody (1:400) for 1 hour at 37ºC in the 

dark. Excess unbound secondary antibody was removed by washing with a final rinse in 
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UP H2O. Coverslips were mounted on microscope slides with VectorShield mounting 

medium for fluorescence, and sealed with clear nail varnish.  

 

Fluorescent images were taken under a FITC filter (excitation: 485nm; emission: 530nm 

wavelengths) at ×400 magnification, using a Nikon Eclipse E400 fluorescent 

microscope.  

 

2.3.2.3 SA-β-gal assay 

Expression of the β-galactosidase enzyme at pH 6.0 is a widely used biomarker for 

cellular senescence in vivo and in vitro. The cytochemical staining for SA-β-gal activity 

was measured in cultured cells using the commercially available „Senescent Cells 

Staining Kit‟, as described by (Dimri et al., 1995). Cells were grown to confluence in 6 

or 12-well plates and treated with Ang II as described in 2.3.1.3 or 2.3.1.4.  

 

After treatment, cells were trypsinized, counted using a haemocytometer and re-seeded 

at 5×10
4
/1×10

4
 cells in 6/12-well plates. This allowed for a sufficient number of cells to 

adhere over 24 hours. Cells were rinsed twice with PBS, fixed in fixation buffer (2% 

formaldehyde; 0.2% glutaraldehyde; 7.04mmol/L Na2HPO4; 1.47mmol/L KH2PO4; 

137mmol/L NaCl; 2.68mmol/L KCl) for 6 to 7 minutes at RT. After washing 3 times 

with PBS, the fixed cells were incubated with fresh, sterile SA-β-gal staining mixture 

(1mg/ml X-gal solution; 1× staining mixture; 5mmol/L reagent B; 5mmol/L reagent C, 

pH 6.0) at 37ºC in a Sanyo incubator (without CO2) for 24 hours. To prevent cells from 

drying out parafilm was used to seal edges of the multi-well plates during the staining 

period. Senescent cells specifically stain at pH 6.0 therefore cells were not incubated in 

a CO2-rich environment, since this may alter the pH of the solution. 

 

Blue stained, senescent cells were visualized using a Nikon inverted trinocular phase 

contrast light microscope and counted manually from 5 fields of view selected at 

random from each well. After the staining period, the SA-β-gal staining solution was 

removed and cells were overlaid with 1ml of 70% (
v
/v) glycerol per well for long-term 

storage at 4°C. Images were taken at ×100 magnification using a Nikon inverted 

trinocular phase contrast light microscope. 
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2.3.3 Apoptosis measurements 

2.3.3.1 Caspase-3/7 activity 

Caspase-3 and -7 are cysteine aspartic acid-specific proteases involved in the execution 

of apoptosis. Caspases are activated through intrinsic and extrinsic signalling pathways. 

Extracellular signalling initiates the extrinsic pathway where activation of the        

death-receptor initiates caspase-8 which is cleaved and activates caspase-3. The intrinsic 

pathway is mediated by the release of cytochrome c from mitochondria, which initiates 

caspase-9 then activates caspase-3. Caspase-3 cleaves downstream cellular targets 

resulting in apoptosis (Li et al., 2007b).  

 

Following cell lysis, the Caspase–Glo® 3/7 DEVD substrate reagent is cleaved 

generating a luminescent signal from luciferase. The luminescence produced is 

proportional to the quantity of caspase-3/7 activity. hVSMC were seeded at 3×10
3
 cells 

per well in white 96-well microplates (100µl media per well) and grown to confluence. 

This was assessed by viewing cells simultaneously and identically seeded in clear      

96-well microplates. After cell treatment, the microplate was equilibrated to RT for 30 

minutes prior to the end of the incubation period.  

 

All the caspase-Glo® 3/7 reagents were thawed and equilibrated to RT for 30 to 45 

minutes. Caspase-Glo® 3/7 buffer was poured in the caspase-Glo® 3/7 substrate bottle 

and the contents were mixed by inverting and swirling, then left to equilibrate for a 

further 10 minutes. The reagent was added to the microplate (100µl per well) and 

agitated at medium speed on a platform shaker for 30 seconds at RT to aid cell lysis. 

Luminescence was measured 1 to 2 hours after the addition of the reagent (Relative 

light units per second (RLU/sec) in the luminometer, maintained at 22 to 24°C. The 

background measurement of cell culture medium alone was subtracted from the 

measurements of treated cells. 

 

2.3.3.2 Detection of DNA fragmentation using Hoechst 33258 staining 

Hoechst 33258 is a cell-permeable blue fluorescent DNA-binding dye. The changes in 

nuclear morphology can be used to analyse apoptosis. Apoptotic cells have brightly blue 

fluorescent nuclei. The nuclear material may be irregular-shaped, condensed or 

fragmented to form apoptotic bodies. In contrast, the nuclei of viable cells display 

uniform blue staining and a regular ovoid appearance. 
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Cells were cultured to near confluence on sterilized, glass coverslips in 6-well plates. 

After treatment, cells were rinsed twice with warmed DPBS then fixed in 500µl 

absolute ice-cold methanol for 2 to 3 minutes at RT. After washing twice with DPBS 

the fixed cells were incubated with fresh Hoechst 33258 solution (2.5µg/ ml) prepared 

in DPBS, for 15 minutes at RT with protection from light (covered with foil). Cells 

were then rinsed 4 times with DPBS to sufficiently remove any excess Hoechst dye. 

Each coverslip was mounted onto a microscope slide using 25µl 1:1 (
v
/v) DPBS/glycerol 

solution and sealed with clear nail varnish. 

  

Cell nuclei were visualized under a DAPI filter (excitation: 340-380nm; emission:    

435-485nm) using a Nikon Eclipse TE2000E inverted microscope with a Sutter DG4 

fast fluorescence illumination system, and Hamamatsu Orca AG Camera System. Four 

random fields of view were scored for each slide and the percentage of apoptotic cells 

was calculated. A drop of immersion oil was placed onto the coverslips prior to 

capturing images at ×400 magnifications, using the Volocity Acquisition software.  

 

2.3.4 ROS measurements 

2.3.4.1 Measurement of ROS in intact cells 

ROS generation induced by cell treatment was measured with the fluorescent probe 

CM-H2DCFDA, a chloromethyl derivative of dichlorodihydrofluorescein diacetate 

(DCFDA), which exhibits better retention in viable cells than DCFDA. Cells were 

grown to confluence in 96-well microplates for 2 days. Fresh media was added to the 

wells and then CM-H2DCFDA (10μmol/L in DMSO) was added. Cultures were 

incubated in the dark at 37ºC for 30 minutes to allow for sufficient cellular uptake of the 

probe, then rinsed twice with pre-warmed HBSS before treatment. Finally, 100μl of 

HBSS was added to each well and fluorescence was measured using the Cytofluor 

multi-well fluorescence plate reader (excitation; 485  20nm; emission: 530  20nm).  

 

2.3.4.2 Measurement of NAD(P)H oxidase activity 

NAD(P)H oxidase activity was measured as described by Griendling et al (1994) with 

some modifications. NAD(P)H oxidase is a known major source of O2·
­
 production in 

VSMC. hVSMC were grown in T175cm
2
 flasks to extract sufficient quantities of 

protein for measuring O2·
­
 production. Quiescent hVSMC were treated with Ang II for 

various periods of time (1 to 24 hours), and experiments involving pre-incubation with 
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E3174 prior to Ang II exposure were as described in 2.3.1.3. Cells were rinsed with 

DPBS, trypsinized, and centrifuged at 180g for 5 minutes at RT. Cells were washed 

twice with ice-cold DPBS, transferred to chilled eppendorfs and centrifuged at 9300g 

for 5 minutes at 4ºC. Waste supernatant was discarded and the cell pellets were 

resuspended in 300μl of ice-cold lysis buffer (20mmol/L KH2PO4, 1mmol/L EGTA,   

pH 7.4, 10% (
v
/v) protease inhibitor cocktail). Each cell lysate was then sonicated 3 

times with 10 second bursts at 30% power and cooled on ice for 30 seconds between 

each sonication. Lysates were centrifuged at 800g for 10 minutes at 4ºC to remove 

unbroken cells and debris, and then transferred to chilled eppendorfs. The protein 

content was determined using the Bradford protein assay (2.3.5.7). 

 

The lucigenin chemiluminescence assay (LCLA) was used to measure NAD(P)H 

oxidase activity in protein extracts. The luminometer was switched on and allowed 10 

to 15 minutes to warm up to 37ºC (preset temperature). A white, 96-well microplate was 

placed in the luminometer and 100μg of cell lysate were added into the selected wells. 

All reaction components combined in each well were made up to a final volume of 

200μl. Ice-cold assay buffer (50mmol/L KH2PO4, 1mmol/L EGTA, 150mmol/L 

sucrose, pH 7.4) was added. A final concentration of 10μmol/L lucigenin was added 

which specifically detects O2·
­
 and is not involved with redox cycling (Skatchkov et al., 

1999) and the ROS and oxidase inhibitors used in experiments were added as 1:200 

dilutions. The final concentrations of all inhibitors are detailed in table 2.10. The plate 

was then left in the luminometer at 37ºC for 5 minutes prior to the addition of NADPH. 

NADPH and the other ROS stimulators investigated are listed in table 2.11. 

 

Chemiluminescence was measured every 40 seconds for 40 minutes in the luminometer. 

The total quantity of O2·
­
 generated over that time was calculated for the area under the 

kinetic curve using the trapezoidal rule (Le Floch et al., 1990), for each reaction.  
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ROS inhibitor Target of ROS inhibition  

(oxidase enzyme/ ROS) 

Final concentration 

(μmol/L) 

Antimycin A Mitochondrial complex III 10 

CCCP Mitochondrial complex IV and uncoupler 

of mtRC 

10 

DPI Flavoprotein  50 

5-HD Mitochondrial ATP-sensitive potassium 

(mitoKATP) channels 

100 

Indomethacin Cyclooxygenase 20 

NAC Free radical scavenger and increases GSH 10,000 

Rotenone Mitochondrial complex I 10 

Tiron Nonenzymatic O2·
­
 scavenger 10,000 

TTFA Mitochondrial complex II 10 

Table 2.10 Final concentrations of ROS inhibitors. 

 

ROS stimulator Target of ROS production  

(oxidase enzyme) 

Final concentration 

(μmol/L) 

Antimycin A Mitochondrial complex III (inhibitor) 

(added in conjunction with succinate) 

30 

NADH NAD(P)H oxidase 400 

NADPH NAD(P)H oxidase 400 

Succinate Mitochondrial complex II 5000 

Xanthine Xanthine oxidase 1000 

Table 2.11 Final concentrations of ROS stimulators. 

 

2.3.4.3 Measurement of mitochondrial O2·
­
 

Mitochondrial O2·
­
 production induced by cell treatment was measured with the 

fluorescent probe MitoSOX
TM

, a fluorogenic dye that is highly selective in detecting 

O2·
­
 in mitochondria of live cells. The reagent is selectively targeted to the mitochondria 

where it is oxidized by O2·
­
 and exhibits red fluorescence. Cells were grown to 

confluence in 6-well plates for 48 hours in media containing 10% (
v
/v) FCS. Following 

treatment, cells were rinsed twice with pre-warmed HBSS (containing Ca
2+

 and Mg
2+

). 

A 5mmol/L stock solution of MitoSOX
TM

 was prepared with DMSO then diluted to a 

working concentration of 5μmol/L with HBSS. The MitoSOX
TM

 working concentration 

(500μl) was added to each well, and the plate was incubated in the dark at 37°C for 10 

minutes, to allow for the fluoroprobe to be taken up by cells and oxidized. Cells were 

then rinsed with HBSS (3×). Finally, 500μl of HBSS was added to each well and 

fluorescence was measured using the Cary Eclipse Fluorescence Spectrophotometer 

plate reader (excitation: 510nm; emission: 580nm). Fluorescent measurements were 

recorded in the advanced readings set-up in the Cary Eclipse software, and calculated 

relative to untreated cells loaded with the probe. 
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2.3.5 Extraction and quantitation methods 

2.3.5.1 DNA extraction 

The QIAamp® DNA blood mini kit was used to extract DNA from cells. Each cell 

pellet was resuspended in 200μl DPBS and QIAGEN protease (20μl) and Buffer AL 

(200μl) were added with mixing by pulse vortexing for 15 seconds. Cell lysates were 

incubated at 56ºC for 10 minutes, briefly centrifuged in a microcentrifuge, EtOH 

(200μl) was then added and pulse vortexed again. Lysates were briefly centrifuged 

again then transferred to QIAamp spin columns (with collection tubes) and centrifuged 

at 11,000g for 1 minute. The columns were placed in clean 2ml collection tubes and 

500μl Buffer AW1 was added. Following centrifugation at 11,000g for 1 minute, 

columns were placed in clean collection tubes. Buffer AW2 (500μl) was added to the 

column, centrifuged at 11,000g for 3 minutes, then placed into clean 1.5ml eppendorfs 

and centrifuged again to ensure the complete removal of wash buffer. Buffer AE (55μl) 

was added to the column and incubated for 5 minutes at RT prior to centrifuging at 

11,000g for 1 minute, to elute the DNA. 

 

2.3.5.2 DNA quantitation 

The Quant-iT
TM

 PicoGreen® dsDNA assay kit was used to quantify the extracted DNA 

from cells. The PicoGreen reagent is a sensitive fluorescent nucleic acid stain for 

double-stranded DNA (dsDNA). A range of λDNA concentrations was generated in TE 

buffer to create a standard curve (50, 25, 10, 2 and 0 ng). These were diluted 2-fold with 

PicoGreen solution (diluted 200-fold in TE buffer for a working concentration). DNA 

samples were diluted 1:50 with TE buffer, and 10μl of each were added to 90μl TE 

buffer in a 96-well microplate. PicoGreen solution (100μl) was added to each well and 

the fluorescence was read in the Cytofluor multi-well plate reader (excitation: 485nm; 

emission: 530nm). The concentration of DNA within samples was determined against 

the fluorescence values obtained from the standard curve. 

 

2.3.5.3 RNA extraction 

The High Pure RNA Isolation kit was used to extract total RNA from cultured cells. 

The incorporated DNase treatment step purified isolated RNA from residual genomic 

DNA. Each cell pellet was resuspended in 200μl DPBS then 400μl of lysis buffer was 

added and mixed by vortexing for 15 seconds. Lysates were transferred to high pure 

filter tubes (with collection tubes) and centrifuged at 8000g for 1 minute. The         
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flow-through was discarded and filters were re-inserted in collection tubes. In sterile 

eppendorfs, 90μl of DNase incubation buffer was added to 10μl DNase 1 for each 

sample, mixed, then pipetted onto each filter and incubated for 15 minutes at RT. Wash 

buffer I (500μl) was added to each filter then centrifuged at 8000g for 1 minute. The 

flow-through was discarded and the same wash was performed using wash buffer II, 

then again using 200μl of wash buffer II, centrifuging at 11,000g for 2 minutes to 

ensure the removal of residual wash buffer. Filter tubes were inserted into sterile 1.5ml 

eppendorfs and 35μl of elution buffer was added to each filter and centrifuged at 8000g 

for 1 minute to elute the purified RNA.  

 

2.3.5.4 Total RNA quantitation 

Purified total RNA was quantified using the Quant-iT
TM

 RNA assay kit. The        

Quant-iT
TM

 RNA reagent is an ultrasensitive fluorescent nucleic acid stain for RNA and 

was diluted 200-fold in Quant-iT
TM

 RNA buffer for a working concentration. Each      

Quant-iT
TM

 RNA standard (#1 and #2) (10μl) was added to 190μl of the working 

concentration in Qubit
TM

 assay tubes, and 1μl of each RNA sample (diluted 1:30) was 

added to 199μl of the working concentration. All tubes were mixed by vortexing (3 

seconds) then incubated for 3 minutes at RT. The fluorescent readings of RNA 

standards #1 and #2 were consecutively read, followed by each RNA sample in the 

Qubit
TM

 fluorometer. RNA sample concentrations were given in ng/ml units, relative to 

the 2 standard values. The original concentration of RNA samples was calculated by 

accounting for the dilution of samples. 

 

2.3.5.5 RNA quality and PCR primer quantitation by UV spectrophotometry 

Total RNA samples were diluted 1:200, and PCR primers were reconstituted with 100μl 

TE buffer, pH 7.4. PCR primers and diluted RNA samples were diluted 1:100 with TE 

buffer, pH 7.4 and UV readings were taken at 230, 260 and 280nm. The ratio of 

A260/A280 was used to determine the quality of RNA with respect to protein and 

A260/A230 with respect to phenol and guanidine contaminants. Readings at 260nm were 

used to quantify and determine the concentration of PCR primers.  

 

One absorbance unit at 260nm of single-stranded DNA equates to 33μg/ml of DNA. 

Pure RNA is acceptable between the ranges of 1.7-2.1 of the A260/280 ratio.    
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2.3.5.6 Protein extraction 

Protein was extracted from whole cells (10
6
 cells) by adding 20μl of chilled cell lysis 

buffer (3mmol/L β-mercaptoethanol; 3mmol/L EDTA; 50mmol/L KCl; 5mmol/L 

magnesium acetate; 10% (
v
/v) protease inhibitor cocktail; 50mmol/L tris-HCl, pH 7.4).  

 

Membrane-bound proteins were extracted from cells (3×10
6 

cells)
 
by adding 80µl of 

RIPA buffer (2mmol/L EDTA; 150mmol/L NaCl; 10mmol/L NaF; 1% (
v
/v) NP-40; 

10% (
v
/v) protease inhibitor cocktail; 0.1% (

w
/v) SDS; 0.5% (

w
/v) sodium deoxycholate 

(initially made as a 10% (
w
/v) stock solution); 50mmol/L tris-HCL, pH 7.5). Cells were 

resuspended by vortexing then homogenized using micropestles (25 strokes per cell 

sample), on ice. Cell lysates were then incubated on ice for 1 hour then centrifuged at 

9300g for 10 minutes at 4ºC. The supernatants were transferred to sterile chilled 

eppendorfs and stored at -80ºC. 

 

2.3.5.7 Protein quantitation 

Proteins were quantified using a modified method, originally described by Bradford 

(1976). A 1mg/ml BSA stock solution was used to generate a protein standard curve of 

the following concentrations in cell lysis buffer (used for protein extraction): 0.5; 0.4; 

0.3; 0.2; 0.1mg/ml BSA. Protein extract samples were diluted 1:25 with cell lysis 

buffer. Each BSA standard and diluted protein extract were transferred to a 96-well 

microplate, in triplicate (10μl). The Bio Rad protein assay dye reagent was diluted to 

20% (
v
/v) in UP H2O and 200μl was added to each well. The microplate was incubated 

at RT for 10 minutes then read in the absorbance plate reader at 595nm. Protein 

concentrations were calculated against the BSA standard curve. 

 

2.3.6 Molecular biology methods 

2.3.6.1 Western blotting 

SDS-polyacrylamide gel electrophoresis (PAGE) 

All glass plates (spacer plates and short plates), casting frames and well combs were 

cleaned with IMS. One spacer plate and short plate were assembled together in a casting 

frame and secured in a casting stand for each polyacrylamide gel made. Firstly, the 

resolving gel (2 gels) (375mmol/L tris-HCl pH8.8; 350μmol/L SDS; 220μmol/L APS; 

0.002% (
v
/v) TEMED) was prepared containing 12% (

w
/v) acrylamide/bis solution 29:1, 

which allowed the distinction between different sized proteins. APS solution was added 
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to the gel mix lastly to initiate polymerization and 7ml of the resolving gel was then 

added using a pipette between each short and spacer plate. The gels were overlaid with 

1ml isopropanol and left to set at RT for 40 minutes. Once the gels had set the 

isopropanol layer was poured away and 4ml of the stacking gel (124mmol/L tris-HCl 

pH 6.8; 4% (
v
/v) acrylamide/bis solution 29:1; 347μmol/L SDS; 218μmol/L APS; 

0.001% (
v
/v) TEMED) was added on top of each resolving gel, filling the remaining 

space between both plates. A 10-well comb was slotted into each stacking gel, and the 

gel left to set at RT for 40 minutes.  

 

Once the stacking gels had set, the gel casts were released from the casting stands then 

the casting frames and well combs were removed. Two gel casts were assembled into 

each electrophoresis tank with the short plates facing each other. The tank was filled 

with 1L of SDS-PAGE running buffer (192mmol/L glycine; 3mmol/L SDS; 25mmol/L 

tris) and used to wash the wells out using a pipette. Equal concentrations of protein 

lysate for each sample (20μg/40μg) (determined by Bradford protein assay, section 

2.3.5.7) were added to equal amounts of 2× loading buffer (70μmol/L bromophenol 

blue; 20mmol/L DTT; 10% (
v
/v) glycerol; 62.5mmol/L tris-HCl pH 6.8) and heated at 

95ºC for 5 minutes. Protein lysates assessed under non-reduced conditions (when 

labelled for AT1R, AT2R or telomerase) were added to equal amounts of 2× loading 

buffer containing no DTT and were not heated prior to loading in wells. The precision 

plus protein standards were loaded into the first wells (6μl) and the protein lysates were 

loaded in the subsequent wells. The proteins were separated by electrophoresis at 120V 

for 70 minutes. 

 

Protein transfer 

Transfer buffer (24.8mmol/L tris; 192mmol/L glycine; 10% (
v
/v) methanol) was 

prepared during the electrophoresis stage. Whatman filter paper (4 sheets) and 

nitrocellulose membrane were cut to the size of short plates for each gel. The 

nitrocellulose membrane was soaked in UP H2O for 2 minutes then transfer buffer for 5 

minutes, and filter papers were only soaked in transfer buffer for 5 minutes. Transfer 

sponges (2) were soaked in a trans-blot tank filled with transfer buffer.  
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The electrophoresis tank was disassembled and the glass plates were pulled apart gently. 

The stacking gel was cut away using a scalpel and the remaining gel was rinsed in 

transfer buffer. On the black surface of each transfer cassette the following were stacked 

in order: 1 transfer sponge; 2 filter papers; 1 gel; 1 nitrocellulose membrane; 2 filter 

papers and 1 transfer sponge. Trapped air bubbles were rolled out before closing the 

cassette as these could affect protein transfer, then the cassette was slotted into the 

clamp within the tank (black surface of the cassettes were placed facing the black side 

of the clamp). Electrophoresis was then carried out at 60V for 1 hour at RT (or 30V 

O/N). 

 

Immunoblotting 

The trans-blot tank was disassembled, gels and filter papers were discarded and 

membranes were placed in a small tray containing UP H2O and washed for 2 to 3 

minutes at RT. All washes and antibody incubations were performed on a platform 

shaker and rotational mixer.  

 

Membranes were then incubated with Ponceau S stain (6.5mmol/L Ponceau S, 5% (
w
/v) 

trichloroacetic acid) for 5 minutes at RT to verify protein transfer. This staining solution 

was poured back into its bottle (re-usable) and the membranes were washed several 

times with UP H2O. The stained protein bands remaining were removed by brief 

washing with 0.1mol/L NaOH for 30 seconds, followed by several washes in UP H2O. 

Membranes were blocked with non-fat marvel milk powder in TBS with tween-20 

(TBST) (TBS; 0.001% (
v
/v) tween-20) (milk/TBST) or BSA in TBST (BSA/TBST) 

under different incubation conditions, as optimized by preliminary experiments, detailed 

in table 2.12. After the appropriate blocking period, the membranes were rinsed with 

TBST twice for 15 minutes each; then incubated with specific primary antibodies, listed 

in table 2.13. 
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Primary antibody Blocking solution Incubation 

conditions 

Anti-AT1R [TONI-1] 5% (
w
/v) BSA/TBST O/N at 4ºC 

Anti-AT2R  

 

Anti-α-tubulin  5% (
w
/v) BSA/TBST (anti-AT1R) 

5% (
w
/v) milk/TBST (anti-myosin) 

10% (
w
/v) milk/TBST 

(anti-p16; p21; p53 and telomerase) 

 

1 hour at RT 

Anti-β-actin  5% (
w
/v) BSA/TBST (anti-AT2R) 1 hour at RT 

 

Anti-p16  10% (
w
/v) milk/TBST 1 hour at RT 

 

 

 

Anti-p21  

Anti-p53  

Anti-myosin (smooth) 5% (
w
/v) milk/TBST O/N at 4ºC 

 

Anti-telomerase 1 hour at RT 

Table 2.12 Blocking solutions and conditions for incubation prior to specific primary antibody 

labelling. Different blocking solutions were used when confirming equal protein loading using 

either anti-α-tubulin or β-actin, which were dependent upon the primary antibody originally 

labelled for (detailed in brackets). 

 

Primary antibody Dilution (μl) Incubation conditions 

Anti-AT1R [TONI-1] 1:200 O/N at 4ºC 

Anti-AT2R  1:400 O/N at 4ºC 

Anti-myosin (smooth)   1:2000 O/N at 4°C 

Anti-p16  1:200 O/N at 4ºC 

Anti-p21  1:200 1 hour at RT 

Anti-p53  1:400 O/N at 4ºC 

Anti-telomerase 1:200 O/N at 4ºC 

Secondary antibody   

Donkey-anti-goat IgG – H & L 

HRP 

 

1:10,000 

(anti-AT2R) 

1 hour at RT 

Goat-anti-rabbit IgG–peroxidase 

conjugate (whole molecule) 

1:5000 

(anti-p16 and 

telomerase) 

1 hour at RT 

 

Rabbit-anti-mouse IgG–H & L 

HRP 

 

 

1:5000 

(anti-p21 and p53) 

 

1 hour at RT 

1:10,000 

(anti-AT1R, myosin 

and telomerase) 

Table 2.13 Primary and secondary antibody dilutions and conditions for the proteins of 

interest. In all cases, antibodies were diluted in the respective blocking solutions as detailed 

in table 2.12. The specific secondary antibody dilutions used for primary antibodies are 

listed in brackets. 
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Membranes were then rinsed again with TBST twice for 15 minutes, followed by 

incubation with the appropriate secondary antibody (table 2.14), and afterwards rinsed 

several times with TBST to ensure the sufficient removal of excess antibody. 

 

Primary antibody Dilutions (μl) Incubation conditions 

Anti-α-tubulin  1:10,000 15 minutes at RT 

Anti-β-actin  1:20,000 O/N at 4°C 

Secondary antibody   

Rabbit-anti-mouse IgG –H & L 

HRP 

1:10,000 

 

1 hour at RT 

 

Table 2.14 Primary and secondary antibody dilutions and conditions for the labelling of 

equal protein loading. β-actin expression was only determined for membranes previously 

labelled for AT2R, whereas α-tubulin expression was determined for all other previously 

labelled proteins of interest.  

 

Enhanced chemiluminescence (ECL) detection and densitometric analysis 

Washed membranes were laid onto Saran wrap and 1ml of the ECL solution 

(100mmol/L tris-HCl, pH 8.5, 197μmol/L p-coumaric acid (made in DMSO), 

1.2mmol/L luminol (made in DMSO), 0.009% (
w
/v) H2O2) was transferred over each 

membrane using a pipette, then incubated for 1 minute at RT. Membranes were then 

quickly placed onto a clean Saran wrap and sealed in hypercassettes. Under red light, 

films were exposed for 30 seconds to 1 minute, and then developed in the X-ray film 

processor. Band intensities on films were quantified by densitometry using the 

AlphaImager documentation and analysis system. 

 

Western blot membrane stripping       

Membranes relabelled with different proteins of interest, were incubated in 15ml of 

Restore
TM

 Western Blot Stripping Buffer for 15 minutes at RT with agitation, to remove 

the primary and secondary bound antibodies. After numerous washes with TBST at RT, 

the membranes were then incubated with the relevant blocking solution for the protein 

of interest (table 2.12), then subsequently labelled with primary and secondary 

antibodies (tables 2.13 and 2.14). 
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2.3.6.2 Southern blotting 

Gel electrophoresis and blotting 

The Southern blotting technique was described by Southern (1975) to identify and 

locate the presence of a specific DNA sequence in a DNA sample by using a 

complementary piece of DNA, known as a probe.  

 

DNA was extracted and quantified as described in 2.3.5.1 and 2.3.5.2. DNA (2μg per 

sample) was cut into fragments by digesting with restriction enzymes Hinf1 and Rsa1 

(20 Units HinfI; 20 Units RsaI; in NEBuffer 2 (containing; 25mmol/L NaCl; 5mmol/L 

tris-HCl; 5mmol/L MgCl2 and 500μmol/L DTT)) at 37ºC for 4 hours. These restriction 

enzymes were used as they cut at frequent sites along the DNA and therefore minimize 

the size of the sub-telomeric region.  

 

The DNA fragments for each sample were separated onto a large agarose gel (0.5% 

(
w
/v) agarose, 250ml of 1× TAE buffer (40mmol/L tris; 1mmol/L EDTA; 0.1% (

v
/v) 

glacial acetic acid) and 0.02μg/ml ethidium bromide solution) and electrophoresis was 

performed in running buffer (2750ml of 1× TAE, 0.018mg/L of ethidium bromide 

solution). HMW and 1kb DNA ladders were combined (250ng each) and loaded in 

every fourth or fifth well along the gel. BlueJuice
TM

 gel loading buffer (2μl) was added 

to each digested DNA sample (2μg) and this mixture was loaded into individual wells. 

Electrophoresis was carried out for 880V hours O/N at RT (or until 1.6kb DNA ladder 

marker had migrated off the gel). The gel was visualized using the AlphaImager gel 

documentation system to ensure the DNA marker bands had sufficiently separated.  

 

The wells were cut off the top of the gel then placed in depurinating solution (1.2% (
v
/v) 

HCl in 1L) for 10 minutes at RT on a platform shaker at slow speed, then agitated in 

750ml of alkaline blotting buffer (ABB) (400mmol/L NaOH; 1mol/L NaCl) twice, for 

15 to 20 minutes each. During these incubations filter papers (2×), a wick and a nylon 

membrane were cut and pre-soaked in ABB.  

 

The Southern blot was assembled in the following order on a plate resting over a tray 

containing 1.5L ABB: a wick (either edges dipped in ABB, 1 gel, 1 nylon membrane, 2 

sheets of filter paper, quickdraw blotting sheets (~10), stack of paper towels and a 
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weight on the top. This was left O/N to allow DNA transfer to the membrane by 

capillary action.  

 

The blot was disassembled and the membrane was placed between 2 sheets of filter 

paper and baked at 80ºC for 2 hours to fix the DNA. The blot was briefly rinsed in UP 

H2O then stored at 4ºC until hybridisation. The blotted gel was stained with ethidium 

bromide in UP H2O and visualized to ensure absence of DNA bands. 

 

Hybridisation and probing the blot 

Each blot and a nylon mesh were placed in a Hybaid cylinder tube with 18ml 

hybridisation buffer (500mmol/L NaH2PO4; 1mmol/L EDTA; 243mmol/L SDS; 

151mmol/L BSA; 0.4% (
v
/v) H3PO4, pH 7.2) and incubated at 50ºC for 30 minutes   

(pre-hybridisation). The telomere probe was 
32

P labelled by adding 2μl PNK, 5pmol/L 

(TTAGGG)4 oligonucleotide, 5μl 10× PNK buffer and 5μl γ
32

P-ATP to an eppendorf 

with incubation at 37ºC for 30 minutes.  

 

The probe was heated at 80ºC for 10 minutes to stop the reaction, prior to purification 

using the QIAquick nucleotide removal kit to remove any unincorporated nucleotides 

(according to the manufacturer‟s protocol). The DNA ladders were dCTP labelled by 

denaturing 15ng HMW and 5ng 1kb DNA ladders in 45μl TE buffer (10mmol/L       

tris-HCl, 1mmol/L EDTA, pH 7.5) at 100ºC for 5 minutes. This was chilled on ice for 5 

minutes before adding to a Rediprime reaction tube. The γ
32

P-CTP (5μl) was added to 

the DNA markers, mixed, incubated at 37ºC for 10 minutes then stopped with 5μl of 

200mmol/L EDTA. These probed DNA markers were then purified using the QIAquick 

nucleotide removal kit.  

 

The hybridisation buffer in the Hybaid cylinder tube was then replaced with the purified 

telomere (200μl) and DNA marker probes (5μl) in 10ml of hybridisation buffer, and left 

to hybridise the blot at 50ºC O/N. Blots were briefly washed to remove excess labelling 

with 2× SSC (150mmol/L NaCl; 15mmol/L sodium citrate)/0.1% (
w
/v) SDS at RT with 

slow agitation, followed by two more washes in 1× SSC/0.1% (
w
/v) SDS.   

 

Blots were covered in Saran wrap and exposed to Kodak scientific imaging film at         

-80ºC O/N. The AlphaImager documentation system and Telometric 1.2 software were 
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used to measure terminal restriction fragment (TRF) lengths of telomere DNA. The 

mean TRF length was calculated using the following equation where ODi is the optical 

density of the telomere smear at a given position on the gel and MWi is the molecular 

weight at that position: 

 

Σ (ODi)/ Σ (ODi/ MWi) 

 

2.3.6.3 Comet assay 

The Comet assay was carried out according to the method developed by Singh et al 

(1988) with sight modifications. The assay was conducted in minimal light to prevent 

any DNA damage by photosensitisation, until the neutralisation stage. Treated cells, 

grown in 6-well plates, were placed on ice, the media was discarded and cells were 

rinsed once with DPBS. Chilled mincing solution (0.8× HBSS, 10% (
v
/v) DMSO, 

20mmol/L EDTA, pH 7.5) (60μl) was added to each well and the cells were scraped 

from the plate and transferred to chilled eppendorfs on ice. For each sample, 10μl cell 

suspension were mixed with 120μl 0.6% (
w
/v) LMP agarose then 60μl of each cell mix 

were laid onto agarose pre-coated microscope slides (1% (
w
/v) NMP agarose). Slides 

were left on ice to set for 5 to 10 minutes before adding a final layer of 0.6% (
w
/v) LMP 

agarose and square coverslip on top, then left to set on ice.  

 

Coverslips were removed and slides were then placed vertically in Wilson jars and 

immersed in chilled lysis buffer (2.5mol/L NaCl; 100mmol/L EDTA; 10mmol/L tris  

pH 10.0; 1% (
v
/v) triton X-100) at 4ºC O/N. Slides were removed and excess buffer was 

wiped off, then slides were washed with TE buffer (3×) and left for 10 minutes, then 

placed in a horizontal gel electrophoresis tank containing chilled electrophoresis buffer 

(300mmol/L NaOH; 1mmol/L EDTA; pH ≥13) and incubated for 30 minutes to allow 

DNA unwinding. Electrophoresis was then carried out at 25V (~300mA) for 20 minutes 

at 4ºC. Slides were washed with neutralisation buffer (0.4mol/L tris-HCl pH 7.5) (3× for 

5 minutes each) then fixed in EtOH for 5 minutes and eventually air-dried at RT.  

 

SYBR Green 1 stain (60μl) was added to the slides and overlaid with coverslips, and 

cells were visualised under a FITC filter (excitation 485nm; emission 530nm) using a 

Nikon Eclipse fluorescent microscope. DNA damage was scored using the Komet 

analysis software, where 50 cells were counted per slide. The mean percent tail DNA 
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(% tail DNA) measurement defined as the intensity of the comet tail in relation to the 

head was used as a measure of DNA damage. 

 

2.3.6.4 Telomerase activity detection 

Telomerase activity was measured using the TeloTAGGG Telomerase PCR ELISA kit. 

This photometric enzyme immunoassay amplifies telomerase-mediated elongation 

products by telomeric repeat amplification protocol (TRAP) reactions, and detects them 

by ELISA. 

 

Preparation of cell extracts 

Trypsinized cells were resuspended in media and 2×10
5
 cells per sample were 

transferred to sterile eppendorf tubes. Cells were centrifuged at 3200g for 10 minutes at 

4ºC to pellet, then washed in DPBS and centrifuged again. Cell samples were kept on 

ice and resuspended in 200μl lysis buffer by retropipetting (3×), then incubated on ice 

for a further 30 minutes. Lysates were centrifuged at 11,000g for 20 minutes at 4ºC to 

pellet cell debris and 175μl of the supernatant was transferred to sterile eppendorfs. The 

positive control cell extract was prepared by incubating 5×10
3
 „293‟ cells with 1μl 

DNase-free RNase (DEPC treated H2O) for 20 minutes at 37ºC. The negative control 

cell extract was prepared by heating the „293‟ cell extract for 10 minutes at 85ºC. 

 

TRAP 

All PCR reactions (including controls) were set up on ice containing the following: 2μl 

cell extract (equivalent to 2×10
3
 cells); 25μl reaction mixture, made up to a volume of 

50μl with UP H2O and overlaid with 50μl mineral oil. Reactions were conducted in a 

DNA thermal cycler under the following conditions: 25°C for 30 minutes; 94ºC for 5 

minutes; 30 cycles of 94°C (30 seconds), 50°C (30 seconds) and 72°C (90 seconds); 

72ºC for 10 minutes. The amplified products were placed on ice after completion of the 

TRAP. 

 

Hybridization and ELISA  

In sterile eppendorf tubes, 5μl of each amplified product were added to 20μl of 

denaturation reagent and incubated at 25ºC for 10 minutes. Hybridization buffer was 

then added and mixed by vortexing. The mixture (100μl) was transferred to each well of 

the precoated MP modules (fixed in a 96-well microplate) and covered with a           
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self-adhesive seal to prevent evaporation. The MP modules were incubated in a 37ºC 

Hybaid oven on a medium speed platform shaker for 2 hours. The hybridization 

solution from every well was then discarded, wells were rinsed 3 times with 1× washing 

buffer (250μl volumes) for 30 seconds each, then 100μl of the anti-DIG-POD working 

solution (10mU/ml) (anti-DIG POD stock solution diluted with conjugate dilution 

buffer) was added per well. The plate was re-sealed and incubated at 25ºC with medium 

speed agitation for 30 minutes. The anti-DIG POD solution was discarded from each 

well, and rinsed 5 times with 1× washing buffer, then 100μl of RT TMB substrate 

solution was added. The plate was sealed again and incubated at 25ºC with agitation for 

20 minutes, for colour development. Finally the stop reagent (100μl) was added to the 

wells to stop colour formation. Absorbance was then read at 450nm and 690nm 

(reference) wavelengths. 

 

2.3.6.5 cDNA synthesis 

The DyNAmo
TM

 cDNA Synthesis kit was used to generate cDNA as follows: to 1μg of 

total RNA for each sample, 10μl of 2× RT buffer, 300ng/μl of random hexamer primers, 

2μl of M-MuLV RNase H
+
 reverse transcriptase enzyme were added with RNase-free 

water to a final volume of 20μl. All reverse transcription reaction was performed in the 

hybaid PCR sprint thermal cycler at 25ºC for 10 minutes, 37ºC for 30 minutes, then 

85ºC for 5 minutes. Samples were then stored at -20ºC until used for PCR amplification.  

 

2.3.6.6 qPCR 

PCR reactions were set up under a cell culture hood using filter pipette tips, autoclaved 

eppendorfs and sterile vials to prevent DNA contamination from other sources. 

 

The Brilliant® SYBR® Green qPCR Core Reagent kit was used to quantify 

amplification of nDNA and mtDNA gene transcripts by PCR. This fluorescent-based 

PCR technique involves the SYBR Green dye, which fluoresces when bound to dsDNA 

and monitors the accumulation of PCR products in real-time. The fluorescence signal 

from each PCR is displayed as an amplification plot, reflecting change in fluorescence 

during cycling. Quantification of each PCR product is based upon cycle threshold (Ct), 

which is inversely proportional to log of the initial copy number. The number of cycles 

for each reaction to reach an arbitrary threshold fluorescence signal is considered the 

quantity of PCR product generated. 
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For the nDNA PCR, a standard curve of reference DNA comprising of 3.125 to 50ng 

was performed by 2-fold serial dilution in TE buffer, pH 7.4; and these were given 

arbitrary values of 1 to 16 in the MX4000
TM

 software. Reactions were set up for diluted 

DNA samples (3ng/μl) are follows: 15ng template DNA; 1× core PCR buffer; 2mmol/L 

MgCl2; 200μmol/L each dNTPs; 100nmol/L 36B4D primer; 100nmol/L 36B4U primer; 

8% (
v
/v) glycerol; 3% (

v
/v) DMSO; 0.5× SYBR green; 30nmol/L 6-ROX dye; 1.25 units 

SureStart Taq DNA polymerase in a 25μl reaction. PCR were run in a MX4000
TM

 

multiplex quantitative PCR instrument with the following thermal profile: 95°C for 10 

minutes; 40 cycles of 95°C (30 seconds), 60°C (60 seconds) and 72°C (60 seconds).  

 

For the mtDNA PCR, a standard curve of reference DNA was comprised of 62.5 to 1ng 

by 2-fold serial dilution (arbitrary values of 1 to 16 in the MX4000
TM

 software) and 

experimental DNA samples were diluted to 50pg/μl. PCR reactions were performed 

with the same reagent concentrations and thermal profile as detailed for nDNA, except 

with 250pg template DNA, 100nmol/L mt14620 primer and 100nmol/L mt14841 

primer. mtDNA content was calculated from the initial template quantity values, as a 

ratio of the mtDNA against the nDNA PCR product values. 

 

2.3.6.7 RT-PCR 

RT-PCR of mitochondrial biogenesis gene transcripts PGC1α and mtTFA, and the 

endogenous control gene, HPRT1, were performed on the StepOne
TM

 PCR machine 

using SYBR® Green JumpStart
TM

 Taq ReadyMix. Standard amplification curves were 

generated for each target and endogenous control gene of a 10-fold dilution of cDNA 

(1, 0.1, 0.01 and 0.001 dilutions corresponding to 50, 5, 0.5 and 0.05ng of total RNA, 

respectively (PGC1α: 100, 10, 1, 0.1ng of total RNA)) to determine equal linearity 

between the Ct and log of input RNA and efficiency of the PCR (where slope of the 

standard curve ranged between -3.8 and -3.4).  

 

Gene transcript levels for each target gene were individually determined for each 

sample. cDNA solutions were diluted 1:3 with TE buffer, pH 7.4 (1μl = 16.7ng of total 

RNA) and added to 100nmol/L of primers (HPRT1 and mtTFA), 12.5μl of ReadyMix 

and 1× ROX dye. PCR was performed as follows: 95ºC for 4 minutes, 50 cycles of 95ºC 

(30 seconds), 55 (HPRT1), 60 (mtTFA) or 62ºC (PGC1α) (1 minute), and 72ºC (30 

seconds). Following these cycles, a dissociation curve was generated of an increase in 
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temperature from 55 to 95ºC for 30 seconds (sufficient PGC1α gene expression required 

2μl of cDNA (33ng of total RNA) and 200nmol/L of primers). All reactions were run in 

triplicate. No-template controls were included in every PCR. Amplification was not 

detected in reverse transcription minus controls for every sample, indicating no residual 

genomic DNA present in the extracted RNA. 

 

The Ct values of each target gene for treated samples were normalized against untreated 

samples using the Pfaffl mathematical method (Pfaffl, 2001), then corrected for changes 

in the endogenous control gene (HPRT1). This method calculates the ratio of relative 

gene expression from real-time PCR efficiencies determined from the standard curve, 

and enables quantification of small changes in gene expression. 

 

Gene amplification of DNA and cDNA samples were measured by SYBR green 

fluorescence (excitation: 492nm; emission: 520nm) and normalised against the 

reference ROX dye (excitation 585nm; emission: 610nm), to account for fluorescent 

variations between wells of the same replicate. The dissociation curve was used to 

determine true amplification of the product, where melting of products resulted in a 

drop in fluorescence. This temperature corresponded to the desired amplicon. 

 

2.3.6.8 BigDye DNA sequencing 

PCR products were purified using the MinElute® PCR Purification kit. Buffer PBI 

(100μl) was added to 20μl of a PCR product, mixed, then applied to a MinElute column 

and centrifuged at 11,000g for 1 minute. The flow-through was discarded and 750μl 

Buffer PE was added to the column and centrifuged again at 11,000g for 1 minute. The 

column was additionally centrifuged (11,000g) for 1 minute to ensure the removal of 

residual buffer. Buffer EB (10μl) was added onto the centre of the column, placed into a 

sterile 1.5ml eppendorf, incubated for 1 minute at RT, and then centrifuged at 11,000g 

for 1 minute to recover the purified PCR product.  

 

The purified PCR product was quantified using the Quant-iT
TM

 PicoGreen® dsDNA 

assay kit (2.3.5.2). Each sample was diluted to 10ng in 8μl of TE buffer, pH 7.4 and 

PCR primers were diluted to 1pmol/μl (total 10μl) then underwent PCR, Big-Dye 

incorporation, purification and sequencing by PNACL, Hodgkin Building, University of 

Leicester. 
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2.3.6.9 Agarose gel electrophoresis 

Real-time PCR products were run on agarose gels to determine the size of the PCR 

product. A 2% (
w
/v) agarose gel was made in 1× TAE buffer. BlueJuice

TM
 gel loading 

buffer (4μl) was added to each PCR product sample (36μl) and the mixture loaded in 

each well. DNA ladder markers (HMW and Hyperladder V) were loaded into the outer 

2 wells of the gel and electrophoresis was conducted for 1 hour at 70V. Images of the 

DNA bands were taken using the AlphaImager gel documentation system. 

 

2.3.7 Data analysis and statistical testing 

The relative quantification of mitochondrial biogenesis gene transcripts was calculated 

using the Pfaffl mathematical method. DNA sequencing data of PCR products was 

analysed using the Chromas (version 1.45) software. 

 

Data was represented as mean and standard error of the mean (SEM). Comparisons 

between dose treatments or groups were by One-way ANOVA with a Dunnett‟s or 

Bonferroni multiple comparisons post-test, using the GraphPad Prism® 5 software. A  

p-value <0.05 was considered statistically significant. 
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Chapter 3.0: Establishing a human vascular smooth muscle cell model 

to study the ageing effects of Angiotensin II 

 

3.1 Background 

 

3.1.1 Functional and structural characteristics of VSMC in vitro and in vivo 

VSMC are an important component of the vasculature, forming the medial layer of 

blood vessels. Together with matrix components their main function is contraction and 

relaxation which alters the luminal diameter of vessels in order to maintain blood 

pressure. They also exhibit a role in vascular growth, development, structural 

remodelling and repair of injury by increasing the rate of proliferation, migration and 

production of extracellular matrix (ECM) components (Owens et al., 2004). The 

different functions of VSMC arise from their broad diversity in phenotype, ranging 

from contractile to synthetic. Different phenotypes of VSMC maybe observed within 

the same vessel and between different vessels (Frid et al., 1997; Hao et al., 2003). A 

specific phenotype is displayed in response to complex interactions of environmental 

stimuli, and changes in any one of these can cause a shift, known as „phenotypic 

modulation‟ (Owens et al., 2004). 

 

Contractile smooth muscle cells (SMC) are elongated spindle-shaped cells containing a 

large proportion of contractile filaments within the cytoplasm (Chamley-Campbell et 

al., 1979), whereas synthetic SMC have a cobblestone appearance (epithelioid), contain 

numerous organelles involved in protein synthesis and display higher proliferation and 

migratory rates than contractile SMC (Hao et al., 2003). The proteins involved with 

SMC contraction are commonly used as markers to differentiate between phenotypes. 

However, no marker is specific for a particular phenotype, and variations in the level of 

expression of known markers are the most useful markers. The gradual decline in 

contractile protein markers (α-smooth muscle actin; desmin; smooth muscle-myosin 

heavy chain (SM-MHC); smoothelin A/B) that are highly expressed in contractile SMC, 

is characteristic of a more synthetic phenotype (Owen, et al., 2004; Rensen, et al., 

2007). Heterogeneity in SMC morphology and phenotype has also been studied in vivo. 

The analysis of SMC isolated from bovine pulmonary arterial media illustrated four 

distinct subpopulations of SMC. The preluminal media was composed of small, 
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irregular-shaped cells expressing no contractile protein markers; the inner-middle media 

was composed of elongated spindle-shaped cells, circumferentially arranged and 

expressing the common contractile proteins; and the outer media was composed of large 

spindle-shaped cells oriented longitudinally, and thin spindle-shaped cells orientated 

circumferentially in compact clusters (Frid, et al., 1997). 

 

3.1.2 Circulating Ang II concentrations 

Ang II is a multifunctional octapeptide hormone and is a dynamic component of the 

renin-angiotensin system (RAS), synthesized by plasma and local tissues (Levy, 2005). 

The effect of Ang II in tissues and cells varies. The interstitial fluid has higher levels of 

Ang II than in plasma, which has been studied by analysis with microdialysis probes 

implanted in the renal cortex of normal rats. The renal interstitial fluid Ang II 

concentrations were 3 to 5 pmol/ml and the corresponding plasma Ang II concentrations 

were <1 pmol/ml (Nishiyama et al., 2002). Increased Ang II levels have been observed 

in Ang II-infused hypertensive models, where a sustained elevation of circulating Ang 

II leads to the accumulation of intrarenal Ang II (Von Thun et. al., 1994). Even though 

low Ang II concentrations are observed in vivo it is continuously synthesized, therefore 

to analyse Ang II effects in vitro much higher concentrations are generally used (up to 

micromolar concentrations), as it tends to be broken down rapidly. For example, Ang II 

treatment ranging between 10
-8

 and 10
-6

 mol/L stimulated a dose-dependent increase in 

cell number and migratory activity of human coronary artery SMC after 24 hours, 

whereas no differences were observed at lower concentrations (Kohno et al., 2000). 

 

3.1.3 Cellular responses mediated by Ang II in VSMC 

The physiological effects mediated by Ang II are important in regulating VSMC 

function, such as modulating cell growth, apoptosis, influencing cell migration and 

ECM deposition, stimulating the generation of other vasoconstrictors and growth factors 

(Touyz and Schiffrin, 1999); as well as having a role in regulating blood pressure, 

plasma volume and activity of the sympathetic nervous system. Ang II affects VSMC 

growth by autocrine growth mechanisms, mainly initiated via the AT1R. It stimulates 

proliferation (also known as hyperplasia; increase in cell number), hypertrophy 

(increase in cell size without change in DNA content) and displays anti-apoptotic 

effects (Berk, 2001). These effects occur at different stages of the cell cycle (figure 
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2.1). However, Ang II is also reported to promote apoptosis during disease progression 

(Taniyama and Griendling, 2003). 

G0

M

G2

S

G1

Non-dividing
dormant phase

PROLIFERTION
(Kohno et al., 2000)

SENESCENCE
(Kunieda et al., 2006)

HYPERTROPHY
(Hafazi et al., 1998;
Zafari et al., 1998)

APOPTOSIS
(Bascands et al., 2001;

Li et al., 2006)

SENESCENCE
 

Figure 3.1 Modulation of the cell cycle in response to Ang II stimulation. Complete 

progression through the cell cycle results in cell proliferation. Inhibition of the G1-phase 

by CDKI expression can lead to hypertrophy or induce apoptosis, depending upon the 

length and concentration of Ang II exposure. Halting the cell cycle phase at this stage or 

just after the S-phase can initiate senescence in cells.  

     

The pleiotropic actions of Ang II are mediated via the activation of protein kinases, 

synthesis of growth factors, and stimulation of low level ROS generation. 

 

The effects of Ang II are mediated by binding to the highly specific plasma membrane 

receptors, AT1R and AT2R. The AT1R is extensively expressed in the vasculature, heart, 

adrenal glands, kidney and liver; whereas the AT2R is mainly expressed in foetal tissue 

and rapidly declines after birth with a relatively low abundance expressed in adult 

tissues (characteristics of these receptors are fully summarized in table 1.2). Presence of 

the AT1R has been extensively confirmed in SMC of human (Kohno, et al, 2000), 

rodent (Lassègue et al., 1995) and porcine (Itazaki et al., 1993) origin. The AT2R has 

only been highly detected in VSMC of atherosclerotic lesions (Sales et al., 2005), those 

derived from the uterine artery (Sullivan et al., 2005) and in the vascular wall of blood 
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vessels in human pituitary adenomas (Pawlikowski, 2006). Both receptors therefore 

play a vital role in modifying VSMC function and the activation and the up-regulation 

of these receptors is dependent upon different cell-signalling mechanisms. Ang II 

predominantly mediates its effects via the AT1R, which is associated with growth, 

inflammation and vasoconstriction in vessels; whereas the AT2R is associated with 

apoptosis, vascular injury and vasodilation (Touyz and Schiffrin, 2000). The expression 

of AT1R has been shown in part, to regulate the effect of Ang II on target tissue. 

Increased Ang II exposure stimulated an increase in AT1R activity in cells whereas 

chronic Ang II caused a down-regulation (Lassègue, et al., 1995).  

 

Pharmacological inhibitors of Ang II receptors such as angiotensin receptor blockers 

(ARB) have been used to prevent the effects mediated by Ang II in vivo and are 

therefore used in the treatment of hypertension, diabetes and various other CVD. 

Common examples include Losartan, Candesartan and Valsartan. E3174 is the active 

metabolite of Losartan which effectively blocks Ang II induced responses in VSMC, in 

vitro (Sachinidis, et al., 1993). However, it has also been shown to be a competitive 

antagonist of the thromboxane A2/prostaglandin endoperoxide receptor induced 

contractions in canine coronary arteries. This response has been proposed to contribute 

to the blood pressure lowering effects induced by Ang II receptor blockade (Li et al., 

1997).  
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3.2 Aims 

 

 To investigate mechanisms of CVD development at the cellular and molecular 

level, in vitro studies are often performed by using cell culture systems/models 

to understand the effects of mediators and modifiers of these processes. The 

phenotypic changes of VSMC can be investigated in this way to model what 

may be happening in vivo. To confirm that VSMC isolated from adult saphenous 

vein explants were authentic SMC, characteristics of morphology, growth and 

contractile protein markers typical of SMC were investigated. 

 

 To verify the presence of Ang II receptors in hVSMC, the protein expression of 

human AT1R and AT2R were determined via Western blotting analysis.   

 

 To establish the effects of Ang II on VSMC growth. The rate of proliferation, 

viability and cytotoxicity were assessed by the measurement of population 

doublings (PD), trypan blue exclusion and mitochondrial activity over a range of 

Ang II concentrations. The effect of the AT1R antagonist E3174 exposure on 

hVSMC was also assessed, to determine any cytotoxicity.  
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3.3 Experimental Approach 

 

3.3.1 Cell culture 

hVSMC were isolated from human saphenous vein explants, taken from varicose vein 

surgery. Cells were maintained in culture in media containing 10% (
v
/v) FCS and were 

rendered quiescent in media containing 0.5% (
v
/v) FCS, as described in section 2.3.1.1. 

Cells were only used between passages 2 to 9.  

 

HDF cells were isolated from human skin biopsies of the buttock region and established 

as a cell line by Paulene Quinn, Department of Cardiovascular Sciences, University of 

Leicester, UK. They were used to determine the expression of α-smooth muscle actin. 

Cells were maintained in culture as described in 2.3.1.1 and were not used beyond 

passage 12. 

 

PD counts were performed to assess the proliferation of hVSMC. Cells were seeded at 

1×10
4
 cells per well in 6-well plates, until confluence was reached. Multiple Ang II 

exposures with 10
-8

, 10
-7

 and 10
-6

 mol/L were conducted on alternate days and on the 

following days when cells were counted and re-plated. Single Ang II (10
-8

 mol/L) and 

E3174 (10
-5

 mol/L) treatments were conducted in cells rendered quiescent for 24 hours 

in media containing 0.5% (
v
/v) FCS, at 37ºC. Cells were harvested by trypsinization, 

resuspended in 0.5ml of fresh media and counted using a haemocytometer. PD and CPD 

were calculated as described in section 2.3.1.2. 

 

3.3.2 Cellular viability 

hVSMC viability was assessed using the trypan blue exclusion method as described in 

section 2.3.1.5. Cells were seeded at 5×10
4
 cells per well in clear 6-well plates and 

incubated at 37ºC. Near confluent cells were treated for 24 hours at 37ºC between      

10
-8

 and 10
-4

 mol/L E3174, and cells were rendered quiescent prior to Ang II (10
-9

 to  

10
-5

 mol/L) treatment. Following treatment, cells were trypsinized and resuspended in a 

known volume of media and an equal portion was then further diluted 1:1 with 0.4% 

(
w
/v) trypan blue solution. Transparent and blue-stained cells were counted for each of 

the different doses using a haemocytometer. 
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The MTT colorimetric assay was also used to evaluate cell viability and proliferation. 

hVSMC were seeded at 1×10
3
 cells per well in clear 96-well microplates and grown to 

confluence for 3 to 4 days in media containing 10% (
v
/v) FCS. The media was changed 

to PR‾ complete media 24 hours prior to treatment. H2O2 exposure over a range of 

concentrations was performed by a 2-fold serial dilution of a 2mmol/L stock solution, 

for 2 hours at 37°C. Cells were rendered quiescent then placed back into media 

containing 10% (
v
/v) FCS before exposure to Ang II. The range of Ang II concentrations 

was administered as a series of successive 1:10 dilutions using an initial stock 

concentration of 10
-4

 mol/L, and incubated for 24 hours at 37°C. The MTT assay was 

then conducted as described in section 2.3.1.5. 

 

3.3.3 Cell imaging 

Cellular growth, appearance and structural morphology were determined visually by 

microscopy. Early passage hVSMC were grown to ~70% confluence in T75cm
2
 Nunc

TM
 

flasks. Phase contrast microphotographs were taken at ×40 and ×100 magnifications 

using a colour camera attached to a Nikon inverted trinocular phase contrast microscope 

(model TMS-F). 

 

Expression of the contractile protein α-smooth muscle actin was assessed by 

immunofluorescence staining. hVSMC and HDF were seeded on sterile round glass 

coverslips (immersed in IMS then air-dried for 30 minutes to sterilize) at 2×10
4
 cells per 

well in 6-well plates. Cells were grown to ~60% confluence in media containing 10% 

(
v
/v) FCS and then rendered quiescent for 7 days, as detailed in section 2.3.1.1; this 

reduced the rate of cellular growth and function. Cells were then fixed and fluorescently 

labelled for α-smooth muscle actin as described in 2.3.2.2. Fluorescent images were 

taken under a FITC filter at ×400 magnification using a Nikon Eclipse E400 fluorescent 

microscope. 

 

3.3.4 Western blotting 

Protein expression in hVSMC and Hep G2 cells were determined by Western blotting 

(section 2.3.6.1). The appropriate blocking solution, primary and secondary antibody 

dilutions for the specific labelling of proteins were performed as detailed in table 2.12, 

2.13 and 2.14. 
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3.3.4.1 Human smooth muscle myosin protein expression 

To assess whether hVSMC exhibited a contractile phenotype characteristic of SMC, the 

protein expression of smooth muscle myosin was determined. RIPA buffer was used to 

extract membrane-bound proteins (section 2.3.5.6) from cells grown to confluence in 

media containing 10% (
v
/v) FCS and those rendered quiescent in media containing 0.5% 

(
v
/v) FCS. Protein samples (30μg protein per sample) were separated on 7% resolving 

gels under reduced and denaturing conditions. Membranes were blocked with 5% (
w
/v) 

milk/TBST overnight at 4°C before antibody labelling (table 2.13). Equal protein 

loading was confirmed by labelling for α-tubulin protein expression using 5% (
w
/v) 

milk/TBST blocking solution (tables 2.12 and 2.14). 

 

3.3.4.2 Human Ang II receptor subtype protein expression 

The human Ang II receptor subtype protein expression of AT1R and AT2R, were 

analysed in hVSMC and Hep G2 cells. RIPA buffer was used to extract         

membrane-bound proteins from hVSMC grown in media containing 10% (
v
/v) FCS and 

those rendered quiescent. Hep G2 cells were only grown in media containing 10% (
v
/v) 

FCS. Protein samples (20/40μg protein per sample for AT1R/AT2R respectively) were 

separated on 8% resolving gels under non-reduced and denaturing conditions. 

Membranes were blocked with 5% (
w
/v) BSA/TBST overnight at 4°C prior to antibody 

labelling (table 2.13). Equal protein loading was confirmed by labelling for α-tubulin 

protein expression for AT1R labelled membranes, and β-actin for AT2R labelled 

membranes using 5% (
w
/v) BSA/TBST as the blocking solution for both loading control 

antibodies (tables 2.12 and 2.14). 
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3.4 Results 

 

3.4.1 Structural morphology of hVSMC 

VSMC used in this study were obtained from adult human saphenous vein explants and 

were established as primary cell lines. To confirm these cells were SMC, characteristics 

of morphology, growth pattern and cytoskeletal protein expressions (α-smooth muscle 

actin and smooth muscle myosin) were investigated.   

 

Confluent, early passage hVSMC appeared elongated, spindle-shaped and displayed the 

typical hill-and-valley growth arrangement described for SMC as indicated by the 

direction of arrows in figure 3.2A and B. Under higher magnification (figure 3.2B) 

these cells had visible granular perinuclear regions and an oval-shaped nucleus 

containing two or more smaller nucleoli. 

 

hVSMC in culture were distinguished from other types of cell by labelling for the 

contractile protein marker α-smooth muscle actin, which selectively recognises the      

α-isoform of actin and does not react with EC and fibroblasts. Early passage hVSMC 

(passage 5) exhibited positive immunofluorescence staining of α-smooth muscle actin 

as shown in figure 3.3A. Cell staining was achieved by optimizing antibody dilutions 

and control treatments in both types of cells (anti-α-smooth muscle actin antibody only; 

FITC-labelled conjugate only; and neither antibody). None of these controls resulted in 

any positive staining. 

 

The actin stained filament bundles were orientated in a bipolar manner from the nuclei, 

which is distinctive of spindle-shaped SMC (Nakamura et al., 1998). No nuclear or 

cytoplasmic staining was observed between the filaments. HDF predominantly showed 

negative staining, but some positive staining was observed in a small number of cells 

(~20%; figure 3.3B). This suggested the presence of myofibroblasts, which share many 

typical characteristics of SMC, such as contractility, production of ECM components, 

and the expression of many common protein markers (i.e. α-smooth muscle actin,    

SM-MHC and calponin). The two cells can be distinguished by the quantity of protein 

marker expression, as SMC have much higher expression levels of α-smooth muscle 

actin than myofibroblasts (Owens et al., 2004), as observed in figure 3.3.  
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A

B

A

B

 

Figure 3.2 hVSMC exhibit typical „hill-and-valley‟ growth characteristics. Phase 

contrast photomicrographs were taken of early passage hVSMC grown in media 

containing 10% (
v
/v) FCS. A, ×40 magnification B, ×100 magnification; arrows indicate 

the direction of cell growth. 
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Figure 3.3 Characterization of hVSMC by immunofluorescence staining for α-smooth 

muscle actin. Sub-confluent cells were rendered quiescent for 7 days in media 

containing 0.5% (
v
/v) FCS (hVSMC) and 1% (

v
/v) FCS (HDF). Cells were labelled with             

anti-α-smooth muscle actin antibody (1:600) followed by a FITC conjugate (1:400) 

detection. A, hVSMC positively labelled for α-smooth muscle actin. B, Low levels 

observed in HDF. All images were taken at ×400 magnification.   

 

hVSMC in media containing 10% (
v
/v) FCS displayed low levels of α-smooth muscle 

actin (data not shown). Active proliferation has been suggested to cause a switch in 

actin expression (Gabbiani et al., 1984). Thus cells were rendered quiescent to slow the 

rate of proliferation and allow for labelling of the α-isoform.  
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Consistent with the expression of α-smooth muscle actin, intense expression of         

SM-MHC was observed by Western blotting in proliferating cells but not in quiescent 

hVSMC (figure 3.4). This further indicated these cells exhibited a contractile 

phenotype. However, no detectable smooth muscle myosin light chains (15-26kDa) 

were observed within hVSMC.  

α-tubulin

SM-MHC

+ -

 

Figure 3.4 hVSMC exhibit SM-MHC protein expression. Cells grown in media 

containing 10% (
v
/v) FCS (+) and following quiescence in media containing 0.5% (

v
/v) 

FCS (-) for 24 hours. Cells were harvested in RIPA buffer. Western blot shows a clear 

distinct band corresponding to SM-MHC at ~200kDa, and α-tubulin (loading control) 

protein expression in 30μg protein lysate loaded per sample. 

 

3.4.2 Assessment of Ang II receptor subtype expression 

The expression of human AT1R and AT2R was determined in actively proliferating 

hVSMC and those rendered quiescent for 24 hours once confluence was reached. 

Quiescence was induced by serum deprivation, which is considered to arrest all cells in 

the G0-phase of the cell cycle, due to the absence of growth stimulatory factors. This 

effect on cells is also reported to upregulate AT1R (Nickenig and Murphy, 1994), and is 

important in measuring the specific affects induced by Ang II in vitro. Western blotting 

was performed using antibodies raised against these receptor subtype proteins to 

determine their expression in hVSMC, and to establish whether these cells would be 

likely to respond to Ang II. Equal quantity of protein loading was confirmed by uniform 

expression of α-tubulin. Hep G2 cells did not express the α-tubulin protein and therefore 

detection of β-actin was used to determine equal protein loading of samples.   

 

All hVSMC grown in media containing 10% (
v
/v) FCS and those rendered quiescent for 

24 hours (in media containing 0.5% (
v
/v) FCS) expressed different glycosylated forms of 

the AT1R protein (figure 3.5). The most intense immunoreactive band was observed at 

60kDa which corresponds to the mature glycosylated form of the receptor (Desarnaud, 

et al., 1993). This showed the substantial presence of the fully native form of the AT1R 

in the cell model, irrespective of the FCS content in media. Less intense bands were 

observed in quiescent cells at lower molecular masses of ~40 and 45kDa which 

corresponds to the presence of deglycosylated AT1R. This maybe explained by the 
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slower protein turnover that occurs in the absence of growth and stimulatory factors 

from FCS (Barker, et al., 1993). These protein bands were not expressed in the cells 

grown in media containing 10% (
v
/v) FCS.  

60 kDa
45 kDa

40 kDa

AT1R

α-tubulin

+ -

hVSMC

+ -

60 kDa
44 kDaAT2R

β-actin

Hep G2

 

Figure 3.5 Ang II receptor subtype protein expression in hVSMC. Cells were grown in 

media containing 10% (
v
/v) FCS (+) and rendered quiescent in media containing 0.5% 

(
v
/v) FCS (-) for 24 hours. Cells were harvested in RIPA buffer. Western blots show 

human AT1R and α-tubulin (loading control) protein expression in 20μg protein loaded 

per sample, whereas 40μg protein was loaded per sample to determine human AT2R and 

β-actin (loading control) protein expression. Hep G2 cells were used as a positive 

control for AT2R expression. 

 

Low levels of AT2R protein expression were detected in cells grown in media 

containing 10% (
v
/v) FCS and in reduced serum. The molecular weight of the 

glycosylated form of this receptor varies between cell types; therefore the expression of 

AT2R was confirmed by using Hep G2 cells as a positive control. A single intense band 

at ~44kDa corresponded to the glycosylated native form of the AT2R in Hep G2 cells, 

whereas much less intense bands at ~45 and 60kDa were observed in hVSMC; this did 

not differ according to the FCS content of cells. These data agree with literature 

suggesting adult human cells express relatively low levels of AT2R (Matsubara et al., 

1998). 

 

Although receptor expression was not quantitative, the predominant expression of AT1R 

compared with AT2R indicates that Ang II favours AT1R activation. However, the 

expression of both subtypes may suggest the presence of AT1R/AT2R heterodimers 

within these cells. 
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3.4.3 Cell proliferation and viability following Ang II treatment   

hVSMC growth and survival in the presence of Ang II was assessed over a range of 

concentrations in order to establish suitable Ang II concentrations that would not induce 

extensive cell death after single and multiple treatments. The trypan blue exclusion 

method was used to measure the viability of hVSMC following a single Ang II 

treatment. 

 

A high percentage of cells excluding the trypan blue stain was maintained in untreated 

cells and even after exposure to Ang II for 24 hours (~80 to 90%), indicating no 

significant effect on hVSMC viability over a range of concentrations (table 3.1). 

However a decrease of 25 to 30% was observed with exposure to the highest Ang II 

concentration (10
-5

 mol/L) suggesting considerable cell damage or death. This 

concentration is very high and non-physiological, but indicates that high concentrations 

of Ang II could be cytotoxic.  

 

Table 3.1 Trypan blue exclusion of hVSMC exposed to Ang II 

Ang II concentration (mol/L) Trypan blue excluded cells (%) 

Control 90.8  3.6 

10
-9

 85.7  7.2 

10
-8

 81.8  7.5 

10
-7

 84.8  3.7 

10
-6

 90.4  3.3 

10
-5

   63.5  6.2* 

Cells were rendered quiescent prior to treatment with a range of Ang II 

concentrations for 24 hours. Cells were harvested by trypsinization,              

resuspended in fresh media, diluted 1:1 with 0.4% trypan blue solution and 

counted using a haemocytometer. Values are meanSEM; n=4 (10
-5

 mol/L; 

n=3) (*p<0.05 compared with control). 

 

PD cell counts were performed to determine the effect of Ang II on the rate of hVSMC 

proliferation following multiple treatments over time. Ang II concentrations at both 10
-8

 

and 10
-7

 mol/L induced a slight increase in the rate of hVSMC proliferation throughout 

the time period shown in figure 3.6, although this did not reach statistical significance 

in either case. The highest PD rate at each of the time points measured was observed 

with treatment at 10
-8

 mol/L. No significant difference was observed with 10
-6

 mol/L as 

the rate of proliferation was observed to be relatively similar to the untreated cells, 

which suggested a balance between cell death and proliferation.  
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Figure 3.6 Successive Ang II treatment stimulates cell proliferation. Growth curves 

were determined by sub-culturing hVSMC treated with a range of Ang II concentrations 

at the indicated time points. Cells were treated in media containing 10% (
v
/v) FCS on 

alternate days and on the following days when cells were re-plated at 1×10
5 

cells per 

well in 6-well plates. Cells were detached by trypsinization and counted using a 

haemocytometer. Values represent mean±SEM; n=3 (data did not reach statistical 

significance). CPD, cumulative population doubling.  

 

A slight increase in PD after 24 hours was also observed in quiescent cells following 

single Ang II treatments of low concentration. Concentrations of 10
-9

 and 10
-8

 mol/L 

augmented the mean PD of hVSMC (1.27 ±0.17 and 1.20 ±0.12 respectively) compared 

with untreated cells (0.79 ±0.15) (data did not reach statistical significance). Over 4 and 

24 hours Ang II exposure, no substantial difference in protein content was detected 

(data not shown). This indicated that Ang II did not induce a strong hypertrophic 

response within these cells. 

 

Both proliferation and viability were also investigated within the same set of hVSMC 

using the MTT assay, which is considered a measure of cellular function or activity. 

The MTT assay specifically measures mitochondrial succinate dehydrogenase (complex 

II) activity, whereby living cells convert MTT into a blue-coloured formazan product 

(Mosmann, 1983). The quantity of formazan product produced is an indication of cell 

proliferation, viability or cytotoxicity, or even mitochondrial function. 

 

Sensitivity of the MTT assay can be affected by various parameters (Denizot and Lang, 

1986) therefore preliminarily experiments were conducted to establish a reliable method 
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for the measurement of MTT activity in hVSMC. Cells were cultured in RPMI 1640 

PR‾ media and treatment agents were diluted in the same basal media to avoid any 

interference with the spectral properties of the formazan product. Cell treatment was 

also performed in PR־ media containing 10% (
v
/v) FCS prior since no MTT activity was 

detected in quiescent cells. 

 

MTT activity was only detected in the presence of cells (figure 3.7A) as no absorbance 

was detected from the clear plastic 96-well microplates (blank) or cell media alone. The 

positive control of a high concentration of H2O2 (1mmol/L) caused a significant 

reduction in MTT activity indicating cytotoxicity and/or mitochondrial damage.   
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Figure 3.7 hVSMC proliferation and cytotoxicity determined by MTT activity. A, MTT 

activity was detected in proliferating hVSMC. H2O2 treatment (1mmol/L) for 2 hours 

induced cytotoxicity. Bars represent mean+SEM; n=8 (*p<0.05 compared with cells + 

media). B, Dose-dependent reduction in MTT activity following H2O2 treatment for 2 

hours. A significant reduction was observed with concentrations ≥250μmol/L. Values 

represent mean±SEM; n=7 to 8 (***p<0.001 compared with control (100%)). C, Ang II 

stimulated proliferation in hVSMC. Quiescent cells were placed in media containing 

10% (
v
/v) FCS prior to exposure to a range of Ang II concentrations for 24 hours. Ang II 

stimulation of cells grown continually in media containing 10% (
v
/v) FCS did not 

change MTT activity. Values represent mean±SEM; - FCS: n=6 (p<0.01 for all doses 

compared with control); + FCS: n=8 (data did not reach statistical significance). 
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Cells treated over a range of H2O2 concentrations displayed changes in MTT activity, as 

a sigmoidal response was observed with increasing concentration. High concentrations 

of H2O2 (≥250µmol/L) caused a significant reduction in MTT activity indicating 

cytotoxicity and/or mitochondrial damage or dysfunction. Relatively low H2O2 

concentrations of <100μmol/L stimulated an increase in MTT activity relative to 

untreated cells (figure 3.7B), suggesting the stimulation of mitochondrial activity (and 

that cells remained viable when exposed to these concentrations). 

 

Ang II has been shown to accelerate the rate of hVSMC proliferation (Touyz and 

Schiffrin, 2001; Wang et al., 2005). Does it also upregulate or stimulate cellular 

metabolism, or is there any evidence of cell proliferation or cytotoxicity using the 

sensitive MTT method? FCS within cell media has numerous growth promoting factors 

which influence cellular mechanisms. MTT activity was therefore measured in Ang II 

treated cells in media containing 10% (
v
/v) FCS and those rendered quiescent (figure 

3.7C). Quiescent cells placed back into media containing 10% (
v
/v) FCS prior to Ang II 

exposures, showed a significant concentration-dependent increase in MTT activity of 

between 2 to 2.5-fold compared to cells exposed to media containing 10% (
v
/v) FCS 

alone. The maximal response was observed with 10
-7

 mol/L. An overall minimal 

response was observed in cells within media containing 10% (
v
/v) FCS indicating no 

significant effect on MTT activity with Ang II exposure. No MTT activity was detected 

in cells exposed to Ang II after both serum deprivation and when treatment was 

conducted in media containing 0.5% (
v
/v) FCS (data not shown). These cells still 

remained adhered to the wells when viewed under a light microscope; however they 

were not undergoing proliferation as MTT activity was very low. 

 

Cellular growth responses mediated by Ang II are primarily via AT1R activity (Kohno 

et al., 2000). A suitable concentration of the AT1R antagonist E3174 was therefore 

investigated in order to study the effects of Ang II in the hVSMC model. The trypan 

blue exclusion method was used to assess any cytotoxic effects following just a single 

exposure of E3174. The effect on the rate of proliferation was determined by PD counts. 

Cells excluded trypan blue when exposed to a range of E3174 concentrations for 24 

hours (table 3.2), indicating no detectable cytotoxic effect. A cellular viability of ≥95% 

was observed over the whole range of concentrations and there was no difference 

compared with the untreated control cells. This indicated that a relatively high 
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concentration of E3174 could be used for up to a period of 24 hours without causing 

cytotoxicity in experiments or attempting to inhibit AT1R of hVSMC.  

 

As E3174 did not induce any loss in cell viability over the range of concentrations 

tested, treatment at a relatively high dose of 10
-5

 mol/L over a period of 24 hours was 

performed to establish whether there was any effect on PD. Quiescent cells treated with 

E3174 displayed a mean PD of 0.57 ±0.25 which was a 28% reduction when compared 

to untreated cells (0.79 ±0.28); of 3 replicates (data was not statistically significant). 

 

Table 3.2 Trypan blue exclusion of hVSMC exposed to E3174 

E3174 concentration (mol/L) Trypan blue excluded cells (%) 

Control 97.8  0.7 

10
-8

 96.7  1.0 

10
-7

 97.6  0.9 

10
-6

 97.5  0.9 

10
-5

 96.8  0.6 

10
-4

 95.0  1.6 

Confluent cells were exposed to a range of E3174 concentrations for 24 

hours. Cells were then harvested by trypsinization, resuspended in fresh 

media, diluted 1:1 with 0.4% trypan blue solution and counted using a 

haemocytometer. Values are meanSEM; n=5 (data did not reach statistical 

significant). 

 

On treatment with Ang II for 24 hours at 10
-8

 mol/L, the population doubled (1.06 

±0.11). This was reduced slightly to 0.85 ±0.18 when pre-incubated with E3174 for 1 

hour prior to Ang II (n=3; data was not statistically significant). This suggested that 

E3174 inhibited some of the Ang II induced proliferative response in hVSMC. 
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3.5 Discussion 

The aim of the work described in this chapter was to establish a hVSMC model to 

assess the effects induced by the multifunctional vasoactive agent Ang II, upon cell 

cycle regulation (chapter 4.0 and 5.0) and mitochondria (chapter 6.0). 

 

3.5.1 Morphological characteristics of hVSMC 

SMC display a diverse array of phenotypes which enable blood vessels to attain 

flexibility in order to perform efficiently under physiological and pathological 

conditions. Phenotypes range from contractile to synthetic which determine the 

functions and characteristics expressed by the population of cells. The contractile 

phenotype is essential in maintaining vascular tone and stability, however in response to 

injury these cells can undergo proliferation, migration and induce ECM production, 

enabling them to adopt a different phenotype. The capability to undergo phenotypic 

modulation in response to changes in the local environment is an unusual property of 

SMC which is dependent upon the required function, and can therefore pose a problem 

when studied as a cellular model. In this chapter, morphology, proliferation and protein 

marker expression were assessed in the hVSMC model to establish the SMC phenotype 

prior to any treatment with Ang II.    

 

All human saphenous vein derived SMC cultured between passages 2 to 9 were 

elongated and spindle-shaped in appearance; this was maintained after numerous      

sub-cultures. These SMC exhibited a typical hill-and-valley growth arrangement in vitro 

when near confluence was reached, which has also been described for other sources of 

human SMC (Touyz et al., 2002) and those derived from other species (Christen, et al., 

1999; Frid, et al., 1997; Nakamura et al., 1998). The majority of these cells had       

oval-shaped nuclei containing small multiple nucleoli which has been previously 

described for spindle-shaped VSMC in culture (Chamley-Campbell et al., 1979). The 

structural appearance was compared to HDF which had a similar elongated-shape but 

differed by the irregular growth pattern exhibited and overlapping displayed at 

confluence. HDF nuclei were much larger in size but also contained several prominent 

nucleoli. 
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Expression of contractile protein markers is commonly determined to confirm a more 

definitive SMC phenotype and was therefore used here. A high expression of α-smooth 

muscle actin after prolonged serum deprivation was observed in hVSMC, displaying the 

typical stress fiber-like organization. These were orientated parallel to the long axis of 

the cells which is typical of microfilaments involved in contractile functions; this 

identified the hVSMC to be of a contractile nature. Down-regulation in the expression 

of such protein markers has been observed in cultured VSMC switching towards a more 

synthetic phenotype (Christen et al., 1999). Therefore the rate of hVSMC proliferation 

was reduced by serum deprivation to delay any phenotypic changes occurring prior to 

protein marker staining. This was compared with HDF which are also elongated and 

spindled-shaped in culture, and closely resemble hVSMC in morphology. Fibroblasts 

have been shown to be negative for α-smooth muscle actin staining (Nakamura et al., 

1998) and were used as a comparison. However, a low expression of ~20% of cells was 

observed in quiescent HDF which possibly suggested the presence of myofibroblasts 

within the culture. Myofibroblasts share similar characteristics to SMC in function and 

structure as well as protein marker expressions (Owens et al., 2004). Nevertheless, the 

high levels of α-smooth muscle actin observed in hVSMC allowed them to be 

differentiated from HDF based on the quantitative difference in expression. 

 

A high protein expression of SM-MHC was observed in early passage cells with no 

detection observed in quiescent cells. However, the expression of smooth muscle 

myosin light chain was not present in either proliferating or quiescent cells. This data 

together with α-smooth muscle actin staining reinforces that hVSMC express a 

contractile phenotype. The high expression levels of SM-MHC correlates to those 

observed in porcine VSMC (Christen et al., 1999) and rat aorta-derived VSMC which 

were spindle-shaped compared to the levels expressed in epithelioidal-shaped cells 

(Bascands et al., 2001). 

 

The distinctive cell shape characteristics, growth arrangement and high expression of   

protein markers (α-smooth muscle actin and SM-MHC) in hVSMC strongly suggested 

the cellular model investigated to be predominantly of SMC expressing a contractile 

phenotype. This was maintained over the range of cell passages utilized for further 

experimentation. The contractile phenotype resembles one of the typical characteristics 
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exhibited by VSMC in vivo, which allowed for the responses of Ang II to be studied in 

the model that may reflect the response of cells in native tissue. 

 

3.5.2 Ang II receptor subtype expression in hVSMC 

The biological effects of Ang II are mediated by binding to specific membrane-bound 

Ang II receptors. The existence of human Ang II receptor subtypes was assessed by 

protein expression in order to verify whether Ang II might induce a response in the cell 

model. The presence of receptors was also used to further confirm the cell type to be 

that of SMC. 

 

AT1R and AT2R expression have been previously determined in VSMC derived from 

rodent (Galindo et al., 2005) porcine (Zahradka et al., 1998) and human (Touyz et al., 

2001b) sources. The fully glycosylated form of the AT1R at 60kDa was highly 

expressed in early passage hVSMC grown in media containing 10% (
v
/v) FCS and also 

those rendered quiescent for 24 hours. This data suggested that the cell model would 

respond to Ang II as the majority of physiological effects of Ang II are mediated by 

AT1R, which is widely expressed in various cell types (Dinh et al., 2001). The rate of 

cellular growth had no significant effect on the expression of the fully glycosylated 

receptor at the protein level, even though it had been suggested that growth factors (i.e. 

factors present in serum) substantially down-regulate AT1R gene transcription and 

expression in cultured rat VSMC (Nickenig and Murphy, 1994). The inter-species 

differences have not been well studied in this respect. 

 

Faint proteins bands were visible at ~45 and ~40kDa in quiescent cells. These protein 

sizes may relate to the varying degrees of deglycosylation of the receptor molecule 

(Barker et al., 1993) and therefore correspond to the immature forms of the AT1R. By 

rendering cells quiescent, the rate of proliferation is reduced which in turn slows down 

the rate of protein turnover. This may explain the presence of these undeveloped forms 

of the receptor, although this still remains to be proven. 

 

A much lower abundance of AT2R expression was detected in hVSMC grown in media 

containing 10% (
v
/v) FCS and those rendered quiescent compared with AT1R 

expression. This result was expected since these VSMC were derived from an adult 

source, and AT2R are mainly expressed in foetal tissue where they play a vital role in 
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development (Dinh et al., 2001). Even though the positive control (Hep G2) cells 

exhibited a high expression of the AT2R protein at ~44kDa; faint bands were detected at 

~45 and 60kDa in hVSMC. This demonstrated differences in AT2R sizes and their 

deglycosylated forms within different human cells. Human myometrial tissue 

exclusively expresses AT2R, where the native form has been detected at ~60 to 68kDa 

and the deglycosylated forms have been determined at ~36 and 46kDa (Servant et al., 

1994). Similar protein bands sizes have been determined more specifically in uterine 

artery VSMC derived from ewes (Sullivan et al., 2005). These observations closely 

resemble the protein sizes of AT2R in hVSMC described in this thesis.  

 

Even though AT1R is predominantly expressed in hVSMC, the coexpression of AT2R 

(of low abundance) possibly suggests the presence of some AT1R/AT2R heterodimers. 

Moreover, it cannot be discounted that AT2R expression within these cells maybe 

because they are derived from diseased (varicose) veins, since the up-regulation of 

AT2R has been associated with vascular remodelling, injury and disease development. 

Increased AT2R expression was found following balloon injury in normal rat carotid 

arteries (Viswanathan and Saavedra, 1992). 

 

The high expression of AT1R and low levels of AT2R observed in these cells in this 

thesis was similarly found in other hVSMC (Touyz et al., 2001b) and rat aortic VSMC 

(Bascands et al., 2001). This further suggests that the cells used were of VSMC origin. 

 

3.5.3 Modulation of hVSMC growth following Ang II treatment 

Ang II is well known for the induction of cellular growth involved in blood vessel 

development and cell growth in CVD (Touyz and Schiffrin, 2001; Touyz, 2005). Ang II 

can stimulate various cell signalling pathways and induces proliferation, hypertrophy, 

apoptosis and differentiation (Hafizi et al., 1998; Bascands et al., 2001; Berk, 2001; 

Kohno et al., 2000). Differences in the resultant responses are dependent upon the type 

of cell, the presence of Ang II receptor subtypes and other growth-promoting factors 

and cytokines (Wolf and Wenzel, 2004). The growth effects induced following Ang II 

exposure were assessed in the hVSMC model by analysing the rate of proliferation and 

cell survival.  
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The trypan blue exclusion method used to determine cell viability showed no significant 

loss in hVSMC following single Ang II treatments over a range of concentrations; this 

suggested that Ang II did not induce a cytotoxic response. However, a ~30% reduction 

in viable cells was observed after exposure at 10
-5

 mol/L, suggesting cell death occurs in 

the presence of relatively high Ang II concentrations. 

 

The PD assessed after successive Ang II exposures over 20 days in media containing 

10% (
v
/v) FCS, were only slightly increased for the two lowest doses of Ang II (10

-8
 and 

10
-7

 mol/L). The lowest doses appeared to induce a faster rate of proliferation which 

was maintained over the 20 days, suggesting no loss in cells following successive 

exposure. The highest concentration (10
-6

 mol/L) had no significant effect on the PD 

rate compared with untreated cells, which suggested a balance between cell 

proliferation and death, although this was not formally investigated. 

 

To assess the growth effect mediated purely by Ang II alone, hVSMC were placed in 

media containing 0.5% (
v
/v) FCS, which contained sufficient FCS to maintain cell 

survival and prevent cell death. Since the population of cells as a whole would be in the 

same cell cycle phase (G0/G1), this allowed the effects of Ang II to be measured. FCS 

contains numerous growth promoting factors and its presence in media could therefore 

conceal the Ang II response being measured. The PD counts of quiescent cells 

following a single Ang II exposure showed a slight increase with low Ang II doses (10
-9

 

and 10
-8

 mol/L). Similarly effects were observed after successive treatments.  

 

hVSMC proliferation and viability in response to Ang II were also investigated using 

the MTT assay. Initial experiments showed the cell model to exhibit MTT activity. 

Cells submitted to oxidative stress with graded concentrations of H2O2 displayed 

measurable changes in MTT activity. The increased MTT activity levels at low 

concentrations indicated stimulation of mitochondrial activity and the dramatic decline 

observed with high concentrations indicated cell death. These experiments showed 

MTT activity to be present in hVSMC, and that changes in activity could be used to 

assess either cell stimulation or cell death induced by differing concentrations of Ang II. 

 

A marked increase in MTT activity was observed following exposure to Ang II for 24 

hours at all concentrations tested, after a 24 hour period of quiescence. The highest 
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activity was observed at 10
-7

 mol/L which indicated the greatest number of viable cells 

and increased PD. The same concentration-dependent response in MTT activity with 

Ang II treatment was observed in primary bovine VSMC, with a maximal 2.4-fold 

increase at 10
-7

 mol/L (Zhou et al., 2006). This data closely resembled the results 

observed in this hVSMC model. 

 

A significant increase in final cell number following 24 hours Ang II exposure at        

10
-7

 mol/L was determined in early passage (passage 4 to 6) human coronary artery 

SMC (Kohno et al., 2000). However, in contrast to these results no alteration in 

proliferation or viability was detected in quiescent human aortic VSMC treated with 

Ang II (10
-7

 mol/L) for 24 hours compared with untreated cells or in human coronary 

artery SMC. Instead an increase in hypertrophy was detected in response to Ang II (Li 

et al., 2006a). Hypertrophic growth is defined by increased protein synthesis and cell 

size with no change in DNA synthesis; where cells remain in the G1-phase of the cell 

cycle and do not progress through the S-phase (Wolf and Wenzel, 2004). This response 

was evaluated in hVSMC in this thesis (data not shown) and showed no substantial 

change in protein content following Ang II exposure, whereas an increase in 

proliferation was observed. 

 

The growth response modulated by Ang II varies in SMC from different species and 

between those originating from different vessels, which may reflect the responses 

observed in vivo. It has also been proposed that heterogeneity exists in the VSMC 

phenotype expressed in arterial walls to perform specific functions (Frid et al., 1997), 

and that phenotypes may respond differently to vasoactive stimuli. Therefore, it is not 

surprising that hVSMC from saphenous veins exhibited a proliferative response 

following Ang II treatment compared to a hypertrophic response induced in human 

coronary artery SMC (Kohno et al., 2000) and aortic VSMC (Li et al., 2006a). 

However, these forms of Ang II mediated growth may not be exclusive, as expansion of 

the cytoplasm in response to Ang II exposure has been described as a form of cell 

growth that causes an increase in cell surface area that is neither hypertrophy or 

proliferation (Kuma et al., 2007). Other parameters may have also affected the Ang II-

induced growth response such as cell culture conditions, confluence of cells prior to 

treatment and the period of quiescence and treatment. 
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No change in MTT activity was displayed following Ang II treatment in 10% (
v
/v) FCS 

containing media, compared with control cells. This was probably due to the presence 

of other stimulatory factors present in FCS, which are known to interfere with this assay 

(Denizot and Lang, 1986), and mask any effects induced. Even though this assay is 

regarded as an index of cell proliferation, it is specifically a measure of succinate 

dehydrogenase activity which is a component of the mtRC within mitochondria. It can 

therefore also be used to assess mitochondrial activity. However, other mitochondrial 

related cellular mechanisms and mitochondrial functions would need to be investigated 

further in order to fully describe this effect of Ang II on mitochondria (see chapter 6.0). 

 

ARB are used for in vitro studies to assess the mechanism for the effects of Ang II at 

the cellular and molecular level. The active Losartan metabolite E3174, an AT1R 

antagonist was assessed for its effect on hVSMC growth and survival. In agreement 

with other studies (Stanley et al., 2000), E3174 at 10
-5

 mol/L did not significantly affect 

viability or PD of hVSMC in culture. The trend for a slight decrease in the PD of 

VSMC induced by Ang II in the presence of E3174 is supported by previous reports 

(Kohno et al., 2000).  
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Conclusions 

 

 Morphological studies showed early passage hVSMC isolated from adult 

saphenous veins to predominantly express α-smooth muscle actin and           

SM-MHC, strongly suggesting a contractile phenotype which is characteristic of 

VSMC in vivo. 

 

 The mature, glycosylated form of the AT1R subtype was highly expressed in     

proliferating hVSMC and those rendered quiescent. 

 

 Low protein expression of the AT2R subtype was detectable in lysates of 

hVSMC.  

 

 Both single and multiple Ang II treatments increased the PD of hVSMC. 

 

 No loss in cell viability was observed following single Ang II treatments, except 

at concentrations ≥10
-5

 mol/L. 

 

 Mitochondrial complex II activity was stimulated following Ang II exposure in 

hVSMC.  

 

 The AT1R antagonist E3174 displayed no cytotoxic effect in hVSMC at 

concentrations up to 10
-4

 mol/L. 

 

 Taken together these data suggest that cultured hVSMC of saphenous vein 

origin constitute a suitable model to study the propensity for Ang II to induce 

senescence via AT1R stimulation. 
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Chapter 4.0 Effect of Angiotensin II on senescence in cultures of 

human vascular smooth muscle cells 

 

Chapter 3.0 established a hVSMC culture as a model to study the ageing effects of Ang 

II. Irrespective of its growth effects, Ang II triggers a diverse array of cell signalling 

pathways (Touyz and Schiffrin, 2000), many of which could result in cellular activation 

or suppression (Wolf and Wenzel, 2004). 

 

The normal age-related changes in arterial structure and function have been shown to 

accelerate in parallel with the presence of CVD. Arterial components of the              

Ang II-signalling cascade increase with age and are thought to play a major role in 

adjusting structural and functional responses in the vessel wall. These alterations can 

promote the development of CVD such as hypertension and atherosclerosis (Najjar et 

al., 2005). Rodent models have shown that prolonged inhibition of Ang II with ARB 

and ACE inhibitors delay the development of many age-related changes in the blood 

vessel, heart and kidneys (Ferder et al., 2002; de Cavanagh et al., 2003; Basso et al., 

2007) that are associated with CVD. Similar observations from numerous human 

clinical trials also implicate this anti-ageing effect of RAS inhibition through 

observations made on reduced morbidity and mortality rates of CVD (Lithell et al., 

2003; Nickenig et al., 2006). 

 

4.1 Background 

Senescent vascular cells have been characterised in atherosclerosis (Minamino et al., 

2003). Emerging evidence has revealed that elevated Ang II contributes to various        

age-related CVD; this suggests a possible role of Ang II in senescence. Therefore, Ang 

II may be implicated in the induction of vascular cell senescence and thereby enhance 

vascular ageing and disease development. 

 

4.1.1 Cellular senescence  

Cellular senescence is a mechanism that halts normal cell division in response to 

various types of stimuli or stresses that maybe potentially oncogenic. Senescence is 

initially characterized by the reduced growth rate of a population of cells in culture. 

Primary cells in culture do not grow indefinitely but display diminished PD with      
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sub-culturing after a prolonged period of time. This differs from tumour cells which 

continually divide irrespective of numbers of PD (Itahana et al., 2001). In tissues, 

senescent cell lead to impaired homeostasis, and is characteristic of cells derived from 

aged and diseased tissue. 

 

4.1.2 Characteristics of replicative cell senescence 

The progressive loss in proliferative capacity due to continued cell division results in a 

state of permanent cell growth arrest with altered gene and protein expression, termed 

„replicative senescence‟. Mammalian cells in vitro display this finite replicative capacity 

that was originally described by Hayflick and Moorhead (1961). The limited number of 

cell divisions is deemed the „biological clock‟, with signalling pathways causing 

cessation of cell division. It is therefore considered that cell intrinsic mechanisms 

initiate replicative senescence (Hayflick and Moorhead, 1961). 

 

Although senescent cells remain viable and metabolically active, other specific 

phenotypes have also been determined in this cell state. Senescent cells remain arrested 

in the G0/G1-phase of the cell cycle and are unable to enter the S-phase in response to 

mitogenic stimuli. Coupled with this, is the acquired resistance to the induction of 

apoptosis and distinct morphological alterations, such as flattened and enlarged cells, 

loss of cell-cell contacts (Ben-Porath and Weinberg, 2005) and the increased expression 

of SA-β-gal at pH 6.0 (Dimri et al., 1995). However, the senescent phenotype exhibited 

by cells is also dependent upon cell-type specific changes in gene and protein 

expressions (Erusalimsky and Kurz, 2005; Pascal et al., 2005). 

 

The intrinsic mechanisms which trigger replicative senescence apart from mitogenic or 

oncogenic activity include telomere shortening and DNA damage. The repetitive 

telomere DNA sequences (TTAGGG) found at the ends of chromosomes are 

preferentially lost, as telomeres progressively shorten with each round of cell division 

(Harley et al., 1990). This protects sub-telomeric sequences from degradation (de 

Lange, 2005). Eventually telomeres reach a critically short length or altered structure 

that can no longer be protected and consequently this signals the onset of cell 

senescence (Masutomi et al., 2003; Stewart et al., 2003). Telomerase, a 

ribonucleoprotein which synthesises telomeric repeats, elongates telomeres in 

embryonic and stem cells. However, it is found at undetectable levels in adult tissues, 
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thereby leading to progressive telomere attrition (Harley et al., 1990). Precisely how 

shortened telomeres signal their state to the cell is unclear, but it has been suggested to 

eventually lead to telomere „uncapping‟. Uncapping refers to the disruption of the 

proper protective cap structure at the end of telomeres, thereby exposing the end of the 

DNA (Blackburn, 2001). Uncapped telomeres appear to be identified as DNA DSB 

which initiates a DNA damage response. This has been observed in senescent cells 

where loss of single-stranded telomere DNA results in a telomeric overhang (Stewart et 

al., 2003). It is still not fully clarified how the uncapping event directly induces 

senescence; however common DNA damage protein foci have been determined in 

telomeres of senescent cells, such as γ-H2AX, 53BP1, MDC1 and NBS1 (d‟Adda di 

Fagagna et al., 2003; Herbig et al., 2004).  

 

Oxidative damage to DNA bases and DNA DSB also initiate a senescent phenotype 

similar to that caused by telomere attrition (Chen et al., 1995). These forms of DNA 

damage occur following irradiation of cells or treatment with chemical DNA-damaging 

agents (Wahl and Carr, 2001). The DNA damage response triggers senescence through 

a signalling pathway that ultimately activates the tumour suppressor protein p53, which 

acts to block cell division. p53 has a major role in both senescence and apoptosis and 

the difference in the response induced is considered to be dependent upon the stimuli. 

Low levels of DNA damage are thought to favour senescence whereas higher levels are 

likely to cause apoptosis (Ben-Porath and Weinberg, 2005).  

 

The induction of senescence is regarded as a foolproof mechanism that prevents the 

proliferation of cells at risk of tumorigenic transformation. Therefore, senescence is 

comparable in outcome to apoptosis, but also differs as apoptosis initiates the death of 

damaged or potentially oncogenic cells by completely eliminating them from tissues or 

organs (Itahana et al., 2001).   

 

4.1.3 Vascular cell senescence, ageing and disease 

Senescent cells in vivo typically display alterations in function which can 

accumulatively lead to the loss of normal tissue or organ function and integrity 

(Campisi, 2005), or limit the regenerative capacity of stem cell pools (Chen, 2004). 

These features are characteristic of the ageing phenotype.  
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Age-related changes in blood vessel structure and function include a decrease in 

compliance and an increase in inflammation that promotes atherogenesis (Marin, 1995). 

These alterations are thought to attribute to age-related changes in vascular cell 

function. Vascular remodelling is one adaptive response to increased blood pressure and 

vessel wall tension; that is largely influenced by the RAS. Ang II has a major effect on 

the vasculature and has been shown to play a role in remodelling by activating cell 

signalling pathways that elevate cell growth, inflammation and fibrosis (Touyz et al., 

2003). Mitogens that stimulate cellular growth can also activate other cell signalling 

cascades and induce senescence and inflammation (Brasier et al., 2002).  Other changes 

include the endothelial-dependent reduction in the production of the vasodilators, ·NO 

and prostacyclin, which declines with age and causes impaired endothelial vasodilation. 

Ageing also causes diminished responsiveness of VSMC to these vasodilators (Brandes 

et al., 2005). Increased proinflammatory and prothrombogenic molecules have been 

detected in aged arteries (Najjar et al., 2005). These arterial alterations may themselves 

be risk factors in the manifestation and development of CVD. 

 

The responses of senescent vascular cells are consistent with known changes expressed 

in various age-related vascular diseases, but have been extensively examined in the 

development of atherosclerosis (Samani et al., 2001; Minamino et al., 2002). 

Senescence in this case may arise from extensive cell replication due to ageing and/or 

from hemodynamic stress to the vascular wall bed. Senescent VSMC derived from 

atherosclerotic plaques exhibit a proinflammatory phenotype (Minamino et al., 2003) 

and the accumulation of these cells in the fibrous cap is proposed to contribute to 

inefficient plaque repair and instability (Bennett et al., 1998). 

 

Vascular cell senescence has since been implicated in a wide range of human 

cardiovascular pathologies as summarised in table 4.1. This includes evidence of 

senescence in vascular regions prone to disease and during the initial and advanced 

stages of diseases. 
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Table 4.1 Evidence of human vascular ageing or senescence in cardiovascular pathologies/ risk factors 

Disease Cell/ tissue Observation Reference 

Abdominal aortic aneurysms (AAA) VSMC/ aneurysm wall ↓ CPD (in vitro)/ enlarged cell-shape Liao et al., 2000 

AAA WBC/ aortic wall ↓ tDNA content Wilson et al., 2008 

Atherosclerosis WBC ↓ TRF length Samani et al., 2001 

Atherosclerosis EC/ coronary artery ↑ SA-β-gal staining Minamino et al., 2002 

Atherosclerosis VSMC ↑ SA-β-gal staining/ ↓ TRF length/  

↑ DNA damage 

Minamino et al., 2003; 

Matthews et al., 2006 

Cardiovascular mortality WBC ↓ TRF length Cawthon et al., 2003 

Coronary artery disease EC/ coronary artery ↓ telomere length Ogami et al., 2004 

Coronary artery disease EC/ mammary artery ↑ SA-β-gal staining/ ↓ TRF length Voghel et al., 2007 

Heart disease WBC ↓ telomere length Starr et al., 2007 

Hemodynamic stress of vessels EC/ iliac artery ↓ TRF length Chang and Harley, 1995 

Hypertension WBC ↓ TRF length Benetos et al., 2001 

Hypertension EPC/ coronary artery ↑ SA-β-gal staining Imanishi et al., 2005b 

Kawasaki disease coronary aneurysms EC/ adventitia region of 

coronary artery 

↑ SA-β-gal staining Fukazawa et al., 2007 

Life stress WBC ↓ telomere length Epel et al., 2004 

Obesity/ smoking WBC ↓ TRF length Valdes et al., 2005 

Obesity WBC ↓ TRF length Zannolli et al., 2008 

Premature MI WBC ↓ TRF length Brouilette et al., 2003 

Type I diabetes WBC ↓ TRF length Jeanclos et al., 1998 

Type II diabetes Monocytes ↓ telomere length Sampson et al., 2006 

IGT/ type II diabetes  WBC ↓ TRF length/ >↓ TRF length in type II 

diabetics 

Adaikalakoteswari et al., 2007 

Vascular dementia WBC ↓ TRF length von Zglinicki et al., 2000 

This table summarises the current evidence of vascular cell and tissue senescence based on biomarkers of cellular senescence in various cardiovascular 

pathologies. CPD, cumulative population doubling; EPC, endothelial progenitor cell; IGT, impaired glucose tolerance; MI, myocardial infarction; 

tDNA, telomere DNA; TRF, terminal restriction fragment; WBC, white blood cells.  
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As common markers of altered cell morphology, telomere shortening and positive     

SA-β-gal staining have been used to investigate replicative senescence in vitro. These 

markers have also been determined in human cells or tissues from age-related CVD in 

vivo. This provides strong evidence that vascular cell senescence is correlated with 

vascular ageing and disease development. 

 

The long-term cultivation of vascular cells in vitro results in the appearance of many of 

the previously mentioned biomarkers of replicative senescence. This has been described 

for human umbilical vein EC (hUVEC) (Carlisle et al., 2002; Hastings et al., 2004; 

Unterluggauer et al., 2007) and VSMC (van der Loo et al., 1998; Liao et al., 2000). The 

senescent characteristics observed are thought to reflect what maybe happening in vivo 

with progressive age. 
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4.2 Aims 

 

 The gradual shortening of telomere DNA with every round of cell division is 

regarded as a common molecular biomarker of in vitro replicative cell 

senescence and ageing. Ang II is a potent multifunctional hormone which elicits 

various cell signalling mechanisms in order to modulate cell function. It has 

however, also been associated with many age-related CVD. Therefore, to 

determine whether Ang II exposure affects the telomere attrition of hVSMC, 

TRF length was measured using the Southern blotting technique. 

 

 To establish whether the length of telomere DNA is maintained within hVSMC 

by measuring telomerase activity levels. 

 

 As a possible mechanism for triggering telomere attrition, DNA damage in 

hVSMC following Ang II exposure was assessed by the measurement of DNA 

strand breaks in single cells using the Comet assay. 

 

 To ascertain whether prolonged Ang II exposure promotes cellular senescence in 

proliferating hVSMC. 

 

 To establish whether chronic (over 30 days) Ang II exposure results in hVSMC 

apoptosis. Caspase-3/7 activity and nuclear fragmentation were used to assess 

apoptosis.   
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4.3 Experimental Approach 

 

4.3.1 Cell culture 

Early passage hVSMC were grown to near confluence in media containing 10% (
v
/v) 

FCS, at 37ºC. In most experiments, cells were rendered quiescent for 24 hours prior to 

single Ang II treatments, as described in section 2.3.1.1. Treatment with H2O2 was 

performed on sub-confluent cells in media containing 10% (
v
/v) FCS. Cells that were 

continuously sub-cultured for 30 days were treated with Ang II on alternate days, and 

on the following days when cells were re-plated (see section 2.3.1.3).  

 

Both hVSMC and HeLa cells were grown to confluence in T75cm
2
 Nunc

TM
 flasks as 

described in 2.3.1.1, and harvested by trypsinization for Western blotting. 

 

PD counts were performed to assess hVSMC proliferation and to correct for changes in 

the proliferation rate when assessing TRF length. Following Ang II treatment, cells 

were harvested by trypsinization, resuspended in 0.5ml of fresh media and counted 

using a haemocytometer. The total cell number and PD were calculated as described in 

2.3.1.2. 

 

4.3.2 Cell imaging 

hVSMC growth, appearance and structural morphology were determined visually by 

microscopy. For comparison, late passage hVSMC (passage 21) were grown to ~70% 

confluence in T75cm
2
 Nunc

TM
 flasks. Phase contrast micrographs were taken at ×40 and 

×100 magnifications, using a colour camera attached to a Nikon inverted trinocular 

phase contrast light microscope. 

 

Senescent hVSMC, determined by positive SA-β-gal staining after Ang II treatment for 

30 days, were assessed visually by light microscopy. After the staining period, SA-β-gal 

solution was removed and cells were overlaid with 1ml of 70% (
v
/v) glycerol per well 

prior to taking images. Images were obtained at ×100 magnification. 

 

 

 



Chapter 4:0 Effect of Ang II on hVSMC senescence 

 120 

4.3.3 SA-β-gal assay 

The SA-β-gal stain was used to assess cellular senescence following Ang II treatment. 

hVSMC seeded at 1×10
5
 cells per well in 6-well plates were treated with a range of Ang 

II concentrations (10
-9

, 10
-8

, 10
-7

 and 10
-6

 mol/L) in media containing 10% (
v
/v) FCS. 

Following 30 days of alternate Ang II treatment, cells were trypsinized, counted using a 

haemocytometer and re-seeded at 1×10
5
 cells per well in 6-well plates, into media 

containing 10% (
v
/v) FCS. Cells were left to adhere for 24 hours at 37ºC prior to 

fixation, then stained with SA-β-gal staining solution as described in 2.3.2.3. SA-β-gal 

staining was performed on non-confluent cells to avoid non-specific staining (Severino 

et al., 2000). The number of positive (blue) and negative (transparent) stained cells was 

counted manually in five fields selected at random from each well using a Nikon 

inverted trinocular phase contrast microscope (under ×200 magnification). The 

percentages of senescent cells following each treatment were calculated relative to the 

untreated cells.  

 

4.3.4 Measurement of apoptosis 

4.3.4.1 Caspase-3/7 activity 

Caspase-3/7 activation in hVSMC was assessed to determine the induction of apoptosis 

signalling pathways following Ang II treatment, using the Caspase–Glo® 3/7 assay. 

Cells were seeded at 3×10
3
 cells per well in sterilized white 96-well microplates. Near 

confluence was determined by viewing cells simultaneously grown in clear 96-well 

microplates. Prior to single Ang II treatments (10
-8

, 10
-7

 and 10
-6

 mol/L) for 24 hours at 

37°C, the FCS content in the cell media was changed to 0.5% (
v
/v). Following treatment, 

cells were lysed and caspase-3/7 activity was measured 1 hour after the addition of the 

caspase 3/7 reagent, as described in 2.3.3.1. Background luminescence measurements of 

cell media were subtracted from the measurements of Ang II-treated and untreated cells. 

 

4.3.4.2 Detection of DNA fragmentation using Hoechst 33258 staining 

Nuclear fluorescence staining with Hoechst 33258 solution was used to visually 

determine the morphology of apoptotic hVSMC, by the presence of condensed or 

fragmented nuclei following cell treatment. Cells were seeded at 1×10
5
 cells per well on 

sterilized glass coverslips in 6-well plates. Near confluent cells were then rendered 

quiescent before single Ang II exposures at 10
-9

 or 10
-8

 mol/L for 4 and 24 hours. H2O2 

exposure (10 and 25μmol/L) for 24 hours was performed on cells in media containing 
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10% (
v
/v) FCS. After treatment, cells were fixed then stained with Hoechst 33258 

solution as described in section 2.3.3.2. The number of nuclei with intensely bright, 

fragmented or condensed DNA (positive) and those with uniform staining (negative) 

were counted in each field of view. Nuclei were assessed manually in four fields 

selected at random from each slide and images were taken using a Nikon inverted 

trinocular phase contrast fluorescent microscope (DAPI filter, ×400 magnification) 

using the Volocity Acquisition software. The percentage of apoptotic cells was 

calculated from the number of apoptotic cells divided by the total number of cells 

counted in each field. 

 

4.3.5 Human telomerase (hTERT) protein expression by Western blotting  

hTERT protein expression was determined in hVSMC and HeLa cells (positive control 

for telomerase expression) by Western blotting, as detailed in 2.3.6.1. Cell lysis buffer 

was used to extract whole cell proteins (2.3.5.6) from cells grown to confluence in 

media containing 10% (
v
/v) FCS. Protein samples (40μg protein per sample) were 

separated on 8% resolving gels under non-reduced and denaturing conditions. 

Membranes were blocked with 5% (
w
/v) milk/TBST for 1 hour at RT prior to antibody 

labelling (dilutions and incubation periods specified in table 2.13). Equal protein 

loading was confirmed by labelling for α-tubulin protein expression, using 10% (
w
/v) 

milk/TBST blocking solution (table 2.14). 

 

4.3.6 Southern blotting 

The median TRF length of treated hVSMC was measured by Southern blotting (section 

2.3.6.2) to assess telomere length. Early passage cells were seeded at 1×10
5
 cells per 

well in 6-well plates. Near confluent cells were exposed to a single dose of Ang II over 

a range of concentrations (10
-9

, 10
-8

, 10
-7

 and 10
-6

 mol/L) for 24 hours at 37°C. 

Following treatment, cells were harvested by trypsinization and counted using a 

haemocytometer in order to calculate PD (4.3.1). Cells were then collected by 

centrifugation and DNA was extracted and quantified (2.3.5.1 and 2.3.5.2). The change 

in mean (of the median) TRF length measurements of Ang II-treated and untreated cells 

was expressed per mean PD. 
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4.3.7 Comet assay 

DNA damage in hVSMC was measured using the Comet assay by visually scoring 

DNA strand breaks in single cell nucleoids. Cells were seeded at 2×10
4
 and 1×10

5
 cells 

per well in 6-well plates for H2O2 and Ang II treatment respectively. Near confluent 

cells were rendered quiescent for 24 hours before treatment, as described in 2.3.1.1. 

Exposure to H2O2 was conducted for 4 hours and to Ang II for 24 hours, at 37°C. After 

treatment, under minimal light, the 6-well plates were placed on ice and the cells were 

rinsed twice with 1ml of chilled DPBS. Cells were then scraped into chilled mincing 

solution, pipetted several times to ensure an individual-cell suspension and subjected to 

the Comet assay as detailed in 2.3.6.3. The mean percentage tail DNA was used as the 

measure of DNA damage. 

 

4.3.8 Telomerase activity detection 

Telomerase activity was used to assess the maintenance of telomeric DNA in hVSMC 

using the TeloTAGGG Telomerase PCR ELISA kit. Early passage cells were seeded at 

1×10
5
 cells per well in 6-well plates and grown to confluence in media containing 10% 

(
v
/v) FCS. Cells were harvested by trypsinization and counted using a haemocytometer 

to determine the total number of cells (section 4.3.1). Telomerase activity of 2×10
5
 cells 

per sample was then measured as described in 2.3.6.4. The positive control cell extract 

provided in the kit (293 cells), was simultaneously processed alongside hVSMC 

samples. Telomerase activity of cells was expressed as absorbance values at 450nm 

relative to the reference wavelength (690nm).  
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4.4 Results 

 

4.4.1 Ang II accelerates telomere loss in hVSMC 

To examine whether Ang II exposure had any effect on the gradual replicative 

senescence of hVSMC in vitro, Southern blotting analysis was used to measure the 

average median TRF length of cells exposed to Ang II. Measurement of PD was used to 

correct for differences in proliferation. This technique has been used extensively in the 

literature (Benetos et al., 2001; Samani et al., 2001; Duan et al., 2005; Matthews et al., 

2006). 

 

A single dose of Ang II markedly accelerated the rate of telomere loss in a              

dose-dependent manner (figure 4.1A). The rate of telomere loss per PD was substantial 

even with the lowest Ang II dose (10
-9

 mol/L) compared with control cells (figure 

4.1A). The maximal rate of loss was observed following treatment with 10
-7

 mol/L Ang 

II. Although only small changes in TRF length were measured with Ang II at the 

different doses, it provides evidence that Ang II enhances the normal replicative 

senescence of hVSMC in vitro.  
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Figure 4.1 Ang II causes telomere attrition in hVSMC. A, Dose-dependent loss in TRF 

length with Ang II exposure. Near confluent cells grown in media containing 10% (
v
/v) 

FCS were treated with various Ang II concentrations for 24 hours. DNA was extracted 

from treated and untreated cells and telomere length was determined by Southern 

blotting analysis. Values represent the mean percentage change in the median TRF 

lengths per PDSEM; n=5 (p<0.001 for all doses compared with control). B, Ang II 

accelerates the loss of TRF length via the AT1R. Telomere length was measured in cells 

grown continuously in media containing 10% (
v
/v) FCS supplemented daily with Ang II 

(10
-6 

mol/L) for 7 days and for cells pre-incubated with E3174 (10
-5 

mol/L for 1 hour) 

prior to Ang II exposure (this work was conducted in collaboration with Dr R. A. 

Hastings, Department of Cardiovascular Sciences, University of Leicester). Bars 

represent mean+SEM; n=9 (E3174, n=3) (*p<0.05 compared with control and 
†
p<0.05 

compared with Ang II alone). 
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Co-incubation with the AT1R antagonist E3174 over several days attenuated             

Ang II-induced telomere attrition (~1.5-fold), confirming that this effect was mediated 

via the AT1R (figure 4.1B). The telomere loss observed in cells exposed to E3174 alone 

was less than that observed in untreated cells, but was not significant due to few 

replicates. 

 

The ribonucleoprotein telomerase adds telomeric repeats to the ends of chromosomes, 

thereby maintaining telomere DNA length following cell division (Harley et al., 1990). 

Human somatic cells exhibit undetectable levels of telomerase which is associated with 

shortening of telomeres and cell senescence (Masutomi et al., 2003). To substantiate the 

telomere loss observed in hVSMC, telomerase levels were analysed using two different 

methods. Untreated hVSMC displayed virtually no expression of the hTERT (human 

catalytic subunit of telomerase reverse transcriptase) protein determined via Western 

blotting (figure 4.2A), whereas the HeLa cells displayed an intense band at 90kDa, 

indicating high levels of hTERT expression. The difference in expression levels was 

validated by confirming the uniform expression of α-tubulin, hence, equal protein 

loading. 

 

The sensitive PCR ELISA was unable to detect telomerase activity in hVSMC (figure 

4.2B), as the mean corrected absorbance was <0.1 AU, compared with the positive 

control sample (293 cells) which was 6-fold greater. The mean absorbance of the 

negative control (data not shown) was 0.062+ 0.005 (n=3), similar to that determined in 

hVSMC, suggesting these cells were essentially telomerase-negative. 

 

These observations add support to the telomere attrition in hVSMC. Furthermore, this 

evidence discounts the modulation of telomerase activity as a primary mechanism for 

Ang II-induced telomere loss (figure 4.1A).  
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Figure 4.2 Telomerase levels in hVSMC. A, hTERT protein expression is relatively 

low in hVSMC. Representative blots show hTERT and α-tubulin (protein loading 

control) expression for 40μg of whole cell protein extract loaded per sample. A strong 

band, approximately 90kDa was determined in the telomerase-positive HeLa cells 

(positive control). B, hVSMC grown in vitro have undetectable levels of telomerase 

activity. Cells were grown to confluence in media containing 10% (
v
/v) FCS. Equal 

numbers (2×10
5
) of both hVSMC and 293 cells were analysed to determine the level of 

telomerase activity using the TeloTAGGG telomerase PCR ELISA kit. The human 

telomerase-positive embryonic kidney cell line 293 (293 cells) was used as a positive 

control. Bars represent mean+SEM; n=3. 

 

4.4.2 Ang II induces DNA damage in hVSMC 

Cell senescence has been observed in response to DNA damage, damage to chromatin 

structure and oxidative stress (Serrano and Blasco, 2001). Growth arrest induced by 

DNA damage can occur after acute intense stress (Chen et al., 2001a; Gorbunova et al., 

2002) or following successive treatments (Dumont et al., 2000b; Duan et al., 2005), 

which suggests that stress-induced senescence might also accelerate replicative 

senescence. 

 

The „Comet assay‟ was used in this study to evaluate Ang II-induced DNA damage in 

hVSMC. The alkaline Comet assay originally performed by Singh et al (1988) is a 

sensitive technique for measuring DNA strand breaks in single cells. During 

electrophoresis, damaged DNA migrates away from the undamaged DNA forming a 

comet-like appearance. The comet „head‟ consists of the nucleoid body and intact DNA, 

whereas the „tail‟ consists of damaged DNA. The quantity of DNA in the tail region is 

considered proportional to the level of damaged DNA in cells.    
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Measurements of DNA damage within the hVSMC model were validated by exposure 

to H2O2, a known precursor of other ROS and inducer of DNA damage. The percentage 

of DNA in the tail region (% tail DNA) was the parameter used to assess DNA damage 

as it correlates linearly to strand break frequency over a range of damage levels. H2O2 

induced a dose-response in DNA damage (figure 4.3A) with increasing concentration. 

Exposure with the highest dose of H2O2 (100μmol/L) caused ~3-fold increase in % tail 

DNA compared with untreated cells. However, this data was not statistically significant 

as only a small number of replicates were performed.  
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Figure 4.3 DNA damage in hVSMC measured using the Comet assay. Cells were 

rendered quiescent for 24 hours prior to treatment. A, H2O2 induces DNA damage. 

hVSMC were treated with various concentrations of H2O2 for 4 hours. Bars represent 

mean; n=2. B, Dose-dependent increase in DNA damage following Ang II exposure for 

24 hours. Bars represent mean+SEM; n=4 (*p<0.05 and **p<0.01 compared with 

control). 

 

Ang II exposure for 24 hours also induced a dose-dependent increase in DNA damage 

(figure 4.3B), with a 2-fold increase at the highest concentrations (10
-7

 and 10
-6

 mol/L). 

As predicted, the extent of DNA damage with Ang II was less than H2O2 treatment, 

suggesting Ang II to be a mild inducer of DNA damage. The maximal DNA damage 

was observed with the highest dose of Ang II (10
-6

 mol/L). Although this data does not 

directly link the induction of DNA damage with senescence, it does indicate low levels 

of DNA damage following Ang II exposure which might contribute to the induction of 

senescence (Ben-Porath and Weinberg, 2005). In contrast to this, H2O2-induced DNA 

damage was far greater due to a higher % tail DNA.  
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4.4.3 Ang II promotes senescence in cultured hVSMC 

4.4.3.1 Morphological analysis of senescent hVSMC 

The growth pattern and morphological appearance of normal hVSMC undergoing 

replicative senescence in vitro was analysed visually by microscopy, prior to Ang II 

treatment. This identified the typical characteristics exhibited by senescent hVSMC. 

Cells were continuously sub-cultured in media containing 10% (
v
/v) FCS up to passage 

21, at which point the rate of cell proliferation declined (late passage cells displayed a 

mean PD of 0.44  0.14 over 8 days, which was significantly lower than early passage 

cells (2.60  0.15 over 4 days; n=4) following 30 days of cultivation). The population of 

cells as a whole displayed an irregular growth pattern and did not reach 100% 

confluence. Numerous cells appeared enlarged and irregular-shaped with a veil-like 

appearance, which are typical characteristics of senescent VSMC in vitro (van der Loo 

et al., 1998; Matthews et al., 2006), as identified by the white arrows in figure 4.4A and 

B; these were amongst some typical spindle-shaped cells. The cytoplasm of these large 

cells was also granular in distinct regions. Under higher magnification (figure 4.4B), no 

difference in nuclei was observed compared to early passage cells (figure 3.1B). 

 

4.4.3.2 Optimisation of the SA-β-gal assay 

The SA-β-gal cytochemical assay was developed by Dimri et al., (1995), and is a 

commonly used marker of senescence and cellular ageing. The SA-β-gal activity is 

detected at pH 6.0, corresponding to lysosomal β-galactosidase enzyme activity 

expressed in senescent and pre-senescent cells with increased lysosomal content (Kurz 

et al., 2000). In this assay, blue coloured cytoplasmic staining denotes a senescent cell, 

which can be enumerated as a percentage of the total cells present. However, the 

reliability and specificity of this assay has been queried, as SA-β-gal staining increases 

with cell age, as well as in confluent cells, those rendered quiescent and following 

treatment with H2O2 (Severino et al., 2000; Yang and Hu, 2005). Therefore these 

interfering factors were addressed alongside optimisation of the SA-β-gal assay for the 

hVSMC model being studied.  
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Figure 4.4 Late passage hVSMC (passage 21) exhibit enlarged and irregular-shaped 

cell morphology associated with cellular senescence. Phase contrast photomicrographs 

were taken at different magnifications, of hVSMC in vitro (grown in media containing 

10% (
v
/v) FCS). A, ×40 magnification B, ×100 magnification; white arrows indicate 

individual senescent cells. 

 

Initial experiments were conducted using early passage hVSMC to eliminate interfering 

factors and to optimise the assay (figure 4.5). Cells were stained for SA-β-gal activity 

24 hours after seeding at different densities in 12-well plates. The highest cell density 

(5×10
5
 cells per well) displayed 80% confluence and >50% SA-β-gal positive cells, 

which was relatively high compared to the lower cell densities (1×10
3
 to 5×10

4
) which 

displayed <10% SA-β-gal positive cells (figure 4.5A).  
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Figure 4.5 Optimisation of the detection of SA-β-gal activity in hVSMC. Cells were re-

plated following treatment and left to adhere for 24 hours at 37°C. Cells were fixed and 

stained as described in section 2.3.2.3. A, Cell confluence affects SA-β-gal staining. 

Cells were seeded at different densities per well in 12-well plates prior to staining. 

Values represent meanSEM; n=3. B, Effect of the staining period on SA-β-gal counts. 

Ang II treatment (10
-8

 mol/L) on alternate days and untreated cells cultured over 30 

days were re-plated at 1×10
5
 cells per well in 6-well plates, prior to staining. Counts 

were performed after 4 and 24 hours SA-β-gal staining. Bars represent mean+SEM; 

n=3. White bars indicate untreated cells and light green bars indicate Ang II treated cells 

(data did not reach statistical significance). C, Dose-dependent increase in SA-β-gal 

activity following H2O2 treatment. A single dose of H2O2 was administered over a range 

of concentrations for 24 hours. Cells were re-plated at 5×10
4
 cells per well in 12-well 

plates, prior to staining. Bars represent mean+SEM; n=3 (**p<0.01 compared with 

control). 

 

A cell density of 5×10
4
 cells per well displayed only 50% confluence and ~10%        

SA-β-gal positive cells. This was a reasonable seeding density to use to discount false 

staining that may arise from cell confluence. The duration of SA-β-gal staining was also 

crucial in eliminating false staining, as 4 hours incubation was not sufficient to 

differentiate between treated and untreated SA-β-gal stained cells (figure 4.5B), 

whereas 24-hours incubation was sufficient for the detection of SA-β-gal activity.  
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To measure senescence following stress treatment, cells were treated with low doses of 

H2O2, as chronic doses had previously shown to induce 100% SA-β-gal staining (Yang 

and Hu, 2005). Figure 4.5C displays a dose-dependent increase in senescence of cells        

re-plated 24 hours after a single H2O2 treatment (1.7-fold increase with 10μmol/L 

H2O2).  

 

Yang and Hu (2005) demonstrated that human fibroblasts released from serum 

deprivation by sub-culturing into media containing 10% (
v
/v) FCS, stained positively for 

SA-β-gal activity, which was reflective of the original cell passage number. Similarly, 

hVSMC were rendered quiescent for 24 hours before Ang II treatment, then re-plated in 

media containing 10% (
v
/v) FCS for 24 hours prior to SA-β-gal staining, at a density 

sufficient to microscopically view individual cells (1×10
5
/ 5×10

4
 cells per well in 6/    

12-well plates respectively) . 

 

This assay has been criticised, as counting positive SA-β-gal stained cells can be 

subjective. Therefore, certain constraints were defined when using this assay to allow 

for a uniform measure of SA-β-gal stained cells following various cell treatments. 

Approximately the same five fields of view were counted in each well, excluding the 

outer edge and central regions of wells, from which a mean count was then calculated. 

Only ~80% positive SA-β-gal blue-staining of the cytoplasmic region of cells was 

classified as senescence; cells displaying faint or partial staining were discounted, and 

transparent cells were classified negative for SA-β-gal activity.  

 

By optimising the assay for hVSMC and establishing specific cell counting parameters 

this allowed for a more reliable measure of SA-β-gal activity within a population of 

cells, and eliminated any major confounding factors of the assay. 

 

Intra-assay variability was assessed for replicate counts of SA-β-gal stained blue 

(positive) and unstained (negative) cells. The mean coefficient of variation for the 

counts of senescent cells was 13% and for unstained cells was 8% (n=9), for cells from 

an untreated population. 
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4.4.3.3 Ang II induces senescence in hVSMC 

SA--gal activity in hVSMC was determined following exposure to Ang II over a 

period of 30 days in continuous culture, with Ang II supplementation on alternate days. 

Representative photomicrograph images of SA-β-gal stained cells after Ang II exposure 

are shown in figure 4.6A. Only a small of number of control cells displayed strong 

cytoplasmic blue-staining within a field of view. The majority of these cells appeared 

long and of the characteristic spindle-shape, whereas more of the Ang II treated cells        

(10
-8

 mol/L) that appeared enlarged, also expressed SA-β-gal activity. Senescent cells 

were always observed in control cultures of hVSMC and typically represented ~5 to 

10% of the total cell population. However, Ang II induced a dose-dependent increase in 

cell senescence with a maximal effect at 10
-8 

mol/L (figure 4.6B) (>2-fold increase in 

senescence). A lower percentage of senescent cells was observed with Ang II exposure 

at 10
-7 

mol/L. In addition, the total number of cells counted in each view (i.e. senescent 

plus non-senescent) was decreased by the highest concentration of Ang II, suggesting 

the induction of apoptosis. To confirm whether more hVSMC were undergoing 

apoptosis at this Ang II dose, caspase-3/7 activity and DNA fragmentation were 

assessed as markers of apoptosis. 
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Figure 4.6A Ang II accelerates senescence in hVSMC. Cells were treated on alternate 

days for 30 days with Ang II, then re-plated at 1×10
5
 cells per well in 6-well plates for 

24 hours, then stained for SA-β-gal activity. Representative photomicrographs showing 

morphology and SA-β-gal staining changes of continuously cultured hVSMC with and 

without Ang II exposure. Wells were overlaid with 70% (
v
/v) glycerol solution 

following staining and images were taken at ×100 magnification. 
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Figure 4.6B Dose-response of Ang II treated SA-β-gal positive cells, quantified at day 

30. Bars represent mean+SEM; n=6 (*p<0.05 compared with control). 

 

4.4.4 Ang II induces apoptosis in hVSMC 

4.4.4.1 Effect of Ang II on caspase-3/7 activation 

Apoptosis of VSMC has been observed in atherosclerosis and bypass graft disease, 

suggesting an important role of apoptosis in vascular diseases (Bauriedel et al., 1999). 

In section 4.4.3.3, Ang II induced senescence of hVSMC in a dose-dependent manner, 

however at higher Ang II doses (10
-7

 mol/L) a lower percentage of senescent cells were 

observed. This suggested that a greater number of cells may have undergone apoptosis. 

This idea was investigated by analysing apoptosis of hVSMC. Cell death through 

apoptosis involves at least two stages, an early signal initiation stage involving death-

receptor/mitochondria and caspase activation (Chen and Wang, 2002) and a later stage 

of final cell death characterised by changes in nuclear morphology (Earnshaw, 1995), 

DNA fragmentation and cell disintegration. Apoptosis can be initiated by various 

stimuli and can also induce an array of cellular effects. Therefore, no single 

experimental technique can conclusively measure apoptosis of cells due to the differing 

effects that can be induced. Therefore, two different measurements were taken 

following Ang II treatment. The initial signalling response was determined by 

measuring caspase-3/7 activity and nuclear morphology was assessed by Hoechst 33258 

staining as an end-point effect.  

 

The activation of caspase enzymes is central to the induction of apoptosis. The term 

caspase is derived from aspartate-specific proteases (Li et al., 2007b). They can be 

activated in response to intrinsic and extrinsic pathways, mediated via death-receptor 
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activation or mitochondria (Mercer et al., 2007). Caspase-3 is an effector enzyme which 

has a major role in apoptosis and is activated via both pathways; therefore caspase-3/7 

activity was measured by chemiluminescence to assess apoptosis of hVSMC. 

 

High Ang II concentrations (10
-7

 and 10
-6

 mol/L) caused an increase in caspase-3/7 

activity compared to untreated cells (figure 4.7). The maximal activity after 24 hours 

exposure was for 10
-6

 mol/L Ang II of a ~1.4-fold increase. No change in caspase-3/7 

activity was determined with the lowest Ang II dose (10
-8

 mol/L). This concentration 

corresponds to the maximum induction of SA-β-gal staining, suggesting senescence 

induction rather than apoptosis. 

 

Caspase-8 activity was also measured in Ang II-treated hVSMC using a similar 

chemiluminescence-based assay (data not shown). This enzyme has an initiator role in 

the extrinsic or receptor-mediated induction of apoptosis, as suggested for hVSMC (Li 

et al., 2006a). However, no significant difference in caspase-8 activity was determined 

with Ang II exposure over 24 hours, suggesting the activation of Ang II-induced 

apoptosis in these hVSMC may not be via this signalling mechanism. 
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Figure 4.7 Caspase-3/7 activity in hVSMC. Cells were treated with a single dose of 

Ang II for 24 hours at the indicated concentrations. Near confluent cells were exposed 

to media containing 0.5% (
v
/v) FCS just prior to Ang II treatment. Luminescence 

readings were recorded 1 hour following the addition of the caspase 3/7 reagent. Values 

represent meanSEM; n=4 (data did not reach statistical significance). Results are 

expressed relative to control (mean control luminescent value for 24 hours= 1338 ALU 

(ALU, arbitrary light units; AU, arbitrary units). 
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4.4.4.2 Effect of Ang II on the appearance of apoptotic nuclear morphology 

Preliminary experiments were conducted to determine the appearance and staining of 

nuclei of apoptotic and control cells, prior to Ang II treatment. Sub-confluent adherent 

hVSMC were oxidatively damaged by H2O2 treatment at different concentrations to 

cause cell death. Figure 4.8A, B and C demonstrate the different nuclear staining 

observed. With Hoechst 33258 staining, the nuclei of healthy untreated cells appeared 

oval-shaped with uniform blue staining (figure 4.8A), whereas numerous nuclei of 

H2O2-treated cells appeared irregular-shaped with intensely blue stained, condensed and 

fragmented nuclear material (figure 4.8B and C). These morphological alterations were 

consistent with published observations in VSMC (Schaeffer et al., 2003) and aortic 

SMC (Yang et al., 2006). 

 

H2O2 treatment for 24 hours caused a dose-dependent increase in apoptosis (figure 

4.8D). A significant induction of apoptosis was observed with a ~2-fold increase at the 

highest concentration (p<0.001). These results were calculated with respect to the total 

number of nuclei counted in four fields selected on each coverslip. 

 

Apoptosis was assessed to verify the senescence data determined following exposure to 

high Ang II concentrations, and was therefore analysed after a single treatment. 

Quiescent cells were treated with two different Ang II concentrations for 4 and 24 hours 

prior to fixing and staining with Hoechst 33258 solution. Ang II significantly induced 

apoptosis in a dose- and time-dependent manner (figure 4.8E). The highest percentage 

of apoptotic cells was observed at the highest Ang II concentration of 10
-7

 mol/L and 

this was statistically significant compared with the control (p<0.001), possibly 

accounting for the lower percentage of positive SA-β-gal stained cells observed at this 

dose. However, 10
-8

 mol/L Ang II also induced statistically significant apoptosis 

(p<0.01). The same trend of apoptosis was observed at both time points, with overall 

higher percentages of apoptotic cells determined after 24 hours. The percentage was 

double for Ang II exposure at 10
-7

 mol/L compared with control cells. Although these 

results were determined after a single exposure, they still provided evidence of 

increased apoptosis with Ang II exposure. 
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Figure 4.8 Nuclear staining of hVSMC with Hoechst 33258 to determine apoptosis. 

Fluorescent photomicrographs display the typical nuclei morphology of viable and 

apoptotic cells. A, Nucleus of a viable cell displaying uniform blue staining and regular 

oval shape. Nuclei of apoptotic cells appear B, fragmented, irregularly-shaped and 

intensely stained due to condensed chromatin or they appear as C, apoptotic bodies. 

Images were taken at ×400 magnification. D, Dose-dependent increase in apoptosis with 

H2O2, after 24 hours exposure. Near confluent cells grown on coverslips in media 

containing 10% (
v
/v) FCS, were treated with a single dose of H2O2. Cells were then 

fixed and stained with Hoechst 33258 solution. Bars represent mean+SEM; n=4 

(***p<0.001 compared with control). E, Acute Ang II-induced apoptosis of hVSMC. 

Near confluent quiescent cells were treated with Ang II for 4 and 24 hours. The highest 

Ang II concentration (10
-7

 mol/L) induced the greatest amount of apoptosis at both time 

points. Bars represent mean+SEM; 4 hours, n=3 and 24 hours, n=4 (*p<0.05, **p<0.01 

and ***p<0.001 compared with respective controls). Results are expressed as mean 

percentage of apoptotic cells relative to the total number of cells counted. 
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4.5 Discussion 

The aim of this chapter was to investigate the effects of Ang II on the senescence of 

hVSMC and to establish whether this might be due to the induction of DNA damage 

and telomere attrition. 

 

4.5.1 Ang II accelerated telomere attrition in hVSMC 

Telomere length in cells is affected by genetic, environmental and replicative factors 

(Samani and van der Harst, 2008). Shortening in the average telomere length of cells 

and tissues has been used as a gold standard biological marker of ageing, replicative 

senescence and manifestation of age-related CVD (table 4.1). The gradual shortening in 

the average telomere length with each successive cell division is used as an indicator of 

progressive replicative senescence in cell cultures; whereas in pathological states, the 

presence of shortened telomeres is an indicator of increased senescence and ageing. 

Loss in telomere integrity is influenced by various factors such as advancing age and 

oxidative DNA damage (von Zglinicki, 2002). Loss of telomere structure and/or 

function is thus deemed a major trigger in the senescence mechanism. Exactly how 

truncated telomeres trigger senescence is still unclear, but it is thought that shortened 

telomeres are sensed in some way (possibly by DNA repair mechanisms in cells) which 

then activates a pathway leading to exit from the cell cycle (Minamino et al., 2004). 

However, some evidence of loss of the single-stranded telomeric overhang, which is 

critical in the maintenance of the telomeric T-loop, is detected in senescent cells 

(Stewart et al., 2003). 

 

Telomere attrition with successive cell division has been confirmed in cultured VSMC 

and EC (Chang and Harley, 1995; Minamino et al., 2002; Hastings et al., 2004; 

Matthews et al., 2006). The loss in TRF length has mainly been studied in EC, which 

line the inner wall of blood vessels and are in close proximity to the blood flow. 

Alterations in VSMC are far more difficult to assess, as these cells exhibit phenotypic 

modulation, initially expressing a contractile phenotype that is progressive lost in vitro 

and expressing a more synthetic phenotype (Owens et al., 2004).  
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There is a great variability in telomere length within individual cells and within the 

same population of dividing cells (Baird et al., 2003), which has posed some difficulty 

in measuring changes in telomere length. Therefore the median TRF length 

measurement of a population of cells is commonly used to assess telomere length 

changes via Southern blotting. This approach was used in these experiments.  

 

The average loss in TRF length of hVSMC was ~1.0% per PD, which was consistent 

with that observed in human EC (Hastings et al., 2004). A single treatment with Ang II 

markedly accelerated this loss by 2.5-fold, correlating with accelerated senescence in 

these hVSMC. The Ang II dose-dependent loss in mean TRF length indicated a greater 

loss at high doses.   

 

As yet, there is no direct evidence of the effects of Ang II on human telomere DNA, let 

alone its affect on telomeres in human saphenous vein derived SMC. However, 

hypertensive patients have been shown to have shorter telomere lengths in WBC than 

age-matched healthy patients (Benetos et al., 2001; Demissie et al., 2006), which is a 

major cardiovascular risk factor that is associated with high circulating levels of Ang II. 

In spontaneously hypertensive rats (SHR), shortened telomere fragments were 

determined in kidney cells, which maybe due to these cells being subjected to increased 

cell turnover and thereby leading to accelerated cell ageing (Hamet et al., 2001). These 

studies strongly suggest that Ang II accelerates telomere attrition, due to its enhanced 

proliferative effects which eventually promote cell senescence (Fuster et al., 2007). 

However, Ang II has also been shown to augment ROS production and induce DNA 

damage in vascular cells (Griendling et al., 1994; Touyz et al., 2002) which are cellular 

effects that can also trigger the induction of senescence, but also accelerate telomere 

shortening or dysfunction thereby increasing replicative senescence.     

 

As the Southern blotting technique is time-consuming, TRF lengths were not 

continuously measured with Ang II treatment and sub-cultivation until senescence. 

Measurements were made following 3 days of treatment, where the same                 

dose-dependent loss of the mean TRF length per PD was observed following Ang II 

treatment. A loss in TRF length was greater after 24-hour Ang II exposure determined 

with all doses, further supporting the idea that Ang II somehow alters telomeres and that 

this results in accelerated loss of telomere DNA with every round of division. 
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This effect on telomeres was completely prevented by pre-incubation of cells with 

E3174, suggesting Ang II mediates its effect through AT1R activation and signalling. 

Although this has not been confirmed in other studies, many age-associated alterations 

in cells, that are typical of senescent cells, have been prevented in animal models with 

prolonged inhibition of the RAS (Ferder et al., 2002; de Cavanagh et al., 2003). 

 

From these results it can be considered that Ang II triggers hVSMC senescence via a 

„telomere-dependent‟ mechanism. However, during the period of this project, published 

data on Ang II treatment for 3 days revealed the induction of premature senescence of 

VSMC in vitro and in vivo, irrespective of telomere shortening (Kunieda et al., 2006). 

The reasoning for this was that constitutive mitogenic stimuli or oxidative stress can 

induce senescence independent of replicative age and act before the replicative limit of 

cells (Serrano et al., 1997), hence inducing „telomere-independent‟ senescence, also 

known as „premature senescence‟. These characteristics resemble those induced by Ang 

II and therefore a telomere-independent induction of senescence cannot be entirely 

discounted in these cells. 

 

Replicative senescence has extensively focussed on the loss of telomere integrity, but 

more recently this mechanism has been modified, suggesting an altered telomere state 

due to the related changes in telomere-binding proteins (de Lange, 2005). These 

identified proteins include telomeres-1 (Pot-1), Ku, telomere repeat-binding factor 1 

(TRBF1) and 2 (TRBF2) (de Lange, 2005). Disruption of TRBF2 has been shown to 

cause telomere dysfunction and induce senescence (Smogorzewska and de Lange, 

2002). Protein expression of both TRBF1 and TRBF2 were significantly reduced in EC 

isolated from atherosclerotic plaques of coronary artery disease patients, which rapidly 

underwent senescence in vitro (Voghel et al., 2007). These observations support the 

idea that besides telomeres, proteins of the telomeric complex also participate in 

signalling the induction of senescence. However, these telomere-binding proteins were 

not assessed in the current hVSMC model. 

 

Since senescent cells acquire characteristics that compromise normal tissue function, 

their accumulation is considered to contribute to the ageing process and development of 

many age-related diseases, e.g. atherosclerosis (Campisi, 2005). Accumulated evidence 

has demonstrated telomere shortening to occur in the human vasculature and WBC, in 
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various CVD states and in conditions which give rise to increased cardiovascular risk. 

These diseases are detailed in table 4.1. Telomere loss is therefore regarded as a typical 

senescent phenotype that maybe related to age-associated CVD. Endothelial telomeres 

have been shown to shorten with increasing age in iliac arteries and in the abdominal 

aorta (Chang and Harley, 1995; Okuda et al., 2000) and this loss is more pronounced in 

areas prone to atheroma. It has been postulated that high levels of hemodynamic stress 

may enhance EC turnover and cause shortened telomeres in these vascular regions, 

compared to vessels subjected to low hemodynamic stress (Chang and Harley, 1995). 

Similarly, VSMC from the fibrous cap of atherosclerotic plaques displayed markedly 

shorter telomeres than medial VSMC from the same lesion. This reduction in telomere 

length was most likely due to additional cell replication initiated during lesion 

formation (Matthews et al., 2006). 

 

Vascular stem cells and progenitor cells have a major role in maintaining vascular 

integrity by replacing apoptotic and damaged vascular cells that occur in response to 

cardiovascular damage and disease. These cells exhibit increased replicative potential 

due to the presence of telomerase, which delays senescence compared to cells from the 

vessel wall. However, the age-related exhaustion of bone marrow vascular progenitor 

cells correlates with the development of atherosclerosis (Rauscher et al., 2003). In 

coronary artery disease patients, significantly shorter telomeres and lower telomerase 

activity were determined in circulating endothelial progenitor cells (EPC) compared to 

aged-matched healthy cells (Satoh et al., 2008). These observations clearly indicate that 

telomere loss also occurs with ageing of vascular cell lineages and during the 

development of age-related CVD.    

 

Human genetic disorders that are characterised by premature ageing have helped 

emphasise the link between telomere loss and ageing. Sufferers of progeroid syndromes 

such as Werner and Hutchinson-Gilford progeria syndrome, prematurely develop 

atherosclerosis. Cells derived from these patients undergo premature senescence in vitro 

(Allsopp et al., 1992). Werner syndrome results from a genetic mutation in RecQ 

helicase, which is required in maintaining genome stability. Murine models of the 

condition exhibit similar cell ageing characteristics to that observed in humans, with 

telomere loss having a major role in the pathology of Werner syndrome (Chang et al., 

2004). Although the development of atherosclerosis has been described in these 
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conditions, it does not occur in other premature ageing syndromes associated with short 

telomeres, such as ataxia telangiectasia (Erusalimsky and Kurz, 2005), which implies 

that not all age-related phenotypes develop via a telomere-dependent mechanism.    

 

To validate the telomere attrition observed in hVSMC, hTERT protein expression and 

telomerase activity were determined. The hVSMC model displayed undetectable levels 

of telomerase, as hTERT expression was undetectable in early passage hVSMC 

compared with HeLa cells which displayed high levels. The low levels of telomerase in 

hVSMC supports the replicative telomere loss observed. Nevertheless, it cannot be 

discounted that the observed effects on telomere length might be due to effects of low 

telomerase activity present within hVSMC. Human EC and VSMC have been shown to 

express telomerase following mitogenic stimuli (Minamino and Kourembanas, 2001), 

but a decline during in vitro ageing due to diminished TERT expression, leads to 

telomere shortening and senescence (Hsiao et al., 1997). This suggests the loss in 

telomerase may arise from culturing conditions. 

 

The results presented in this thesis demonstrate that Ang II enhances telomere 

shortening of hVSMC in vitro, thereby accelerating senescence. Since Ang II is 

implicated in many CVD, it suggests a possible source of telomere erosion in many of 

these age-related conditions. This is consistent with the undetectable levels of 

telomerase within these cells. 

 

4.5.2 Ang II induced DNA damage 

Cells undergo senescence following DNA damage that extensively affects normal cell 

function, is irreparable or threatens to overwhelm the DNA-repair machinery          

(Ben-Porath and Weinberg, 2005). Uncapped or dysfunctional telomeres maybe 

recognized as a form of DNA DSB, as various studies have revealed DNA damage foci 

at telomeres of senescent cells (d‟Adda di Fagagna et al., 2003; Herbig et al., 2004). 

This indicates that DNA damage may contribute to replicative cell senescence and also 

induce premature senescence (Chen et al., 2001a; Gorbunova et al., 2002).  

H2O2 was used to induce oxidative DNA damage in order to initially measure DNA 

strand breaks in hVSMC using the alkali Comet assay. The dose-dependent increase in 

% tail DNA observed signified increased DNA damage. This was consistent with 

observations in senescent human fibroblasts and young fibroblasts treated with H2O2 for 
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a short period (Duan, et al., 2005), as well as in human spermatozoa treated with H2O2 

(Li et al., 2006b). 

 

Ang II exposure for just 24 hours rapidly induced DNA damage in hVSMC, in a     

dose-dependent manner. This has not been reported previously in the literature. At high 

doses, the damage was greater indicating the potential to enhance replicative senescence 

at these doses. This data is consistent with the hypothesis that the fate of hVSMC 

exposed to Ang II is dependent upon the magnitude of the incurred DNA damage. 

Lower levels of damage are thought to induce senescence, whereas higher levels of 

damage may induce apoptosis (Ben-Porath and Weinberg, 2005). The latter has been 

observed previously with respect to Ang II exposure at a high concentration of 10
-6

 

mol/L for 3 days in cultured VSMC (Bascands et al., 2001). 

 

Senescence triggered via DNA damage is mediated by p53 activation which is also the 

cell cycle regulator through which uncapped telomeres signal replicative senescence 

(Itahana et al., 2001; Ben-Porath and Weinberg, 2005). p53 forms part of the DNA 

damage response mechanism, but was not assessed following prolonged Ang II 

exposure in hVSMC. 

 

One study observing the same trend in DNA damage also used the Comet assay to 

measure Ang II induced DNA damage in epithelial porcine kidney cells. Low levels of 

DNA damage were observed and this was inhibited with NAC, implicating Ang II-

induced ROS in the induction of DNA damage (Schupp et al., 2007). Furthermore,   

pre-treatment with Candersartan (AT1R antagonist) prevented this damage, which 

suggested Ang II mediated its effects via AT1R. Similar experiments were performed in 

this laboratory (see Appendix I) demonstrating inhibition with E3174 (AT1R 

antagonist). The accumulation of DNA damage has been proposed to contribute to 

replicative senescence, as senescent fibroblasts displayed higher 8-oxoG DNA base 

modifications, in vitro (Chen et al., 1995). 

 

Damage to DNA can occur in numerous ways, and is associated with many 

cardiovascular risk factors such as smoking (Fracasso et al., 2006), obesity (de la Maza 

et al., 2006) and diabetes mellitus (Sampson et al., 2006). Many markers of DNA 

damage have been identified in various CVD. Indeed, significantly high levels of DNA 
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strand breaks, oxidized pyrimidines and altered purines have been revealed in coronary 

artery patients compared with healthy subjects (Botto et al., 2002). High levels of        

8-oxoG (oxidative modification of guanine residues in DNA) have been observed in 

macrophages and VSMC in human atherosclerotic plaques, which is consistent with 

increased oxidative stress in plaques and senescent VSMC (Matthews, et al., 2006).    

 

ROS are a regarded as a major source of chronic persistent DNA damage in cells and 

are believed to contribute to ageing (Harman, 1972). One recent study using the Comet 

assay, demonstrated differences in the level of basal DNA damage in lymphocytes in an 

ageing population. The results showed increased DNA damage with age and reduced 

DNA repair capacity (Piperakis et al., 2007). These observations suggest DNA damage 

increases with advancing age and may contribute to promoting replicative senescence, 

since DNA damage is a known trigger of cellular senescence. However, the link 

between increased ROS and increased DNA damage with age is not yet proven. 

 

These results presented here demonstrate that Ang II induces DNA damage, in the form 

of strand breaks, in hVSMC in vitro, which may potentially enhance replicative 

senescence. Evidence of damaged DNA in CVD and with advancing age has further 

emphasised this link. 

 

4.5.3 Assessment of hVSMC senescence, in vitro 

4.5.3.1 Morphology of senescent hVSMC 

VSMC are known to undergo phenotypic modulation in response to the required 

function and a more synthetic phenotype is exhibited with cultivation of these cells. The 

altered morphologic appearance of continuously cultured hVSMC thereby could be 

misinterpreted as senescence. The appearance of senescent hVSMC needed to be 

identified to eliminate any of these confounding factors. The appearance of late passage 

hVSMC displayed many spindle-shaped cells similar to early passage cells (figure 3.1). 

However, the later passage cells were amongst many enlarged and irregular-shaped 

cells. In addition these cells did not reach confluence which is also indicative of a 

senescent phenotype. None of these alterations in cellular appearance resembled a 

synthetic phenotype, as described by Matthews et al., 2006.    
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Altered gene or protein expression in cells is often associated with the senescent state, 

but was not examined in this hVSMC model. These markers tend to be specific for the 

cell type under investigation, and only common senescent genes tend to be upregulated 

(Pascal et al., 2005). Recently, the increase in cyclin D1 protein expression has been 

identified as a reproducible marker of replicative senescence of hVSMC, and is 

proposed a better senescent marker than SA-β-gal (Burton et al., 2007). This is a 

possible avenue for future study with respect to Ang II-induced senescence.  

 

The state of polyploidy whereby cells contain multiple copies of their genome has been 

suggested as a potential biomarker of senescence. Rodent models of hypertension and 

ageing have displayed increased polyploidy in VSMC (reviewed by McCrann et al., 

2008), even though this has not been confirmed in conjunction with SA-β-gal staining 

to establish it as a marker of senescent cells. Accumulating evidence suggests this is 

another potential morphological marker of senescence that could be associated with 

vascular disease and ageing. The appearance of senescent VSMC is of the typical 

senescent morphology, and is distinctly different from the appearance of early passage 

hVSMC in vitro. 

 

4.5.3.2 Optimum parameters for SA-β-gal staining of hVSMC 

A common senescent phenotype which is independent of the cell type is the positive 

staining for SA-β-gal activity (Dimri et al., 1995). Presently, this is the most widely 

used biomarker for cellular senescence and has been successful in detecting senescent 

vascular cells in vitro (van der Loo et al., 1998; Matthews et al., 2006; Unterluggauer et 

al., 2007) and within tissues in situ (Minamino et al., 2002; Gorgoulis et al., 2005). The 

cytochemical assay is based on the cleavage of the chromogenic X-gal substrate, which 

results in the production of a cytoplasmic blue precipitate. The staining reflects 

lysosomal β-galactosidase activity at the optimum pH 6.0, which is indicative of 

increased lysosomal content in senescent cells (Dimri et al., 1995; Kurz et al., 2000). 

Although the SA-β-gal marker is widely used, it has been demonstrated that false 

positives of cells in culture may occur as a result of stress-induced senescence and in 

tissue specimens where the presence of phagocytes, which are rich in lysosomes, may 

result in positive staining (Erusalimsky and Kurz, 2005). To overcome in vitro effects in 

hVSMC and other factors that influence SA-β-gal staining, various parameters were 

investigated to provide more optimal and reliable results with SA-β-gal staining. 
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hVSMC seeded at high densities presented 100% confluence and caused 100%         

SA-β-gal positive cells as similarly described in human fibroblasts (Yang and Hu, 

2005); this maybe due to close cell-cell interactions and diminished growth. The 

optimum seeding density of 5×10
4
 cells per well displayed evenly separately cells in    

6-well plates, and consistently gave ~10% SA-β-gal positive cells. Complete confluence 

of early passage cells has been shown to have a confounding effect on SA-β-gal staining 

(Severino et al., 2000), rendering this marker to be non-specific for measuring 

replicative senescence of confluent cells. 

 

A 24-hour incubation period of staining was sufficient to detect SA-β-gal activity in 

hVSMC, as distinct cytoplasmic blue staining was determined in cells compared to just 

pale staining observed at 4 hours. This factor is important when counting positive and 

negative stained cells, to allow for the clear discrimination between senescent and        

non-senescent cells. Although this has not been highlighted by others, the majority of 

data published using this assay had incubated vascular cells with X-gal solution for 24 

hours (van der Loo et al., 1998; Matthews et al., 2006; Unterluggauer et al., 2007). 

 

In response to stress induced by H2O2 treatment cells showed an increase in SA-β-gal 

staining with increasing time (Severino et al., 2000). However the difference in percent 

senescent cells between doses was unclear. One study showed cells treated with a high 

concentration of H2O2, which were then sub-cultured to re-enter mitosis prior to        

SA-β-gal staining, showed no difference in the percentage of positive staining when 

compared to cells that were stained directly after treatment (Yang and Hu, 2005). These 

results differed to those presented here which examined hVSMC, and displayed 

differences in the percentage of SA-β-gal positive cells between doses of H2O2. 

Therefore, this may be due to differences in cell type. 

 

The Ang II treatment of hVSMC required cells to be rendered quiescent prior to 

incubation with inhibitors and Ang II. However, the quiescence state has been shown to 

dramatically increase SA-β-gal positive cells, culminating in a false positive result. To 

overcome this effect hVSMC were sub-cultured into media containing 10% (
v
/v) FCS 

after treatment to re-enter mitosis before detecting SA-β-gal activity (as described by 

Yang and Hu, 2005). These authors postulated that senescence detected in quiescent 

cells is reversible by sub-culturing or placing cells in FCS-containing media. 
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Even after eliminating many of these assay interferences, the counting of senescent 

stained and non-senescent unstained cells has still been debated. Recent modifications 

to the SA-β-gal method have provided a more quantitative measure of senescent cells 

within a population of stained cells, which may help to rule out the human error 

incurred with counting senescent cells in randomly selected fields of view. A 

fluorimetric method using fluorescein di-beta-D-galactopyranoside as the substrate for 

SA-β-gal in place of X-gal, has demonstrated an increase in fluorescence with 

replicative senescence (Yang and Hu, 2004). However, the pH of the buffer was later 

found to be an interfering factor in the assay (Yang and Hu, 2005). This method was 

attempted within this project, in hVSMC, but gave very variable results. The “Galacton 

chemiluminescent assay” is reported to provide a more rapid and easy quantitative 

method for detecting β-galactosidase activity in senescent cells. This assay was found to 

be successful in detecting and quantifying β-galactosidase activity in replicative and 

SIPS cells (Bassaneze et al., 2008). 

 

4.5.3.3 Ang II accelerated senescence of hVSMC 

Ang II has been widely implicated in normal vascular ageing and in the pathogenesis of 

CVD (Najjar et al., 2005) such as hypertension and atherosclerosis. The effect of Ang II 

on vascular cells includes a diverse array of responses (Berk, 2001), extensively through 

the production of ROS (Touyz and Schiffrin, 2000). Ang II activates the Ras-signalling 

pathway, which in-turn has been shown to promote vascular cell senescence and 

inflammation (Minamino et al., 2003). This early piece of evidence suggested a critical 

role of Ang II in triggering senescence. Rodent models have shown that prolonged 

inhibition of the RAS delays the development of many age-related changes in the blood 

vessel, heart and kidneys (Ferder et al., 2002; de Cavanagh et al., 2003; Basso et al., 

2007) that are characteristic of senescence in vivo and in CVD, which lends support to 

the idea that Ang II maybe a major factor in inducing these age effects. 

 

SA--gal positive cells increased dose-dependently with Ang II exposure over a period 

of 30 days with continuous cultivation. This data clearly showed Ang II promotes the 

senescence of hVSMC in vitro, resulting in impaired proliferative activity. The 

representative photomicrographs visually clarified the presence of more enlarged cells 

expressing SA-β-gal activity following Ang II treatment compared with untreated cells, 

at the same passage. The maximal induction of Ang II induced senescence was at       
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10
-8

 mol/L and not after exposure with the highest dose (10
-7

 mol/L). Instead, a lower 

percentage of SA-β-gal positive cells was observed and this may have been due to a 

higher percentage of cells undergoing apoptosis than senescence at this dose. Induction 

of apoptosis was detected at 10
-7

 mol/L Ang II and is discussed in section 4.5.4.  

 

At present no other data has been published showing that Ang II promotes senescence 

over this length of time and with sub-culturing. However, during the working of this 

thesis it was shown that Ang II exposure over 3 days increased SA-β-gal staining in 

cultured hVSMC and suggested Ang II induced premature senescence via a       

p53/p21-dependent pathway (Kunieda et al., 2006). Another similar study in EPC 

observed an increase in SA-β-gal activity with Ang II exposure after 14 days, which 

was shown to be prevented when AT1R were blocked prior to stimulation (Imanishi et 

al., 2005a). Over the same period of exposure, rat VSMC underwent senescence in a 

time-dependent manner following exposure to just one treatment with Ang II (Min et 

al., 2007). This suggested the Ang II induced senescent response was mediated in a 

similar manner and extent in other vascular cells grown in vitro. In addition to this, 

accelerated senescence of human EC following exposure to high concentrations of Ang 

II was demonstrated through the activation of MAPK (Shan et al., 2008), however this 

was only determined after a single Ang II exposure. 

 

No CVD or age-related vascular alteration can be solely attributed to the senescence 

inducing effects of Ang II. However, a recent study showed hypertension causes 

senescence in human kidneys and rat heart and kidneys via p16
INK4a

 induction 

(Westhoff et al., 2008). Although SA-β-gal activity was not measured in these tissues, 

the increased expression of p16
INK4a

 did indicate a possible senescence signalling 

mechanism.  

 

The increased senescent morphology and SA-β-gal activity data observed in hVSMC 

continuously exposed to Ang II, in addition to accelerated telomere loss and increased 

DNA damage, strongly suggests that Ang II promotes the normal replicative ageing of 

hVSMC. This effect may contribute to vascular disease development. 
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4.5.4 Ang II induced hVSMC apoptosis 

The low level of SA-β-gal positive cells determined after continuous Ang II stimulation 

with 10
-7

 mol/L was an unexpected result. The presence of fewer cells that had adhered 

following sub-culturing in-conjunction with this observation indicated that exposure at 

this concentration of Ang II caused apoptosis of hVSMC. For this reason, apoptosis was 

assessed after Ang II treatment in hVSMC.  

 

Ang II is pleiotropic and it can modulate various different cellular responses in VSMC 

(Touyz and Schiffrin, 1999). In this hVSMC model, it has already been shown to 

promote proliferation (figure 3.5) and induce senescence (figure 4.6B), therefore its 

role in initiating apoptosis could not be discounted. Ang II induced apoptosis in VSMC 

is considered to occur via AT2R activation (Yamada et al., 1998). The presence of these 

receptors at low levels was confirmed in these hVSMC (figure 3.4B).  

 

VSMC apoptosis has been detected in numerous CVD. Atherosclerotic plaques have 

mainly exhibited increased levels of VSMC apoptosis (Bauriedel et al., 1999), and the 

loss of medial VSMC results in vessel wall thinning, dilation and eventual rupture of 

aneurysms (Lopèz-Candales et al., 1997). In vitro studies have also revealed that Ang II 

induces apoptosis of vascular cells (Ravassa et al., 2000; Li et al., 2006a; Ricci et al., 

2008). 

 

The chemiluminescent measurement of caspase-3/7 activity revealed a dose-dependent 

increase with Ang II treatment. No significant change in caspase-3/7 activity was 

observed with Ang II at 10
-8

 mol/L, which suggested there was no induction of the 

apoptotic-response pathway following exposure at this dose. Increased caspase-3 

activity following Ang II has also been confirmed in rat VSMC (Ruiz et al., 2007).  

 

No significant changes were observed in caspase-8 activity in this model, yet this had 

been described by Li et al (2006a). These authors demonstrated an increase in caspase-8 

activity in hVSMC when exposed to Ang II (10
-7

 mol/L) for 24 hours using an 

absorbance-based assay. However, this increase was relatively small. Rendering these 

cells quiescent prior to Ang II treatment may have had an effect on caspase-8 activity; 

therefore even slight changes may have been undetectable. The visual analysis of 

fragmented and condensed nuclei with Hoechst 33258 staining revealed the greatest 
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induction of apoptosis after a single treatment with 10
-7

 mol/L Ang II, which coincided 

with the observed effect of caspase-3/7 activity. 

 

These results demonstrate that exposure to a relatively high concentration of Ang II  

(10
-7

 mol/L) caused increased apoptosis of hVSMC in vitro, which likely outweighed 

any senescence-induction. The lower concentration of Ang II (10
-8

 mol/L) primarily 

resulted in senescence rather than apoptosis. This suggests mild Ang II concentrations 

favour senescence whereas higher concentrations induce apoptosis. 
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Conclusions 

 

 Ang II promotes telomere loss via AT1R activation in hVSMC 

 

 Undetectable hTERT protein expression and telomerase activity accounts for the 

progressive telomere attrition in proliferative hVSMC. 

 

 Ang II causes DNA damage in hVSMC in a dose-dependent manner. 

 

 Senescent hVSMC display the typical morphological characteristics of 

senescence in other primary human cells in vitro. 

 

 Increased SA-β-gal activity and senescent morphology following continuous 

Ang II exposure accelerates hVSMC senescence. 

 

 Maximum induction of senescence occurred at Ang II concentrations of          

10
-8

 mol/L, with higher concentrations inducing relatively more apoptosis than 

senescence. 

 

 Taken together, these data are consistent with the hypothesis that Ang II 

accelerates replicative senescence in hVSMC, via the induction of DNA damage 

and telomere attrition. 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER FIVE 

The Induction of Stress-Induced Premature Senescence with Acute 

Angiotensin II Exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5.0: Stress-induced premature senescence with Ang II 

 152 

Chapter 5.0: The induction of stress-induced premature senescence 

with acute Angiotensin II exposure 

 

Chapter 4.0 showed that continuous Ang II exposure accelerated the senescence of 

hVSMC in culture. The typical characteristics of replicative senescence were 

confirmed; growth arrest, senescent morphology, telomere loss, increased DNA damage 

and increased SA-β-gal activity. Enhanced telomere attrition and DNA damage were 

associated with increased senescence following just a single Ang II exposure. This 

raised the possibility of a much earlier induction of senescence perhaps independent of 

replication. Stress-induced premature senescence (SIPS) also known as stress aberrant 

signalling-inducing senescence (STASIS) is one such mechanism that may account for 

this premature growth arrest. Many human proliferative cells exposed to sub-lethal 

oxidative stresses or sub-optimal culturing conditions undergo SIPS in vitro, 

independent of telomere erosion and cell division. This has been extensively 

investigated by the Toussaint group (Chainiaux et al., 2002; de Magalhães et al., 2002; 

Frippiat et al., 2003).  

 

SIPS has not been investigated in vascular cells even though substantial evidence exists 

for replicative senescence of hVSMC and human EC in vitro (Liao et al., 2000; Carlisle 

et al., 2002) and in vivo (Minamino et al., 2002; 2003). Therefore, since Ang II 

modulates various cell signalling mechanisms, enhances replicative senescence and is 

strongly implicated in CVD and vascular ageing, its potential to additionally trigger 

SIPS was investigated.  

 

5.1 Background 

 

5.1.1 Characteristics of SIPS 

Cellular senescence can be triggered by various factors and ROS is a common mediator. 

Oxidative stress and ROS have been implicated in replicative senescence, but they are 

also strongly implicated in the induction of SIPS, by inducing a DNA damage-response 

or as a result of significant damage to cellular components which may trigger early 

growth arrest and ultimately lead to cell death. SIPS cells are commonly observed in 

cancer patients treated with radiotherapy (Quick and Gewirtz, 2006). Tissue localised 
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exposure to high doses of ionizing radiation has demonstrated the induction of SIPS in 

various cancers, rather than apoptosis (Chang et al., 2002). This suggests that the onset 

of SIPS prevents cell death, at least initially, thereby resembling the behaviour of 

replicative senescent cells.    

 

SIPS is defined as the rapid effect of subcytotoxic stresses on proliferating cells leading 

to premature senescence (Toussaint et al., 2002). This induction of senescence is 

considered to be triggered by various extrinsic stresses (Ben-Porath and Weinberg, 

2005). Subcytotoxic doses of cellular stresses (some experimental) such as ultra violet 

(UV) radiation, H2O2, t-BHP, ethanol, hypoxia, chemotherapeutic agents and ionizing 

radiation have been demonstrated to induce SIPS in cultured cells (Robles et al., 1999, 

Dumont et al., 2000b; Chainiaux et al., 2002). However, the overexpression of 

oncogenes (Serrano et al., 1997) and inadequate culture conditions (Parrinello et al., 

2003) can also trigger SIPS. These cells are considered to be resistant to apoptosis as 

healthy cells exposed to ionizing radiation mainly undergo SIPS instead of apoptosis 

(Suzuki et al., 2001), suggesting that SIPS is also a tumour suppressor mechanism. 

 

Cells which have undergone SIPS exhibit many of the cellular and molecular 

characteristics of replicative senescence. These common senescent characteristics have 

been determined from extensive studies using human fibroblasts and are summarized in 

table 5.1. 

 

Although both forms of senescence exhibit similar phenotypes, the time at which these 

features are expressed differs. Replicative senescence is programmed at a specific time, 

i.e. when telomeres become critically short, whereas SIPS is not programmed but the 

response to a given stress is initiated rapidly when DNA is damaged (Suzuki and 

Boothman, 2008). Moreover, ROS are implicated in both mechanisms of senescence 

induction, by the immediate activation of the DNA damage response mechanism and 

DNA repair. Persistent damage to DNA can ultimately result in deterioration of cellular 

homeostasis and induce the onset of SIPS. Alternatively, progressive shortening of 

telomeres leading to dysfunctional telomeres can be recognized as DNA DSB thereby 

activating the DNA damage response pathway (d‟Adda di Fagagna et al., 2003) and 

resulting in replicative senescence. However, SIPS maybe more closely linked to 

replicative senescence than we think, as ROS-mediated DNA damage can affect 



Chapter 5.0: Stress-induced premature senescence with Ang II 

 154 

Table 5.1 Common characteristics determined in both replicative senescence and SIPS in human fibroblasts (in vitro)  

Common senescent features Reference 

Distinct cell morphology: 

enlarged; flattened; accumulated granularity in the cytoplasm. 

 

Naka et al., 2004; Duan et al., 2005; Straface et al., 2007 

 

↓ Proliferative capacity Duan et al., 2005; Stöckl et al., 2006; 2007 

 

↑ SA-β-gal activity Dumont et al., 2000b; Chainiaux et al., 2002; Duan et al., 

2005; Straface et al., 2007 

 

Overexpression of cell cycle regulators:  

↑p21
(WAF-1)

, p16
(INK4a)

, p53 

 

underphosphorylated Rb  

 

de Magalhães et al., 2004; Naka et al., 2004; Duan et al., 

2005; Stöckl et al., 2006 

Dumont et al., 2000b 

 

Similarities in gene expressions: 

↑ apolipoprotein J, caveolin-1, collagenase, COX-2, fibronectin, IGFBP-3, 

MMP-1, osteonectin, SM22, transferrin receptor 

 

 

↓c-fos 

 

 

Saretzki et al., 1998; Dumont et al., 2000b; Chainiaux et 

al., 2002; Pascal et al., 2005; Zdanov et al., 2007a;           

Debacq-Chainiaux et al., 2008 

 

Dumont et al., 2000a 

 

Telomere attrition Dumont et al., 2001; Duan et al., 2005 

 

Changes in mitochondria: 

common 4977 bp mtDNA deletion; partial uncoupling of the mtRC 

 

Dumont et al., 2000b; Stöckl et al., 2006; 2007 

This table summarises the current senescent characteristics of cultured human fibroblasts observed in both replicative and SIPS. c-fos, proto-oncogene 

proteins; COX-2, cyclooxygenase-2; IGFBP-3, insulin-like growth factor-binding protein 3; MMP-1, matrix-metalloproteinase-1; mtDNA, 

mitochondrial DNA; mtRC, mitochondrial respiratory chain; Rb, retinoblastoma protein; SM22, calcium-binding protein.   
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telomerase activity and consequently affect the regulation of telomere length (Bertram 

and Hass, 2008), thereby identifying a molecular link between the two mechanisms. 

Figure 5.1 displays the common intracellular downstream signals activated by both 

forms of senescence. 

Histones
DNA pol β,δ,ε
RPA
XRCC1

DNA repair machinery

PARP-1

ATM

DNA SSB
DNA DSB
BER

ATR

p16INK4a
p53
P  

P  
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P  
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DNA DSB
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telomere 
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DNA repair

Cell cycle
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Cell cycle
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insufficient DNA repair

Chronic/ acute exogenous 
stress signals induce DNA 
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• UV and ionizing radiation
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• H2O2/ t-BHP exposure
• Hypoxia
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Figure 5.1 Common intracellular signalling mechanisms activated by SIPS and 

replicative senescence. Various extrinsic stresses that cause ROS generation can induce 

DNA damage, in the form of base damage, DNA SSB and DSB. Damaged DNA is 

detected by the nuclear enzyme poly-(ADP)-ribose polymerase-1 (PARP-1). An 

immediate cell cycle arrest can allow time for sufficient DNA repair (Abraham, 2001) 

before proceeding via the activation of DNA repair enzymes (e.g. histones, DNA 

polymerases (pol) β, δ, ε; replication protein A (RPA) and X-ray cross-complementing 

factor 1 (XRCC1)). Substantial damage triggers a cascade mechanism activating ataxia 

telangiectasia mutated (ATM) and ataxia telangiectasia and Rad-3-related (ATR), which 

leads to the phosphorylation of downstream cell cycle regulatory proteins and prevents 

cell mitosis and progression. The converging signal on p53 and/or pRb initiates cellular 

senescence. The insufficient repair of DNA or irreparable damage can eventually lead 

from a state of growth arrest to apoptosis. Replicative senescence similarly activates this 

DNA damage response, through truncated telomeres being detected as a DNA DSB 

(d‟Adda di Fagagna et al., 2003). Black arrows indicate pathways involved in the 

induction of the replicative senescence; blue arrows indicate SIPS induction and 

diagonal-coloured blue and black arrows show activation common to both mechanisms. 

(Adapted from Ben-Porath and Weinberg, 2005; Bertram and Hass, 2008) 
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5.1.2 Evidence of SIPS of vascular cells in vitro  

Many studies have revealed that vascular cell models undergo replicative senescence in 

vitro, whereas the evidence of SIPS has only started emerging in the last few years. 

SIPS of VSMC and EC has been demonstrated by exposure to various oxidative    

stress-inducing agents and is correlated with an increase in inflammation, presenting the 

idea that premature senescence of these cells in vivo may contribute to phenotypic 

changes in aged vascular tissue and in the early development of CVD. 

 

The constitutive activation of „Ras‟, a promoter of cell proliferation and atherogenesis, 

induced premature senescence of hVSMC with the overexpression of p53 and p16
INK4a

 

(Minamino et al., 2003). Additionally, SIPS of human EC has also been observed. 

Proatherogenic and proinflammatory inducers such as oxidized low-density-

lipoproteins, tumour necrosis factor-α and H2O2 have been shown to result in SIPS of 

EC accompanied by reduced telomerase activity, but without telomere loss (Breitschopf 

et al., 2001). This has similarly been revealed in EC exposed to high concentrations of 

glucose (Deshpande et al., 2003). However, accelerated telomere shortening has been 

observed in premature growth arrested cells following exposure to subcytotoxic doses 

of t-BHP (Kurz et al., 2004), suggesting that it is not an exclusive marker of replicative 

senescence.  

 

5.1.3 SIPS in age-related CVD 

The accumulation of oxidative insults in vivo can bring about the induction of SIPS. 

Cells which have undergone SIPS are likely to participate in tissue alterations that 

resemble ageing, which may consequently lead to tissue or organ dysfunction 

(Toussaint et al., 2002). 

 

Alterations in cellular function and the accumulation of ROS-induced cellular damage 

may favour the onset of systemic disorders, including many CVD. Substantial evidence 

of replicative senescence in vascular cells with increased inflammation has been found 

in many age-related CVD (section 4.1.3). Furthermore, the presence of premature 

senescence has been detected following vascular injury and during disease 

development. For example, the repeated balloon catheter denudations of rabbit carotid 

arteries resulted in increased SA-β-gal activity in the injured arteries (Fenton et al., 

2001). Although this was suggested to occur from increased proliferation of vascular 
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cells, the stress mediated by denudations may have led to the onset of premature 

senescence. VSMC from the fibrous caps of human atheromas exhibit increased        

SA-β-gal activity, p16 and p21 expression, and telomere loss, but also increased 

oxidative DNA damage which is mimicked by oxidant exposure to VSMC in vitro, 

(Matthews et al., 2006) suggesting the induction of premature senescence in vivo.  

 

Moreover, immunohistochemical detection of insulin-like growth factor-binding 

protein-5 (IGFBP-5) revealed a high expression only in human atherosclerotic plaques 

and not in young and old healthy arteries (Kim et al., 2007), which further indicates 

accelerated senescence in atherosclerosis. Increased levels of the senescent biomarker 

apolipoprotein J, has been determined in the serum of patients with type II diabetes 

developing coronary heart disease (Trougakos et al., 2002). This protein has been 

associated with replicative senescence and SIPS and maybe indicative of the early onset 

of CVD.   

 

More recently, a subpopulation of peripheral-blood mononuclear cells (PBMC) taken 

from sufferers of chronic kidney disease (CKD) revealed accelerated telomere attrition, 

increased p53 expression and overexpression of proinflammatory cytokines. These 

senescent characteristics were proposed to arise from repeated activation and 

accelerated proliferation of these cells (Ramirez et al., 2005). CKD is characterized by 

increased oxidative stress, which is also strongly linked to the induction of SIPS in 

vascular cells and in atherosclerosis, suggesting that the premature senescence of 

PBMC may also play a role in other CVD (Tsirpanlis, 2008). Taken together these 

findings suggest that premature senescence might play a critical role in vascular ageing 

and throughout the development of vascular pathologies. 
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5.2 Aims 

 

 Exposure of cells to sub-lethal stresses can initiate SIPS in vitro, as described by 

Toussaint‟s group (Chainiaux et al., 2002; de Magalhães et al., 2002; Frippiat et 

al., 2003). To establish whether the hVSMC model undergoes SIPS, SA-β-gal 

activity was measured following sub-lethal t-BHP stresses. 

 

 Ang II modulates a diverse array of cell signals in VSMC and initiates 

proliferation, accelerates replicative senescence, and after chronic exposure, 

induces apoptosis. In order to determine whether a single exposure or whether 

successive sub-lethal Ang II stresses causes SIPS in hVSMC, senescence was 

measured by SA-β-gal staining. 

 

 To establish whether acute Ang II treatment promotes ROS production in 

hVSMC by specifically measuring NAD(P)H oxidase-derived O2·
­
 generation 

using the lucigenin chemiluminescence assay. 

 

 To investigate whether a single Ang II exposure affects the expression of cell 

cycle regulators involved in the induction of senescence. The protein expression 

of p21 and p53 were analysed via Western blotting. 

 

 To establish whether Ang II-induced SIPS is telomere-independent by 

determining whether a single Ang II exposure induces premature senescence in 

hASMC-hTERT.      

 

 To establish whether prolonged Ang II exposure on proliferating            

hASMC-hTERT promotes cellular senescence. 
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5.3 Experimental Approach 

 

5.3.1 Cell culture 

Early passage hVSMC were grown to near confluence in media containing 10% (
v
/v) 

FCS, at 37ºC. In the single Ang II treatment protocol, cells were rendered quiescent in 

media containing 0.5% (
v
/v) FCS for 24 hours prior to treatment as described in section 

2.3.1.1. Pre-incubation with AT1R and AT2R antagonists, and ROS scavengers was 

performed prior to Ang II exposure. 

 

hASMC-hTERT were grown to near confluence in media containing 20% (
v
/v) FCS, at 

37°C. Cells were then rendered quiescent in media containing 1% (
v
/v) FCS for 24 hours 

prior to single Ang II treatments (section 2.3.1.1). Pre-incubation with the AT1R 

antagonist was performed prior to Ang II exposure. Cells continuously cultivated over 

34 days were treated with Ang II on alternate days, and on the following days when 

cells were re-plated (section 2.3.1.3).  

 

HeLa and Hep G2 cells were grown to confluence in media containing 10% (
v
/v) FCS, 

in T75cm
2
 Nunc

TM
 flasks (described in 2.3.1.1), then harvested by trypsinization for 

Western blotting analysis. 

 

PD were determined to assess hASMC-hTERT proliferation. Cells were seeded at 

5×10
4
 cells per T25cm

2
 Nunc

TM
 flask, until confluence was reached. Multiple Ang II 

exposures with 10
-8

 and 10
-7

 mol/L were conducted on alternate days and on the 

following days once cells were re-plated. Cells were harvested by trypsinization, 

resuspended in 0.5ml of fresh media and counted using a haemocytometer. PD and CPD 

were calculated as described in section 2.3.1.2. 

 

5.3.2 SIPS induction by t-BHP and Ang II treatments 

hVSMC were seeded at 2×10
4
 cells per well in 6-well plates. After 48 hours, cells were 

rendered quiescent for 24 hours as described in 2.3.1.1, and then incubated with Ang II 

(10
-9

 and 10
-8

 mol/L) for 2 hours. Ang II was removed afterwards by changing the 

culture media (containing 0.5% (
v
/v) FCS) to allow for cells to recover for 24 hours 
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prior to subsequent exposures. Treatment with 40µmol/L t-BHP was conducted in the 

same manner but in media containing 10% (
v
/v) FCS. 

 

After 3 successive treatments with either Ang II or t-BHP and recovery periods, cells 

were trypsinized, counted, then re-plated into 6-well plates at 5×10
4
 cells per well in 

media containing 10% (
v
/v) FCS. Cells were then analysed for SA-β-gal activity 48 

hours after re-plating.  

 

5.3.3 Cellular viability 

hVSMC viability upon exposure to t-BHP was assessed using the trypan blue exclusion 

method (section 2.3.1.5). Cells were seeded at 1×10
4
 cells per well in clear 6-well plates 

and incubated at 37ºC to allow PD. Near confluent cells were treated for 2 hours with   

t-BHP (20, 40, 60, 80 and 100μmol/L) at 37ºC. Culture media was then changed with 

fresh media (containing 10% (
v
/v) FCS) for 24 hours to allow cells to recover. Following 

this, cells were trypsinized, resuspended in 1ml of media and then an equal portion was 

further diluted 1:1 with 0.4% (
w
/v) trypan blue solution. Transparent and blue-stained 

cells were counted for each of the different doses using a haemocytometer. 

 

5.3.4 SA-β-gal assay 

The SA-β-gal biomarker stain was used to assess cellular senescence following single 

and successive stress treatments. hVSMC were seeded at 3×10
4
 cells per well in 12-well 

plates and grown to near confluence for 48 hours, then rendered quiescent for 24 hours 

(section 2.3.1.1). Exposure to a single Ang II dose (10
-9

, 10
-8

 and 10
-7

 mol/L) was 

conducted for 24 hours, then cells were re-plated at 1×10
4
/5×10

4
 cells per well.         

Pre-incubation of cells with the AT1R and AT2R antagonists (E3174 (10
-5

 mol/L for 1 

hour) and PD123319 (10
-5

 mol/L for 1 hour)), catalase (300 Units/ml for 3 hours), NAC 

(500μmol/L for 2 hours), SOD (50 Units/ml for 3 hours) and the NAD(P)H oxidase 

inhibitor apocynin (100μmol/L for 1 hour) were performed prior to Ang II exposure at 

10
-8

 mol/L for 24 hours at 37°C. Following Ang II treatment, cells were trypsinized, 

counted using a haemocytometer and re-plated at 5×10
4
 cells per well in 12-well plates, 

in media containing 10% (
v
/v) FCS. Cells were then left to adhere for 24 hours at 37ºC 

prior to fixation and staining with SA-β-gal solution (section 2.3.2.3).   
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For successive t-BHP stresses, hVSMC were seeded at 2×10
4
 cells per well in 6-well 

plates and left to adhere for 24 hours in media containing 10% (
v
/v) FCS. Successive 

40μmol/L t-BHP stresses were performed for 2 hours each, followed by a media change 

(containing 10% (
v
/v) FCS) for 24 hours to allow cells to recover. This was repeated 3 

times over 3 successive days, as described in 5.3.2. After the final recovery period, cells 

were trypsinized, counted using a haemocytometer and re-plated at 3×10
4
 cells per well.    

SA-β-gal staining was performed on the second and fourth days after re-plating cells.   

 

Successive Ang II (10
-9

 and 10
-8

 mol/L) stresses were performed in a similar manner as 

described for t-BHP (section 5.3.2), with the exception that cells were rendered 

quiescent prior to the first stress and during cell recovery following each treatment. 

These cells were then re-plated at 5×10
4
 cells per well in media containing 10% (

v
/v) 

FCS for 48 hours before staining for SA-β-gal activity. Pre-incubation with E3174 (10
-5

 

mol/L for 1 hour) was conducted prior to each 2-hour Ang II (10
-8

 mol/L) stress. 

 

hASMC-hTERT were seeded at 4×10
4
 cells per well in 12-well plates. Near-confluent 

cells were rendered quiescent in media containing 1% (
v
/v) FCS (section 2.3.1.1). Cells 

were treated with a single dose of Ang II (10
-9

, 10
-8

 and 10
-7

 mol/L) for 24 hours. 

Following treatment, cells were trypsinized and re-plated at 5×10
4
 cells per well in 

media containing 20% (
v
/v) FCS to adhere for 24 hours prior to staining. Pre-incubation 

of cells with E3174 (10
-5

 mol/L for 1 hour) was conducted prior to Ang II (10
-7

 mol/L) 

exposure for 24 hours.   

 

For 34 days of continuous Ang II treatment, hASMC-hTERT were seeded at 5×10
4
 cells 

per T25cm
2
 Nunc

TM
 flask and treated with Ang II (10

-8 
and 10

-7
 mol/L) on alternate 

days, in media containing 20% (
v
/v) FCS and on the following days after sub-culturing. 

After the final treatment, cells were trypsinized, counted using a haemocytometer and 

re-plated at 5×10
4
 cells per well in 12-well plates, prior to staining. SA-β-gal staining 

was performed on non-confluent cells to avoid non-specific staining. The number of 

senescent (blue) and non-senescent (transparent) cells were counted manually in five 

fields selected at random from each well, using a Nikon inverted trinocular phase 

contrast microscope (under ×200 magnification). Percent senescent cells for each 

treatment were calculated. 
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5.3.5 ROS measurements  

5.3.5.1 Measurement of Ang II generated intracellular ROS using CM-H2DCFDA 

hVSMC were seeded at 1×10
4
 cells per well in clear 96-well microplates and grown to 

near confluence. Cellular ROS detection was optimized by investigating different 

concentrations of CM-H2DCFDA (5, 8 and 10μmol/L). Near-confluent cells were 

rendered quiescent as described in 2.3.1.1, for 48 hours prior to Ang II treatment. 

Firstly, cells were labelled with the fluorescent probe CM-H2DCFDA for 30 minutes as 

detailed in section 2.3.4.1. Cells were either exposed to 20μmol/L H2O2 for 20 minutes 

or with Ang II for 4 hours at 37°C over a range of concentrations (10
-10

, 10
-9

, 10
-8

 and 

10
-7 

mol/L). Fluorescence measurements were determined relative to untreated cells 

loaded with the probe. 

 

5.3.5.2 Measurement of Ang II induced O2·
­
 using lucigenin chemiluminescence  

Early passage hVSMC were grown to ~90% confluence in T175cm
2
 Nunc

TM
 flasks then 

rendered quiescent for 24 hours. Cells were stimulated with 10
-7

 mol/L Ang II for 1 

hour, with or without pre-incubation with E3174 (10
-5

 mol/L for 1 hour) or apocynin 

(3×10
-5

 mol/L for 30 minutes). Cells were trypsinized from then flasks, washed twice 

with cold DPBS, resuspended in ice-cold lysis buffer and sonicated as described in 

2.3.4.2. The protein content of cell lysates was determined using the Bradford protein 

assay (section 2.3.5.7). The LCLA was used to measure NAD(P)H oxidase activity as 

detailed in 2.3.4.2. The O2·
­
 generated over a range of Ang II incubation periods (1, 8, 

12 and 24 hours) with 10
-7

 mol/L was measured, and the specificity of the assay for O2·
­
 

generated in 1 hour Ang II-treated hVSMC was examined using AT1R and ROS 

inhibitors. Ang II-treated and/or control cell lysates were pre-incubated for 5 minutes at 

37°C with DPI, indomethacin, NAC or tiron prior to the addition of the NADPH 

substrate.   

 

Luminescence was measured at each 40-second interval over 40 minutes in the 

luminometer. The total quantity of O2·
­
 generated was calculated from the area under 

the kinetic curve using the trapezoidal rule for each individual reaction.  

 

 

 

 



Chapter 5.0: Stress-induced premature senescence with Ang II 

 163 

5.3.6 Western blotting 

hTERT, smooth muscle myosin, AT1R, AT2R, p21 and p53 protein expressions in 

hVSMC, hASMC-hTERT, HeLa and Hep G2 cells were determined by Western 

blotting (section 2.3.6.1).  

 

5.3.6.1 hTERT protein expression 

Expression of hTERT was determined in hASMC-hTERT using HeLa cells as a 

positive control. Cell lysis buffer was used to extract proteins (section 2.3.5.6) from 

cells grown to confluence in media containing 10% (
v
/v) FCS. Proteins (30μg protein 

per sample) were separated on 8% resolving gels under non-reduced and denaturing 

conditions. Membranes were blocked with 5% (
w
/v) milk/TBST for 1 hour at RT prior to 

antibody labelling (table 2.13). Equal protein loading was confirmed by labelling for   

α-tubulin expression, using 10% (
w
/v) milk/TBST blocking solution (table 2.12 and 

2.14). 

 

5.3.6.2 Human smooth muscle myosin protein expression 

To assess whether hASMC-hTERT exhibited a contractile phenotype characteristic of 

SMC, the expression of smooth muscle myosin heavy chain (SM-MHC) protein was 

determined. RIPA buffer was used to extract proteins (section 2.3.5.6) from cells grown 

to confluence in media containing 20% (
v
/v) FCS and those rendered quiescent in media 

containing 1% (
v
/v) FCS. Proteins (30μg protein per sample) were separated on 7% 

resolving gels under reduced and denaturing conditions. Membranes were blocked with 

5% (
w
/v) milk/TBST O/N at 4°C before antibody labelling (table 2.13). Equal protein 

loading was confirmed by labelling for α-tubulin expression, using 5% (
w
/v) milk/TBST 

blocking solution (table 2.12 and 2.14). 

 

5.3.6.3 Human Ang II receptor subtype protein expression 

Expression of human Ang II receptor subtypes (AT1R and AT2R) was analysed in 

hASMC-hTERT and Hep G2 cells. RIPA buffer was used to extract proteins (2.3.5.6) 

from hASMC-hTERT grown in media containing 20% (
v
/v) FCS and those rendered 

quiescent, and from Hep G2 cells grown in media containing 10% (
v
/v) FCS. Proteins 

(20/40μg protein per sample for AT1R/AT2R respectively) were separated on 8% 

resolving gels under non-reduced and denaturing conditions. Membranes were blocked 

with 5% (
w
/v) BSA/TBST overnight at 4°C prior to antibody labelling (table 2.13). 
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Equal protein loading was confirmed by labelling for α-tubulin expression for AT1R 

labelled membranes, and β-actin for AT2R labelled membranes, using 5% (
w
/v) 

BSA/TBST as the blocking solution for both loading control antibodies (table 2.12 and 

2.14). 

 

5.3.6.4 Expression of cell cycle regulatory proteins 

Expression of the CDKI p21, and the tumour suppressor protein p53, which are 

involved in regulating the cell cycle, was determined in hVSMC treated with a single 

concentration of Ang II (10
-9

, 10
-8

, and 10
-7

 mol/L) for 1, 4 and 24 hours at 37°C. Cell 

lysis buffer was used to extract proteins (section 2.3.5.6) from quiescent cells treated 

with and without Ang II. Proteins (20 to 40μg protein per sample) were separated on 

12% resolving gels under reduced and denaturing conditions. Membranes were blocked 

with 10% (
w
/v) milk/TBST for 1 hour at RT prior to each antibody labelling, and 

following membrane stripping for subsequent antibody labelling (table 2.13). Equal 

protein loading was confirmed by labelling for β-actin or α-tubulin, using 10% (
w
/v) 

milk/TBST blocking solution (table 2.12 and 2.14). 
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5.4 Results 

 

5.4.1 Induction of SIPS in hVSMC by t-BHP 

SIPS and replicative senescence can be triggered via similar intrinsic cell signalling 

mechanism (as represented in figure 5.1). Increased senescence determined in many 

age-related CVD, may have initially manifested from the induction of premature 

senescence during early disease development. 

 

In order to study SIPS in cultured cells independent of other adaptive responses, cells 

were allowed to recover for several days following the last stress before measuring 

senescence-related biomarkers. This avoided interference from immediate growth arrest 

induced by the stress and the prolonged effects with continuous cell proliferation 

(Dumont et al., 2000b). No experimental technique exclusively measures SIPS as yet. 

Since both forms of senescence display the same phenotypic changes, the commonly 

used SA-β-gal assay has also been used to detect SIPS. This has been well documented 

in numerous SIPS experiments (Dumont et al., 2000b; Fenton et al., 2001; Duan et al., 

2005).   

 

The induction of SIPS in VSMC has not been previously studied. To establish whether 

hVSMC undergo SIPS in response to mild oxidative stress, exposure to sublethal t-BHP 

stresses was performed. t-BHP has been commonly used to induce SIPS in cultured 

cells (Dumont et al., 2001; 2002).  

 

Concentrations of t-BHP ranging from 0 to 10×10
-5

 mol/L were tested to determine a 

suitable dose at which sublethal stresses could be performed without inducing 

significant cell death. Cell viability was therefore measured by trypan blue exclusion 

after a single 2-hour stress and subsequent 24-hour recovery period. A high percentage 

of viable cells was maintained in untreated cells and those exposed to 20μmol/L t-BHP 

(~96 and 94% respectively) (table 5.2). Slight cytotoxicity was observed with higher 

concentrations of t-BHP and a significant reduction of ~13 and 16% viability was 

determined with 80 and 100μmol/L t-BHP. Both 40 and 60μmol/L t-BHP induced a 

~10% reduction in viability. A t-BHP concentration of 40μmol/L was chosen to induce 
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successive stresses in hVSMC, which closely resembled the concentration used to 

induce SIPS in human fibroblasts (30μmol/L) (Dumont et al., 2000b; 2001). 

 

Table 5.2 Trypan blue exclusion of hVSMC exposed to t-BHP 

t-BHP concentration (μmol/L) Trypan blue excluded cells (%) 

Control 96.3  0.8 

20 93.9  0.4  

40     88.8  1.1** 

60    90.0  0.8* 

80     87.7  2.6** 

100       84.2  1.3*** 

Near confluent cells were exposed to a range of t-BHP concentrations for 

2 hours. Following the stress period, cell media was changed with fresh 

media containing 10% (
v
/v) FCS to enable cells to recover for 24 hours. 

Cells were harvested by trypsinization, resuspended in fresh media, 

stained 1:1 with 0.4% (
w
/v) trypan blue solution and counted using a 

haemocytometer. Values are meanSEM; n=3 (*p<0.05, **p<0.01 and 

***p<0.001 compared with control).  

 

The experimental protocol used to measure SIPS by SA-β-gal staining was performed 

after cells were given 24 hours of recovery time following a single or successive 

stresses. After the final recovery period, cells were re-plated and subsequently incubated 

with SA-β-gal solution for 24 hours, to reduce non-specific staining.   

 

Sub-confluent hVSMC were submitted to 3 stresses for 2 hours each with 4×10
-5

 mol/L 

t-BHP and allowed to recuperate for 24 hours in-between stresses by changing the 

culture media. At 3 days, after 3 stresses of t-BHP, the percentage of SA-β-gal positive 

cells was >2.5-fold greater than control cells (figure 5.2). After a further 2 days of 

recuperation, the percentage of senescence in the control cells was approximately the 

same as that determined after 3 days. However, t-BHP stressed cells displayed a        

3.5-fold increase in positive SA-β-gal cells, which was higher than measured after just 3 

days (figure 5.2). This indicated that the proportion of SIPS cells increased over time. 

Taken together these data indicate, for the first time, that hVSMC undergo SIPS in a 

manner similar to that described for human fibroblasts. 
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Figure 5.2 Effects of repeated t-BHP stresses on SA-β-gal activity in hVSMC. Early 

passage hVSMC were grown to ~60% confluence, and then submitted to 3 stresses for 2 

hours with 4×10
-5

 mol/L t-BHP in media containing 10% (
v
/v) FCS. Media in each well 

was changed following each stress period, which allowed cells to recover for 24 hours 

prior to subsequent t-BHP stresses. After the last recovery period, cells were 

trypsinized, counted and re-plated at 3×10
4
 cells per well in 12-well plates. Cells were 

then stained for SA-β-gal activity on the third and fifth days after the final recovery 

period. Bars represent mean+SEM; n=6 (***p<0.001 compared with respective controls 

at each time point). 

 

5.4.2 Premature induction of hVSMC senescence after a single Ang II exposure 

SIPS was initially measured after a single exposure of Ang II, followed by sub-culture 

in media containing 10% (
v
/v) FCS for 24 hours to allow cells to resume proliferation. 

This treatment and recovery regime is considered important in the assessment of SIPS 

in cultured cells (Toussaint et al., 2000).   

 

Ang II induced a dose-dependent increase in cell senescence with a maximal effect at 

10
-8 

mol/L (figure 5.3). This was a 3-fold increase in senescence compared with control 

cells. This result exactly coincided with the dose response determined for replicative 

senescent hVSMC continuously treated with Ang II for 30 days (figure 4.6B). Again, a 

lower percentage of senescent cells was observed with Ang II exposure at 10
-7 

mol/L, 

which suggests a greater proportion of cells may have undergone apoptosis at this dose.  
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Figure 5.3 A single Ang II exposure induces premature senescence in hVSMC. 

Quiescent cells were treated with Ang II over a range of concentrations (10
-9

, 10
-8

 and 

10
-7

 mol/L) for 24 hours. Cells were then re-plated at 1×10
4
 cells per well in 12-well 

plates in media containing 10% (
v
/v) FCS  for 24 hours, before staining for SA-β-gal 

activity. Bars represent mean+SEM; n=5 (*p<0.05 and ***p<0.001 compared with 

control). 

 

Further experiments were conducted to investigate the cause of this rapid induction of 

premature senescence by pre-incubating quiescent cells with Ang II receptor inhibitors, 

ROS scavengers and antioxidants, prior to Ang II exposure with 10
-8

 mol/L for 24 

hours. Each individual experiment displayed ~150 to 250% induction of senescence 

with Ang II treatment. Co-incubation with E3174 (AT1R inhibitor) completely 

prevented Ang II-induced SIPS (figure 5.4A) whereas PD123319 (AT2R inhibitor) only 

marginally prevented this rapid onset of senescence (figure 5.4B). This suggested the 

induction of SIPS to be mainly AT1R mediated. Unexpectedly, cells pre-incubated with 

PD123319 alone showed a slight increase in senescence, indicating that inhibiting AT2R 

further enhances senescence in hVSMC; however this data was not statistically 

significant due to few replicates. Co-incubation with catalase or NAC effectively 

inhibited senescence, without affecting untreated cells (figure 5.4C and D). These data 

suggested increased ROS, specifically H2O2, were therefore involved in Ang II-induced 

SIPS.  

 

Many studies have established Ang II stimulated O2·
­
 to be predominantly mediated via 

NAD(P)H oxidase activity (Griendling et al., 1994; Touyz et al., 2002; Kimura et al., 

2005b) and the expression of several NAD(P)H oxidase subunits to be upregulated 

following Ang II exposure (Touyz et al., 2002; 2004). 
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Figure 5.4 Ang II-induced premature senescence is mediated via AT1R activation and 

ROS generation. Quiescent cells were pre-incubated with Ang II receptor inhibitors 

E3174 (AT1R) or PD123319 (AT2R), or ROS inhibitors, catalase (H2O2 scavenger), 

NAC (antioxidant), apocynin (inhibits association of NAD(P)H oxidase subunits) and 

SOD (O2·
­
 scavenger), before the induction of senescence with 10

-8
 mol/L Ang II for 24 

hours. Each experiment revealed a ~1.5 to 2.5-fold increase in Ang II-induced 

senescence. A, Ang II-induced premature senescence is dependent upon AT1R activity. 

Bars represent mean+SEM; n=5 (***p<0.001 compared with control and 
†††

p<0.001 

compared with Ang II alone). B, AT2R inhibition displayed no significant effect on the 

induction of senescence. Bars represent mean+SEM; n=3 (data was not significant). C 

to F, ROS inhibitors prevented the onset of Ang II-induced premature senescence. Bars 

represent mean+SEM; n=3 to 4 (**p<0.01 and ***p<0.001 compared with respective 

controls; 
†
p<0.05 and 

†††
p<0.001 compared with respective Ang II alone). 
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To determine whether the premature induction of senescence was mediated via 

NAD(P)H oxidase activity, cells were co-incubated with apocynin. Apocynin is a 

methoxy-substituted catechol that inhibits the association of p47phox and p67phox with 

gp91phox subunits, that form a functional NAD(P)H oxidase (figure 1.6). Over a half 

of Ang II-induced positive SA-β-gal staining was inhibited with apocynin (figure 5.4E), 

indicating that NAD(P)H oxidase activation is involved in SIPS, whereas pre-incubation 

with SOD completely prevented senescence induced by Ang II (figure 5.4F). 

Additionally, SOD caused a 0.5-fold increase in senescence in control cells indicating 

that scavenging basal levels of O2·
­
 may promote the premature induction of senescence, 

although this was significant due to few replicates.   

 

5.4.3 Ang II accelerates SIPS in hVSMC 

Toussaint et al (2002) have suggested a definition of SIPS based upon repeated 

treatment of cells with suspected senescence inducing agents, such as H2O2, t-BHP and 

UV radiation (Dumont et al., 2000b; Chainiaux et al., 2002). Ang II induced premature 

senescence in hVSMC after a single treatment, therefore the response after 3 stresses 

and 3 recovery periods was also assessed. Many of the stressed cells appeared enlarged 

in culture prior to staining for SA-β-gal activity, resembling replicative senescent cells. 

Figure 5.5A shows that Ang II induced SIPS with increasing concentration. This is the 

first direct evidence that Ang II induces SIPS in hVSMC. The maximal induction of 

senescence (200%) was observed following 10
-8

 mol/L Ang II. This pattern of response 

was similar to that determined after just a single Ang II exposure.  

 

The cells in this experiment were retained in quiescence to ensure cells were 

synchronised during Ang II administered stresses and recovery periods. This allowed a 

more accurate measure of the proportion of cells that had undergone senescence in the 

population. Cells grown in media containing 10% (
v
/v) FCS were exposed to Ang II 

stresses in the same manner and the percentage of positive SA-β-gal cells was 

measured. Senescence was still induced by 10
-8

 mol/L Ang II and was 1.8-fold higher 

than the untreated cells (data not shown). This was slightly less than the SIPS induction 

determined in quiescent cells, as cells were not synchronised thereby Ang II may have 

initiated proliferation, hypertrophy or apoptosis within some of these cells. However, 

the growth factors present in FCS did not appear to affect the onset of Ang II-induced 

SIPS. The mechanism by which Ang II induces SIPS was investigated by co-incubation 



Chapter 5.0: Stress-induced premature senescence with Ang II 

 171 

with E3174. A partial but significant reduction in SA-β-gal activity revealed SIPS to be 

mediated via AT1R (figure 5.5B), which was similar to the result determined following 

a single Ang II exposure.  
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Figure 5.5 Effect of repeated Ang II stresses on SA-β-gal activity in hVSMC. 

Quiescent cells at ~50% confluence were submitted to 3 stresses with 10
-9

 or 10
-8

 mol/L 

Ang II for 2 hours at 37°C. After each stress, the media was changed (containing 0.5% 

(
v
/v) FCS) to allow cells to recover for 24 hours prior to subsequent Ang II stresses. 

After the final recovery period, cells were trypsinized, counted and re-plated at 5×10
4
 

cells per well in 12-well plates for 48 hours in media containing 10% (
v
/v) FCS, before 

staining for SA-β-gal activity. A, Dose-dependent increase in Ang II initiated SIPS. 

Maximal induction of senescence was observed with 10
-8

 mol/L Ang II. Bars represent 

mean+SEM; n=6 to 9 (**p<0.01 compared with control). B, Ang II-induced SIPS is 

mediated via AT1R activity. Quiescent cells were pre-incubated with E3174 for 1 hour 

prior to each Ang II stress. Bars represent mean+SEM; n=5 (***p<0.001 compared with 

control and 
†
p<0.05 compared with Ang II alone). 

 

5.4.4 Effect of acute Ang II on ROS generation in hVSMC 

5.4.4.1 Fluorescent measurement of Ang II stimulated intracellular ROS 

ROS are biologically important in vascular biology through their oxidation/reduction 

potential. ROS generated in a controlled manner at low concentrations act as signalling 

molecules to regulate VSMC growth and contraction-relaxation by inducing functional 

effects such as cell growth, apoptosis, migration, inflammation and ECM protein 

expressions (Griendling et al., 1994; Han et al., 1999; Wang et al., 2001). An imbalance 

in this redox state where pro-oxidants overwhelm the antioxidant systems leads to 

oxidative stress. This can cause oxidative damage and cellular dysfunction. These 

mechanisms are hypothesised to play a role in mediating vascular injury and 

inflammation that are associated with many CVD (Touyz and Schiffrin, 2004). 
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O2·
­
 and H2O2 production have been described in VSMC. These are mainly derived 

from the multi-subunit enzyme NAD(P)H oxidase, which is regulated by various 

humoral and physical factors. Ang II is one such stimulant that activates NAD(P)H 

oxidase by increasing the expression and assembly of its subunits, thereby increasing 

ROS production (Lassègue and Clempus, 2003). Cellular ROS generation, including 

that resulting from Ang II, is involved in numerous signalling pathways. By studying 

Ang II-induced ROS production in hVSMC we can decipher some of these pathways 

and perhaps determine the long-term effects ROS may have on disease development.    

 

Various experimental methods have been developed to characterize and measure ROS 

production in cell culture models. In this study, the fluoroprobe CM-H2DCFDA was 

initially used to measure Ang II induced intracellular ROS in whole hVSMC.           

CM-H2DCFDA is a chloromethyl derivative of dichlorodihydrofluorescein diacetate 

(DCFDA) which exhibits better retention in viable cells than DCFDA (Touyz and 

Schiffrin, 2001). It remains non-fluorescent until the removal of acetate groups by 

intracellular esterases and subsequent oxidation to form fluorescein derivatives. The 

ROS generated within a cell can be observed by fluorescence microscopy or flow 

cytometry and quantified. In this thesis, ROS generation was measured with a 

fluorescent plate reader. This relatively simple method provides rapid, multiple well 

readings in a 96-well plate. 

 

CM-H2DCFDA labelling of hVSMC was optimized before any cell treatment, to avoid 

cytotoxicity by the probe. Treatment with H2O2 to stimulate intracellular ROS 

production was used as a positive control. No change in fluorescence was measured 

over the range of CM-H2DCFDA concentrations in untreated cells (figure 5.6A), 

whereas a marginal increase in fluorescence was detected in H2O2-treated cells labelled 

with 8μmol/L CM-H2DCFDA. Cells labelled with 10μmol/L CM-H2DCFDA showed a 

2.5-fold increase in fluorescence following H2O2 treatment, which indicated that ROS 

production was being measured using the fluorescent probe at this concentration. This 

concentration of the fluorescent probe was sufficient in detecting changes in ROS 

generation in these cells and was used to measure Ang II stimulated ROS. 
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In order to solely measure the ROS generated upon Ang II stimulation, hVSMC were 

rendered quiescent then exposed to a range of Ang II concentrations for 4 hours. An 

increase in fluorescence was determined with 10
-8

 mol/L Ang II, indicating increased 

ROS generation (figure 5.6B). This suggested a greater stimulation of ROS with this 

Ang II dose than previously reported (Griendling et al., 1994). The data shown in figure 

5.6B is representative of two other experiments which all showed substantial variations 

in fluorescent measurements. Numerous experiments and replicates were conducted to 

measure Ang II mediated ROS and a large variation in results was observed due to 

differences in cell confluence, loss of cells with treatment and washes, possible leakage 

of the probe from cells and photo-bleaching of the probe. Measurements using this 

assay were therefore not considered to be very reliable and so a more sensitive measure 

of ROS was utilized. The lucigenin assay was used to measure real-time production of 

ROS, by specifically measuring O2·
­
 generation.  
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Figure 5.6 H2O2 and Ang II stimulate intracellular ROS generation in hVSMC. A, 

Acute H2O2 exposure increases intracellular ROS production. Confluent cells were 

labelled with different concentrations of the CM-H2DCFDA probe for 30 minutes then 

treated with H2O2 (20μmol/L for 20 minutes) at 37°C. Fluorescence was measured after 

treatment. Bars represent mean+SEM; n=3 (***p<0.001 compared with H2O2 treated 

cells that were not loaded with CM-H2DCFDA). B, High Ang II concentrations induce 

increased levels of intracellular ROS generation in hVSMC. Cells were rendered 

quiescent for 48 hours then labelled with CM-H2DCFDA (10μmol/L for 30 minutes) 

prior to Ang II exposure for 4 hours. Bars represent mean+SEM; n=6 to 12 (**p<0.01 

and ***p<0.001 compared with untreated cells). (White bar is the fluorescence 

measurement of cells that were not loaded with CM-H2DCFDA). AU indicates arbitrary 

units. 
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5.4.4.2 Optimization of the LCLA 

Preliminary experiments were conducted to optimize conditions of the assay for 

specifically measuring O2·
­
 production in hVSMC lysates. The mechanisms of ROS 

generation were determined by observing the effects of specific and non-specific 

stimulators and inhibitors of ROS. From these experiments it was found that NADPH 

mediated O2·
­
 generation in untreated hVSMC lysates. There was no difference in O2·

­
 

production for cells grown in media containing 10% (
v
/v) FCS compared with 0.5% (

v
/v) 

FCS (figure 5.7A).  
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Figure 5.7 Lucigenin-derived chemiluminescence detection of O2·
­
 generation in 

hVSMC lysates. A, O2·
­
 generated in hVSMC does not differ between those rendered 

quiescent for 24 hours or those grown in media containing 10% (
v
/v) FCS. 

Chemiluminescence was determined in the presence of 10μmol/L lucigenin. Bars 

represent mean+SEM; n=6. B, NADPH oxidase activity increases in a protein 

concentration-dependent manner (0 to 150μg protein). Bars display the total amount of 

O2·
­
 generated over 40 minutes in the presence of different protein concentrations, n=1. 

C and D, NADH-mediated O2·
­
 generation increases with lucigenin concentration. A 

low concentration of lucigenin (10μmol/L) can be used to measure NADPH-mediated 

O2·
­
 generation. Bars represent mean; n=2. NAD(P)H oxidase activity refers to the 

AUC, derived from the relative light units (RLU) per minute per 100μg protein 

(RLU/min/100μg protein), over 40 minutes (except for graph B where the amount of 

protein is different for each individual reaction). AUC indicates total area under the 

curve. 
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The same result was observed with NADH stimulated O2·
­
, but a lower quantity of O2·

­
 

was generated (data not shown). This suggested that basal levels of ROS production 

were not affected by the withdrawal of serum and would therefore not likely affect 

measurements of Ang II induced O2·
­
.  

 

The total generation of NAD(P)H mediated O2·
­
 from untreated hVSMC over a period 

of 40 minutes was determined to be relatively low compared with HEK293 cells and   

B-lymphocytes (data not shown). So to obtain a sufficient measurement of ROS the 

quantity of protein lysate needed per reaction had to be optimized. Generation of O2·
­
 in 

hVSMC increased in a dose-dependent manner with amount of protein lysate, as 

demonstrated in figure 5.7B. One hundred micrograms protein was deduced as 

sufficient to use per reaction to measure O2·
­
 over a 40-minute period.  

 

The concentration of lucigenin is important in measuring O2·
­
 production, as it has been 

suggested that at high concentrations redox-cycling occurs, which further generates O2·
­
  

(Skatchkov et al., 1999) and therefore is not a true measure of the cellular O2·
­
 

generated. Increasing concentrations of lucigenin caused an increase in                

NADH-mediated O2·
­
 (figure 5.7C), indicating redox-cycling. However, a 10μmol/L 

concentration of lucigenin was found to give an optimum measure of O2·
­
 generation via 

NADPH oxidase activity (figure 5.7D) and furthermore the level of O2·
­
 detected did 

not increase with lucigenin concentration, suggesting auto-oxidation was less of a 

problem with NADPH compared with NADH. This concentration of lucigenin was used 

in all O2·
­
 measurements for hVSMC.   

 

5.4.4.3 Ang II induces NADPH oxidase mediated O2·
­
 production in hVSMC  

Initial experiments were conducted to deduce the source of ROS generation in hVSMC, 

by measuring the effects of stimulators and inhibitors of ROS. NADPH induced a 3 to 

4-fold increase in O2·
­
 compared with control cells (figure 5.8A). In comparison to this 

NADH was relatively ineffective (~1.5-fold increase). Mitochondria and xanthine 

oxidoreductase appeared not to be significant sources of O2·
­
 in these unstimulated cells, 

since neither antimycin A/succinate (donating electrons via the mtRC complex II) nor 

xanthine promoted lucigenin chemiluminescence (figure 5.8A).  
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The O2·
­
 generated by NADPH was significantly inhibited when lysates were            

pre-incubated with DPI (flavoprotein inhibitor) and with tiron (O2·
­
 scavenger) (figure 

5.8B), suggesting the involvement of NADPH oxidase and that O2·
­
 is specifically 

generated. The mechanism involving cyclooxygenase did not contribute to O2·
­
 

generation via NADPH, as indomethacin (20μmol/L) did not significantly decrease 

chemiluminescence. 

 

Inhibition of the mtRC complex I with a low concentration of rotenone (10μmol/L) 

showed a 13  2 (SEM) % inhibition of NADPH-mediated O2·
­
 in hVSMC. This was 

statistically significant (n=4; p<0.05 compared with cells stimulated with NADPH 

alone), suggesting that further production of O2·
­
 may occur via mitochondria (chapter 

6.0). However, inhibition with a higher rotenone concentration of 50μmol/L showed a 

greater inhibition of O2·
­
 of 28  11 (SEM) % (n=4), however this was not significant 

due to the great variability in the percentage of inhibition determined for several repeat 

reactions. A possible reason for this is that high concentrations of rotenone may inhibit 

the chemiluminescence reaction. Taken together, these data show that O2·
­
 production in 

hVSMC is predominantly mediated by NADPH oxidase activity. 

co
ntr

ol

N
A
D
H

N
A
D
P
H

A
ntim

yc
in

/ S
ucc

in
at

e

X
an

th
in

e
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
***

N
A

D
P

H
 O

x
id

a
s
e
 a

c
ti

v
it

y

(A
U

C
)

co
ntr

ol

N
A
D
P
H

D
P
I

In
dom

et
hac

in

Tiro
n

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

***
***

Stimulated with NADPH

N
A

D
P

H
 O

x
id

a
s
e
 a

c
ti

v
it

y

(A
U

C
)

A B

 

Figure 5.8 NADPH oxidase activity is the major source of O2·
­
 production in untreated 

hVSMC. A, O2·
­
 generation was predominantly stimulated by NADPH in cell lysates. 

Bars represent mean+SEM; n=4 (NADH, n=3) (***p<0.001 compared with control). B, 

NADPH-mediated O2·
­
 production was blocked by DPI and tiron. Cyclooxygenase 

(inhibited by indomethacin) and the mtRC (inhibited at complex I by rotenone) were not 

significant sources of O2·
­
 induction in hVSMC. Bars represent mean+SEM; n=3 to 4 

(***p<0.001 compared with NADPH alone). Units are represented as RLU/min/100μg 

protein (AUC) over 40 minutes. 
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The O2·
­
 generated via NADPH oxidase activity was significantly increased in cells 

stimulated with Ang II (10
-7

 mol/L for 1 hour) (figure 5.9A). Quantitation of the total 

AUC from the first 40 minute readings revealed that as little as 1 hour exposure of Ang 

II was sufficient to potentiate O2·
­
 production in response to NADPH; this was 

consistent with reports in human arterial VSMC (Touyz et al., 2002). However, the 

effect of Ang II in these cells was very rapid compared to the original description for rat 

aortic VSMC, which suggested 4 hours Ang II stimulation was required to elicit O2·
­
 

production (Griendling et al., 1994). Moreover, Ang II induced O2·
­
 in hVSMC in a 

time-dependent manner that persisted for up to 24 hours after the addition of Ang II 

(figure 5.9B).  
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Figure 5.9 Ang II induces NADPH-mediated O2·
­
 generation in hVSMC. Lucigenin 

chemiluminescence was used to detect NADPH oxidase derived O2·
­
 generation from 

100μg protein cell lysate. A, Real-time chemiluminescence measurements of hVSMC 

treated with acute Ang II (10
-7

 mol/L for 1 hour) relative to control cells. O2·
­
 generation 

determined at 40-second intervals was plotted over a period of 40 minutes. Data is 

representative of 4 separate experiments. Empty circles represent RLU/sec of untreated 

cells and filled circles represent Ang II treated cells.  B, Time-dependent increase in 

O2·
­
 production with Ang II (10

-7
 mol/L) treatment. Quiescent cells were exposed to 

Ang II for the indicated time-points. Bars represent mean+SEM; n=5 (p<0.001 for all         

time-points compared with untreated cells (0 hours)). RLU/sec refers to the relative 

light units per second. 

 

Upon confirming that Ang II accentuates O2·
­
 production, the sources and mechanisms 

involved in mediating ROS generation needed to be determined. Pre-incubation with 

either apocynin or DPI showed inhibition (48 and 30% respectively) of the                

Ang II-induced chemiluminescence, which indicated that O2·
­
 was likely, derived from 

NADPH oxidase activity (table 5.3). Some inhibition was observed with pre-incubation 

of cells with the potent, selective AT1R inhibitor E3174 for 1 hour, followed by 1-hour 

Ang II stimulation; however this did not reach statistical significance. A substantial 

inhibition of O2·
­
 was expected with this inhibitor, however only a short Ang II 
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exposure was conducted in this experiment, which may explain the marginal inhibition.                  

Pre-incubation with NAC caused an 82% inhibition of Ang II-stimulated O2·
­
, which 

strongly showed that ROS production was elevated in response to acute Ang II, as NAC 

acts as an antioxidant by scavenging free radicals and increasing glutathione levels 

within cells. The addition of tiron, a relatively selective and non-toxic O2·
­
 scavenger 

inhibited chemiluminescence, confirming O2·
­
 was being detected. 

 

Table 5.3 Inhibition of acute Ang II stimulated O2·
­
 via antagonists of AT1R, 

NAD(P)H oxidase and ROS, in hVSMC lysates 

 

Inhibitor n Inhibition of Ang II stimulated O2·
­
 (%) 

Apocynin (100μmol/L) 3      48  2.7
†††

 

DPI (50μmol/L) 2                            30 

E3174 (10μmol/L) 4                            20  14.8 

NAC (10mmol/L) 4      82  1.9
†††

 

Tiron (10mmol/L) 4                            36  10.2 

Quiescent cells were pre-incubated with apocynin and E3174 for different periods of 

time (described in 5.3.5.2) prior to a single Ang II (10
-7

 mol/L) exposure for 1 hour. The 

final concentrations of inhibitors used are detailed in brackets. Ang II induced O2·
­
 was 

~1.6 to 2.6 RLU/min/100μg protein (AUC) in all experiments. Values are meanSEM 

of percentage inhibition of chemiluminescence relative to Ang II alone (
†††

p<0.001 

compared with Ang II). 

 

5.4.5 Effect of Ang II on cell cycle regulation in hVSMC 

Cell cycle regulatory proteins have a critical role in the induction of cellular senescence.  

CDKI such as p16 and p21, act as brakes to stop cell cycle progression in response to 

cell signalling and stresses. The overexpression of tumour suppressor proteins p53 and 

pRb are also initiated in the DNA-damage response pathway (figure 5.1), and has also 

been shown to have a key role in triggering senescence (Itahana et al., 2001). The 

different causes and severity of cellular stresses can determine the degree of p53 and 

pRb activation initiated, which also varies in different cell types. Replicative senescence 

is associated with p53 induction in response to telomere shortening, but is also similarly 

detected along with p21
Cip1

 in the acute onset of SIPS triggered by cellular stress such as 

oxidative stress (Chen et al., 2000; Dumont et al., 2000b).  

 

The conclusive assessment of changes in protein expression between individual samples 

requires correction for protein loading. Equal protein loading of hVSMC protein lysates 

was initially assessed by labelling for β-actin expression. However, the β-actin protein 
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bands appeared heavily saturated, making it difficult to quantify proteins objectively. 

Therefore, different amounts of HeLa cell lysates were loaded and labelled for β-actin 

and α-tubulin (additionally used to determine equal protein loading) to distinguish 

differences in band intensities. Differences were observed with labelling for α-tubulin, 

with increased intensity observed with increasing protein concentration, particularly at 

10g and above. This was not true for β-actin (blots shown in figure 5.10). This showed 

that, under these conditions α-tubulin was more reliable as a protein loading control. 

The band intensities for β-actin were very intense and merged with the bands in the 

adjacent lanes, making it difficult to analyse via densitometry. In fact, in the dark, the 

ECL signal could be visualised by eye, with the signal being detected even after several 

hours. It is possible with further optimisation, for example more highly diluted primary 

antibody, for the detection of β-actin to be made more quantitative. This was not 

investigated further. Therefore, α-tubulin was used to ensure equal protein loading of 

Ang II treated hVSMC, and was used for Western blots performed to determine AT1R, 

hTERT, p21, p53 and SM-MHC expression. 

β-actin

α-tubulin

10 5 2.5

Protein loaded (μg)

β-actin

α-tubulin

10 5 2.5

Protein loaded (μg)

 

Figure 5.10 Differences in protein loading detected with α-tubulin for Western blot 

analysis. Different quantities of HeLa cell lysate were loaded then labelled with 

antibodies against β-actin (1:10,000) or α-tubulin (1:10,000) for various incubation 

periods, followed by detection with the secondary antibody (rabbit-anti-mouse IgG 

HRP, 1:10,000) for 1 hour at RT. Representative blots show the expression determined 

after primary antibodies had been incubated at RT for 15 minutes. Differences in the 

ECL signal (exposure of autoradiograph for 30 seconds) were determined for protein 

bands labelled with α-tubulin but not with β-actin. 

 

Exposure of quiescent hVSMC to a range of Ang II concentrations for 4 or 24 hours 

induced no significant change in p16 protein expression (data not shown). Even though 

it has been associated with the induction of premature senescence, Ang II may not act 

via this mechanism. Ang II (10
-7

 mol/L) exposure over a range of times showed no 

substantial change in p21 (data not shown), however changes in p53 led to investigating 

whether Ang II induced changes at a later time-point (figure 5.11A).  
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Figure 5.11 Western analyses of p21 and p53 protein expression levels in hVSMC 

treated with Ang II. Near-confluent cells were rendered quiescent prior to Ang II 

exposure. hVSMC were harvested by trypsinization, lysed in chilled cell lysis buffer, 

protein levels quantified and between 20-40μg loaded per sample. A, Time-dependent 

increase in p53 expression following Ang II induction. Quiescent cells were exposed to 

Ang II (10
-7

 mol/L) for 1, 4 and 24 hours. Bars represent p53 expression levels relative 

to a control at same time-points. B, p21 protein expression in Ang II treated hVSMC, 

over a range of concentrations (10
-9

, 10
-8

 and 10
-7

 mol/L) for 24 hours. Bars represent 

mean+SEM, n=3 to 4 (**p<0.01 compared with untreated cells). C, Representative 

blots display the expression levels of p53 protein following 24 hours of Ang II exposure 

over a range of concentrations. D, p53 protein expression in Ang II treated hVSMC for 

24 hours. Protein bands were quantified by densitometry, corrected for α-tubulin 

expression and the mean relative p53 protein expression was plotted. Bars represent 

mean+SEM; n=4 (*p<0.05 compared with untreated cells). 
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A time-dependent increase in p53 expression was determined when analysed by 

densitometry, with >1.5-fold increase determined after 24 hours (figure 5.11A). Ang II 

exposure for 24 hours induced an increase in p21 and p53 expression with maximal 

induction of both at 10
-8

 mol/L (figure 5.11B, C and D). These data support the 

increased percent premature senescence observed with SA-β-gal staining following Ang 

II treatment for 24 hours; particularly the maximal effect at 10
-8

 mol/L Ang II. This was 

assessed visually (representative p53 blots shown in figure 5.11C) and after 

densitometric analysis (figure 5.11B and D) which was corrected for α-tubulin 

expression.  

 

5.4.6 Induction of premature senescence in hASMC-hTERT cells 

5.4.6.1 Characterisation of hASMC-hTERT 

The mechanism of Ang II induced senescence in the hVSMC model was investigated 

further by conducting experiments with hASMC-hTERT (kind gift from Professor 

Laura Niklason (Yale University, USA)).  

 

To confirm that these cells were stably transfected with hTERT, the growth rate and the 

protein expression of hTERT was examined. hASMC-hTERT were continuously 

cultivated in media containing 20% (
v
/v) FCS for >20 days, and displayed an 

exponential growth curve (figure 5.12A), with no indication of a decline in PD. This 

verified published data on these cells of continuous growth in vitro for >365 days 

(Klinger et al., 2006). 

 

Western blotting showed hTERT protein was highly expressed in hASMC-hTERT. 

HeLa cells (positive control) also expressed hTERT but very little expression was 

detected in hVSMC (figure 5.12B). The intense bands detected in HeLa and     

hASMC-hTERT confirmed the expression of telomerase within these cells, although 

telomerase activity was not assessed directly.  

 

To establish whether hASMC-hTERT were still phenotypically SMC, characteristics of 

morphology, growth and cytoskeletal protein expression of SM-MHC were 

investigated. Confluent, hASMC-hTERT appeared much smaller in size than hVSMC 

and epithelioid in shape. They grew as a monolayer with a cobblestone appearance at 

confluence, which is distinctive of a synthetic SMC phenotype (Rensen, et al., 2007).  
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Figure 5.12 hASMC-hTERT exhibit many typical characteristics of SMC in vitro. A, 

Exponential growth curve of hASMC-hTERT. Values represent meanSEM; n=3. B, 

Confirmation of hTERT protein expression in hASMC-hTERT. Representative blot 

shows hTERT expression determined in 40μg of whole cell protein loaded per sample 

(band approximately 90kDa). Equal protein loading was validated by α-tubulin 

expression. C, hASMC-hTERT display a contractile phenotype. Cells grown in media 

containing 20% (
v
/v) FCS (+) and those rendered quiescent in media containing 1% (

v
/v) 

FCS (-) are represented. Western blot shows SM-MHC and α-tubulin (loading control) 

protein expression in 30μg protein loaded per sample (intense band detected at 

~200kDa). D, Ang II receptor subtype protein expression in hASMC-hTERT. Cells 

grown in media containing 20% (
v
/v) FCS (+) and those rendered quiescent in media 

containing 1% (
v
/v) FCS (-) are represented. Western blots show human AT1R and       

α-tubulin (loading control) protein expression in 20μg protein loaded per sample, 

whereas 40μg protein was loaded per sample to determine human AT2R and β-actin 

(loading control) expression. 
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Moreover, these cells exhibited a faster growth rate than hVSMC, of ~1.1 PD per day 

compared with typically 0.4 PD per day at the exponential stage of hVSMC cultures, 

which is characteristic of synthetic SMC in vitro (Hao et al., 2003). However, the 

unexpected expression of SM-MHC protein implied a contractile phenotype in  

hASMC-hTERT. An intense band was observed in cells grown in media containing 

20% (
v
/v) FCS which was absent when cells were grown in 1% (

v
/v) FCS (figure 

5.12C). Overall, these data confirmed that hASMC-hTERT were SMC but that we were 

unable to definitely assign either a solely contractile or synthetic phenotype.   

 

The protein expression of human AT1R and AT2R was determined in actively 

proliferating hASMC-hTERT and those rendered quiescent once confluence was 

reached. This was to establish whether hASMC-hTERT would respond to Ang II if they 

were either synchronized or non-synchronized. All hASMC-hTERT grown in either 

media containing 20% (
v
/v) FCS or rendered quiescent for 24 hours, expressed the AT1R 

and AT2R proteins (figure 5.12D). The most intense immunoreactive band observed for 

AT1R was at 60 kDa which corresponds to the mature glycosylated form of the receptor 

(Desarnaud, et al., 1993), and was similar to that expressed in hVSMC. This established 

the presence of the fully native form of the AT1R in this model. Less intense bands at 

lower molecular masses of ~40 and 45 kDa were observed, irrespective of FCS content 

in culture media. This corresponds to the presence of unmodified AT1R, indicating 

protein synthesis still occurs in the absence of growth factors. 

 

This rapid protein turnover is characteristic of synthetic SMC as they exhibit more 

organelles that are involved in protein synthesis (Rensen et al., 2007). These protein 

bands were not expressed in hVSMC grown in media containing 10% (
v
/v) FCS (figure 

3.5). 

 

The most intense band observed for AT2R was at ~60 kDa, which corresponds to the 

glycosylated form of this receptor (figure 5.12D) (Servant et al., 1994). The intensity of 

this band did not differ between proliferating and quiescent cells, but was greater than 

that detected in hVSMC. The non-glycosylated form of the AT2R (44 kDa) was highly 

expressed in hASMC-hTERT grown in media containing 20% (
v
/v) FCS compared with 

quiescent cells. Cancerous cells have been shown to express high levels of AT2R (De 

Paepe et al., 2002) and since positive telomerase is a significant characteristic of cancer 
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cells, this may explain why hASMC-hTERT exhibited higher levels of AT2R than 

hVSMC. As glycosylated forms of this receptor vary between cell types, the expression 

of AT2R was confirmed by using Hep G2 cells as a positive control (see figure 3.5). 

 

5.4.6.2 Induction of hASMC-hTERT premature senescence following a single Ang 

II exposure     

Quiescent hASMC-hTERT were exposed to Ang II for 24 hours. A dose-dependent 

increase in the induction of premature senescence was detected, where the maximal 

effect (~1.8-fold increase over control) was observed with 10
-7

 mol/L (figure 5.13A). 

This observation differed from the Ang II-induction of premature senescence in 

telomerase-negative hVSMC (figure 5.3) where the highest concentration of Ang II  

(10
-7

 mol/L) resulted in less observable senescence. Co-incubation with E3174 

completely prevented the induction of premature senescence initiated with 10
-7

 mol/L 

Ang II (figure 5.13B), indicating that premature senescence was mediated via AT1R in 

hASMC-hTERT. This corresponded with observations made in hVSMC. 
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Figure 5.13 Ang II induces premature senescence in hASMC-hTERT. A,                       

Dose-dependent increase in Ang II-induced premature senescence of hASMC-hTERT. 

Maximal induction of senescence was observed with 10
-7

 mol/L Ang II. Quiescent cells 

were treated with Ang II over a range of concentrations (10
-9

, 10
-8

 and 10
-7

 mol/L) for 

24 hours. Cells were then re-plated at 5×10
4
 cells per well in 12-well plates in media 

containing 20% (
v
/v) FCS for 24 hours, before staining for SA-β-gal activity. Bars 

represent mean+SEM; n=3 (*p<0.05 compared with control). B, Ang II-induced 

premature senescence is mediated via AT1R activation. Cells were    pre-incubated with 

E3174 for 1 hour prior to Ang II (10
-7

 mol/L) stimulation for 24 hours. Bars represent 

mean+SEM; n=5 (***p<0.001 compared with control and 
††

p<0.01 compared with Ang 

II alone). 
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5.4.6.3 Ang II does not promote replicative senescence in hASMC-hTERT 

Although hASMC-hTERT displayed premature senescence following a single acute 

Ang II exposure, the effect of continuous treatment with cultivation needed to be 

investigated. After 34 days of Ang II exposure on alternate days, only a 25% increase in 

senescence was determined with 10
-8

 mol/L Ang II exposures (figure 5.14A). This 

suggested that Ang II did not increase the normal replicative senescence of        

hASMC-hTERT, presumably due to maintained telomere length. The exponential 

growth rate of Ang II treated and untreated cells was maintained throughout this entire 

experiment (figure 5.14B) and did not show a decline in PD which is commonly 

associated with increased senescence. These data confirmed that acute Ang II induced 

premature senescence independent of telomere attrition. 
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Figure 5.14 Successive Ang II exposure had no effect on the induction of replicative 

senescence and proliferation in hASMC-hTERT. A, Ang II did not augment replicative 

senescence. Cells were continuously grown in media containing 20% (
v
/v) FCS and 

were treated on alternate days for 34 days with Ang II at 10
-8

 or 10
-7

 mol/L. Once 

confluence was reached, cells were re-plated at 4×10
4
 cells per T25cm

2
 Nunc

TM 
flask. 

After the final Ang II treatment, cells were re-plated at 5×10
4
 cells per well in 12-well 

plates then stained for SA-β-gal activity. Bars represent mean+SEM; n=3. No statistical 

difference was observed. B, Ang II had no effect on the rate of PD of hASMC-hTERT. 

Values represent the meanSEM; n=3. 
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5.5 Discussion 

The aim of this chapter was to investigate the effects of Ang II stresses on the induction 

of SIPS in hVSMC, and to establish whether premature senescence can be induced via a 

telomere-independent mechanism using the hASMC-hTERT model. 

 

5.5.1 SIPS induction following t-BHP exposure in hVSMC 

SIPS can be initiated by various extrinsic stresses (Ben-Porath and Weinberg, 2005), 

resulting in the rapid induction of cellular senescence. Although SIPS is classed as a 

separate form of senescence it shares many common cellular and molecular 

characteristics that are observed in replicative senescence (figure 5.1). The majority of 

these observations have been made in human fibroblasts (summarized in table 5.1). In 

vitro studies revealed cells to undergo SIPS following successive exposures to a range 

of agents at subcytotoxic doses (Robles et al., 1999, Dumont et al., 2000b; Chainiaux et 

al., 2002); these studies demonstrated that oxidative stress was a major mediator in the 

induction of SIPS. Moreover, persistent stress can result in significant DNA damage 

and thereby trigger premature senescence (Duan et al., 2005; Matthews et al., 2006).  

 

SIPS in vivo, may participate in the alterations of tissues or organs that are also 

observed in ageing (Toussaint et al., 2002). This indicates that SIPS maybe initiated 

during the development of age-related diseases and possibly accelerate ageing of 

tissues. 

 

The SA-β-gal assay is commonly employed to assess SIPS and replicative senescence. 

However, SIPS protocols differ from replicative senescence experiments, in the way in 

which cells are treated and allowed to recover for several days after the final stress, 

before measuring senescence (Dumont et al., 2000b). The exact mechanism for the 

induction of SIPS is not known, but is thought to be triggered by the activation of 

various cell cycle regulatory proteins, similar to the induction of replicative senescence.  

 

To initially assess whether hVSMC undergo SIPS in vitro, cells were exposed to short 

repeated sublethal oxidative stresses with t-BHP. t-BHP acts as a pro-oxidant, and has 

been be shown to induce premature senescence in other cell types (Dumont et al., 

2000b; Kurz et al., 2004; Glotin et al., 2008), characterised by SA-β-gal activity and 
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other senescent biomarkers. In order to investigate the effects of t-BHP on hVSMC 

senescence, a suitably low concentration was required to increase mild oxidative stress 

without causing significant cell death. Trypan blue exclusion after a single t-BHP 

treatment over a range of concentrations for 2 hours followed by a 24-hour period of 

recovery, revealed 40μmol/L was a suitable dose to administer, as only a ~10% loss in 

viability was determined. This concentration was similar to that used successively on 

human fibroblasts (Dumont et al., 2000b; 2001). 

 

These results clearly demonstrated that hVSMC undergo SIPS. Early passage hVSMC 

submitted to successive stresses under t-BHP contained a significantly high proportion 

of positive SA-β-gal activity (2.5-fold increase) compared with untreated cells. A high 

proportion of senescent cells was maintained even after 5 days following the final 

stress. Chronic t-BHP treatment of hVSMC with sub-culturing has shown increased  

SA-β-gal activity, oxidative stress and telomere loss, suggesting repeated stresses 

causes a greater proportion of cells to undergo rapid growth arrest (Matthews et al., 

2006). A greater increase in SIPS following t-BHP stresses (4-fold increase) has been 

observed in human fibroblasts; however these cells were exposed to 5 stresses (Dumont 

et al., 2000b), indicating the response to t-BHP-induced SIPS to vary between different 

cell types. These results established for the first time that hVSMC in vitro undergo SIPS 

in response to mild oxidative stress. 

 

5.5.2 Ang II induced premature hVSMC senescence 

A premature, rapid growth arrest with the characteristics of senescence has been 

described in the literature (Toussaint et al., 2002) and is commonly referred to as 

premature senescence or SIPS. This form of senescence usually follows ROS-induced 

damage to cells. Therefore, in contrast to the prolonged effects of Ang II on normal 

replicative senescence, the response after a single exposure was investigated. Ang II has 

been widely implicated in normal vascular ageing and CVD development. The effect of 

Ang II on vascular cells can stimulate a diverse array of responses (Berk, 2001) through 

ROS generation and signalling (Touyz and Schiffrin, 2004). Ang II has been 

demonstrated to activate the Ras-signalling pathway, which in-turn has been shown to 

promote vascular cell senescence and inflammation (Minamino et al., 2003). This early 

evidence suggested a critical role of Ang II in triggering senescence and contributing to 

vascular ageing and disease. 
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Since t-BHP stresses had demonstrated that hVSMC undergo SIPS, the effect of short 

Ang II stresses was investigated in a similar manner. A dose-dependent increase in   

SA-β-gal positive hVSMC was observed following a single Ang II treatment. Since the 

start of this thesis, other studies have also shown this premature induction of senescence 

following short-term Ang II exposure. A single Ang II exposure over 3 days displayed 

increased SA-β-gal staining and elevated p21 and p53 protein expressions in cultured 

hVSMC, and suggested that Ang II induced premature senescence via a p21/p53-

dependent pathway (Kunieda et al., 2006). EPC similarly displayed a dose-dependent 

increase in SA-β-gal activity with Ang II exposure over 14 days (Imanishi et al., 

2005a). Over the same duration of exposure, rat VSMC underwent senescence in a 

time-dependent manner following exposure to a single Ang II concentration (10
-7

 

mol/L), which coincided with changes in p16, p21 and p53 protein expressions (Min et 

al., 2007). An increase in p21 and p53 was also detected in this thesis after a single Ang 

II exposure (figure 5.11). This data along with accumulating evidence suggest that Ang 

II induced premature senescence is probably initiated via p21 and p53 activation. In 

addition to this, another study revealed activation of MAPK in Ang II-promoted EC 

senescence (Shan et al., 2008), thereby identifying some of the mechanisms involved in 

initiating premature senescence signalled by acute Ang II. Moreover, exposure to UV 

radiation lead to a greater increase in premature senescence of male rat VSMC 

compared to female rat VSMC, presenting the novel idea of a gender difference with 

respect to senescence induction in these cells (Malorni et al., 2008). 

 

Experiments were conducted to establish the source of this premature senescence 

induction since ROS were thought to play a critical role. The highest senescence 

response to Ang II was inhibited with Ang II receptor subtype inhibitors, specific ROS 

scavengers and antioxidants. Premature senescence was predominantly mediated via 

AT1R, since E3174 completely prevented the onset of senescence whereas PD123319 

only showed a slight inhibition. This agreed with inhibition of Ang II-induced 

senescence with the AT1R antagonist Valsartan, in EPC (Imanishi et al., 2005a) and in 

rat VSMC (Min et al., 2007), and suggests that rapid senescence is universally initiated 

via the AT1R. Pre-incubation with catalase, NAC and SOD markedly inhibited the Ang 

II-stimulated premature SA-β-gal activity, indicating H2O2 and O2·
­
 were substantially 

generated in this acute response. The same effect was detected in hVSMC pre-incubated 

with NAC then treated for 3 days with Ang II (Kunieda et al., 2006), and similarly by 
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pre-incubation with SOD in EPC (Imanishi et al., 2005a). Ang II-stimulated ROS 

generation has been extensively attributed to NAD(P)H oxidase activation (Griendling 

et al., 1994; Touyz et al., 2002.). The effect of apocynin as a NADPH oxidase inhibitor 

in in vitro studies has recently been questioned, since it also acts as an antioxidant 

(Heumüller et al., 2008). Nevertheless, the inhibition observed in this thesis further 

confirms that ROS are involved in this induction of senescence.  

 

5.5.3 Ang II induced SIPS in hVSMC 

Although Ang II displayed premature senescence after a single exposure, the classic 

induction of SIPS with successive stresses followed by recovery (Dumont et al., 2000b) 

was also assessed. Quiescent cells successively stressed over a range of Ang II 

concentrations, again displayed a dose-dependent increase in SA-β-gal activity. 

However, the increase detected after 48-hours recovery was of a lesser magnitude 

compared to that determined after a single exposure. The senescent cells detected in 

these experiments would have been those terminally growth arrested, given that the 

recovery period would have potentially enabled some damaged cells to repair and 

eventually resume proliferation (outlined in figure 5.1). Therefore, the increased 

senescent cells detected after a single exposure probably represented both transient and 

terminally growth arrested cells. This stress protocol clearly showed Ang II induced 

SIPS in cultured hVSMC by discounting cell replication and immediate growth arrest. 

During the period of recovery many cells appeared enlarged which is characteristic of 

replicative senescent cells in culture. hVSMC grown in media containing 10% (
v
/v) FCS  

were also successively exposed to Ang II in the same manner, displaying a              

dose-dependent increase in positive SA-β-gal cells (data not shown). This demonstrated 

that the presence of growth factors in FCS had no effect on the induction of SIPS.  

Furthermore the successive inhibition of this stress response was found to be partially 

mediated via AT1R. This is the first direct evidence that successive Ang II stresses 

induce SIPS and as yet has not been determined in other types of cells. 

 

The sensitivity of cells to Ang II-induced stress and the magnitude of the exposure may 

even enhance replicative senescence, suggesting the idea that both forms of senescence 

maybe simultaneously present within the same population of cells. 
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Senescent vascular cells have been characterised in vascular ageing and in many       

age-related CVD. Elevated circulating Ang II has been implicated in CVD. The 

previous chapter utilized constant Ang II exposure to accelerate replicative senescence 

and this chapter demonstrated a rapid induction of senescence. It remains to be seen 

whether Ang II induces SIPS in vivo, in humans and if SIPS is detected in CVD. 

 

No published data has looked at SIPS in response to Ang II exposure in vivo, however 

increased p16
INK4a

 expression in the human heart and kidney tissue was observed in 

hypertensive patients with CKD (Westhoff et al., 2008), indicating increased cellular 

senescence. Hypertension is considered a major CVD that is characterised by high 

blood pressure and increased RAS. PBMC derived from CKD sufferers revealed 

accelerated telomere attrition, increased p53 expression and overexpression of 

proinflammatory cytokines, thereby presenting early senescent cells arising from 

oxidative stress and repeated cell activation (Ramirez et al., 2005). This provided a link 

with the early onset of SIPS in vascular cells and the later development of chronic CVD 

such as atherosclerosis. Even though this evidence only correlates with the effects of 

Ang II, other in vivo factors may also have a considerable effect in these conditions. 

Additionally, the SA-β-gal biomarker was not used in any of these studies to determine 

senescence, and therefore the induction of SIPS cannot be confirmed. 

 

5.5.4 Acute Ang II increased ROS generation in hVSMC 

5.5.4.1 Ang II-stimulated intracellular ROS production 

Fluorescent probes have been commonly used to measure Ang II-stimulated ROS in 

intact VSMC (Zafari et al., 1998; Touyz et al., 2002). In this thesis, CM-H2DCFDA 

was used initially to detect ROS in treated hVSMC. Optimization of the assay for these 

cells revealed 10μmol/L CM-H2DCFDA to be sufficient for labelling and for detecting 

changes in intracellular ROS. This ensured no induction of cytotoxicity by the probe.  

 

Increased fluorescence was detected after 4 hours Ang II exposure at high 

concentrations, which was consistent with previous observations (Zafari et al., 1998) 

but increases have also been detected after 30 minutes exposure (Touyz et al., 2002). 

However, several repeat experiments displayed significant variation in the measured 

fluorescence. This was due to loss of cells during the labelling procedure and possible           

auto-oxidation of the probe, which consequently led to using a different assay to 
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measure Ang II-induced ROS. The use of CM-H2DCFDA has been heavily scrutinised 

for the reasons outlined but additionally because it only measures generalized oxidative 

stress and not a specific ROS (Halliwell and Whiteman, 2004). 

   

5.5.4.2 Measurement of NAD(P)H oxidase activity in hVSMC lysates using the 

LCLA 

The sensitive LCLA was used to measure real-time production of ROS, by specifically 

measuring O2·
­
 generation in cell lysates. Preliminary experiments were conducted to 

optimize conditions of the assay for hVSMC. No difference was observed in the 

NADPH-mediated O2·
­
 production in either proliferating or quiescent hVSMC. This is 

important since continuous sub-culturing was thought to lead to considerable loss of 

AT1R (Nickenig and Murphy, 1994). Therefore, by rendering cells quiescent, the 

optimum effects of Ang II could be assessed since the effects of other growth promoting 

factors that are present in FCS would be minimised.  

 

The chemiluminescence signal increased in proportion with protein concentration of 

cell lysates, therefore 100μg of protein was considered sufficient to detect O2·
­
 

generation in all reactions. These cells were considered to generate modest amounts of 

O2·
­
 as both HEK293 cells and B-lymphocytes exhibited greater levels of O2·

­
 over the           

40-minute period. 

 

Use of the lucigenin probe for measuring O2·
­
 production has been criticized due to its 

redox-cycling potential and artefactual O2·
­
 generation at high concentrations of 

lucigenin (Li et al., 1998). The optimum lucigenin concentration of 10μmol/L was 

determined with NADPH oxidase activity, with no indication of auto-oxidation at 

successively higher concentrations. However, increasing O2·
­
 generation was detected 

with increasing lucigenin concentrations for NADH oxidase activity, which indicated 

redox-cycling by further generation of non-specific O2·
­
 (Skatchkov et al., 1999), and 

was therefore regarded as an artefact in measuring O2·
­
. This redox-cycling observed 

with NADH oxidase activity has similarly been identified when measuring O2·
­
 

production in vascular tissue homogenates and artery rings (Janiszewski et al., 2002) 

further emphasising the potential effects of lucigenin. These data make assays of NADH 

oxidase activity difficult to interpret.   
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5.5.4.3 Source of O2·
­
 generation in hVSMC 

Experiments showed NADPH oxidase as the major source of O2·
­
 production in human 

saphenous vein-derived VSMC, with only a small response detected via NADH. This 

was consistent with previously published data on VSMC derived from rodents 

(Griendling et al., 1994; Ellmark et al., 2005) and humans (Touyz et al., 2002), but 

additionally in vascular EC derived from different species (Li and Shah, 2001). 

However, NADH was determined as the major source of O2·
­
 in calf VSMC, but a high 

lucigenin concentration (50μmol/L) was used in these experiments (Mohazzab and 

Wolin, 1994). This result must therefore be viewed with caution. 

 

Significant inhibition of the NADPH-mediated response with DPI and tiron further 

confirmed O2·
­
 was predominantly generated via NADPH oxidase activity, as DPI is a 

flavoprotein inhibitor. Moreover, the mtRC complex I inhibitor rotenone, displayed 

some inhibition indicating that NADPH-dependent O2·
­
 may further stimulate ROS 

production via mitochondria. This concept was analysed in more depth with respect to 

Ang II and is discussed in chapter 6.0. These inhibitors also showed similar magnitudes 

of O2·
­
 inhibition in murine VSMC (Ellmark et al., 2005). 

 

5.5.4.4 Ang II enhanced NADPH-dependent O2·
­
 production in hVSMC  

ROS scavengers and antioxidants almost completely prevented the senescence response 

to Ang II in hVSMC. ROS are regarded as mediators of cellular senescence and clearly 

appeared to be involved in Ang II-induced SIPS. Ang II-induced ROS generation via 

NADPH oxidase has already been reported in cultured VSMC (Griendling et al., 1994; 

Zafari et al., 1998; Touyz et al., 2002) but there are no reports for SMC derived from 

human saphenous veins. NADPH-dependent O2·
­
 was measured using a higher 

concentration of Ang II at 10
-7

 mol/L compared with that determined at the maximal 

induction of senescence (10
-8

 mol/L), as the extensive downstream processing of cells 

prior to measuring ROS resulted in lower levels of O2·
­
 being detected with low Ang II 

concentrations. Therefore, a slightly higher concentration was used to measure O2·
­
 

production following short periods of exposure.  

 

Acute Ang II exposure for 1 hour potentiated NADPH-dependent O2·
­
 over the           

40-minute measurement. This effect increased with exposure time of up to 24 hours. 

The effect of Ang II in these cells was very rapid compared to the original description 
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for rat aortic VSMC, which had suggested 4 hours stimulation with Ang II was required 

to elicit O2·
­
 production (Griendling et al., 1994). However, this Ang II concentration 

initiated a greater quantity of O2·
­
 generation after just 15 minutes exposure in the same 

cell type (Touyz et al., 2002). This data demonstrated that acute Ang II exposure 

stimulated NADPH-dependent O2·
­
 and therefore might potentially contribute to the 

induction of SIPS in hVSMC. 

 

Specific and non-specific ROS scavengers, antioxidants and the AT1R antagonist were 

used to establish the extent of acute Ang II-stimulated O2·
­
 via NADPH. NAC 

suppressed this response by almost 50%, confirming that Ang II stimulated ROS 

production. Apocynin induced a similar inhibition of O2·
­
 production. Classically, this 

would be regarded as demonstrating the involvement of NADPH oxidase subunit 

associations. However, very recent studies suggest that apocynin primarily acts as an 

antioxidant (Heumüller et al., 2008) and may therefore not be specific in blocking 

NAD(P)H oxidase subunit association. However, this cannot be entirely ruled out since 

NADPH oxidase is the main source of O2·
­
 production detected in these cells. The same 

percentage inhibition by apocynin was observed in rat vascular tissue exposed to Ang II 

(Kimura et al., 2005b). Inhibition of AT1R only prevented 20% of the O2·
­
 generated, 

which suggests that acute Ang II-induced ROS may not exclusively occur via this 

receptor activation, even though this was established as the main mechanism for the 

induction of senescence in hVSMC. However, AT1R activation by Ang II has been 

proposed to primarily activate NAD(P)H oxidase (Seshiah et al., 2002; Zuo et al., 

2005), and since this response was rapid this may account for the minor inhibition 

observed in these data. Moreover, a small AT1R activation response maybe required to 

elicit a significant increase in O2·
­
 production via NADPH oxidase.  

 

The chemiluminescence signal was attributed to O2·
­
 production as tiron substantially 

inhibited the Ang II-stimulated O2·
­
 response. This has already been confirmed in 

hVSMC (Touyz et al., 2002). Inhibition with DPI was less than with apocynin and 

NAC. Since this is a flavoprotein inhibitor, it indicated the source of O2·
­
 was via 

NAD(P)H activation, which has long been the mechanism reported for Ang II-induced 

ROS in hVSMC (Touyz and Schiffrin, 2001; Touyz et al., 2002), and VSMC derived 

from rat (Li et al., 2007a). However, some evidence has shown DPI targets 

flavoproteins in mitochondria (Li and Trush., 1998) and therefore implies that          
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Ang II-mediated NADPH-dependent O2·
­
 may further stimulate O2·

­
 production via 

mitochondria. 

  

Taken together these data confirm a rapid induction of NADPH-dependent O2·
­
 by Ang 

II. Agents that inhibited O2·
­
 production were also effective at inhibiting premature 

senescence in hVSMC. It is therefore concluded that ROS are central to the mechanism 

of Ang II-initiated premature senescence. 

 

The association between the onset of senescence that is observed in aged vessels and in 

CVD, with Ang II-induced O2·
­
 production is more difficult to study. Hypertension is 

characterised by structural changes in the vasculature that are promoted by Ang II. 

Increased O2·
­
 via NADPH oxidase was detected in the aorta and mesenteric resistance 

arteries of Ang II-treated rats that developed hypertension. This indicated that           

Ang II-induced oxidative stress could cause vascular cell dysfunction and vascular 

remodelling (Zhou et al., 2005), providing evidence for the potential involvement of 

oxidative stress in early senescence-related changes during vascular disease 

development. 

 

5.5.5 Evidence for the role of p21 and p53 protein expression in hVSMC senescence 

In conjunction with SA-β-gal staining, the expression of p21 and p53 was assessed to 

evaluate Ang II induced premature senescence. Increased O2·
­
 production revealed Ang 

II to induce oxidative stress, which is a major mediator of senescence. The cell cycle 

regulators p21 and p53 have been characterised in the senescence-inducing mechanism 

(Ben-Porth and Weinberg, 2005; Bringold and Serrano, 2000), as outlined in figure 5.1, 

and are activated in both replicative and premature senescence.  

 

No alterations in p16 protein expression were detected following Ang II exposure in 

hVSMC, which suggested senescence may not have been triggered via this signalling 

mechanism. No change in p53 protein expression was determined after 1 or 4 hours Ang 

II exposure. Therefore, exposure following 24 hours was examined, revealing an 

increase in p21 and p53 with a maximal induction at 10
-8

 mol/L. This data suggests a 

p21/p53-dependent mechanism of premature senescence in Ang II-treated hVSMC, 

since this concentration of Ang II also induced maximal SA-β-gal activity.  
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During work on this thesis, a similar observation was described in human aortic VSMC 

treated with Ang II for 3 days in vitro and the apoE-deficient mouse model treated with 

Ang II for 4 weeks in vivo (Kunieda et al., 2006). However treatment of rat VSMC over 

several days showed increased p16
INK4a

 expression (Min et al., 2007). These differences 

may be due to species differences. 

 

Even though the expression of these cell cycle regulatory proteins was not analysed 

after successive Ang II stresses, they were highly expressed in human fibroblasts 

undergoing SIPS induced by t-BHP (Dumont et al., 2000b), H2O2 (Duan et al., 2005) 

and UV radiation exposure (Chen et al., 2008). Therefore it is likely that a similar 

induction of these cell cycle regulatory proteins would be seen after successive Ang II 

treatments. 

 

Increased CDKI expression has been detected in CVD, indicating increased senescence. 

For example, human atherosclerotic tissue exhibited increased p16 and p21 expression 

that coincided with positive SA-β-gal staining (Matthews et al., 2006). Elevated p53 

expression levels were determined in SMC of abdominal aortic aneurysms          

(López-Candales et al., 1997) and the expression of p16
INK4a

 was augmented in human 

kidney biopsies derived from hypertensive patients compared with healthy biopsies, 

indicating cellular senescence may be mediated via this mechanism (Westhoff et al., 

2008).  

 

5.5.6 Telomere-independent Ang II-induced premature senescence 

Telomere shortening is regarded as the main trigger of replicative senescence. The data 

in this thesis demonstrated that Ang II accelerates replicative senescence via accelerated 

telomere attrition, and induces SIPS via oxidative stress. The telomere dependence of 

Ang II-induced senescence was assessed by using the hASMC-hTERT model. 

 

Confirmation of continuous exponential growth in vitro and expression of hTERT 

protein showed these cells did not undergo telomere-dependent replicative senescence 

due to the ectopic expression of telomerase. In addition to this, since these cells had 

been modified by transfection, typical SMC characteristics were assessed to enable a 

fair comparison between this cell model and hVSMC. Essentially hASMC-hTERT 

exhibited a mixed SMC phenotype with some important contractile characteristics. 
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AT1R and AT2R protein expression was similar to that determined in primary hVSMC, 

indicating that these cells would likely respond to Ang II. The greater expression of 

AT2R observed was unexpected but was indicative of rapid proliferating cells (De 

Paepe et al., 2002).   

 

The dose-dependent increase in SA-β-gal activity following a single Ang II exposure 

was similar to the observation in hVSMC, although the maximal induction of 

senescence was detected with a higher Ang II concentration. This indicated that 

hASMC-hTERT displayed a greater resistance to apoptosis. hVSMC showed increased 

apoptosis at this dose. The induction of premature senescence strongly indicated that 

Ang II can initiate this response irrespective of telomere length and the presence of 

telomerase. This response was prevented by pre-incubation with E3174, confirming that 

Ang II mediated this response via AT1R activation.  

 

One suggestion maybe that these hTERT expressing cells maybe resistant to apoptotic 

induction by Ang II, compared to the primary „normal‟ pre-senescent VSMC. This 

effect on apoptosis has been described in hTERT expressing EC (Yang et al., 2001), 

and human fibroblasts that underwent SIPS in response to H2O2 stresses (Gorbunova et 

al., 2002). These data suggest that a DNA damage response maybe the more likely 

trigger of Ang II-stimulated premature senescence. Studies that support this idea 

compared the effects of H2O2–induced SIPS in human fibroblasts either expressing 

hTERT or not. Both cell types underwent SIPS and displayed elevated expressions of 

senescence-associated genes, including p21
WAF-1 

(de Magalhães et al., 2004) and 

increased SA-β-gal activity (Zdanov et al., 2007b). However, others still claim 

telomeres are involved in the induction of SIPS, whereby telomere shortening is not the 

actual trigger, but alterations in the structure of the T-loop and single-strand overhang 

maybe the inducing factors (Karlseder et al., 2002). 
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Conclusions 

 

 hVSMC undergo SIPS in response to successive sublethal t-BHP stresses. 

 

 Ang II induces premature senescence in hVSMC via AT1R activation and the 

induction of O2·
­
 and H2O2. 

 

 Ang II induces „true‟ SIPS (i.e. via successive stimulation followed by a period 

of recovery) via AT1R activation in hVSMC. 

 

 Acute Ang II stimulates NADPH-dependent O2·
­
 in hVSMC lysates. 

 

 Elevated protein expressions of the CDKI p21 and tumour suppressor protein 

p53 are consistent with Ang II-increased SA-β-gal activity. 

 

 A single Ang II exposure triggers premature senescence in hASMC-hTERT. 

 

 Ectopic telomerase expression prevents the onset of senescence in cells 

continuously sub-cultured in the presence of exogenous Ang II. 

 

 Taken together these data strongly suggest that Ang II induces SIPS. Moreover, 

SIPS is induced via NADPH oxidase mediated ROS generation. 
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Chapter 6.0: Mitochondrial alterations and Angiotensin II-induced 

premature senescence  

 

Data in chapter 5.0 strongly implicated ROS in the mechanism of premature senescence 

of hVSMC induced by Ang II. Ang II enhanced O2·
­
 production via NADPH oxidase, 

which is the main source of O2·
­ 

generation in the vasculature (Berry et al., 2000; 

Lassègue and Clempus, 2003). However, some studies have suggested that ROS 

generated via NAD(P)H oxidase may promote further ROS generation by other cellular 

sources (Landmesser et al., 2003; Kimura et al., 2005b). Mitochondria are a major 

source of ROS. In this chapter, the involvement of mitochondrial-derived ROS in Ang 

II-induced ROS and senescence in the hVSMC model was investigated. 

 

6.1 Background 

 

6.1.1 Evidence supporting the link between mitochondria and cellular senescence 

At present there is only correlative data proposing the link between mitochondria and 

senescence. Many studies have demonstrated structural and functional alterations in 

mitochondria with increasing age which are associated with the accumulation of 

senescent cells (Lee and Wei, 2001; Yoon et al., 2006; Preston et al., 2008). This 

suggested the involvement of mitochondrial signalling or impaired mitochondria to 

contribute to the induction of senescence. The substantial ROS generated by 

mitochondria can result in dysfunctional mitochondria through macromolecular 

damage, giving rise to more ROS production. DNA damage resulting from ROS is 

thought to contribute to telomere shortening consequently accelerating the onset of 

replicative senescence.  

 

Oxidative stress has been implicated in ageing and in the development and progression 

of various age-related diseases, which further indicates that mitochondria may have a 

significant role in senescence. This is supported by the proposed „Mitochondrial theory 

of ageing‟, where the deleterious effects of ROS derived from the mtRC cause direct 

damage to mitochondrial components resulting in impaired mtRC function, culminating 

in further ROS generation (Harman, 1972). 
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Mitochondrial retrograde signalling is initiated in response to mitochondrial stress, 

where signalling from mitochondria to the nucleus causes cellular adaptations in order 

to maintain mitochondrial function. Alterations in mitochondrial membrane potential 

(∆ΨM), elevated levels of cytosolic Ca
2+

, dysfunctional mitochondrial proteins and 

increased ·NO production all elicit this signalling mechanism (Butow and Avadhani, 

2004). Continuous alterations in the mitochondrial state resulting in retrograde 

signalling could eventually lead to impairment of this mechanism, potentially leading to 

cellular senescence.  

 

Damaged and deficient mitochondria have been detected in various age-related CVD 

(Ramachandran et al., 2002), but no direct evidence exists confirming impaired 

mitochondria within senescent tissue or cells. Figure 6.1 summaries the mechanisms of 

damage to mitochondria in response to various cardiovascular risk factors and the 

proposed link to senescence induction, CVD and ageing arising from this. 

 

6.1.2 Ang II mediated mitochondrial ROS generation  

Since ROS are implicated in the induction of senescence and mitochondria are a major 

source of cellular ROS, a potential role of mitochondria in cell senescence is possible.  

 

Ang II is a key mediator of ROS production in vascular cells and tissue (Griendling et 

al., 1994; Zhang et al., 1999; Miller et al., 2005). The O2·
­
 generated by Ang II in SMC 

is mainly via NAD(P)H oxidase activation (Griendling et al., 1994; Touyz et al., 2002) 

and as suggested in chapter 5.0. However ROS generated via NAD(P)H oxidase have 

been suggested to enhance further ROS production by other sources, such as 

mitochondria (Kimura et al., 2005b; Rathore et al., 2008). 

 

Ang II has been shown to stimulate mitochondrial ROS production via NAD(P)H 

oxidase-derived ROS, through opening of the mitochondrial ATP-sensitive potassium 

channels (mitoKATP) by depolarizing the ∆ΨM in rat aorta and VSMC (Kimura et al., 

2005a). The ROS mediated preconditioning effect of Ang II in cardiac              

ischemic-reperfusion injury in rat hearts, was shown to be primarily caused by 

NAD(P)H oxidase. This was postulated to be essential in triggering mitochondrial ROS 

production involved in MAPK activation and preconditioning effects (Kimura et al., 

2005b). 
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Figure 6.1 Proposed mechanisms of mitochondrial dysfunction in response to 

cardiovascular risk factors that may trigger cell senescence, or contribute to ageing and 

CVD development. Various factors influencing vascular pathology can cause sustained 

damage or dysfunction to mitochondria due to increased mitochondrial ROS production. 

Chronic ROS derived from mitochondria can initiate damage to cellular components 

and in theory induce premature senescence, potentially contributing to CVD. 

Mitochondrial DNA (mtDNA) damage promotes mitochondrial dysfunction causing 

increased ROS production which has been suggested to further instigate damage to 

mtDNA with proceeding age, creating a “vicious circle” (blue dotted line) (Harman, 

1972). The accumulation of senescent cells can eventually result in tissue or organ 

dysfunction associated with ageing. 

 

The mitochondrial ROS-induced ROS release (RIRR) is a plausible mechanism, as Ang 

II-induced ROS production by NAD(P)H oxidase can serve as a trigger for the opening 

of mitoKATP channels leading to a burst of mitochondrial ROS (Kimura et al., 2005b). 

RIRR was demonstrated in cardiac myocyte mitochondria by Zorov et al (2000), where 

the accumulation of ROS can cause opening of mitochondrial channels accompanied by 

the collapse of the ∆ΨM and leads to a ROS burst via the mtRC. This can further trigger 

RIRR in nearby mitochondria resulting in enhanced mitochondrial and cellular damage. 
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The flavoprotein antagonist DPI has been previously shown to inhibit Ang II stimulated 

ROS by NAD(P)H oxidase, but has also been demonstrated to effectively inhibit 

mitochondrial-derived ROS (Li and Trush., 1998). Despite this lack of absolute 

specificity, DPI still provides further evidence that Ang II initiates ROS generation via 

mitochondria. Even though some studies have shown Ang II stimulates ROS generation 

via mitochondria, whether this has an important role in the induction of vascular cell 

senescence and ageing, is still to be determined. 

 

6.1.3 Alterations in mitochondrial biogenesis and mitochondrial ATP generation in 

ageing and disease  

mtDNA is prone to damage or modification by ROS as it is in close proximity to the site 

of ROS generation in mitochondria. Despite the existence of some repair mechanisms 

(Bohr and Dianov, 1999) the damage to mtDNA can be more extensive and persistent 

than nuclear DNA damage (Ballinger et al., 2000; Van-Remmen and Richardson, 

2001), subsequently leading to dysfunctional mitochondria. The integrity of mtDNA 

may therefore affect the maintenance of mtDNA in cells. 

 

Virtually all of the mtDNA encodes for specific proteins of the mtRC, so any inherited 

defects in mtDNA, mutations or deletions could result in deficient energy production, 

which could lead to increased ROS, enhancing cell injury and disease development. The 

accumulation of damage to mtDNA has been found to be more prevalent in disease and 

aged tissues/cells, which may suggest a possible link with the onset of senescence. 

 

The abundance of mitochondria in cells varies depending upon the energy requirements, 

as well as physiological and environmental effects. Increased mtDNA copy number has 

been observed in aged tissue in mice (Masuyama et al., 2005) and humans (Barrientos 

A et al., 1997; Pesce et al., 2001), which has been postulated to reflect a feedback 

response compensating for the accumulation of damaged or defective mitochondria. 

However, a precise determination of mtDNA copy number using a PCR-based assay, 

showed no change in mtDNA content with age in human skeletal muscle and 

myocardial tissue (Miller et al., 2003).  
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Exposure to sublethal oxidative stress has been shown to increase mtDNA content of 

growth arrested cells and is proposed to be an early molecular event in the induction of 

senescence (Lee et al., 2000). Similarly, sustained hypoxia in neonatal rats also revealed 

increased mtDNA content within the brain, signifying mitochondrial adaptation to 

cellular energy demands in response to oxygen, which is required for growth and 

development (Lee et al., 2008). Moreover mtDNA damage has been specifically 

detected in senescent cells (Passos et al., 2007). These alterations in mtDNA content 

with increased oxidative stress may represent a potential role in senescence and disease. 

 

Mitochondrial replication is orchestrated by the highly complex mechanism of 

mitochondrial biogenesis, involving thousands of nuclear and mitochondrial-encoded 

genes. This mechanism is initiated in response to the increased demand for cellular 

energy and following the release of hormones. However, recent work has shown 

alterations in this mechanism in pathological states (McLeod et al., 2004; Xu et al., 

2007) and following cell injury (Lee et al., 2002; Carraway et al., 2008) in order to 

supply sufficient energy to the cell to maintain function and survival.   

 

Correlative data has indicated mitochondrial biogenesis to have a role in replicative 

senescence, as expression of the master regulatory gene PGC1α increased the rate of 

human fibroblast senescence (Xu and Finkel, 2002). Also high levels of expression of 

this gene are associated with increased mitochondrial mass in senescent fibroblasts (Lee 

et al., 2002). However, the interaction of premature senescence and mitochondrial 

biogenesis has not yet been investigated. 

 

ROS have been postulated to modulate the rate of mitochondrial biogenesis. This has 

been determined in cells exposed to oxidative stress. Exposure to t-BHP elevated 

PGC1α levels which returned to basal levels after several days (Rasbach and 

Schnellmann, 2007). Increased PGC1α and NRF-1 levels were determined following 

H2O2 treatment in human fibroblasts (Lee et al., 2002). The continuous exposure to low 

·NO concentration also caused an increase in mitochondrial biogenesis (Nisoli et al., 

2003). These observations indicated a compensatory increase in mitochondria as a result 

of increased ROS/RNS production and perhaps due to the presence of damaged 

mitochondria.  
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One of the primary functions of mitochondria is to conserve cellular energy in the form 

of ATP through the Krebs cycle and oxidative phosphorylation. Alterations in cellular 

energetics maintain cell function and survival, for example there is an increase in 

mitochondria to generate more ATP in response to physiological conditions such as 

fasting (Civitarese et al., 2007), short-term exercise (Wright et al., 2007) and cold 

exposure (Ricquier and Bouillaud, 2000).  

 

Dysfunctional mitochondria can result in the defective capacity to generate sufficient 

ATP by oxidative phosphorylation and this is often accompanied by enhanced ROS 

production, resulting in cell death. These changes may also contribute to disease and 

ageing. One proposed compensatory mechanism for the insufficient supply of ATP is 

the increased rate of glycolysis to generate ATP. Glycolysis is used by cancer cell lines, 

which rapidly proliferate (Piechota et al., 2006), however glycolysis alone does not 

produce adequate ATP for full cell functioning in all cells.  

 

Reduced ATP levels have been detected in arterial hypertension accompanied by Ca
2+

 

overload (Postnov, 2001), indicating a deficit in mitochondrial activity. A gradual 

decline in mitochondrial ATP production has been observed with advancing age in 

humans (Short et al., 2005), although no change has been observed in some tissues. 

This correlates to the diminished levels of ATP determined in senescent fibroblasts 

(Zwerschke et al., 2003), indicating that the regulation of mitochondrial energy 

metabolism may have a key role in cellular senescence and ageing. 
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6.2 Aims 

 

 To determine whether mitochondria and mitochondrial-derived ROS participate 

in Ang II-induced hVSMC senescence. 

 

 Extensive studies have shown NAD(P)H oxidase is the main source of          

Ang II-induced ROS generation in blood vessels. Data presented in chapter 5.0 

showed Ang II enhanced O2·
­
 production via NADPH oxidase activity in the 

hVSMC model. However, ROS generated via NAD(P)H oxidase could also 

serve to promote further ROS production via other sources. Mitochondria are the 

predominant source of cellular ROS in many cell types. To establish whether 

Ang II stimulates mitochondrial O2·
­
 production in hVSMC, specific inhibitors 

of the mtRC were used to antagonise mitochondrial-ROS generation detected 

using the LCLA, by the MitoSOX assay to measure mitochondrial O2·
­
 

production.  

 

 To investigate variations in mtDNA content in hVSMC following single and 

multiple Ang II exposures, as a measure of mtDNA quantity, integrity and 

dysfunction. Intact mtDNA relative to nDNA was determined via qPCR.  

 

 To determine whether Ang II influences mitochondrial biogenesis, by measuring 

the mRNA levels of gene transcripts involved in modulating mtDNA 

transcription and replication by real-time RT-PCR.   

 

 To assess the effects of Ang II on mitochondrial function in hVSMC, by 

assessing cellular ATP production following oxidative stress, Ang II and mtRC 

inhibition.  
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6.3 Experimental Approach 

 

6.3.1 Cell culture 

Early passage (2 to 9) hVSMC were grown to near confluence in media containing 10% 

(
v
/v) FCS, at 37ºC. In the single Ang II treatment experiments, cells were rendered 

quiescent in media containing 0.5% (
v
/v) FCS for 24 hours prior to any treatment as 

described in section 2.3.1.1. Pre-incubation with an AT1R antagonist, mitochondrial 

ROS scavengers and mtRC inhibitors were performed prior to Ang II exposure. 

 

Successive Ang II treatment was performed on cells maintained in media containing 

10% (
v
/v) FCS. Following each stress period, the cell media was replaced with fresh 

medium containing 10% (
v
/v) FCS for 24 hours before subsequent stress induction. 

 

PD counts were performed to assess hVSMC proliferation. Cells were seeded at a 

density of 4×10
5
 cells per T75cm

2
 Nunc

TM
 flask, until confluence was reached. Multiple 

Ang II exposures with 10
-7

 mol/L were conducted on alternate days and on the days 

following counting and re-plating. Cells were harvested by trypsinization, resuspended 

in 1ml of fresh media and counted using a haemocytometer. PD and CPD were 

calculated as described in section 2.3.1.2. 

 

6.3.2 Measurements of mitochondrial function  

Intracellular ATP production was also used to assess mitochondrial function in hVSMC 

using the ApoGlow® adenylate nucleotide ratio assay, which is generally used to 

measure cell proliferation and viability. Cells were seeded at a density of 5×10
3
 or 

7×10
3
 cells/well in sterilized white 96-well microplates within 100µl volumes of media 

containing 10% (
v
/v) FCS for 24 hours, prior to any treatment. Cells were 

simultaneously set up in clear, 96-well microplates to visually check cell adherence and 

confluence pre- and post-treatment. Ang II at 10
-7

 mol/L was administered over 0.5, 1, 4 

and 24 hours. Cells were pre-treated with E3174 at 10
-5

 mol/L for 1 hour and rotenone 

at 2×10
-6

 mol/L for 3 hours, prior to Ang II treatment for 24 hours.  
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Cells were seeded at 5×10
3
 cells per well for successive Ang II treatment at 10

-8
 and         

10
-7

 mol/L. Cells were exposed to Ang II for 2 hours then the culture media was 

changed to remove any residual Ang II and to allow cells to recover for 24 hours. Three 

successive treatments and recovery periods were performed prior to measuring ATP 

levels, as described in 2.3.1.4. 

 

6.3.3 SA-β-gal assay  

SA-β-gal staining was used to assess cellular senescence following treatment. hVSMC 

were seeded at 3×10
4
 cells per well in 12-well plates and grown to near confluence for 

48 hours, then rendered quiescent. Before exposure to Ang II at 10
-8

 mol/L for 24 hours, 

cells were pre-incubated with the mtRC complex inhibitors rotenone (2μmol/L for 3 

hours) and TTFA (1μmol/L for 3 hours); the mitoKATP channel inhibitor 5-HD 

(100μmol/L for 2 hours); and the mitochondrial O2·ˉ scavenger mito-TEMPO 

(25nmol/L for 4 hours). Following Ang II treatment, cells were harvested by 

trypsinization, counted using a haemocytometer and re-seeded at 5×10
4
 cells per well in      

12-well plates in media containing 10% (
v
/v) FCS. Cells were left to adhere for 24 hours 

at 37ºC prior to fixation then staining for SA-β-gal as described in section 2.3.2.3. The 

number of positive (blue) and negative (transparent) cells was counted manually in five 

fields selected at random from each well using a Nikon inverted trinocular phase 

contrast microscope (under ×200 magnification). Percent senescent cells for each 

treatment were calculated from the number of SA-β-gal positive cells divided by the 

total counted cells. 

 

6.3.4 Mitochondrial O2·־ measurements 

6.3.4.1 Measurement of NADPH-mediated O2·
­
 via mitochondria 

hVSMC were grown to ~90% confluence in T175cm
2
 Nunclon flasks then rendered 

quiescent. Cells were stimulated with 10
-7

 mol/L Ang II for 1 hour, then trypsinized, 

washed twice with cold DPBS, resuspended in ice-cold lysis buffer and sonicated as 

described in 2.3.4.2. The protein content of cell lysates was determined using the 

Bradford protein assay (2.3.5.7). The LCLA was used to measure NADPH-dependent 

O2·
­
 production, as detailed in 2.3.4.2. The specificity of the lucigenin assay for 

mitochondrial O2·ˉ in hVSMC was examined by the effects of mitochondrial inhibitors 

on Ang II-stimulated O2·
­
 production. Treated and untreated cell lysates were pre-

incubated for 5 minutes at 37°C with rotenone (10μmol/L), TTFA (10μmol/L), 
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antimycin A (10μmol/L), DPI (50μmol/L) or 5-HD (100μmol/L) prior to the addition of 

NADPH and measuring O2·ˉ production.   

 

6.3.4.2 Fluorescent measurement of mitochondrial O2·
­ 

 

hVSMC were seeded at 2×10
5
 cells per well in 6-well plates and grown to ~80% 

confluence. Cells were then treated with 50μmol/L t-BHP for 2 hours or Ang II at      

10
-7

 mol/L for 1 hour at 37ºC. Following treatment, the media was discarded from wells 

and carefully rinsed twice with HBSS. Treated and untreated cells were then labelled in 

minimal light with the MitoSOX
TM

 red fluorescent probe, as detailed in section 2.3.4.3.   

 

6.3.5 mtDNA content by quantitative PCR 

hVSMC were seeded at 4×10
5
 cells per T75cm

2
 Nunclon flask for multiple Ang II 

treatments. Near confluent cells were treated with Ang II at 10
-7

 mol/L for 24 hours. 

Following treatment, cells were trypsinized, resuspended in fresh media, counted using 

a haemocytometer and re-seeded into T75cm
2
 flasks at 4×10

5
 cells. DNA was then 

extracted and quantified from the remaining subset of cells obtained at each passage. 

Untreated cells were seeded and re-seeded at confluence in the same manner as         

Ang II-treated cells. Cells were continuously cultured and treated with Ang II at 

confluence over 73 days. Single Ang II exposure was conducted in quiescent cells at the 

same dose, following short periods of incubation (0.25, 0.5, 1, 6 and 24 hours). DNA 

was then extracted from these cells once harvested by trypsinization.  

 

The quantification of mtDNA was performed on the MX4000® spectrofluorometric 

thermal cycler. The PCR primers used to amplify specific human mtDNA and nDNA 

transcripts are detailed in table 2.8. PCR amplification was carried out using the 

Brilliant® SYBR® Green QPCR Core Reagent kit with 15ng or 250pg of total DNA 

template (for nDNA and mtDNA qPCR respectively) (section 2.3.6.6). qPCR was 

performed in triplicate for each DNA sample. The relative initial template quantity of 

mtDNA and nDNA for each sample was determined from corresponding standard 

curves generated using a reference DNA stock. mtDNA content was then normalized to 

the amount of nDNA as a ratio for each cell sample. 
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Intra-assay variability was assessed for the replicate measurements of mtDNA and 

nDNA (6 replicates). The mean coefficient of variation for the measurement of mtDNA 

at 6 hours was 13.5% (untreated) and 14.8% (treated), while the variation of 

measurements of nDNA was 7.6% (untreated) and 9.5% (treated) based on ratio values. 

 

6.3.6 RT-PCR analysis of PGC1α and mtTFA mRNA 

hVSMC were seeded at 3×10
6
 cells per T175cm

2
 Nunclon flask and left to adhere for 24 

hours, then rendered quiescent. Single Ang II exposures at 10
-7

 mol/L were conducted 

over short periods of incubation (0.25, 0.5, 1, 4, and 24 hours). Following treatment, 

cells were harvested by trypsinization and each sample was resuspended in 200μl DPBS 

then stored on ice prior to RNA extraction. Total RNA was extracted, quantified and 

reverse transcribed to generate cDNA (sections 2.3.5.3, 2.3.5.4 and 2.3.6.5). RT-PCR 

was performed on the StepOne
TM 

real-time PCR machine using SYBR® Green 

JumpStart
TM

 Taq ReadyMix
TM

 (2.3.6.7). The mitochondrial biogenesis gene transcripts 

amplified were PGC1α and mtTFA (target genes). The HPRT1 gene was used as the 

endogenous control. The PCR primer sequences used to amplify these specific gene 

transcripts are detailed in table 2.9. PCR amplification was carried out on 16.7 and 

33.3ng/μl of cDNA template. PCR was performed in triplicate for each cDNA sample, 

for each transcript analysed. The Ct values for each target gene were normalized against 

the endogenous control gene (HPRT1). The quantitative changes in gene expression 

were calculated using the „Pfaffl method‟ (Pfaffl, 2001) (see Appendix II). 

 

6.3.7 DNA Sequencing of PCR products 

PCR products for each gene transcript were purified and quantified as described in 

section 2.3.6.8, before BigDye DNA sequencing was carried out by PNACL, Hodgkin 

Building, University of Leicester. Chromatograms were analysed using the Chromas 

software and sequence homology was assessed (Appendix III). 

 

 

 

 

 

 

 



Chapter 6.0: Ang II-induced mitochondrial alterations  

 210 

6.4 Results 

 

6.4.1 Potential role of mitochondria in Ang II-induced premature senescence of 

hVSMC 

Chapter 5.0 showed that Ang II promoted premature senescence of hVSMC, which 

could be prevented upon pre-treatment with various ROS scavengers and specific 

antioxidants. The elevated levels of O2·
­ 

generated following short periods of Ang II 

exposure suggested the involvement of ROS in this mechanism. As mitochondria 

generate the same cellular ROS and are increasingly recognised as signal transducers 

they may also contribute to the induction of SIPS. To determine whether mitochondria 

are involved in the mechanism of Ang II induced premature senescence of hVSMC, 

specific mitochondrial inhibitors targeting the mtRC, channels and the ROS produced, 

were investigated. 

 

Ang II exposure for 24 hours consistently caused a ~1.5 to 2-fold increase in senescent 

cells (figure 6.2). Pre-incubation with rotenone caused complete inhibition of           

Ang II-induced senescence in hVSMC (p<0.001) (figure 6.2A). TTFA also appeared to 

inhibit senescence but this data did not reach statistical significance (figure 6.2B). Since 

both inhibitors were dissolved in DMSO an equal volume of DMSO alone was used in 

the control cells for comparison.   

 

To ascertain whether mitochondrial ROS stimulated by Ang II participates in the 

induction of senescence, a recently developed mitochondrial ROS scavenger,          

mito-TEMPO was used. TEMPO is a spin trap compound that specifically reacts with 

O2·
­
. Mito-TEMPO is a derivative of this compound, conjugated to a lipophilic 

triphenylphosphonium cation. This enables it to be membrane permeable and highly 

accumulated within mitochondria where it scavenges O2·
­
 and alkyl radicals specifically 

generated via mitochondria (Murphy and Smith., 2007).  
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Figure 6.2 Effect of mitochondrial inhibitors and antioxidants on Ang II-induced 

premature senescence of hVSMC. Quiescent cells were pre-incubated with inhibitors of 

the mtRC (rotenone (complex I) or TTFA (complex II)), mitoKATP channels (5-HD) or a 

scavenger of mitochondrial O2·
­
 (mito-TEMPO) before the induction of senescence with 

10
-8

 mol/L Ang II for 24 hours. Following treatment, cells were re-plated (5×10
4
 cells 

per well) for 24 hours in media containing 10% (
v
/v) FCS before staining for SA-β-gal 

activity. A and B, Ang II-induced senescence is dependent upon the mtRC activity. Bars 

represent mean+SEM; n=3 to 5 (**p<0.01 and ***p<0.001 compared with control, 
†††

p<0.001 compared with Ang II alone). Controls received DMSO alone as vehicle. C, 

Mitochondrial O2·
­
 contributes to Ang II-induced senescence. Bars represent 

mean+SEM; n=6 (***p<0.001 compared with control and 
†††

p<0.001 compared with 

Ang II). D, Ang II-induced senescence is not mediated by the activation of mitoKATP 

channels. Bars represent mean+SEM; n=7 (***p<0.001 compared with control and 

**p<0.01 compared with control cells treated with EtOH). Control cells consistently 

displayed ≤10% senescent cells in individual experiments. EtOH refers to ethanol. 

 

Figure 6.2C demonstrates pre-treatment with a low concentration of mito-TEMPO 

completely prevented Ang II-induced senescence. This strongly suggests mitochondrial 

ROS are involved in the rapid senescent response; on the other hand this conclusion is 

based upon the specificity of mito-TEMPO for mitochondrial O2·
­
, therefore it may be 

possible that mito-TEMPO could also scavenge other sources of O2·
­
. Both rotenone and 

mito-TEMPO displayed very similar results by completely preventing the onset of 
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senescence in the presence of Ang II (p<0.001). This suggests O2·
­
 is a major mediator 

in the senescence mechanism, since O2·
­
 can be produced in mitochondria via complex I 

of the mtRC. 

 

In addition to the mtRC, mitochondrial-derived ROS is also regulated by mitoKATP 

channels. Inhibition of mitoKATP channels with 5-HD showed no effect on                

Ang II-induced senescence of hVSMC (figure 6.2D), when compared to vehicle 

controls (ethanol (EtOH)). The same effect was determined in untreated cells and 

therefore limits the conclusions based on this data. 

 

These experiments indicate for the first time that the induction of rapid senescence 

mediated by Ang II appears to involve mitochondrial O2·
­
 and mtRC pathways. Chapter 

5.0 provided substantial evidence that Ang II enhanced O2·
­
 production via NADPH 

oxidase activation, in hVSMC. To investigate the relative contribution of mitochondrial 

O2·
­
 from the total cell production of O2·

­
 following acute Ang II, various inhibitors of 

mitochondrial components were used. 

 

Quiescent hVSMC were incubated with a relatively high concentration of Ang II       

(10
-7

 mol/L) for 1 hour before the measurement of O2·
­
 production. Figure 6.3A 

represents the real-time chemiluminescence measurements determined from cell lysates 

exposed to DPI. DPI is an effective, yet non-specific flavoprotein inhibitor that has been 

previously shown to inhibit NAD(P)H oxidase activity (Warnholtz, et al., 1999; 

Griendling et al., 1994), however, it has also been found to affect other sources of O2·
­
 

generation, including mitochondria (Li and Trush., 1998). DPI completely blocked the                

Ang II-dependent chemiluminescence, suggesting O2·
­
 was not only derived from 

NADPH oxidase activation but also possibly from mitochondria. 

 

In cell lysates derived from Ang II-treated cells, the addition of mtRC inhibitors 

rotenone and TTFA, specific inhibitors of complex I and II respectively, almost fully 

suppressed chemiluminescence suggesting the Ang II enhanced O2·
­
 production was by 

the mtRC (figure 6.3B and C). No change in O2·
­
 production was observed in           

Ang II-treated cells when complex III was inhibited with antimycin A, which indicated 

that O2·
­
 was not generated via complex III (figure 6.3D), even though it is considered 

another major source of O2·
­
 in mitochondria.   
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Figure 6.3 Ang II induces NADPH-mediated mitochondrial O2·
­
 generation in hVSMC. 

Quiescent cells were pre-incubated with Ang II (10
-7

 mol/L) for 1 hour then lysates 

were exposed to mitochondrial inhibitors for 5 minutes prior to NADPH             

oxidase-derived O2·
­
 measurements using the LCLA. A, Real-time chemiluminescence 

measurements of Ang II-induced O2·
­
 production with the effect of DPI. B and C, 

Inhibition of complex I and II of the mtRC reduced the Ang II-induced O2·
­
 production. 

Bars represent mean+SEM, n=3 to 4 (*p<0.05 compared with control; 
#
p<0.05 

compared with DMSO (vehicle) and 
†
p<0.05 compared with Ang II and vehicle treated 

cells). D, Complex III inhibition did not significantly reduce Ang II-induced O2·
­
 

production. Bars represent mean+SEM, n=3 (*p<0.05 compared with control cells 

treated with EtOH). NADPH stimulated O2·
­
 production is derived from the 

RLU/min/100μg of protein over 40 minutes. E, Real-time chemiluminescence 

measurements of Ang II-induced O2·
­
 production in lysates exposed to 5-HD. Black 

indicates control; green, inhibitor alone; lilac, Ang II and orange, Ang II+inhibitor.  
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Although complex III inhibition displayed no contribution in acute Ang II stimulated 

O2·
­
, some preliminary work was conducted with the complex IV inhibitor CCCP which 

also acts as an uncoupler of the mtRC (data not shown). CCCP completely blocked 

chemiluminescence in Ang II-treated and untreated cells, which confirms that a 

functional mtRC is required for ROS generation in these cells. The inhibition of Ang II 

stimulated NADPH-dependent O2·
­
 with at least some mtRC inhibitors was necessary to 

ascertain the production of O2·
­
 via mitochondria. 

 

Figure 6.3E represents the real-time chemiluminescence measurements determined 

from cell lysates exposed to 5-HD. Inhibition of mitoKATP channels with 5-HD 

augmented the Ang II-stimulated O2·
­
 response by ~2-fold (figure 6.3E), but had no 

effect in the untreated cell lysates. This elevated O2·
­
 response and the senescence data 

suggests that Ang II does not mediate its effects via mitoKATP channel activation in 

hVSMC, but indicates that by blocking these channels O2·
­
 is further generated via other 

enzymatic sources. 

 

The chemiluminescence data revealed a proportion of Ang II induced NADPH-

mediated O2·
­
 to be derived via mitochondria. To further substantiate mitochondrial 

ROS production, MitoSOX
TM

 red, a mitochondrial selective fluorescent probe for O2·
­
 

was used in intact hVSMC. Near confluent cells were treated with t-BHP to determine 

the level of mitochondrial O2·
­
 following exposure to mild oxidative stress. t-BHP 

exposure for 2 hours caused a 1.8-fold increase in mitochondrial O2·
­
 in hVSMC (figure 

6.4). This response was only slightly greater than that determined after a single Ang II 

(10
-7

 mol/L) exposure for 1 hour, where a ~1.5-fold increase was detected. This data in 

conjunction with inhibitor studies on NADPH-dependent O2·
­
 production lends support 

to the idea that Ang II stimulates mitochondrial O2·
­
 in hVSMC. However, since the 

absolute specificity of these probes remains questionable it cannot be verified that 

MitoSOX
TM

 red specifically detects mitochondrial-derived O2·
­
.    
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Figure 6.4 Detection of mitochondrial O2·
­
 with MitoSOX

TM
 red in live hVSMC. Near 

confluent cells were exposed to t-BHP (50μmol/L) for 2 hours or Ang II (10
-7

 mol/L) 

for 1 hour at 37ºC. Following treatment, cells were loaded with 5μmol/L MitoSOX
TM

 

red in HBSS for 10 minutes at 37ºC. Excess probe was rinsed from cells prior to 

measuring fluorescence. Bars represent mean+SEM; n=3 to 4 (**p<0.01 and *p<0.05 

compared with control cells). 

 

6.4.2 Effect of Ang II on mtDNA content 

mtDNA is considered to be susceptible to oxidative damage due to close proximity to 

ROS generation and the limited presence of repair mechanisms. The amount of mtDNA 

can therefore be used to assess mtDNA integrity. In this thesis, mitochondrial-derived 

ROS and mtRC activity have been implicated in the mechanism of premature Ang II-

induced hVSMC senescence (section 6.4.1). To further characterise the effect of Ang II 

on mitochondria, alterations in the content of intact mtDNA were investigated. The 

mtDNA content of hVSMC in response to Ang II was analysed using real-time qPCR, 

by determining the ratio of mtDNA (PCR product encodes partially for NADH 

dehydrogenase subunit 6, transfer-RNA glutamic acid, and partially cytochrome b) to 

nDNA (acidic ribosomal phosphoprotein PO gene) for each sample. The quantity of 

transcribed nDNA remained similar in all the DNA samples from Ang II-treated and 

untreated cells, over short and long-term treatments, indicating no significant damage or 

loss in intact nDNA with Ang II exposure. „Relative mtDNA content‟ represents ratio 

values corrected against untreated, control cells. 
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Initial experiments showed a single Ang II (10
-7

 mol/L) exposure in quiescent hVSMC 

caused a significant but small increase in mtDNA content after only 24 hours, which 

was reduced back to baseline values at further time-points (figure 6.5). This has been 

observed previously within other cells exposed to oxidative stress (Lee et al., 2000). 

The slight increase observed after 24 hours indicated that Ang II may have stimulated 

an increase in mtDNA at a much earlier time-point. In order to confirm this observation 

as a real effect the quantity of mtDNA was then measured over much shorter time 

periods.  
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Figure 6.5 Ang II increases mtDNA content of hVSMC following a single exposure. 

Near confluent cells were rendered quiescent for 24 hours, followed by treatment with a 

single dose of Ang II at 10
-7

 mol/L for up to 55 hours. DNA was extracted from cells, 

quantified and analysed by qPCR for mtDNA and nDNA, as described in the methods, 

section 6.3.5. mtDNA content was elevated after Ang II exposure for 24 hours. mtDNA 

content returned to control levels at 48 and 55 hours. Relative mtDNA content = ratio of 

mtDNA normalized against the nDNA for each sample, corrected for the mtDNA 

content of untreated, control cells at each time-point. Bars represent mean+SEM; n=3 

independent experiments (*p<0.05 compared with control). 

 

Table 6.1 shows the relative mtDNA content of Ang II-treated hVSMC compared to 

those untreated. Following a much shorter period of Ang II exposure (0 to 6 hours), a 

sharp increase in mtDNA content of >2.5-fold was determined after 0.5 hours which 

was maintained after 1 hour (~2-fold) and eventually returned to baseline levels after 6 

hours. This rapid increase in mtDNA was consistent with the rapid elevated levels of 

O2·
­
 generated within these cells following 1-hour Ang II treatment, as revealed by 

chemiluminescence measurements (see figure 5.9A). This indicates that Ang II induced 

oxidative stress may promote mtDNA replication.  
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This finding was unexpected since these experiments were initiated to determine 

whether mtDNA was lost following acute Ang II exposure perhaps due to enhanced 

mitochondrial O2·
­
 production and mtDNA damage. 

 

Table 6.1 Alterations in mtDNA content of hVSMC following acute 

Ang II exposure 

Ang II incubation (hours) Relative mtDNA content (AU) 

0 1.01  0.07 

0.25 0.96  0.15 

0.5       2.64  0.37*** 

1   1.92  0.19* 

6 1.12  0.03 

Quiescent cells were treated with a single dose of Ang II at 10
-7

 mol/L over 

a relatively short period of time (up to 6 hours). The quantity of mtDNA 

following Ang II exposure was determined by qPCR. Relative mtDNA 

content refers to mtDNA:nDNA ratio corrected for values obtained from 

untreated cells. Values represent meanSEM; n=5 (*p<0.05 and 

***p<0.001 compared with untreated cells). 

 

Although Ang II had been shown to modulate mtDNA content over a short period, 

successive exposure to Ang II was used in chapter 5.0 to induce SIPS. It was 

hypothesized that successive exposure of cells to Ang II may lead to mtDNA damage 

and eventually mtDNA loss. The continuous sub-culturing of hVSMC with Ang II 

treatment on alternate days, displayed higher mtDNA:nDNA ratio values compared 

with controls up to CPD ~9 (figure 6.6A). Beyond this CPD level, the ratio value was 

similar to that of control cells. This suggests that a greater amount of the damaged 

mtDNA transcript maybe present within these late passage cells that were exposed more 

to Ang II. Damaged DNA would not be amplified by PCR which is only able to 

generate full-length gene products. The high ratio values at early CPD are similar to the 

high relative mtDNA content determined over a short period, indicating increased 

mtDNA replication. Ang II-treated hVSMC showed a slower rate of proliferation 

beyond ~10 CPD, which indicated the presence of more growth arrested cells with 

lower levels of intact mtDNA. Little variation in the quantity of nDNA was detected 

with sub-culturing of hVSMC, with or without treatment. The greatest difference in 

ratio values between the two groups was observed after just two Ang II exposures, 

determined at CPD ~4.  
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Figure 6.6B shows no difference in CPD between Ang II-treated and untreated cells, 

confirming that changes in mtDNA:nDNA ratio, did not arise from changes in cell 

proliferation due to Ang II treatment. Therefore, the initial increase in mtDNA may be 

due to an increase in the number of mitochondria per cell, mtDNA per mitochondria or 

relative to mitochondrial mass. Electron microscopy would have to be conducted to 

visually determine the number of mitochondria; however this was not carried on these 

cells. 
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Figure 6.6 Successive Ang II exposure stimulates increased mtDNA content in 

hVSMC. A, Initial Ang II exposures induced a sustained increase in mtDNA content. A 

potential loss was observed following 13 CPD. Cells were continuously sub-cultured in 

media containing 10% (
v
/v) FCS with and without Ang II treatment (10

-7
 mol/L). When 

confluence was reached, cells were harvested, counted using a haemocytometer and     

re-seeded at 4×10
5
 cells per flask. Ang II treatment was conducted on alternate days and 

on the following days after passage, over 32 days. Plotted data are arbitrary units for the 

mtDNA content of each sample, meanSEM; n=4 (**p<0.01 compared with the relative 

control value). B, Successive Ang II exposure had no significant effect on the PD of 

hVSMC. Changes in proliferation did not reflect the changes in mtDNA content which 

were observed following Ang II treatment. Data represents meanSEM; n=4 (no 

statistical difference was determined). 

 

6.4.3 Effect of Ang II on markers of mitochondrial biogenesis 

To determine whether the rapid Ang II-stimulated increase in mtDNA was due to a 

signal to increase mitochondrial biogenesis, mRNA levels of regulatory genes PGC1α 

and mtTFA that are involved in mtDNA replication were evaluated using quantitative 

RT-PCR. These genes signal for mtDNA transcription and replication (shown in figure 

1.9). Following Ang II treatment for 0.25 hours, the messenger RNA (mRNA) levels of 

the master regulatory gene PGC1α were sharply increased by ~2.5-fold, although this 

did not reach statistical significance. Thereafter levels resumed to levels in untreated 
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cells (figure 6.7A). The expression of mtTFA increased to 1.6-fold after a 1 hour 

stimulation although again this was not statistically significant (figure 6.7B). As this 

was not a substantial change in mtTFA gene transcript levels, it was sustained up to 24 

hours. This early elevation in PGC1α followed by a later increase in mtTFA is the 

known response in mitochondrial biogenesis, and would therefore indicate that Ang II 

induces mtDNA transcription and replication. However, due to lack of statistical 

significance these experiments are equivocal and further experiments are required. The 

early trend of increased PGC1α transcript (0.25 hours) coincides with the observed 

increase in relative mtDNA content after 0.5 hours following exposure with the same 

dose of Ang II (table 6.1). Even though changes in the transcript levels of mtTFA were 

not consistent with alterations in mtDNA content, the marginal increase detected was 

sustained for up to 24 hours. 

 

Quality of the extracted RNA ranged between 2.0 and 1.6 prior to cDNA synthesis, 

which was within the acceptable range. 

0.25 0.5 1 4 24
0

1

2

3

4

5

Ang II incubation (hours)

F
o

ld
 c

h
a
n

g
e
 i

n
 P

G
C

1 
 m

R
N

A

(r
e
la

ti
v
e
 t

o
 u

n
tr

e
a
te

d
 c

e
ll

s
)

0.25 0.5 1 4 24
0.0

0.5

1.0

1.5

2.0

Ang II incubation (hours)

F
o

ld
 c

h
a
n

g
e
 i

n
 m

tT
F

A
 m

R
N

A

(r
e
la

ti
v
e
 t

o
 u

n
tr

e
a
te

d
 c

e
ll

s
)

BA

 

Figure 6.7 Effect of short-term Ang II exposure on the mRNA expression of genes 

involved in mitochondrial biogenesis. Quiescent cells were exposed to Ang II (10
-7 

mol/L) at the indicated time-points (0.25 to 24 hours) then harvested by trypsinization. 

RNA extracted from each sample was reverse-transcribed to generate cDNA. 

Expression was quantified using real-time RT-PCR as described in 6.3.6. Changes in 

the target gene were corrected versus the endogenous control, HPRT1. The relative 

quantification in gene expression of Ang II-treated hVSMC at each time-point 

compared against untreated cells (designated as 1-fold) was determined using the Pfaffl 

method (Pfaffl, 2001). Bars represent mean+SEM, n=3 (data did not reach statistical 

significance). 
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Sequencing of PCR products to verify specificity 

Products generated from PCR were purified of residual dNTPs and enzymes, then 

quantified using the Quant-iT
TM

 PicoGreen® dsDNA assay kit. Each sample was 

diluted to 3ng then sent to PNACL (University of Leicester) for sequencing using ABI 

BigDye terminator sequencing processes. Following the removal of unincorporated 

BigDye, the products were analysed on an ABI 377 sequencer. Representative 

sequencing chromatograms for each gene are in Appendix III. Using the NCBI BLAST 

software, sense and anti-sense sequences of the PCR products were compared against 

the gene sequences for HPRT1, PGC1α and mtTFA, and found to be between 100 and 

82% homologous to published gene sequences.  

 

6.4.4 Effect of Ang II on mitochondrial function 

The rapid alterations in mtDNA content and O2·
­
 production via the mtRC indicated 

rapid changes in mitochondrial function, in response to Ang II. The effect of Ang II on 

mitochondrial function was examined by specifically measuring cellular ATP levels. 

The mtRC in mitochondria utilizes oxidative phosphorylation to generate ATP. The 

quantitation of ATP is commonly used as an index of cell proliferation and viability, but 

was used in this instance to assess the mitochondrial function of hVSMC. Both cellular 

ADP and ATP contents were analysed in these cells, however the measurements of 

ADP were below the limit of detection of the assay used. Initial experiments were 

conducted to assess the ATP content of hVSMC, whether levels differed between 

quiescent and proliferative cells and in response to mild oxidative stress. Figure 6.8A 

shows almost a 2-fold rise in ATP with t-BHP treatment for 1 hour of cells grown in 

media containing 10% (
v
/v) FCS. No change was observed within quiescent cells. AT1R 

was shown to be highly expressed in both hVSMC rendered quiescent and in those 

grown in media containing 10% (
v
/v) FCS (figure 3.5). This indicated that Ang II would 

mediate its effect in both cellular conditions. ATP measurements were taken under both 

conditions following a short period of Ang II exposure (10
-7

 mol/L). Different responses 

were observed, as proliferating cells displayed a time-dependent increase in ATP 

content with a maximum generated after 4 hours (50% increase), whereas quiescent 

cells displayed a gradual reduction in ATP (figure 6.8B).  
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Figure 6.8 ATP production in hVSMC. A, Mild oxidative stress stimulates ATP 

production. Cells were seeded (5×10
3
 cells per well) 24 hours prior to treatment in 

media containing 10% (
v
/v) FCS, and in those cells rendered quiescent. Treatment with 

t-BHP (40μmol/L) for 1 hour increased the ATP content in proliferating cells. The 

percent change following t-BHP treatment is relative to respective controls (control 

values are relative to 1 designated control value = 100%). Bars represent mean+SEM; 

n=4 to 5 (***p<0.001 compared with respective control). B, Time-dependent increase 

in the ATP content of hVSMC. Cells were seeded at 7×10
3
 cells per well for 24 hours 

prior to Ang II (10
-7

 mol/L) treatment. Maximum ATP content was observed after 4 

hours. The percent change in ATP content following Ang II treatment is relative to 

respective controls at 0 hours (0.5/10% (
v
/v) FCS) for each time-point. Bars represent 

mean+SEM; n=7 to 8 (**p<0.01 compared with respective control). C, Inhibition of 

AT1R activity and mtRC complex I reduces Ang II stimulated ATP. Cells in media 

containing 10% (
v
/v) FCS were pre-incubated with E3174 (10

-5
 mol/L for 1 hour) or 

rotenone (2μmol/L for 3 hours) prior to Ang II treatment for 4 hours. Ang II stimulated 

ATP was reduced to basal levels following pre-incubation with E3174. Rotenone 

substantially inhibited basal ATP content. The percent change in ATP content with   

pre-treatment and following Ang II exposure is relative to control (100%). Bars 

represent mean+SEM; n=6 (*p<0.05 and 
##

p<0.01 compared with control; 
††

p<0.01 and 
†††

p<0.001 compared with Ang II alone). 
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The rapid increase in ATP suggests increased mtRC activity, which occurred 

approximately 3 hours after the observed increases in O2·
­ 
production (figure 6.3) and 

mtDNA content (table 6.1) suggesting changes in mitochondrial function follow these 

early responses. ATP content resumed to levels of untreated cells after 24 hours 

suggesting a compensatory mechanism whereby enhanced ROS elevates mitochondrial 

function in order to maintain cell survival.  

 

To verify that Ang II initiated the rise in ATP observed after 4 hours, cells were               

pre-incubated with the AT1R antagonist (E3174) and mtRC inhibitor rotenone. E3174 

completely blocked the rise in ATP as the quantity of ATP measured was the same as 

untreated cells (figure 6.8C), demonstrating Ang II to mediate its effect via AT1R. 

Rotenone substantially inhibited ATP content with Ang II exposure but also 

significantly reduced the levels present in untreated cells by 50% confirming ATP 

generation via the mtRC. 

 

A single Ang II exposure had displayed a sharp increase in ATP levels over a short 

period before resuming to normal levels which is suggestive of a cell survival response. 

The effect of successive Ang II treatment on ATP content was therefore analysed. Cells 

were exposed to short stresses of Ang II for 2 hours each day, then exposed to fresh 

media for 24 hours in-between stresses, for 3 days. ATP measurements were taken after 

the final period of fresh media and were expressed per microgram of protein. 

Successive exposure with the lowest dose of Ang II (10
-8

 mol/L) stimulated a 2-fold 

increase in ATP (p<0.05), whereas the highest dose (10
-7

 mol/L) reduced ATP levels by 

>0.5-fold (figure 6.9). The dose at which the greatest amount of ATP was observed  

(10
-8

 mol/L) was consistent with the maximal induction of SIPS in hVSMC (figure 

5.5A), suggesting high levels of ATP to be present in senescent cells, where altered 

mitochondrial function maybe required to maintain cell survival. Exposure with          

10
-7

 mol/L Ang II diminished ATP levels indicating cell death and mitochondrial 

damage or dysfunction. Moreover, this dose was associated with the maximal           

Ang II-induced apoptosis of hVSMC (figure 4.8E).         
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Figure 6.9 Effect of repeated Ang II stresses on the ATP content of hVSMC. Cells were 

seeded in media containing 10% (
v
/v) FCS (5×10

3
 cells per well) for 48 hours prior to 

Ang II treatment for 2 hours per day for 3 days (10
-8

 and 10
-7

 mol/L). Media in each 

well was replaced following each treatment period. This allowed cells to recover for 24 

hours prior to subsequent Ang II treatments. Repeated stresses of low Ang II 

concentration (10
-8

 mol/L) induced a higher production of ATP. Bars represent 

mean+SEM; n=4 (*p<0.05 compared with control). 
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6.5 Discussion 

The aim of this chapter was to establish whether Ang II-induced premature senescence 

involved mitochondria and to study the effects of Ang II on mitochondrial structure and 

function in hVSMC. 

 

6.5.1 Ang II stimulated mitochondrial O2·
­
 in the induction of premature senescence 

Investigations into the role of Ang II induced premature vascular cell senescence have 

implicated oxidative stress via AT1R activation (chapter 5.0). The involvement of 

mitochondria in this mechanism has not been determined. As yet, only correlative data 

have supported the association between mitochondria and senescence. The data 

presented in this chapter contribute to this association. 

 

Inhibition of the mtRC and mitochondrial O2·
­
 was shown to significantly prevent 

senescence and NADPH-dependent O2·
­
 production following Ang II administration. 

This indicated that enhanced mtRC activity increases ROS generation that maybe 

implicated in the induction of premature senescence.  

 

SA-β-gal staining of hVSMC pre-incubated with rotenone and mito-TEMPO followed 

by Ang II treatment for 24 hours, revealed almost complete inhibition of Ang II-induced 

senescence. This indicated that Ang II-stimulated O2·
­
 via mitochondria is primarily 

involved in accelerating the induction of senescence. Rotenone inhibits the first 

complex (I) of the mtRC through which O2·
­
 is generated which may explain the 

substantial inhibition of senescence, and mito-TEMPO specifically scavenges 

mitochondrial generated O2·
­
 and alkyl radicals (Murphy and Smith., 2007) preventing 

an increase in O2·
­
. This data adds to but provides more detail than results with SOD 

(figure 5.4F) as SOD scavenges all sources of O2·
­
.  

 

Pre-incubation with the complex II inhibitor TTFA also showed some reduction of the 

induced senescence, which indicated that the activity of this complex contributes to 

senescence. A small increase in senescence of control cells was determined following 

incubation with mtRC inhibitors. SA-β-gal staining of colorectal cancer cells (HCT116) 

treated with rotenone and antimycin A displayed similar effects, proposing that the 



Chapter 6.0: Ang II-induced mitochondrial alterations  

 225 

reduction in ∆ΨM by blocking or uncoupling complexes causes premature,                

p53-dependent senescence (Behrend et al., 2005). 

 

Mito-TEMPO concentrations and pre-incubation periods were used as recommended by 

others (communication with S. Dikalov, Department of Medicine, Emory University 

School of Medicine, Atlanta, USA). However, a 2-fold increase in concentration also 

inhibited senescence to the same degree (data not shown), indicating no toxicity at the 

levels used. However, specificity and toxicity of mito-TEMPO were not determined in 

this hVSMC model, thus the inhibitory effect observed can not be entirely attributed 

with full certainty to scavenged mitochondrial O2·
­
. 

 

Senescence was not prevented upon blocking mitoKATP channels with 5-HD in both 

Ang II-treated and untreated cells, since the vehicle alone (EtOH) caused a reduction in 

senescence. Therefore further experiments are required to fully investigate of the role of 

mitoKATP channels in the induction of senescence by Ang II. The opening of these 

channels can cause depolarization of the ∆ΨM and stimulate mitochondrial ROS 

generation. So it is still possible that Ang II-stimulated senescence may be via opening 

of mitoKATP channels in mitochondria as has been described in rat VSMC (Kimura et 

al., 2005a).  

 

In VSMC, pre-treatment with 5-HD had been shown to reduce Ang II-stimulated ROS 

(Kimura et al., 2005a) with the same effect determined in EC following post-treatment 

(Doughan et al., 2008), providing evidence for Ang II-mediated effects on vascular 

mitochondria. However, the treatment regimes used greatly differed to those used in 

these studies, which may explain why a negative response was observed. Further 

experiments are required using different treatment regimes of 5-HD and lower 

concentrations of EtOH. 

 

The flavoprotein inhibitor DPI was traditionally classed as an inhibitor of NAD(P)H 

oxidase, which was shown to significantly inhibit Ang II-stimulated ROS in VSMC 

(Touyz and Schiffrin, 2001; Touyz et al., 2002). However, it was also demonstrated to 

potently block mitochondrial ROS (Li and Trush., 1998). The strength of O2·
­
 inhibition 

in both Ang II-treated and untreated lysates revealed NAD(P)H oxidase and 

mitochondria to be involved in Ang II-stimulated O2·
­
. Although DPI is not specific it 
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still supports the finding that a proportion of the O2·
­
 generated can be attributed to 

mitochondrial ROS production within this model.  

 

Rodent models have shown the chronic administration of Enalapril (ACE inhibitor) or 

Losartan (AT1R inhibitor) to protect against age-related dysfunction and alteration in 

the ultrastructure of renal mitochondria (de Cavanagh, et al., 2003), identifying the RAS 

to have a role in CVD development (de Cavanagh, et al., 2008a) and age-accompanied 

damage or dysfunction to mitochondria. Although the morphology of hVSMC 

mitochondria was not analysed in response to acute or chronic Ang II treatment, the 

appearance of enlarged or giant mitochondria have been detected in aged tissue (Tandler 

et al., 2002; Terman et al., 2004). The accumulation of elongated giant mitochondria 

was identified as a possible mediator of SIPS and considered a potential phenotypic 

marker for this senescent state. Senescence models induced by treatment with 

desferoxamine and H2O2, as well as aged HDF had revealed this alteration in 

mitochondrial ultrastructure accompanied with elevated ROS levels (Yoon et al., 2006). 

Sustained mitochondrial elongation was further supported by reduced expression of the 

human mitochondrial fission protein (hFis1) (Lee et al., 2007) and mitochondrial 

specific changes in response to or as a consequence of growth arrest were identified. 

Age-related mitochondrial dysfunction in the myocardium has been associated with 

alterations in mitochondria resembling those of a senescent phenotype (Preston et al., 

2008). However, whether these alterations in mitochondria arise as a cause or 

consequence of senescence is yet to be determined. 

 

6.5.2 Modulation of mtDNA content following Ang II exposure 

Since mtDNA is reported to be prone to oxidative damage, the effects of acute and 

chronic Ang II treatment were assessed since Ang II-induced mitochondrial ROS have 

been implicated in this model. Increased mtDNA is thought to reflect enhanced 

biogenesis of new mitochondria. Mitochondrial biogenesis occurs to replace damaged 

mitochondria and to increase the number of mitochondria in response to cellular energy 

demands, to maintain cell survival. Moreover, diabetes is associated with oxidative 

stress and we have recently shown reduced mtDNA content in circulating leukocytes 

from patients with type II diabetes (unpublished observation). 
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The effect of Ang II on mtDNA content in human cells has not been previously 

reported. These results showed acute Ang II exposure in quiescent hVSMC to cause a 

rapid increase in mtDNA of ~2.5-fold after just 30 minutes which was maintained even 

after 1 hour. This was consistent with the increased O2·
­
 levels determined after 1 hour, 

suggesting that increased ROS may have damaged mtDNA and triggered mtDNA 

replication to compensate for the decline in mitochondrial function. Levels eventually 

returned to basal levels after 6 hours, indicating that the effects of Ang II were not 

sustained. Equally, it could be argued that the mitochondrial biogenesis response is very 

rapid. These changes in mtDNA were not considered to reflect an increase in cell 

proliferation due to the presence of very little FCS in media and the short term 

measurements taken following Ang II treatment. Treatment with sublethal doses of 

H2O2 was demonstrated to cause a time-dependent (24 to 72 hours) increase in mtDNA 

content and mitochondrial mass of human lung fibroblasts, postulating mild oxidative 

stress to elicit this increase in mitochondria (Lee, et al., 2000). However, over a similar 

time span Ang II induced a different response, as the relative mtDNA content was only 

marginally higher after 24 hours, with similar levels to untreated cells observed at 48 

and 55 hours. This data indicated that alterations in mtDNA occurred much earlier than 

24 hours. 

 

To distinguish the effect observed with serum deprivation from that induced by Ang II, 

successive Ang II treatment was analysed over a longer period of time in media 

containing 10% (
v
/v) FCS. Using this approach, mtDNA was increased with Ang II 

treatment up to CPD 12. This suggested that the first few Ang II exposures may have 

induced a stress response by initiating mitochondrial replication or upregulation of 

mtDNA transcription. Due to limited mtDNA repair mechanisms, Ang II may have 

induced significant damage reflected by lowered intact mtDNA content values at the 

later passages compared with controls.  

 

Increased mtDNA has been detected with progressive age in human (Barrientos A et al., 

1997; Pesce et al., 2001) and murine tissues (Masuyama, et al., 2005). The 

mtDNA:nDNA ratios varied over the first few passages of untreated hVSMC but did 

show an increase at the later passages, indicating the presence of more mtDNA or 

mitochondria with the accumulation of senescent cells, possibly due to increasing 

damage to mtDNA. A hUVEC model of replicative senescence also showed elevated 
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quantities of mtDNA up to CPD ~20 accompanied by increased oxygen consumption 

and ATP production which then substantially reduced at even higher CPD. This could 

be explained by increased replication of mitochondria, diminished mitochondrial 

turnover or defective mitochondria (Carlisle et al., 2002).   

 

Even though mtDNA content in VSMC has not been investigated previously, one other 

study has analysed mtDNA damage by PCR. H2O2 treated human aortic VSMC 

revealed significant mtDNA damage within 10 to 15 minutes compared to nuclear DNA 

damage (Ballinger et al., 2000) suggesting ROS mediates rapid damage to mtDNA.  

 

No difference in CPD was observed with successive Ang II treatments, indicating that 

the initial increases in mtDNA content were not a result of increased cell number and 

was not due to the induction of rapid mitosis and therefore an increased requirement for 

mitochondria, but due to increased number of mtDNA per unit mitochondria or 

mitochondrial numbers/ mass in the context of a similar cell turnover. Although the 

direct effect of Ang II on hyperplasia in these cells was not investigated, previous 

results suggest this is not occurring in this model. 

 

Taken together these data suggest that initial adjustments in mtDNA content arise with 

acute Ang II in response to elevated ROS, in order to maintain adequate cell function 

and survival. With prolonged exposure a loss in intact mtDNA was ultimately observed. 

Damaged mtDNA was not determined in these samples, therefore the quantity of 

mtDNA only reflects the presence of intact mtDNA. 

 

6.5.3 Increased mitochondrial biogenesis in response to Ang II 

Oxidative stress has been shown to initiate mitochondrial biogenesis in order to 

maintain cell survival (Nisoli et al., 2004; Rasbach and Schnellmann, 2007). Ang II 

increases ROS production which is implicated in physiological and pathological 

responses in vascular cells. However, there is no data at present showing the effect of 

Ang II on the expression of regulatory genes involved in mitochondrial biogenesis.  

 

PGC1α and mtTFA mRNA levels were analysed in hVSMC, as their expression 

influences mtDNA transcription and replication, signifying alterations in mitochondrial 

biogenesis. These genes were expressed relative to the expression of the endogenous 
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HPRT1 control gene. However, in order to validate the alterations in transcript levels, a 

comparison against more than one endogenous control is required (Vandesompele et al., 

2002). This is one aspect of further work required in this area. 

 

The trend of a rapid elevation in PGC1α shortly followed by an increase in mtTFA 

transcript levels suggests that Ang II initiates mitochondrial biogenesis as a 

compensatory response to damaged or defective mitochondria, as these levels 

eventually returned to near basal levels. The elevated O2·
­ 
generated after a short Ang II 

exposure may have caused oxidative damage to mitochondria and its components and 

thereby triggered an increase in mitochondrial proliferation to provide sufficient energy 

for cells, in order to ensure cell survival. It has been proposed that changes in 

intracellular ROS/RNS may influence mitochondrial biogenesis, as H2O2 treatment 

augmented PGC1α mRNA levels in human fibroblasts (Lee et al., 2002) and the 

continuous exposure of low ·NO elevated the expression of PGC1α, NRF-1 and mtTFA 

(Nisoli et al., 2003). 

 

A rapid increase in PGC1α has similarly been observed in skeletal muscle following 

exercise. The increased expression of PGC1α and its associated proteins indicated the 

initial response to be mediated by enhanced activation of PGC1α present in the cytosol, 

which translocates to the nucleus after exercise and initiates the transcription of 

mitochondrial biogenesis genes (Wright et al., 2007). This study identified a rapid 

change in mitochondrial biogenesis to be mediated by post-translational alterations in 

PGC1α, and thereby suggests adaptations are not solely dependent upon changes in 

gene transcripts. Again this would be an area for an interesting future study, to 

investigate whether Ang II could rapidly result in PGC1α translocation to the nucleus. 

 

A decline in the rate of mitochondrial biogenesis with advancing age is proposed as a 

result of increased oxidative cell stress and mitochondrial dysfunction (Navarro and 

Boveris, 2007). In this thesis, the long-term effects of Ang II exposure on the expression 

of these genes were not examined. The prolonged inhibition of the RAS in old rats 

displayed enhancement of NRF-1 and PGC1α mRNA in liver tissue consistent with 

mtRC activity, which improved mitochondrial function and extended the lifespan of rats 

(de Cavanagh et al., 2008b). These observations indirectly show Ang II exposure to 

have a detrimental effect on mitochondrial biogenesis and cell ageing.      
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This data supports the observed increase in mtDNA content determined following a 

short Ang II exposure. The trends for early enhanced transcript levels of PGC1α and 

mtTFA indicates further studies on the role of Ang II in mtDNA transcription and 

biogenesis are warranted. 

 

6.5.4 Alterations in mitochondrial function following Ang II exposure 

Mitochondria conserve energy for the cell. A defect in mitochondrial respiratory 

function arising from environmental stresses or during ageing can lead to a decline in 

ATP synthesis. Reduced levels of energy metabolism affect cellular function and 

survival, and therefore conceptually an increase in mitochondria is triggered to provide 

more energy to meet the cells requirements. Therefore, it can be postulated that 

alterations in mitochondrial respiratory function may arise as a cause or consequence of 

cellular senescence. 

 

The response to mild oxidative stress following t-BHP treatment for 1 hour almost 

doubled the ATP levels of hVSMC in media containing 10% (
v
/v) FCS suggesting a 

stress response. This differed from the response observed with chronic ONOOˉ 

treatment which caused a dramatic reduction in the ATP levels of VSMC (Ballinger, et 

al., 2000). It is assumed that increased ATP levels means increased synthesis of ATP. 

However, it may be that oxidative stress causes decreased utilization of ATP. No effect 

on ATP was observed in quiescent cells suggesting that (1) these cells in the G0-phase 

of the cell cycle did not respond to the short period of t-BHP exposure or that (2) the 

bioluminescent assay did not detect sufficient differences in ATP within this cell state 

or that (3) quiescent cells have reduced ATP levels. This was confirmed when cells 

were exposed to acute Ang II over time.  

 

With acute Ang II exposure in proliferating cells, a maximal response in ATP was 

determined after 4 hours before levels resumed to untreated levels (after 24 hours). This 

compensatory response in ATP synthesis was similar to that observed in the short-term 

changes in mtDNA content. It can therefore be assumed that an increase in the number 

of mitochondria/ mitochondrial mass may have lead to increased mtRC function, hence 

ATP synthesis, following Ang II treatment. However, again decreased ATP utilization 

cannot be ruled out from this data alone.     
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Although this is the first evidence of Ang II-mediated alterations in ATP content within 

a cell model, changes have been determined in animal models. Chronic Ang II-infused 

rats for 14 days had higher renal interstitial fluid ATP levels than control rats and this 

was consistent with elevated blood pressure levels. This increase was associated with 

Ang II-dependent hypertension (Graciano, et al., 2007) 

 

Here, inhibition studies revealed the Ang II induction of ATP was mediated via AT1R 

activation. The effect of Ang II was also blocked by rotenone confirming its response 

on the mtRC function. Substantial inhibition with the complex I inhibitor rotenone was 

also observed in untreated cells, further confirming the mtRC as a major source of 

cellular ATP. 

 

Despite the short-term alterations in ATP that occurred in response to Ang II, the    

long-term effects were not determined. However the induction of SIPS over 3 days 

treatment at two different Ang II doses was analysed to determine effects on ATP 

levels. The highest ATP content was observed with 10
-8

 mol/L Ang II at which dose 

SIPS was maximal; suggesting successive exposure to mild oxidative stress increases 

mtRC function and also mediates SIPS of cells in vitro. The reduction in ATP with 10
-7

 

mol/L Ang II may indicate damaged/reduced mtRC function as a single exposure at this 

dose had revealed short-term increases. Therefore continuous alterations in ATP 

mediated by Ang II may eventually cause a defect in the capacity of mitochondria to 

recover leading to mitochondrial dysfunction and reduced ATP. Alternatively, apoptosis 

which requires ATP was maximal at 10
-7

 mol/L Ang II, indicating apoptosis may result 

in a decline in ATP. Increased oxidative stress is thought to contribute to the decline in 

mtRC function with advancing age. Evidence for this has been demonstrated by a sharp 

reduction in mtRC function in cultured human cells treated with H2O2 (Yakes and van 

Houten, 1997) and in pulmonary arterial EC grown in hypoxic conditions (Xu et al., 

2007).  

 

Hypertensive rodent models displayed a reduction in the rate of ATP synthesis 

accompanied by elevated blood pressure. This defective energy conversion in 

mitochondria was strongly associated with this cardiovascular risk factor (Budnikov, et 

al., 2002). An opposite response to this was determined in the replicative senescent 

hUVEC model, whereby a progressive increase in ATP with CPD may have been due to 
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sustained energy production via glycolysis (Carlisle et al., 2002), which makes it 

difficult to investigate cellular senescence with respect to mitochondrial function.  

 

The progressive loss in mitochondrial function is strongly associated with increasing 

age. Ferder had shown significant improvements in mitochondrial function with 

prolonged inhibition of AT1R in animal tissues (de Cavanagh, et al., 2003; and 2008a), 

suggesting that Ang II may induce mitochondrial damage over time. 

 

However, recent findings have revealed proteasomes to modulate mitochondrial 

function in senescent cells (Torres and Perez, 2008). Proteasomes undertake proteolytic 

activity which is essential for eliminating defective, oxidized and aged proteins that 

threaten cell survival (Grune et al., 1997). They display an age-dependent decline in 

function and upon proteasome inhibition an increase in ROS and mitochondrial 

dysfunction has been determined in human senescent cells (Torres and Perez, 2008). 

The presence of damaged proteins, such as those that form the mtRC complex, leads to 

mitochondrial dysfunction and thereby contributes to the onset of senescence. 

 

These results demonstrate alterations in the ATP content of hVSMC with oxidative 

stress and the induction of a compensatory response following short-term Ang II 

exposure, which are indicative of changes in mitochondrial function. Successive 

treatment appeared to cause diminished mtRC function. 
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Conclusions 

 

 mtRC activity and mitochondrial-derived ROS are necessary for the induction of 

Ang II-induced premature senescence of hVSMC. 

 

 Superoxide generation via the mtRC is initiated by Ang II-induced        

NADPH-dependent O2·
­
. 

 

 Short-term Ang II treatment caused an increase in mtDNA content of hVSMC. 

 

 Continuous Ang II exposure caused a reduction in quantities of intact mtDNA to 

control levels. 

 

 Ang II may stimulate a rapid increase in PGC1α and mtTFA genes that regulate 

mitochondrial biogenesis. 

 

 Short-term Ang II treatment caused an increase in ATP content of hVSMC. 

 

 Ang II predominantly initiates mitochondrial-derived ATP in hVSMC. 

 

 Ang II-induced SIPS resulted in diminished ATP content possibly due to 

depressed mitochondrial function. 
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Chapter 7.0: General Discussion and Future Work 

 

7.1 Discussion 

 

The aim of this thesis was to study whether Ang II promoted VSMC senescence and 

then to investigate the mechanisms for this effect. The hVSMC model was established 

to measure cellular and biochemical changes associated with the onset of senescence. 

The effects on proliferation and apoptosis following exposure to Ang II, specific Ang II 

receptor inhibitors and ROS scavengers were also investigated. From this study, future 

work extends towards further investigation into the Ang II signalling of ROS generation 

by mitochondria and the emerging role of mitochondrial biogenesis on vascular cell 

function, in CVD and vascular ageing. 

 

7.1.1 hVSMC as an in vitro model to study cellular effects of Ang II 

Early passage hVSMC derived from adult saphenous veins exhibited typical 

morphological and growth characteristics associated with the contractile phenotype of 

SMC. This was supported by expression levels of the contractile proteins, α-smooth 

muscle actin and SM-MHC. Contractility is a major function of VSMC in vivo and the 

early passages of these cells reflected this phenotype in vitro.  

 

High levels of protein expression of the fully native forms of both Ang II receptor 

subtypes, AT1R and AT2R, were determined in both proliferating and quiescent cells. 

This strongly suggested these hVSMC would respond to exogenous Ang II irrespective 

of the serum content in culture media. 

 

The pleiotropic effects of Ang II can cause diverse responses in cells, especially at 

different phases of the cell cycle. To assess the growth effects of Ang II, hVSMC were 

rendered quiescent by placing into media containing 0.5% (
v
/v) FCS for 24 hours prior 

to treatment, without causing cell death. This eliminated the effects of other growth 

promoting factors that were present in culture media and enabled the effects of Ang II to 

be more accurately measured over short periods.   
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hVSMC proliferated in response to a single Ang II exposure and following treatment 

over several passages. This was determined by higher PD counts and MTT activity. 

Under these conditions these cells did not undergo hypertrophy as no change in protein 

content was detected after treatment. Although these short experiments were 

predominantly conducted on contractile hVSMC, phenotypic modulation in response to 

growth factors is known to occur in vivo. These changes lead to alterations in the 

physiological response of the cell and also play a role in pathological responses (Owens 

et al., 2004). Moreover, it is not known whether phenotypic modulation occurs in vitro, 

and if it does, whether it is different to that in vivo, or if it is due to culturing 

parameters. Therefore one limitation of this study is that Ang II responses measured in 

vitro may not fully represent those observed in vivo.  

 

7.1.2 Mechanisms of Ang II-induced VSMC senescence 

Ang II stimulated an increase in ROS production, induced DNA damage and 

accelerated telomere attrition in hVSMC. These effects are all implicated in the 

induction of cellular senescence, as illustrated in figure 1.7. Increased senescence was 

determined following continuous Ang II exposure with sub-cultivation of cells over 30 

days, and following short successive exposures and recovery periods over several days. 

As these different Ang II treatment regimes resulted in positive SA-β-gal staining of 

hVSMC it indicates that Ang II can initiate senescence by different mechanisms 

(replicative or SIPS). The common DNA-damage signalling pathways activated by 

these different senescence mechanisms (figure 5.1) and the pleiotropic effects of Ang 

II, postulate that both forms of senescence could be initiated within the same population 

of cells.  

 

The maximum percent of SA-β-gal stained cells was observed with 10
-8

 mol/L Ang II 

with slightly fewer determined at 10
-7

 mol/L, suggesting the occurrence of cell death at 

this dose. These data were consistent with the elevated protein expressions of CDKI. 

Recent studies published during this thesis have supported the finding that short Ang II 

exposures accelerate the premature senescence of VSMC (Kunieda et al., 2006; Min et 

al., 2007) and EPC (Imanishi et al., 2005a); but as yet there is no other evidence of the 

long-term effects of Ang II on senescence.     
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A major limitation to the interpretation of the senescent studies reported here is that 

telomere attrition, DNA damage and the expression of CDKI were not determined 

successively following continuous Ang II exposure on hVSMC. Therefore, it cannot be 

definitively confirmed from this model that Ang II induces replicative senescence. As 

there are no definitive markers for SIPS cells that are not also markers for replicative 

senescence, the interpretation of the data is solely based upon the length of treatment 

regime. This causes difficulty in deciphering the difference between SIPS and 

replicative senescence within the same population of cells. 

 

Although the effect did not reach statistical significance, it was interesting to note that 

there was a trend towards inhibition of Ang II-induced premature senescence following 

AT2R inhibition, suggesting AT2R activation may also play a role in the induction of 

Ang II mediated senescence. However, further work is necessary to fully elucidate this 

effect. 

 

The SA-β-gal assay does not differentiate between senescence-inducing factors. The 

cause of increased lysosomal content that contains SA-β-gal activity, has not been 

investigated in arterial wall and vessels, but has been hypothesised to reflect the 

accumulation of autophagic vacuoles in senescent cells which may contain damaged 

organelles (Erusalimsky and Kurz, 2005). 

 

Ang II induced SIPS after a single treatment but also following short successive 

treatments. This mechanism of senescence can occur independent of telomere loss, as 

confirmed by the onset of senescence in hTERT-hASMC following Ang II exposure. 

This has been observed in fibroblasts expressing hTERT upon exposure to sublethal 

radiation or H2O2 (Gorbunova et al., 2002). Although the mechanism of senescence was 

not investigated in this cell model, other models have demonstrated signalling of 

senescence to be mediated via oncogenic Ras activation (Takaoka et al., 2004). The 

overexpression of Ras has been implicated in VSMC senescence (Minamino et al., 

2003) and Ras is activated upon Ang II signalling. This strongly suggests Ras activation 

maybe involved in the mechanism of premature senescence induction within these cells. 

However, this can only be speculated since Ras expression was not determined in these 

cells. 
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Recent evidence has indicated cellular senescence to be more than just a tumour 

suppressor mechanism. Growth arrest of hepatic cells in vivo has been shown to have a 

role in liver injury and subsequent repair (Green, 2008). This demonstrated the 

importance of this cellular mechanism and further verified the complexities in initiating 

this response. However, it does indicate that early age-related vascular alterations 

maybe due to injury. 

 

Investigations into the effects of some pharmacological CVD treatments have provided 

links between the occurrence of vascular cell senescence, ageing and disease. Statin 

treatment for hypercholesterolemia/atherosclerosis using in vivo and in vitro models 

showed markedly accelerated DNA repair, thereby delaying the onset of VSMC 

senescence and subsequent disease. The novel mechanism involved the expression of 

Nijmegen breakage syndrome-1 and human double minute proteins (Hdm2) (Mahmoudi 

et al., 2008). 

    

7.1.3 Modulation of mitochondria in response to Ang II exposure 

Mitochondria are a major source of cellular ROS and studies using a variety of 

inhibitors have identified that they contribute to increased ROS generation via Ang II 

signalling (Kimura et al., 2005a; 2005b; Doughan et al., 2008). Results from this thesis 

demonstrate that inhibition of the mtRC complexes causes lower levels of O2·
­
 

generation following NADPH stimulation and a reduction in Ang II-induced 

senescence. Since ROS are involved in the senescent mechanism, this data suggests that 

Ang II-stimulated ROS via mitochondria may accelerate the onset of premature 

senescence in hVSMC. Recently Doughan et al (2008) have suggested a similar 

mechanism for Ang II-stimulated EC. Although NADPH oxidase is upstream of 

mitochondrial ROS release, the latter further leads to enhanced NADPH oxidase 

activity via Rac (Doughan et al., 2008). The data presented within this thesis show for 

the first time that mitochondrial ROS are necessary for Ang II-induced SIPS.   

 

Evidence is beginning to emerge bridging the link between mitochondria and cellular 

senescence. However, the effects related to premature senescence are yet to be 

thoroughly investigated. For example, proteasomes potentially play a fundamental role 

in modulating mitochondrial function during senescence induction (Torres and Perez, 

2008); mitochondrial impairment gives rise to ROS generation and DNA damage 
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thereby accelerating senescence (Ksiazek et al., 2008); and partial uncoupling of the 

mtRC has been associated with the onset of premature senescence (Stöckl et al., 2007).  

 

Short Ang II exposures caused rapid increases in mitochondrial O2·
­ generation, ATP 

levels, mtDNA content and the transcription of mitochondrial biogenesis genes (figure 

7.1). These eventually resumed to basal levels over time. These changes demonstrated 

alterations in mitochondrial components and function but did not confirm the 

involvement of mitochondria in Ang II-induced senescence. Further experimentation is 

required to establish whether this link is justified. Furthermore, the reduction in intact 

mtDNA content with continuous Ang II treatment implied the presence of more 

damaged mtDNA with continuous Ang II exposure.  
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Figure 7.1 Proposed mechanisms of Ang II-mediated SIPS. Ang II binding to AT1R 

stimulates intracellular responses by activating signalling cascades. Increased NADPH 

oxidase activation causes enhanced ROS generation. Oxidative damage to nDNA and/or 

shortening of telomeric DNA triggers the onset of senescence. Modulation of CDKI in 

response to oxidative stress can result in halting cell cycle progression and cause cells to 

undergo transient growth arrest. Enhanced NADPH oxidase may further activate other 

cellular sources of ROS, i.e. mitochondria. Short Ang II exposure increased 

mitochondrial O2·
­ production, upregulated mtRC activity, increased mtDNA content 

and the transcription of regulatory genes that coordinate and signal mitochondrial 

biogenesis. These rapid adaptations in mitochondria are further hypothesised to be 

involved in the induction of premature senescence. 
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Alterations in the gene expression of mitochondrial biogenesis regulators following Ang 

II exposure demonstrated changes similar to that determined in mtDNA content, 

indicating an effect on mitochondrial biogenesis. Whether or not these changes in 

mitochondrial biogenesis have an impact on the induction of senescence, is not clear. 

 

7.1.4 Ang II and accelerated vascular ageing 

Do these observations and mechanisms have any clinical relevance in man? The 

changes in morphology, gene expression and function of senescent cells are consistent 

with changes observed in many age-related vascular diseases, signifying a critical role 

in disease development. Ageing is a major risk factor in CVD, and is associated with 

changes in arterial structure and function. Observations in the arterial wall of healthy 

humans (≥65 years old) have shown increased arterial wall thickness, lumenal diameter, 

wall stiffness due to the deposition of collagen, EC dysfunction, and increased pulse 

wave velocity (reviewed by Najjar et al., 2005). These changes are also present in CVD 

and are considered a result of accelerated arterial ageing. Consistent with these 

alterations, patients with hypertension or atherosclerosis have increased wall thickness, 

arterial stiffness, central pressure augmentation, and EC dysfunction (Najjar et al., 

2005), indicating these effects are associated with the manifestation of CVD. 

Studies using rodent models have shown the prolonged inhibition of the RAS to prevent 

many age-related vascular changes (Basso et al., 2007) and those associated with 

mitochondrial dysfunction (de Cavanagh et al., 2003; 2008b) and result in extended 

lifespan. This indicated that Ang II responses contribute to age-associated changes 

within animals.  

SA-β-gal positive cells have been observed in rabbit carotid arteries subjected to 

vascular injury, which was strikingly enhanced upon repeated denudation (Fenton et al., 

2001). This implies that extensive damage to the vascular wall may trigger premature 

senescence. Many senescent characteristics have been identified in advanced 

atherosclerotic plaques; SA-β-gal positive VSMC in the intimal region were identified 

and exhibited increased p16 and p53 protein expression (Minamino et al., 2003; 

Matthews et al., 2006). Senescent EC showed decreased eNOS activity and increased 

generation of proinflammatory molecules suggesting impairment of               

endothelial-dependent vasodilation and enhanced recruitment of inflammatory cells to 

the site of atherogenesis (Minamino et al., 2003).  
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Telomere attrition is strongly correlated with the induction of replicative senescence in 

vascular cells. Aged vessels displayed a greater loss in telomere length as a result of 

continuous exposure to hemodynamic stress (Chang and Harley, 1995). Evidence of 

telomere shortening has been determined in many clinical studies with respect to      

age-related CVD (Samani et al., 2001; Benetos et al., 2004; Demissie et al., 2006). 

Many of these pathologies are associated with Ang II, thereby indicating a correlation 

between senescence, ageing and disease development. 

Ang II initiates many cell signalling mechanisms, and is highly expressed in thickened 

intimal regions of arteries (Wang et al., 2003), and is implicated in hypertension. Many 

of the stimulatory responses invoked by Ang II may contribute to its age-associated 

effects, as Ang II signalling causes an increase in collagen, upregulates NAD(P)H 

oxidase activity and increases VSMC migration (Najjar et al., 2005). Exogenous Ang II 

has also been shown to induce premature cell senescence in vitro and in vivo (Imanishi 

et al., 2005a; Kunieda et al., 2006; this thesis). These observations suggest that Ang II 

signalling plays an important role in arterial ageing and CVD development.   

As mitochondria are regarded as the main source of cellular ROS, at least in           

“non-professional” phagocytes, this may explain why they have been implicated in the 

free radical theory of ageing. Diseases such as atherosclerosis may involve enhanced 

ROS signalling. This has been demonstrated to cause mitochondrial dysfunction and 

damage to mtDNA in vascular cells in vitro (Ballinger et al., 2000). Alterations in other 

mitochondrial components and function have been determined in aged vessels and in 

the development of CVD (Xu et al., 2007; Preston et al., 2008). More recently, the 

impairment of mitochondrial biogenesis has been associated with a decline in 

mitochondrial mass, mtRC components and increased mitochondrial ROS in EC of 

healthy aged vessels (Ungvari et al., 2008). However, the effect of Ang II on 

mitochondria with respect to vascular cell ageing had not been investigated until this 

thesis.  
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7.2 Future Work 

 

Future work that could complement the studies in this thesis are: 

 

7.2.1 Ang II induced ROS mediated via NAD(P)H oxidase and mitochondria 

A continuation of the work on Ang II stimulated ROS production via NAD(P)H oxidase 

and via mitochondrial activation could be conducted by eliminating whole subunits and 

components of these sources of cellular ROS, using small interference RNA (siRNA) 

techniques (Cucoranu et al., 2005; Kuroda et al., 2005). This would identify which 

components are enhanced and/or involved in Ang II-induced ROS signalling via this 

mechanism in hVSMC.  

 

The lack of specificity and the toxicity of fluorescent ROS reporting probes have led to 

difficulty in accurately measuring mitochondrial ROS. The need for reliable markers of 

mitochondrial-derived ROS and the use of specific mitochondrial ROS scavengers in 

intact cells would enable a more concise measure of the ROS generated via this 

organelle in response to Ang II.   

 

7.2.2 Modulation of mitochondrial biogenesis in vascular ageing 

Rapid changes in the mRNA transcript levels of the master gene regulators of 

mitochondrial biogenesis were suggested following short Ang II exposures, by real-time 

qPCR. However, it would be interesting to see what effects short successive and 

prolonged Ang II exposures had on the levels of these gene transcripts in hVSMC, with 

continuous cultivation and upon approaching senescence. Additionally, protein 

expression levels would further confirm any changes in gene transcripts.  

 

Inhibition with specific siRNA that would prevent the transcription of mitochondrial 

biogenesis genes could be utilized to determine those genes that are directly initiated 

upon Ang II stimulation. 

 

At present, it is only speculated that the mitochondrial biogenesis mechanism 

deteriorates or is dysfunctional with increasing age, which may be due to damaged or 

reduced mitochondrial components determined in aged tissue (Preston et al., 2008).  
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Alterations in the various signalling responses involved in this mechanism have been 

detected in aged animals, displaying a decline in biogenesis (Navarro and Boveris, 

2007). In humans, many age-related cardiovascular risk factors such as insulin 

resistance, obesity and type II diabetes have revealed reduced numbers of mitochondria, 

indicating a decline in mitochondrial biogenesis. However, this mechanism has not been 

fully investigated in the vasculature of healthy aged individuals. The levels of these 

master regulatory genes would need to be determined in different tissues of the body in 

order to assess whether ageing in general affects this process or whether there are 

changes associated with particular tissues. 

 

7.2.3 New biomarkers for vascular cell senescence 

The identification of biomarkers specific for senescent vascular cells would allow for 

the detection of early senescence in humans presenting with cardiovascular risk factors 

such as hypertension, hypercholesterolemia, insulin resistance and obesity. As all of 

these can contribute to the manifestation of adverse CVD the detection of senescence 

could help in early diagnosis and prevention. 

 

At present, the rapid expression of specific proteins in certain cell types has been 

associated with the state of SIPS. The development of an exclusive marker or more 

likely a panel of biomarkers for measuring SIPS in vivo, would aid investigations into 

accelerated ageing and disease, both in terms of investigating pathology and the effects 

of therapeutic regimes.  
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APPENDIX I Inhibition of Ang II induced DNA damage by E3174 
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Figure 4.3C, Ang II induces DNA damage in hVSMC via the AT1R. DNA damage was 

measured using the Comet assay in cells treated with Ang II (10
-6 

mol/L) ± E3174     

(10
-5 

mol/L) for 20 hours. Bars represent mean+SEM. (**p<0.01 and ***p<0.001 

compared with control; 
†††

p<0.001 compared with Ang II alone; n=3). This work was 

carried out by Dr. R. A Hastings, Department of Cardiovascular Sciences, University of 

Leicester. (Relative DNA damage refers to the fold change in Olive Tail moment 

measurements). 
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APPENDIX II Raw data and calculations for relative quantification of mitochondrial biogenesis gene expressions 

Changes in PGC1α and mtTFA gene transcripts following Ang II exposure using the „Pfaffl‟ formula (Pfaffl, 2001): 

 

Relative change in  = Efficiency 
TARGET(untreated-treated)

 

gene expression          Efficiency 
CONTROL (untreated-treated)

 

 

1. Untreated= HPRT1, 29.35; PGC1α, 28.60 

Ang II 

(hours) 

HPRT1 

expression 

HPRT1 

(control-Ang II) 

Efficiency
(HPRT1)

 PGC1α 

expression 

PGC1α 

(control-Ang II) 

Efficiency
(PGC1α)

 Relative change in 

PGC1α 

0.25 29.38 -0.03 0.98 25.45  3.15 5.52 5.63 

0.5 29.76 -0.41 0.79 28.48  0.12 1.07 1.35 

1 29.56 -0.21 0.89 28.19  0.41 1.25 1.40 

4 28.96  0.39 1.25 28.90 -0.30 0.85 0.68 

24 28.98  0.37 1.24 29.93 -1.33 0.49 0.40 

2. Untreated= HPRT1, 29.45; PGC1α, 28.91 

0.25 29.62 -0.17 0.91 28.70  0.21 1.12 1.23 

0.5 28.77  0.68 1.48 28.63  0.28 1.16 0.78 

1 29.16  0.29 1.18 28.19  0.72 1.48 1.25 

4 28.95  0.50 1.33 28.36  0.55 1.35 1.39 

24 28.66  0.79 1.58 28.88  0.03 1.02 0.65 

3. Untreated= HPRT1, 29.86, PGC1α, 28.85 

0.25 29.43  0.43 1.28 29.11 -0.26 0.87 0.65 

0.5 29.31  0.55 1.37 28.47  0.38 1.23 0.90 

1 30.16 -0.30 0.84 27.89  0.96 1.68 2.00 

4 29.10  0.46 1.55 29.16 -0.31 0.85 0.55 

24 28.80  1.06 1.84 27.30  1.55 2.32 1.26 

PCR efficiency for HPRT1 = 78% (1.78) and PGC1α = 72% (1.72).  

1. Untreated= HPRT1,29.35; mtTFA,27.68 
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Ang II 

(hours) 

HPRT1 

expression 

HPRT1 

(control-Ang II) 

Efficiency
(HPRT1)

 mtTFA 

expression 

mtTFA 

(control-Ang II) 

Efficiency
(mtTFA)

 Relative change in 

mtTFA 

0.25 29.38 -0.03 0.98 27.73 -0.05 0.97 0.99 

0.5 29.76 -0.41 0.79 27.70 -0.02 0.99 1.25 

1 29.56 -0.21 0.89 27.05  0.63 1.47 1.65 

4 28.96  0.39 1.25 26.90  0.78 1.62 1.30 

24 28.98  0.37 1.24 26.99  0.69 1.53 1.23 

2. Untreated= HPRT1,29.45; mtTFA,28.32  

0.25 29.62 -0.17 0.91 27.35  0.97 1.82 2.00 

0.5 28.77  0.68 1.48 27.60  0.72 1.56 1.05 

1 29.16  0.29 1.18 27.18  1.14 2.02 1.71 

4 28.95  0.50 1.33 26.88  1.44 2.43 1.83 

24 28.66  0.79 1.58 26.83  1.49 2.50 1.58 

3. Untreated= HPRT1,29.86; mtTFA,27.95 

0.25 29.43  0.43 1.28 27.79  0.16 1.10 0.86 

0.5 29.31  0.55 1.37 27.54  0.41 1.29 0.94 

1 30.16 -0.30 0.84 27.85  0.10 1.06 1.26 

4 29.10  0.46 1.55 27.05  0.90 1.74 1.12 

24 28.80  1.06 1.84 26.85  1.10 1.97 1.07 

PCR efficiency for mtTFA = 85% (1.85) 

The amplification efficiency for each PCR reaction was calculated from the slope of the regression line in the standard curve by the StepOne
TM 

software. 
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APPENDIX III  

 

PCR product sequencing data of mitochondrial biogenesis genes and the endogenous 

control gene 

 

A, Comparison of complementary and non-complementary base sequences of the 

human PGC1α gene 

 

PGC1α sequence exported from chromatogram file 

NNNNNNNNNNNNNNNNNNGACCCCAAGGGTTCCCCATTTGAGAACAAGAC

TATTGAACGCACCTTAAGTGTGAGNCNAGACTANNNNNNGCACCTTNNGTN

TNNATAAATGTGCCATATCTTCCAGTGACCCCAAGGGTTCCCCATTTGAGAA

CAAGACTATTGAACGCACCTTAAGTGTG 

 

 

PGC1α sense sequence 

CCAAACCAACAACTTTATCTCTTCCTCTGACCCCAGAGTCACCAAATGAC

CCCAAGGGTTCCCCATTTGAGAACAAGACTATTGAACGCACCTTAAGTGT

G 

 

 

Matched 54/54 nucleotide bases 

100% homology 
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B, Comparison of complementary and non-complementary base sequences of the 

human mtTFA gene 

 

mtTFA sequence exported from chromatogram file 

NNNNNNNNNNNNNCGTTGGAGGGACTTCCTGATTCAAGAAAAAAATATATC

AAGATGCTTATAGGGCGGAAANNNNCCNNNTTTNNNNGGNNNTCNNNNNN

TGGNNNNNNNNNNNGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNANNNGNNNNNNCCCNCTNCNCTTANNNN 

 

 

mtTFA sense sequence 

CCCAGATGCAAAAACTACAGAACTAATTAGAAGAATTGCCCAGCGTTGGA

GGGAACTTCCTGATTCAAAGAAAAAAATATATCAAGATGCTTATAGGGCG

GA 

 

Matched 57/59 nucleotide bases 

97% homology 

 

C, Comparison of complementary and non-complementary base sequences of the 

HPRT1 housekeeper gene 

 

HPRT1 sequence exported from chromatogram file 

NNNNNNNCNANNNGGTCANGTCNNNNCTTGCTGGTGAAAGGACCCCACGA

AGTGTTGGATATAANCCNNACA 

 

 

HPRT1 sense sequence 

GCAGACTTTGCTTTCCTTGGTCAGGCAGTATAATCCAAAGATGGTCAAGG

TCGCAAGCTTGCTGGTGAAAAGGACCCCACGAAGTGTTGGATATAAGCCA

GAC 

 

 

Matched 50/61 nucleotide bases 

82% homology 
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APPENDIX IV Communications arising from this thesis 

 

Abstracts  

Herbert, K. E., Mistry, Y and Williams, B. (2008). Mitochondria and premature 

senescence of vascular smooth muscle cells. Free Radic Biol Med. 45 (Suppl 1) S145 

 

Mistry, Y., Poolman, T., Hastings, R., Niklason, L., Williams, B and Herbert, K. E. 

(2007). Reactive oxygen species generation in human vascular smooth muscle cells: a 

trigger for stress-induced premature senescence. Free Radic Biol Med. 43 (Suppl.1), 

S97 

 

Herbert, K. E., Mistry, Y., Hastings, R., Poolman, T., Williams, B. (2006). Reactive 

oxygen species as mediators of human vascular smooth muscle cell senescence induced 

by Angiotensin II. Free Radic Res 40: (Suppl.1), S84  

 

Herbert, K. E., Mistry, Y., Stanley, A.G., Hastings, R.A., Williams, B. (2005). 

Angiotensin II induces human vascular smooth muscle cell senescence via reactive 

oxygen species generation. Free Radic Biol Med 39 (Suppl.1), S512 

 

Paper 

Herbert, K. E., Mistry, Y., Hastings, R., Poolman, T., Niklason, L and Williams, B 

(2008). Angiotensin II-mediated oxidative DNA damage accelerates cellular senescence 

in cultured human vascular smooth muscle cells via telomere-dependent and 

independent pathways. Circ Res 102, 201-8 

 

Paper in preparation 

Mistry, Y., Williams, B and Herbert K. E. (in preparation). Modulation of mitochondria 

in response to Angiotensin II-induced stress-induced premature senescence in human 

vascular smooth muscle cells. 
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