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Modulation of signal transduction pathways relevant to 
atherosclerosis by dietary chemopreventive agents

Abstract

Atherosclerosis, an inflammatory, proliferative disorder, is one of the leading 

causes of death and morbidity in the Western world. Epidemiological and experimental 

evidence show that consumption of certain dietary constituents lead to a decrease in the 

incidence of the disease.

The dietary constituents curcumin, resveratrol, epigallocatechin-3-gallate (EGCG), 

but not indole-3-carbinol (DC) inhibited the activation of NF-kB in B lymphoblasts and 

HUVEC. EGCG inhibited NF-kB activation in human umbilical vein endothelial cells 

(HUVECs) by blocking the activity of BCKa, thus preventing subsequent phosphorylation 

and degradation of IkBcx. In B lymphoblasts inhibition of NF-kB activation by EGCG, 

appeared to be independent of an effect on IicBa. EGCG also prevented the formation of 

inducible extracellular and intracellular ROS in B lymphoblasts.

EGCG inhibited the growth of B lymphoblasts and HUVEC, which was mediated 

through a cell cycle arrest and induction of apoptosis. Further analysis of this growth 

inhibitory effect, identified a number of important cell growth regulators that were a target 

of EGCG. In HUVEC, EGCG growth inhibition appeared to involve p53, CDK1, cyclin 

D l, and HMOX-1, but was independent of Pinl and XIAP. In B lymphoblasts, EGCG 

growth inhibition appeared to be independent of any significant affect on p53, CDK1, 

cyclin D l, Pinl and XIAP, but may involve the loss of NF-kB activity or increases in 

HMOX-1 protein.

Treatment with EGCG produced changes in the expression of a number of disease 

relevant genes including HMOX-1, as detected by microarray analysis. This increase in 

HMOX-1 mRNA corresponded to an increase in HMOX-1 protein. In B lymphoblasts, 

further analysis revealed that the increase in HMOX-1 was dependent on the PI3K and p38 

pathways.

The data obtained characterise some of the chemopreventive properties of 

curcumin, resveratrol, I3C and particularly EGCG, facilitating the design of preventive 

dietary intervention studies in healthy volunteers or groups of at risk patients.
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Chapter ONE

1.1 Synopsis

Cardiovascular disease remains one of the major killers in modem society, with up 

to 12 million deaths annually. In order to develop a viable and effective treatment strategy, 

the complex pathogenesis of the disease must first be understood. This thesis will describe 

one of the major types of cardiovascular disease termed atherosclerosis, and what is 

currently known about the disease process. Furthermore it will highlight a potential method 

of combating this disease through dietary intervention/prevention.

In this thesis introduction, a prelude to the pathogenesis behind the disease will be 

given, as well as introducing the concept of chemoprevention, the agents under 

investigation, and finally ascribing the relevance of studying the NF-kB signalling pathway 

and downstream consequences to atherosclerosis.

There were a number of aims initially defined at the inception of this investigation, 

which are resolved in ensuing chapters. One intention was to examine whether there were 

differences in pathways relevant to atherosclerosis, such as NF-kB, between two types of 

lymphoblastoid cells, one consisting of cells derived from subjects with hypertension (a 

predisposing condition to developing atherosclerosis) and one consisting of cells from 

normal or normotensive subjects. A further objective was to appraise whether a panel of 

these lymphoblastoid cell lines, would reflect any changes in the endothelial cell model 

HUVEC (human umbilical vein endothelial cell), thus making them suitable surrogate cells 

for the less readily available endothelial cells that line the arterial lumen.

1.2 Cardiovascular disease

Cardiovascular disease (CVD) is the main cause of death and morbidity in the 

developed world, with 1.5 million deaths per annum in the European Union alone. To 

emphasise the scale of the problem, the number of people who die of CVD is almost as 

great as the combined number from the next seven leading causes of death. One in eight 

male deaths before the age of 65 is the result of CVD, such as heart failure or stroke. The 

social and economic problems brought about by CVD are immense. The greatest single 

cause of adult disability and economic burden to the UK alone, consuming over 10 billion 

pounds sterling per annum, is the cardiovascular complication leading to strokes (British 

Heart Foundation, UK).
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It was once believed that CVD and its underlying cause, atherosclerosis, were the 

inevitable consequences of aging alone. More recently the disease has been recognised as a 

problem in affluent societies. There is now an emerging global problem of obesity and type 

II diabetes, risk factors, which will culminate inevitably in an increased global burden of 

heart disease. Therefore, CVD such as atherosclerosis is now deemed to be a preventable 

disease.

1.2.1 Atherosclerosis

Atherosclerosis is a progressive multifactorial disease with numerous predisposing 

conditions, including smoking, diabetes, hyperlipidemia, hypertension, mechanical stress 

and inflammation. Typically the disease affects the large and medium sized muscular 

arteries, such as the coronary, carotid, and arteries of the lower extremities, as well as the 

elastic arteries such as the aorta and iliac vessels (As reviewed in Collins 1993). Current 

understanding of the mechanisms behind atherosclerosis suggest a complex interplay of 

inflammatory/immune and fibroproliferative mediators that act on a number of different 

cell types.

Several theories have been proposed which attempt to define the mechanisms 

behind atherogenesis, the processes which lead to atherosclerosis. The lipid hypothesis 

suggests that changes induced during the disease process are reactive responses to lipid 

infiltration. The influence of lipids on cardiovascular disease is clearly evidenced in 

patients with genetic hyperlipidemias, in which homozygous individuals rarely live beyond 

26 years. The administration of anti-lipid therapies such as statins is one of the few 

strategies that have induced regression of atherosclerosis in randomised clinical trials 

(Brown et al. 1990). However nearly 20 % of those adequately treated patients had adverse 

cardiovascular events, emphasising the importance of nonlipid risk factors (Randomised 

trial of cholesterol lowering in 4444 patients with coronary vascular disease, The 

Scandinavian simvastatin survival study (4s) Pedersen, 1994). Other theories of 

atherogenesis include the thrombogenic hypothesis (abnormal blood elements acting as a 

nidus for fibrin deposition), the mesenchymal hypothesis (proliferation of smooth muscle 

cells and collagen deposition), and the monoclonal hypothesis (lesion development from a 

few mutated smooth muscle cells) (Smith et al. 1996; Kerenyi et al. 1985; Murry et al. 

1997). It is likely that atherogenesis is a combination of a number of these propositions. In 

fact, Ross (1993; 1995) proposed a unifying hypothesis suggesting atherogenesis was

- 3 -
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dependent on cellular interactions in the arterial vessel wall following endothelial injury 

(figure 1.1). This injury, which is one of the earliest events to occur during plaque 

formation, can be caused by direct physical trauma, oxidised lipoproteins, bacteria, viruses, 

mechanical stress, or oxidative stress induced by reactive oxygen intermediates. 

Endothelial dysfunction results in anomalous signalling mechanisms culminating in the 

release of various chemotactic factors (such as monocytic chemotactic protein 1, MCP-1) 

and the up-regulation of adhesion molecules (for example vascular cell adhesion molecule- 

1, VCAM-1 and endothelial leucocyte adhesion molecule-1, ELAM-1). These chemotactic 

factors, as well as oxidised lipoproteins, act on circulating monocytes, platelets, and T 

lymphocytes, which bind to the newly expressed adhesion molecules present on the surface 

of the endothelial cells lining the artery. The cells transmigrate through into the 

subendothelial space, where in the presence of oxidised lipoproteins and various 

chemokines, they release potent growth-regulatory molecules that can act in an autocrine 

and paracrine manner. The monocytes proliferate and differentiate into macrophages. 

These macrophages take up oxidised lipoproteins to form foam cells. In humans, such fatty 

streak lesions can usually be found in the aorta in the first decade of life, the coronary 

arteries in the second decade, and the cerebral arteries in the third and fourth decades. As 

well as monocytic proliferation vascular smooth muscle cells (VSMCs) begin to proliferate 

and migrate across the internal elastic lamina into the intimal layer. Further chemotactic 

factors are released by the numerous cells types, which act to enhance cellular infiltration 

and further proliferation of endothelial, smooth muscle and macrophage cells. Stimulated 

VSMCs allow for the deposition of extracellular matrix, thus converting the initial lesion to 

a fibrous plaque. As the disease progresses foam cells undergo apoptosis thus contributing 

to the lipid filled core of the plaque. The plaque continues to develop into the arterial 

lumen until sufficiently large enough to block blood flow. However, the most important 

clinical complication is an acute occlusion due to the formation of a thrombus or blood 

clot, resulting in myocardial infarction or stroke. Usually the thrombosis is associated with 

rupture or erosion of the lesion.
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1.2.2 Atherosclerotic risk factors and therapies

Therapeutic strategies for cardiovascular disease can try to mitigate the influence of 

injury or intervene with the vessel’s response to that injury. Attempts to limit or eliminate 

injury will affect atherogenesis, as demonstrated by primary and secondary prevention 

trials regarding the effects of smoking cessation, control of hypertension, and lipid 

modification on cardiovascular death rates. In order to reduce injury, it is important to 

consider the types of risks factors associated with atherosclerosis. Table 1.1 lists the major 

genetic and environmental risk factors for the disease. Obviously little can be done to 

combat the effects of some of the genetic factors such as gender and age. However, many 

of the other risk factors can be considered in an attempt to reduce atherogenesis. As 

mentioned before damage to the endothelium can be caused by oxidative stress induced by 

reactive oxygen species (ROS). As well as contributing to the initial site of injury, ROS 

including hydrogen peroxide and superoxide act to oxidise LDL, which further enhances 

disease progression. Epidemiological studies have shown an inverse relationship between 

the frequency of coronary artery disease and the dietary intake of fresh fruits and 

vegetables (Verlangieri et al. 1985; Acheson and Williams 1983) and antioxidant vitamins 

(Stampfer et a l 1993; Rimm et a l 1993). A large number of cross-cultural studies 

(comparing rates of coronary disease in areas with different levels of antioxidant vitamin 

intake) have reported significantly reduced cardiovascular disease incidence and/or 

mortality in populations with high levels of plasma vitamin E and C (Gey et al. 1987a, 

1987b, 1989).

Some case control studies have found that by increasing plasma levels of vitamin E, 

C, and P-carotene there is a reduction in the risk of angina (Riemersma et al. 1991). 

Prospective cohort studies have correlated high self-reported intakes of antioxidants with 

low rates of CVD. For example, the 40,000 population male health professional study 

found that 100 IU per day supplemental vitamin E reduced rates of CVD, that 60 IU per 

day conferred significant benefit relative to 7.5 IU day, and that P-carotene was protective 

in current and past smokers (Rimm et al 1993). Conversely, in one study involving 9000 

high-risk patients vitamin E had no beneficial effect on cardiovascular outcomes (Yusuf et 

al 2000).
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Factors with a strong genetic component

Increasing age Association made between development of CVD 

and increasing age

Male gender Men develop CVD at more than twice the rate of 

women

Heredity (family history o f the disease) Taking into account other known factors, family 

history remains a very significant risk factor

Systemic inflammation Elevated levels of inflammatory molecules such 

as C-reactive protein are associated with CVD, 

as are inflammatory diseases such as rheumatoid 

arthritis

Hypertension (high blood pressure) Associations observed with epidemiological 

studies.

High blood levels o f cholesterol, especially 

LDL cholesterol

Associations demonstrated in epidemiological 

studies and supported by studies of genetic 

disorders and animal models

Other undesirable blood lipid levels, including 

low levels o f HDL cholesterol and high levels 

o f triglycerides

Associations demonstrated in epidemiological 

studies and supported by studies of genetic 

disorders and animal models

Diabetes and obesity Associations observed in epidemiological 

studies and in animal models

Depression and behavioural traits Associations observed in several population 

studies

Environmental factors

Physical inactivity Significant independent associations with CVD

Cigarette smoking Strong associations observed in epidemiological 

studies

High fat diet Population migration and epidemiological 

studies indicate strong association with lifestyle 

especially diet

Infectious agents Epidemiological studies provide suggestive 

evidence for an association with various 

infectious agents, such as Chlamydia 

pneumoniae

Table 1.1 -  Major genetic and environmental risk factors for atherosclerosis

It is likely that these conflicting findings are due to the fact that different doses of  

antioxidants were used. Also the treated patients suffered from advanced levels o f
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atheroslerosis and hence the therapy may not have been effectual, as the oxidative 

reactions tend to occur early on in atherosclerosis.

A number of randomised intervention studies have been performed on subjects 

having lesions or a past history of disease (secondary prevention trial). Williams et al. 

(1971), randomly assigned 33 patients with severe claudication due to atherosclerosis in 

the peripheral vessels to 9 months of vitamin E therapy or placebo. The improvement in 

symptom-free walking distance in vitamin E group was twice that of the placebo group, at 

the end of the treatment. This compares with the more recently reported Cambridge Heart 

Antioxidant Study (Stephens et al. (CHOAS), 1996). In this study a controlled trial in 

which 2002 heart disease patients with angiographically proven coronarography 

atherosclerosis, were given vitamin E or an inactive placebo. Among the subjects who 

received vitamin E, approximately half received a dose of 800 IU/day, whereas those who 

enrolled at a later date received 400 IU/day. Vitamin E treatment significantly reduced the 

combined risk of cardiovascular death and nonfatal myocardial infarction.

Another factor that can be considered when attempting to reduce ‘injury’ is the 

plasma level of lipids such as LDL. LDL cholesterol plays a particularly fundamental role 

because it is directly involved in the early damaging stages of atherosclerosis. In the 

Helsinki heart study (HHS), treatment with the fibrate gemfibrozil produced a 34 % 

reduction in incident coronary events with a 35 % reduction in plasma triglyceride levels, a 

9 % increase in HDL cholesterol levels and an 11 % reduction in plasma LDL cholesterol 

concentration (Frick et al. 1987). In addition to using a fibrate, is a study using a statin 

known as pravastatin (Sacks et al. 1996). Results from the CARE study provided evidence 

of a pronounced benefit of treatment with pravastatin. This statin brought about an 18 % 

reduction in plasma total cholesterol, which was associated with a 24 % relative risk 

reduction in cardiovascular events.

Dietary modifications can have profound effects on total serum cholesterol levels 

without the requirement of cholesterol lowering drugs. One such example is the Oslo trial 

(Hjermann et al. 1981), where the effect of dietary modification and also the risk factor of 

smoking were examined in 1232 healthy men aged 40-49 years. These men had high serum 

cholesterol levels (7.5 to 9.8 mmol/L), were mostly smokers (80 %), had systolic blood 

pressures above 150 mm/Hg and were at very high risk for cardiovascular disease. They 

were randomised into 2 groups, where one intervention group received dietary and 

antismoking advice, and the control group did not receive any advice. The advised diet was 

low in saturated fat and high in fibre (fresh fruits and vegetables). Saturated fat was
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decreased from 18 % to 8 % of total energy intake, and saturated fat was partly replaced by 

n-6 polyunsaturated fatty acids. This resulted in a 13 % difference in serum cholesterol 

between experimental and control groups. Besides the difference in diet, 25 % of smokers 

in the experimental group had stopped smoking, with only 17 % in the control group. 

These differences in diet and smoking were associated with a 47 % difference in the total 

of fatal and nonfatal myocardial infarction and sudden death between the two groups, thus 

emphasising the importance of changes in diet and smoking.

The risk factor of hypertension offers potentially another point open to therapy, to 

prevent the initial stages of endothelial injury. The disease of hypertension can take many 

forms (such as essential hypertension), and is caused by a number of different factors. In 

many subjects, a hypertensive state is brought about by salt sensitivity. For this form of 

hypertension the causative mutations all lead to increased reabsorption of sodium in the 

renal tubules. However, in most individuals diagnosed with high blood pressure, the basis 

behind their abnormal blood pressure remains unknown. This is because it is an interplay 

of genetic and environmental factors, ultimately resulting in sufficient abnormalities in 

gene expression to yield the pathological elevations of blood pressure. Whatever the cause, 

an elevation in blood pressure is associated with damage to endothelial cells lining the 

arterial lumen resulting in cytoskeletal rearrangement and altered morphology, but also 

changes in endothelial gene expression (as reviewed in Cines et al. 1998). This is 

evidenced by the prevalence of atherosclerosis at coronary branch points of vessels (points 

most exposed to changes in blood pressure and thus shear stress). In subjects with essential 

hypertension, numerous studies have shown a reduction in arterial stiffness thus blood 

pressure, associated with various pharmacologic classes of anti-hypertensive agents 

including /2-blockers, diuretics, angiotensin converting enzyme inhibitors and calcium 

antagonists. In addition to these agents, similar decreases in blood pressure can be obtained 

ostensibly by altering dietary intake of certain foods. For example, the dietary approaches 

to stop hypertension (DASH) trial, resulted in a significant decrease in diastolic blood 

pressure by increasing consumption of fruits, vegetables and dairy products with low 

saturated fat content. Such a diet is low in saturated fat and high in potassium, calcium, and 

magnesium. The trial provided the first evidence that potassium, calcium and magnesium 

in addition to sodium, are important dietary determinants of blood pressure (Sacks et al. 

1999; Kesteloot et al. 1984). The more recently published results of the second DASH 

trial, in which sodium intake was lowered and intake of potassium, calcium and 

magnesium was increased, showed that the combined effect of sodium reduction and the
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DASH diet was greater than their single effects (Sacks et al. 2001). These results highlight 

the importance of diet towards the therapy of disease, thus a healthy diet should be an 

integral part in the treatment of hypertension.

In addition to therapies that attempt to prevent or limit damage to the endothelium, 

other strategies aimed at ameliorating the normal response of the endothelium in response 

to injury have been considered. Many of these therapies work to reverse endothelial 

dysfunction by restoring normal physiological gene expression. Therefore a possible target 

would be the transcription factor NF-kB. For example, suppression of NF-kB by dietary 

derived polyphenols could prevent the expression of genes germane to atherosclerosis (for 

an in-depth discussion see section 1.8.3). Chemopreventive agents such as EGCG, can 

work on both aspects of therapy; that is they mitigate the influence of injury and/or 

intervene in the vessel’s pathological response to that injury (see below).

1.3 Synopsis of Chemoprevention

Chemoprevention can be defined as the reversion, suppression or prevention of 

disease by use of chemicals, notably natural chemicals of dietary origin. Because chronic 

diseases such as cardiovascular disease and cancer are the leading causes of death in 

modem society, anything that can substantially reduce the risk of these diseases can be of 

great benefit to public health. Ideally, a chemopreventive agent should encompass the 

following inherent qualities to make it suitable for human consumption; (1) high efficacy 

against multiple targets, (2) high bioavailability, (3) minimised or no adverse side effects, 

(4) inexpensive, (5) easy administrative routes such as oral consumption and (6) human 

acquiescence.

Rather than altering habitual dietary intake to prevent potential future chronic 

illness, the general public normally endure drug treatments or submit to surgical 

procedures that are commonly arduous and painful. However, it is recognised that 

prevention or chemoprevention of disease as opposed to remediation is the optimum 

approach to curative medicine.

The occurrence of many diseases, such as cardiovascular disease and cancer, varies 

widely throughout the world, and is often influenced by lifestyle and environmental 

factors. For many years, it has been acknowledged that the consumption of a balanced diet 

rich in fruits and vegetables can prevent or control the onset of several pathological 

conditions such as cardiovascular disease and cancer. For instance epidemiological

-10 -



Chapter ONE

evidence has suggested an elevated risk of developing cardiovascular disease such as 

atherosclerosis, synonymous with a high intake of saturated fat. However diets that are low 

in saturated fat and cholesterol correlate with a reduced incidence of coronary events. In 

fact it is well accepted that an increased intake of vegetables and fresh fruits i.e. food 

sources high in vitamins and antioxidants, culminates in a decrease in the risk of 

developing heart disease. Thus chemoprevention offers an additional strategy to decrease 

cardiovascular pathologies.

It is envisaged that chemopreventive agents are to be consumed over prolonged 

periods of time. Any agent that is used on a long-term basis and is strong enough to reduce 

the risk of developing a chronic disease is also likely to have other effects in the body, 

some of which may be undesirable. Consequently, it is important to evaluate both the risks 

and benefits of the chemopreventive therapy for each individual subject. However in the 

majority of cases, especially using dietary agents, the benefits of chemoprevention far 

exceed the risks for subjects that are at high risk of disease (against which the 

chemopreventive agent protects).

Research in the subject of chemoprevention has identified a multitude of dietary 

constituents, which possess various protective properties. It is now apparent that these 

compounds, which comprise a diverse number of structures, can act though a range of 

similar or dissimilar mechanisms. For example, many agents act as reactive oxygen 

scavengers, mopping up excess reactive intermediates, and thereby increasing the overall 

antioxidant capacity of the target tissue. Other agents work through direct interaction with 

signal transduction intermediates, consequently impinging on the outcome of these signal 

pathways.

The chemopreventive agents under investigation were resveratrol, curcumin, DC 

an EGCG, selected on the basis of existing epidemiological and experimental evidence.

1.4 Resveratrol

Resveratrol (3, 5 ,4’-trihydroxystilbene) is part of the stilbene family of compounds 

occurring in a number of plant species and is particularly enriched in grape skins, berries 

and peanuts (Sanders et al. 2000). The stilbenes exist as low molecular weight phenolics, 

which function as anti-fungal phytoalexin compounds, enabling the plant to overcome 

pathogen attack. Resveratrol can exist as cis- and trans-isomeric forms. However, in this 

study only the effects of the trans-isomer (figure 1.2) were examined.
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HO
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Figure 1,2 - Chemical structure o f trans-resveratrol (3, 5, 4 ’-trihydroxystilbene)

Due to its high concentration in grape skins, significant amounts of resveratrol are 

present in wine. Epidemiological evidence indicates that consumption of red wine helps 

prevent cardiovascular disease (Rimm et al. 1991; St Leger et al. 1979). In fact data from 

the World Health Organisation indicate that consumption of wine (especially red wine) 

may reduce the risk of cardiovascular disease by 40 % (Renaud et al. 1992). The interest in 

compounds present in red wine was first stimulated by the “French paradox” theory. This 

theory comes from the observation that despite consumption of a high fat diet and smoking 

tendencies of the population of southern France, there was a surprisingly low incidence of 

coronary vascular disease (Renaud et al. 1992). This intriguing observation was attributed 

to the high consumption of red wine by the French subjects. Further work on this theory 

suggested that protection was partially due to the ethanol present in wine. Ethanol acts 

through a haemostatic mechanism and causes an increase in circulating HDL (as reviewed 

in Rimm et al. 1996). More recently however, numerous studies have provided evidence 

for the bioactivity of phenolic components present in wine including resveratrol (as 

reviewed in Soleas et al. 1997). Resveratrol was first considered as possessing biological 

activity in 1992 by Siemann et al. Since then its properties have been extensively 

investigated.

1.4.1 Resveratrol mechanisms of action

Until recently the proposed cardioprotective mechanisms of action have not been 

extensively investigated. Resveratrol has been associated with a reduction in general 

inflammatory mediators (Kimura et al. 1985; Subbaramaiah et al. 1998; Wadsworth et al. 

1999). More specifically, resveratrol inhibits cytokine production, including interferon
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(IFN)-y, and IL-2 in splenic lymphocytes and TNFa and IL-12 in peritoneal macrophages, 

possibly due to inhibition of NF-kB activity (Gao et al. 2001).

One of the more investigated properties of resveratrol is the ability to act as a 

potent antioxidant. Oxygen derived free radicals and/or oxidative stress play a significant 

role in various stages of atherosclerosis. More specifically, reactive oxygen intermediates 

cause the initial ‘injury’ to the endothelial cells, but also oxidise lipoproteins such as LDL 

present in the lumen and medial layers of the artery, which contributes to the early and 

progressive stages of the disease. Wine was found to increase the antioxidant capacity of 

serum in human subjects (Whitehead et al. 1995). In this study, serum antioxidant capacity 

was evaluated in nine subjects, who ingested red wine, or white wine (on separate 

occasions). One hour after consumption, red wine was found to increase the antioxidant 

capacity by 18 %, and white wine by 7 %. The increase was attributed to the polyphenolics 

present in the wine, including resveratrol. Resveratrol has also been found to inhibit 

oxidative modification of LDL in a number of systems (Zou et al. 1999; Frankel et al. 

1993; Belguendouz et al. 1997; Fremont et al. 1999). In one such study by Zou et al. 

(1999), human LDL was oxidised using Cu2+ or an azo compound AAPH (or 2, 2’- 

azobis.[2-amidinopropane] dihydrochloride, a free radical generator). Resveratrol was 

found to protect LDL against both Cu2+- induced and azo compound-initiated oxidative 

modification in vitro, which may have been attributable to its free radical scavenging 

capacity. In a similar study, trans-resveratrol was found to be more efficient than cis- 

resveratrol at protecting porcine LDL against peroxidative degradation by Fe2+ and AAPH. 

The protective effect was due to both chelating and free radical scavenging abilities of 

resveratrol. Further to the LDL modulatory role, is the evidence that resveratrol is able to 

increase the HDL to LDL cholesterol ratio (Gaziano et al. 1993), which is associated with 

a decreased risk of atherosclerosis. Interestingly, in one study resveratrol had no effect on 

lipoprotein profile and did not prevent peroxidation of serum lipids in ‘normal’ rats 

(Turrens et al. 1997). These contrasting findings may be due to the use of different 

concentrations and incubation conditions of resveratrol. Also the rat study was performed 

in vivo, and many of the reported effects are in vitro, except for the report by Whitehead et 

al. (1995) who examined the effect of red and white wine as a whole, and not just 

resveratrol.

Resveratrol also inhibits the peroxidation of membrane lipids. In rat liver 

microsomes, Blond et al. (1995) showed that in non-enzymatic or in NADPH-dependent
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peroxidation, the concentration required to produce 50 % inhibition was about three times 

lower with resveratrol than with quercitin (another polyphenol present in wine).

By inhibiting the deleterious effects of ROS, resveratrol may function to protect the 

cell from apoptosis. In fact a report by Sun et al. (1997) using ROS and heavy metal 

sensitive PC 12 cells, showed that upon addition of iron, resveratrol protected cells from 

peroxidative stress and hence ROS-induced apoptosis. This anti-apoptotic effect has been 

confirmed by Manna et al. (2000) who demonstrated resveratrol abrogated TNFa-induced 

cytotoxicity and caspase activation. Conversely, resveratrol was found to suppress 

lymphoblast cell transformation and induce apoptosis via a p53-dependent pathway 

(Huang et al. 1999). The apoptotic property of resveratrol was confirmed by Gao et al. 

(2001), who disclose that resveratrol inhibited cell growth and also induced apoptosis in 

leukaemic cells, which in part was due to suppression of NF-kB activity.

Modulation of cell growth and apoptosis may also be due to suppression of other 

signalling pathways germane to cellular proliferation and apoptosis, such as mitogen 

activated protein kinase (MAPK) family. In porcine coronary arteries, short-term treatment 

with resveratrol substantially inhibited phosphorylation and hence activation of the 

extracellular signal regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase 1 (JNK1) and 

p38, MAPK pathways (El-Mowafy et al. 1999). Manna et al. (2000) confirmed JNK 

inhibition and possibly ERK 1/2 inhibition (as confirmed by inhibition of MEK, an 

upstream regulatory kinase of ERK 1/2) in other cell types.

The favourable effects of resveratrol on the cardiovascular risk factors are not 

limited to its antioxidant action. As well as acting to mop-up or scavenge ROS, resveratrol 

modulates the expression of various genes important to atherosclerosis. Tissue factor is a 

cell surface receptor for clotting/coagulation factor VII(a) (Rapaport et al. 1995). 

Inappropriate in vivo expression of tissue factor in vascular cells has been shown to be 

responsible for thrombotic disorders such as atherosclerosis (Taubman et al. 1997; Wilcox 

et al. 1989). Tissue factor may also play a role in cell adhesion and migration (Ott et al.

1998), which are also important factors in atherosclerosis. Resveratrol in a concentration- 

dependent manner inhibited the expression of tissue factor in endothelial cells stimulated 

with a variety of agonists, including IL-ip, TNFa and lipopolysaccharide (LPS). Using 

nuclear run-on analysis this inhibition in expression was at the level of transcription. 

Interestingly, resveratrol did not significantly alter the binding abilities of a number of 

important transcription factors, namely c-Fos/c-Jun and c-Rel/p65, which are required for 

the induction of tissue factor promoter in endothelial cells (Mackman et al. 1997).
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However, a report by Manna et al. (2000) found that resveratrol blocked TNFa-induced 

phosphorylation, nuclear translocation of p65 and N F-kB reporter gene transcription, in 

myeloid, lymphoid, and epithelial cells. The suppression of N F-kB coincided with 

suppression of AP-1. This would suggest that the effects mediated by resveratrol are cell- 

specific. A more recent study by Pendurthi et a l (2002a, 2002c) found that resveratrol 

inhibited the expression of LPS-induced expression of tissue factor in human monocytes 

and a monocytic cell line, THP-1, in a concentration-dependent manner, by inhibiting NF- 

kB.

Other pro-atherogenic genes which are modulated by resveratrol include cell 

adhesion molecules. The adhesion of circulating monocytes to dysfunctional endothelium 

is one of the earliest steps in formation of the atherosclerotic lesion (Ross et al. 1993). Two 

reports demonstrate that resveratrol inhibited leukocyte adhesion by inducing a decrease in 

adhesion molecule expression in pathophysiologically challenged endothelial cells (Ferrero 

et al. 1998; Pendurthi et al. 2002b). One of the reports by Ferrero et al. (1998), found that 

resveratrol, at concentrations as low as 100 nmoles/L, significantly inhibited intracellular 

adhesion molecule 1 (ICAM-1) and VCAM-1 expression by TNFa- and LPS-stimulated 

endothelial cells, (thus demonstrating the efficacy of resveratrol). It is likely that inhibition 

of adhesion molecule expression is due to the suppression of NF-kB transcriptional 

activity, which has been shown in a number of independent reports (Collins et al. 1995; 

Manna et al. 2000; Tsai et al. 1999; Pendurthi et al. 2002b).

The effects of resveratrol on platelet aggregation and activity have been 

investigated. The initial step in thrombus formation in atherosclerosis is the adhesion of 

platelets onto vascular subendothelial connective tissue exposed upon endothelial injury. 

Platelet aggregation is linked to the synthesis of eicosanoids from arachidonic acid (AA). 

Resveratrol was found to reduce and/or inhibit platelet aggregation both in vitro (Wang ZR 

et al. 2002; Zbikowska et al. 1999; Pace-Asciak et al. 1995) and in vivo (Wang ZR et al. 

2002). This reduction in platelet aggregation is due to the inhibition of pro-atherogenic 

eicosanoid synthesis, such as thromboxane (Pace-Asciak et al. 1995; Kimura et al. 1985; 

Mikhailidis et al. 1983) and prostaglandin family members (Pace-Asciak et al. 1995; 

Kimura et al. 1985; Zbikowska et al. 1999), which may be due to cyclo-oxygenase 2 

(COX2) inhibition as reported by Subbaramaiah et al. (1998).

Resveratrol also functions to maintain normal physiological blood pressure. Chen 

et al. (1996) observed that resveratrol caused a nitric oxide (NO)-mediated relaxation of 

precontracted endothelium-intact rat aorta. Hsieh et al. (1999) confirmed that NO was
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produced following resveratrol treatment of bovine pulmonary artery endothelial cells. 

However arterial vasodilation-induced by resveratrol was also found to be independent of 

NO as demonstrated by Demrow et al. (1995). In this report resveratrol treatment was 

associated with an increased vasodilatory prostacyclin synthesis.

1.5 lndole-3-carbinol

It has long been recognised that members of the brassica family, that is the 

cruciferous vegetables including Brussels sprouts, cabbage, broccoli and cauliflower, have 

many beneficial and potential cancer chemopreventive activities. This view is based on 

both experimental testing of crude extracts and epidemiological studies. In the majority of 

cases biological activities of these crude extracts can be linked to specific fractions or 

isolates obtained from species of this closely related family, for example indole-3-carbinol 

(I3C). I3C is a hydrolysis product of glucobrassicin (figure 1.3).

O H

\
H

Figure 1.3 - Chemical structure o f indole-3-carbinol

1.5.1 I3C mechanisms of action

To date much of the work concerning the chemopreventive properties of DC has 

focussed on cancer rather than cardiovascular chemoprevention (as reviewed in McDanell 

1988). However, some of the chemopreventive properties described for cancer are also 

applicable for cardiovascular disorders. The various reports into the chemopreventive 

properties of I3C have suggested that they may be associated with its ability to modulate 

the cell cycle or induce apoptosis (Cover et al. 1998, 1999; Telang et al. 1997). Work by 

Cover et al. (1998), investigated the effect of I3C on the cell cycle in MCF-7 breast 

carcinoma cells. In this report, I3C suppressed cell growth, which was associated with a
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reversible Gi cell cycle arrest. This cell cycle arrest was preceded by an DC-induced 

decrease in CDK6 expression, independent of oestrogen signalling. Also, DC inhibited 

endogenous phosphorylation of the retinoblastoma protein (pRb) and in vitro CDK6- 

mediated phosphorylation of pRb. Furthermore, the CDK inhibitors p21 and p27 levels 

were increased by 50 %, when maximal growth arrest was observed. These observations 

indicate that DC can affect many regulators of the cell cycle leading to growth regulation. 

Cellular proliferation and apoptosis are significant pathological changes associated with 

various stages of atherosclerosis.

Telang et al. (1997) examined the effects of treating chemically transformed breast 

epithelial 184-B5/BP derived cells and mammary carcinoma-derived MDA-MD-231 cells 

with DC. DC (50 pM) was found to increase the Q/P ratio by 137-210 % (Q = Go, P = S + 

M phase), which resulted in a two-fold increase in cellular apoptosis and a 54 -61 % 

inhibition of growth. This growth inhibitory effect was attributed in part to an increase in 

the formation of an antiproliferative estradiol metabolite.

Interestingly, cellular metabolism of estradiol has been reported to alter in response 

to carcinogenic insult and is related to the risk of developing breast cancer (Telang et al. 

1991,1992; Suto et al. 1992; Liehr et al. 1996). Levels of estradiol can also have profound 

effects on the cardiovascular system, reducing the risk of developing arterial disease (as 

reviewed in Mendelsohn et al. 1999). Oestrogens can have numerous direct effects on 

blood vessels, which can be divided into rapid or nongenomic and longer-term or genomic 

effects. Rapid effects include enhancement of vessel vasorelaxation by both endothelium- 

dependent and independent mechanisms. Oestrogen can modulate the influx of 

extracellular calcium into VSMCs by modulating L-type calcium channels present on cell 

membranes (Jiang et al. 1991; Freay et al. 1997). At physiologic concentrations, oestrogen 

stimulates the opening of calcium-activated potassium channels through nitric oxide- and 

cyclic guanosine monophosphate-dependent pathway, (White et al. 1995; Wellman et al. 

1996), thus relaxing smooth muscle and promoting vasodilation. Normal endothelium 

secretes NO. Physiologic concentrations of oestrogen cause a rapid release of NO (without 

altering gene expression) (Yuhanna et al. 1999; Caulin-Glaser et al. 1997), which both 

relaxes vascular smooth muscle and inhibits platelet activation (Moncada et al. 1993). 

Longer-term effects can result from oestrogen-induced increases in genes important for 

vasorelaxation, such as inducible nitric oxide synthase, and prostacyclin synthase (Weiner 

et al. 1994; Binko et al. 1998). Other anti-atherogenic effects mediated by oestrogen 

include the in vitro inhibition of VSMC proliferation, migration (Kolodgie et al. 1996;
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Bhalla et al. 1997), and also adhesion molecule expression (Caulin-Glaser et al. 1996). 

Therefore modulation of oestrogens by I3C could potentially protect against 

atherosclerosis through a number of different mechanisms.

Other chemopreventive qualities of I3C include the effect on cytochrome p450 

enzymes and phase II drug metabolising enzymes. There are several reports in the 

literature that demonstrate the DC-induced elevation of cytochrome p450 isoenzyme 

activity (Manson et al. 1998; Birt et al. 1986; Bailey et al. 1987; McDanell et al. 1987; 

Rijnkels et al. 1998) and phase II enzymes (Manson et al. 1997). In terms of cancer 

chemoprevention, phase II enzymes act to eliminate potential carcinogens from the body. 

While p450 enzymes can also detoxify potential carcinogens, they may also activate 

potential carcinogens.

Other p450 family members can affect vascular homeostasis (i.e. vascular tone, 

cellular proliferation) and/or the metabolism of cholesterol, hence the significance to 

cardiovascular disease (as reviewed in Fleming et al. 2001). One report by Rijnkels et al. 

(1998) has shown that I3C induced cytochrome p450-IA activity in Caco-2 human colon 

carcinoma cells. LeBlanc et al. (1994) investigated the effect of I3C on cytochrome p450 

family members, namely cholesterol ester hydrolase and cholesterol 7a-hydroxylase, and 

hence cholesterol homeostasis in a murine model. Oral administration of 500 and 750 

mg/kg/day I3C to mice for 1 week resulted in increased liver mass and microsomal 

protection content. Hepatic microsomal cholesterol levels were not significantly altered 

following treatment with 100 and 250 mg/kg/day I3C, but were significantly decreased 

following treatment with 500 and 750 mg/kg/day. Conversely, the lower doses of 100 and 

250 mg/kg/day I3C decreased serum cholesterol levels, whereas the higher doses had no 

effect. These changes were not attributable to hepatic hypertrophy as phenobarbital (an 

agent that induces liver hypertrophy), had no effect on microsomal or serum cholesterol 

levels. I3C had no effect on either cholesterol ester hydrolase or cholesterol 7a- 

hydroxylase activity, but did elevate hepatic acyl-CoA:cholesterol acyltransferase (ACAT) 

activity, which is the enzyme responsible for the formation of hepatic cholesteryl esters.

As with other chemopreventive agents I3C possesses antioxidant properties. The 

cytoprotective effect of I3C on carbon tetrachloride (CCI4) mediated hepatotoxicity in mice 

was examined (Shertzer et al. 1988). I3C pre-treatment by gavage, 1 hour prior to 

intraperitoneal injection of CCI4 produced a 63 % decrease in CCU-mediated centrilobular 

necrosis and a related 60 % decrease in plasma alanine aminotransferase activity (a marker 

of liver necrosis). The toxicological effects of CCI4 were mediated by radical species
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generated during reductive metabolism by p450 enzymes. Three separate systems, which 

were based on lipid peroxidation, were used to evaluate the potential modulatory effect of 

I3C on ROS-induced damage. One system consisted of phospholipid dissolved in 

chlorobenzene, with peroxidation initiated by the thermal and photodecomposition of 

azobisisobutyronitrile (AIBN), another system consisting of phospholipid vesicles in 

phosphate buffer (pH 7.4), with peroxidation initiated by ferrous/ascorbate, and finally 

mouse liver microsomes containing an NADPH-regenerating system, with peroxidation 

initiated with CCI4. I3C inhibited lipid peroxidation in all three systems in a 

concentration-dependent manner. In the AIBN and ferrous/ascorbate systems, greater 

inhibition by I3C was noted under conditions of low free radical generation. I3C was most 

effective in the microsomal CCU-initiated system. The inhibitory effect was attributed to 

the I3C radical scavenger ability.

1.6 Curcumin

Curcumin (figure 1.4) is the major polyphenolic component of turmeric powder 

derived from the rhizome of the plant Curcuma longa, found in south and southeast 

tropical Asia. As well as being used as a dietary spice, turmeric has been used for centuries 

as a traditional medicine to treat inflammatory disorders (Nadkami KM, 1976). In addition 

to its anti-inflammatory actions, curcumin also has strong antioxidant properties as 

demonstrated in numerous studies (Toda et al. 1985; Jitoe et al. 1992).

O OH
OMe OMe

Figure 1.4 - Chemical structure o f curcumin

- 19-



Chapter ONE

1.6.1 Curcumin mechanisms of action

The precise cardioprotective mechanisms of action of curcumin have not been 

clearly defined. Curcumin has many effects depending on the cell type and concentration 

under study. One preventive action of curcumin on atherogenesis and related 

cardiovascular disease is through its effect on LDL modification. An investigation by 

Ramirez-Tortosa et al. (1998) examined the effects of an extract from Curcuma longa, 

ZCL4, on the in vitro peroxidation of human LDL. The turmeric extract increased the in 

vitro resistance of human LDL to oxidation. When LDL was subjected to CUSO4 mediated 

oxidation, the addition of this extract to the medium increased the lag phase and decreased 

the formation of conjugate dienes, because it stopped the initial oxidation process. A more 

recent study by Ramirez-Tortosa et al. (1999) examined the effect of this same extract 

ZCL4, in an in vivo model of experimental atherosclerosis in rabbits fed with a high fat and 

cholesterol diet. Intake of ZCL4 significantly decreased oxidation of serum LDL- 

cholesterol. In addition, administration of ZCL4 resulted in higher serum levels of vitamin 

E, compared to those found in animals receiving a diet enriched with vitamin E, thus 

indicating a vitamin E-sparing effect. Furthermore, the thoracic aorta suffered a milder 

atheroma plaque formation in the animals treated with the extract than those receiving the 

control diet.

As well as in vivo animal studies, the effect of the turmeric extract on human blood 

lipid peroxide levels has been investigated. One study by Ramirez-Bosca et al. (1995) 

administered ZCL4, to men ranging in age from 27 to 67 years. At the end of treatment 

period of 45 days there was a significant decrease in blood serum lipid peroxides. There 

was no associated liver or kidney toxicity as established by measuring enzyme levels of 

glutamate-oxalacetate-transaminase (GOT), glutamate-pyruvate-transaminase (GPT), 

gamma-glutamyl transpeptidase (GGT) and alkaline phosphatase. Further examination also 

demonstrated that HDL-and LDL-peroxides were reduced by 25-50 % by the 60th day of 

treatment. This lowering effect of the curcuma extracts was confirmed by the work of 

Babu et al. (1997). In this study, blood levels of LDL and VLDL cholesterol, triglycerides 

and phospholipids were lowered by curcumin in rats in which diabetes had been induced 

by streptozotocin.

Other favourable chemopreventive qualities of curcumin include the effects on pro- 

atherogenic gene expression, possibly mediated through suppression of important 

transcription factors like NF-kB. For example the effect of curcumin on the adhesion of
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leukocytes has been investigated (Kumar et al. 1998; Jobin et a l 1999). Treatment of 

endothelial cells (EC) with TNFa for 6 hours augmented the adhesion of monocytes to EC, 

and this adhesion was due to increased expression of ICAM-1, VCAM-1, and ELAM-1. 

Pre-treatment of EC for 1 hour with curcumin completely blocked their adhesion to 

monocytes, as well as the cell surface expression of the aforementioned adhesion 

molecules. This inhibition of cell surface adhesion molecules was thought to be due to 

suppression of NF-kB activity (Kumar et al. 1998).

As with resveratrol, curcumin alters the expression of the pro-atherogenic gene 

encoding tissue factor. The study by Bierhaus et al. (1997) investigated the effect of 

curcumin on the TNFa-induced expression of tissue factor, the central mediator of 

coagulation involved in atherogenesis. When bovine aortic endothelial cells were pre

incubated in the presence of curcumin, TNFa-induced tissue factor gene transcription and 

expression were reduced. Transient transfection studies with tissue factor-promoter 

plasmids revealed that both NF-kB- and AP-1-dependent tissue factor expression were 

reduced following treatment with curcumin. These inhibitory responses were due to 

distinct mechanisms, as curcumin inhibited TNFa-induced hcBa degradation and NF-kB 

translocation, whereas inhibition of AP-1 was direct by interfering with DNA binding.

The effect of curcumin on pro-inflammatory gene expression, including IL-8 (Jobin 

et al. 1999), TNFa and IL -ip  (Chan et al. 1995) has been investigated. Jobin et al. (1999) 

found that curcumin inhibited IL-ip-mediated IL-8 gene expression in IEC-6, HT-29, and 

Caco-2 epithelial cells. ICAM-1 gene expression was also inhibited, confirming the work 

of Kumar et al. (1998). This inhibitory effect was again due to suppression of cytokine- 

induced NF-kB DNA binding activity, RelA nuclear translocation, hcBa degradation, IkB 

serine 32 phosphorylation and IKK activity. It was also concluded that gene expression 

may also in part be due to curcumin inhibition of the ERK pathway, as demonstrated by 

MEK1 inhibition. Suppression of LPS-induced synthesis of TNFa and IL-ip in a human 

monocytic macrophage cell line, by curcumin concentrations as low as 5 pM has been 

reported by Chan et al. (1995). Again this inhibition was attributed to suppression of NF- 

kB activity. Inhibition of N F-kB by curcumin protected the cells from TNFa-induced 

apoptosis as curcumin inhibited the TNFa-induced cytotoxicity of actinomycin-D-treated 

L929 fibroblasts.

A more recent report in ex vivo cultured BALB/c mouse peritoneal macrophages, 

by Chan et al. (1998) showed that curcumin (1-20 pM) reduced the production of
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inducible-nitric oxide synthase (iNOS) mRNA in concentration dependent manner. 

Furthermore, this ex vivo effect was also replicated in vivo, as two oral doses of curcumin 

(92ng/g of body weight) reduced iNOS mRNA expression in the livers of LPS-injected 

mice. It is likely that inhibition was again due to suppression of NF-kB, as the group have 

formerly established that curcumin inhibits NF-kB activation in a monocytic cell line. Also 

Murphy et al. (1996) have shown that iNOS gene expression is dependent on NF-kB 

activity, in murine macrophages. Although iNOS may function to induce vasorelaxation, it 

also catalyses the production of NO free radical, which is deleterious to endothelial cell 

homeostasis and thus contribute to atherosclerosis.

Inhibition of NF-kB by curcumin can also lead to suppression of cell growth, via 

cell cycle or apoptotic responses (Chen HW et a l 1998; Anto et a l 2000; Kawamori et al 

1999; Jiang et a l 1996). Cellular proliferation and apoptosis are aetiological changes 

associated with certain cells during atherogenesis (Ross et a l 1993). In vascular smooth 

muscle cells, curcumin inhibited serum-stimulated [3H]-thymidine incorporation indicating 

an inhibitory effect on cell-proliferation. Curcumin arrested cell cycle progression and also 

induced apoptosis (Chen HW et al 1998). The apoptotic effect may partly be mediated 

through the inhibition of protein tyrosine kinase activity, protein kinase C activity, c-myc 

mRNA expression and Bcl-2 mRNA expression, but independent of p53 expression. This 

observation is not cell specific as Jiang et a l (1996) reported that curcumin induced cell 

shrinkage, chromatin condensation, and DNA fragmentation (characteristics of apoptosis), 

in immortalised mouse embryo fibroblast NIH 3T3, erb B2 oncogene-transformed NTH 

3T3, mouse sarcoma SI80, human colon cancer cell HT-29, human kidney cancer cell 293, 

and human hepatocellular Hep G2 cells.

Interestingly, curcumin-induced cell death was prevented in L-929 mouse 

fibrosarcoma cells following stable transfection of RelA gene encoding RelA/p65 subunit 

of NF-kB, whereas the parental cells underwent apoptosis. This resistance to curcumin- 

induced apoptosis was abrogated following transfection of a super-repressor form of IkBoc 

into the -transfected cells. The in vitro apoptotic effects have also been demonstrated 

in vivo, following administration of a 0.2 % curcumin diet in male F344 rats (Kawamori et 

al 1999).

As well as impinging on the NF-kB pathway directly, curcumin also affects the 

activity of other important cellular signalling pathways germane to cell growth and 

survival, including JNK (Squires et a l 2003; Chen YR et a l 1998), and ERK 1/2 (Squires 

et al 2003). In the report by Chen YR et a l (1998), curcumin inhibited the activation of
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Traditionally tea was drunk to improve blood flow, eliminate toxins, and to 

improve resistance to diseases (Balentine et al. 1997). Today, tea consumption is 

associated with lifestyle and social habits, although increased public awareness of the 

health benefits from drinking tea has changed this prospective somewhat.

The three main types of tea include black, green and oolong, which have different 

chemical compositions, dependent on the type of processing that occurs immediately after 

picking. Green tea, which constitutes about 20 % of the tea produced, is picked and 

immediately steamed, or pan fired, then rolled to inactivate enzymes that may oxidise the 

polyphenols present in the leaf. Finally, the rolled leaves are air-dried at a high 

temperature. Epicatechins are the main compounds in green tea, accounting for its 

characteristic colour and flavour.

Black tea, which constitutes about 78 % of the tea produced, is plucked, withered, 

macerated, and then dried. The withering step lowers the moisture content and renders the 

leaf more assessable to maceration. Maceration disrupts the cell, allowing polyphenol 

oxidase to catalyse the oxidation of the catechins present in the leaf. The oxidation step, 

which continues for about 45-90 minutes, gives rise to the colour and taste of black tea, 

and is the result of the conversion of catechins to theaflavins and thearubigins. Theaflavins 

and thearubigins have been associated with chemopreventive qualities.

The final 2 % of the tea produced is known as oolong tea. Oolong tea is processed 

in a similar manner to black tea, except the oxidation step is much shorter. Thus normal 

oolong tea is about half fermented and thus contains more catechins compared to black tea, 

but not as much as green tea.

OH
OH

HO.
o OH

OH

OH
OH

OH
Figure 1.5 - Chemical structure o f epigallocatechin 3 gallate (EGCG)

Most of the polyphenols present in green tea, accounting for 30 % of the dry 

weight, are flavonals commonly known as catechins. Epigallocatechin-3-gallate (EGCG) is
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JNK in a T-lymphocyte cell line, following induction with PMA plus ionomycin, 

anisomycin, UV-C, y radiation, TNFa or sodium orthovanadate. ERK activation by PMA 

plus ionomycin was also suppressed by curcumin. Curcumin moderately suppressed 

transfected MEKK1-induced JNK activation, but effectively blocked JNK activation 

caused by co-transfection of TGFp-activated kinase (TAK1), germinal centre kinase 

(GCK), or hematopoietic progenitor kinase 1 (HPK1) or kinases that activate JNK. 

However curcumin did not directly inhibit JNK, SEK1/MKK7, MEKK1 or HPK1 activity. 

Taken together these data suggest that curcumin may affect the JNK pathway by 

interfering with the signalling molecule(s) at the same level or proximally upstream of the 

MAPKKK level. Also, it may reveal a possible mechanism of suppression of NF-kB 

signalling by curcumin, and hence the anti-inflammatory effect.

Another favourable chemopreventive quality of curcumin includes the effect on 

matrix metalloproteinases. A report by Thaloor et al. (1998) investigated the effect of 

curcumin on endothelial cell migration, attachment, and tube formation on Matrigel (a 

model for angiogenesis). Endothelial cell migration and attachment is also important in the 

early and progressive stages of atherosclerosis (Ross et al. 1993). In HUVEC curcumin 

had no effect on endothelial cell migration or attachment to either plastic or Matrigel. 

Zymographs of curcumin-treated culture supernatants showed a decrease in the 

gelatinolytic activities of secreted 53- and 72-kDa metalloproteinases. This decrease in 

gelatinolytic activity of the 72-kDa metalloproteinase, may have been due to curcumin 

mediating an effect at both the transcriptional and translational level of this gene as 

demonstrated by Western and Northern analysis.

1.7 Epigallocatechin 3 gallate (EGCG)

The consumption of tea is a very ancient habit and was first practiced in China and 

India about 5000 years ago. The tea plant, Camellia sinensis, is now cultivated in over 30 

countries around the globe and currently consumed worldwide although at greatly varying 

levels. Not only is there variation between countries, but also variation in the population of 

a country. This variation ranges from the consumption of no cups, up to 20 or more cups 

per day (Graham et al. 1992). Excluding water, it is now generally accepted that tea is the 

most consumed beverage in the world, with per capita worldwide consumption of 

approximately 120 ml per day (Graham et al. 1992).
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the major catechin constituent of green tea (figure 1.5), accounting for more than 10% on a 

dry weight basis.

1.7.1 Bioavailability and metabolism of EGCG

Two thirds of the U.K. population above 10 years of age (around 37 million people) 

are reported to drink tea daily, on average three cups, and 90 % of such tea is prepared 

from tea bags. The estimated U.K. dietary intakes of total tea catechins, calculated on the 

average of 3 cups per day (200 ml cup, 1 % tea leaves w/v), are 61.5, 92.7, and 405.5 

mg/day from fruit teas, black teas, and green teas, respectively (Khokhar et al. 2002). 

These figures are estimates as they are dependent on brewing conditions, such as water 

temperature, the amount and time of stirring, as well as the initial dry weight of tea in the 

teabag.

For any of these catechins, including EGCG, to induce a biological effect they must 

first be absorbed into the body. Knowledge of their absorption and metabolism is essential 

to the understanding of their action in vivo. There have been many studies investigating the 

bioavailablity of various catechins both in animal models and also human subjects (Van 

het Hof et al. 1998; Van Amelsvoort et al. 2001; Miyazawa et a l 2000; Chen et al. 1997; 

Wiseman et al. 2001; Hollman et al. 1997; Nakagawa et al. 1997a, 1997b). Ingestion of 

both green and black tea results in rapid appearance of catechins into plasma. In rat and 

murine models the absorption of green tea extracts and of pure EGCG has been evaluated. 

Under conditions in which the anti-tumourigenesis activity of tea has been demonstrated in 

rats and mice (0.9 % decaffeinated or regular green tea, respectively, as the sole source of 

drinking fluid), the plasma EGCG, epigallocatechin (EGC), and epicatechin (EC) steady 

state levels were 37, 55, and 20 ng/ml for rats, compared to 124, 62, and 10 ng/ml for mice 

(as reviewed in Hollman et al. 1997). These disparities may be due to species differences 

and/or the use of dissimilar tea preparations. More recently, a number of more thorough 

studies have been performed in rats (Nakagawa et al. 1997a; Chen et al. 1997). One such 

study by Nakagawa et al. (1997a), have examined the absorption and tissue distribution of 

EGCG in the rat. Levels of EGCG were calculated 60 minutes after a single oral 

administration of EGCG (500mg/kg body weight). Levels of EGCG (in the free form) 

reached 12.3 nmol/ml in plasma, 48.4 nmol/g in liver, 0.5 nmol/g in brain, 565 nmol/g in 

small intestinal mucosa, and 68.6 nmol/g in the colonic mucosa. These results indicate that 

EGCG is absorbed (in the free form) from the digestive tract, with the intestinal mucosa
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being the most enriched of the organs. This is suggestive of the intestines being the major 

absorption site of EGCG in mammals. Chen et al. (1997) confirmed the finding that EGCG 

can be readily absorbed (in free form) in the rat. Interestingly, data from this study indicate 

that EGCG was better absorbed when given through drinking fluid. In addition, it appears 

that EGCG was mainly excreted through the bile, whereas EGC and EC are excreted 

through the bile and urine.

A number of studies on the absorption and pharmacokinetics of tea catechins in 

humans have been reported (Van Amelsvoort et al. 2001; Van Het Hof et al. 1998; Das et 

al. 1971). One of the first of these studies was carried out by Das et al. (1971). Oral 

administration of (+)-catechin (83 mg/kg) to human subjects resulted in absorption, rapid 

metabolism, and excretion of the compound largely within 24 hours. Absorption of the (+)- 

catechin (in free form) in the gastrointestinal tract and presence in the blood was noted as 

early as 6 hours after oral administration. The presence of the free form of (+)-catechin 

plus 11 metabolites was detected in the urine, and free form (+)-catechin plus 2 metabolites 

were detected in the faeces. Importantly no serious side effects were observed from any of 

the human subjects, although 1 or two complained of having diarrhoea about 24 hours after 

oral intake of (+)-catechin.

In another study in humans, ten healthy human volunteers ingested 1.5 pM 

epicatechin gallate (ECg), EGC, or EGCG in a randomised crossover design (Van 

Amelsvoort et al. 2001). After deconjugation, catechins in plasma and 24 hour urine 

samples were determined by high performance liquid chromatography (HPLC). Also 

antioxidant activity was measured in plasma by determining ferric reducing activity 

(FRAP). The catechin levels in plasma after ingestion were significantly different, EGC 

rose quickly with a short elimination half-life {f/2  elimination = 1.7 h), ECg was 

intermediate in rise but slowest in decline (tJA elimination = 6.9 h), with EGCG slowest in 

rise but intermediate in decline (tJ/2  elimination = 3.9 h). At 24 hours, EGC and EGCG had 

returned to base levels, but ECg was still elevated. Peak maximum absorption was 

approximately 1.3 pM/1 of blood for EGCG. Up to 13.6 % of the ingested EGC (partly 

methylated) was eliminated in the urine, however no ECg or EGCG were detected. Only 

EGC and ECg produced a significant increase in the antioxidant capacity of the plasma, 

but with EGCG no statistically significant effect was noted. In another study (Yang CS et 

al. 1998), 18 volunteers were given a beverage containing decaffeinated green solids (1.5, 

3, or 4.5 g) with sucrose and coffee whitener after overnight fasting. The plasma 

concentrations of EGCG, EGC and EC reached peak levels between 1.5 to 2.5 h in almost
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all subjects and declined to undetectable levels after 24 hours. When the dose of green tea 

was increased from 1.5 to 3.0 g, the maximum plasma concentrations of EGCG, EGC, and 

EC increased (2.5 to 5 fold), but did not significantly change further, even after an increase 

up to 4.5 g of green tea. The half lives of the terminal elimination phase of EGCG, EGC, 

and EC were from 3 to 5 hours. Most of the EGC and EC was eliminated in the urine. 

However, consistent with other findings no EGCG was detected in the urine. These levels 

were consistent with the study by Nakagawa et al. (1997b), who demonstrated that the 

concentration of EGCG in human plasma was in the low micromolar range (4 pM), which 

at these levels has been shown to induce biological effects in vitro.

In humans, there is currently little data on the tissue distribution of tea flavonoids 

after tea consumption. However one study by August et al. (1999) demonstrated significant 

levels of tea flavonoids detected in human colorectal tissue after ingestion of green tea 

extract (equivalent dose of 2-3 cups of tea) (August et al. 1999). Four hours after tea 

ingestion, increased levels of tissue catechin was noted, and was still evident after 24 

hours. There was a decrease in prostaglandin E2 levels in rectal tissue, demonstrating a 

cellular biological response at relevant tea consumption levels.

In a rat model, 8 days following consumption of green tea polyphenols, most 

catechins were detectable in the bladder, followed by the kidney, large intestine, 

oesophagus, lung, and prostrate. Comparatively low levels were detected in liver, spleen, 

heart, and thyroid gland (Yang CS et al. 2000). This compared to significant amounts of 

radiolabelled EGCG recovered in digestive tract tissues (14.5 %) (stomach, small intestine, 

and colon) and 2.1 % being distributed over lung, brain, heart, liver, kidney, spleen, 

pancreas, bladder, uterus, and ovary.

Taken together these studies clearly show that catechins including EGCG are 

absorbed into the human body and are detectable at low micromolar concentrations, doses 

at which a biological effect has been noted in in vitro systems.

An important aspect related to evaluating the absorption of catechins from a tea 

beverage, is the effect of milk. Polyphenols have a strong affinity for proline rich proteins 

such as milk. However, the consumption of milk and green or black tea does not affect the 

polyphenol concentration in blood, indicating that milk does not reduce tea polyphenol 

bioavailability (Van Het Hof et al. 1998).

In humans catechin biotransformation or metabolism tends to occur in the liver, 

although some colonic metabolism is also evidenced (Das et al. 1971). Studies in humans 

using radiolabelled catechin have shown that after oral administration, some 50 % of the
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radioactivity was recovered in the urine, and only 0.5 to 3 % of this was in the form of 

catechin aglycone (Hackett et al. 1983). Regarding the metabolites, Lee MJ et al. (1995) 

reported after oral administration of EGCG and EC to human volunteers, the major 

conjugates in plasma were sulphates for EGCG and glucuronide for EC. Some 20 % of 

EGCG was also present as unconjugated compound. Also Van Amelsvoort et al. (2001) 

demonstrated the presence of the O-methylated form of EGC in humans after oral 

administration of 1.5 pM EGC. It is thought that the phenolic hydroxyl group of the 

catechin is the site of substitution for the glucuronide, sulphate and methyl group.

1.7.2 EGCG mechanisms of action

Although there has been much work investigating the health effects of tea 

constituents, the precise cardioprotective mechanisms of action of EGCG have yet to be 

clearly defined. Like many other polyphenolic compounds, EGCG functions as a potent 

antioxidant and/or anti-inflammatory agent. EGCG has been shown to have numerous in 

vitro and in vivo effects, impinging on various signalling pathways such as NF-kB (Ahmad 

et al. 2000), ERK, p38 (Chung et al. 1999) and JNK pathways (Dong et al. 1997).

One of the more characterised effects of EGCG is the ability to act as an 

antioxidant. ROS have been implicated in the initiation (by inducing endothelial injury), 

and progressive phases (by oxidising lipids) during atherosclerosis (Ross et al. 1993). 

Many studies have demonstrated the antioxidant capacity of flavonoids including EGCG 

(Kondo et al. 1999; Ohshima et al. 1998; Feng et al. 2001; Alvarez et al. 2002). Rice- 

Evans et al. (1996) found a relationship between antioxidant activity and structure in 

flavonoids and their homologues. This study has pointed out the importance of the 

phenolic group as an electron acceptor. Alvarez et al. (2002) demonstrated EGCG at 

concentrations of 1 -  100 pM, blocked the production of oxygen radicals by resident rat 

peritoneal macrophages stimulated with protein kinase C activator phorbol 12 myristate 

13-acetate. This study demonstrates the desired biological effect was obtainable at a low 

physiologically relevant concentration.

As well as scavenging ROS, thus protecting against endothelial injury, EGCG and 

other related catechins may also act to prevent lipid peroxidation induced by ROS. 

Oxidation of LDL is recognised as an important step leading to atherosclerosis and there 

are several reports indicating that tea inhibits the oxidation of LDL in vitro (Wiseman et al. 

1997; Miura et al. 1994; Salah et al. 1995). Studies testing the antioxidant effect of tea
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polyphenols on LDL and very low-density lipoprotein (VLDL) oxidation indicate that 

EGCG is very effective and has a lipoprotein bound antioxidant activity greater than 

tocopherol (Vinson et al. 1995). In human aortic endothelial cells, tea extracts have been 

found to inhibit the formation of early lipid peroxidation products and late lipid peroxide 

decomposition products in a concentration-dependent manner (Pearson et al. 1998).

In addition to suppressing lipid peroxidation, green tea extracts also modify the 

plasma levels of circulating lipids. Yang et al. (1997) has found that green tea significantly 

reduces serum and liver cholesterol, and liver weight by lowering lipid deposition in 

hypercholesterolemic diet-induced rats. However in this study, HDL-cholesterol and 

triglyceride levels remained unchanged. Conversely, rats fed with 2.5 % green tea leaves in 

the diet showed a reduction in blood triglycerides and total cholesterol contents. 

Enhancement of the superoxide dismutase and phase II enzyme activities in the liver 

without any liver or kidney damage was also reported (Lin et al. 1998).

Data showing the effects of catechins on cholesterol modification in humans is 

slightly more equivocal. Serum lipid concentrations, resistance of LDL to oxidation, and 

oxidative damage to lipids remain unchanged in some human studies (McAnlis et al. 1998; 

Van Het Hof et al. 1997). However, a study by Yee et al. (2002) has indicated in human 

hepatoma cell line, HepG2, that an 8 hour pre-treatment with EC and EGCG, at 

concentrations of 10, 25 and 50 pM, inhibited apolipoprotein B-100 (apoB) secretion in a 

dose-dependent manner. Importantly total protein and albumin synthesis and secretion was 

unaffected, indicating a apoB-specific effect. Although a significant effect on apoB was 

observed, cellular lipids including free cholesterol, cholesterol ester, or triglyceride were 

unaffected. Another study in humans has shown that oral consumption of green tea can 

lower serum cholesterol levels (Kono et al. 1996). This concurs with a major study by 

Tokunaga et al. (2002), who examined the relationship between green tea consumption and 

serum lipids and lipoproteins in human subjects. The subjects consisted of 13,916 workers 

(8476 men and 5440 women) aged 40-69 years in central Japan. Health screening revealed 

that the subject cohort did not have morbid conditions affecting serum cholesterol levels. 

Serum concentrations of total cholesterol, LDL and triglyceride were measured at 

screening, and consumption of green tea and lifestyle characteristics were ascertained by a 

questionnaire. Daily consumption of green tea was reported by 87 % of subjects, and 

consumption was associated with statistically significant lower levels of serum total 

cholesterol in both men and women. Serum triglycerides and HDL cholesterol were not 

significantly changed. The inverse relationship of serum total cholesterol with green tea,
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levelled off at the consumption of more than 10 cups per day. Interestingly, regression 

analysis (excluding the outliers) adjusting for age, bodymass index, ethanol intake, 

smoking habit, coffee intake and type of work, showed a daily consumption of one cup of 

green tea was associated with a reduction in serum total cholesterol by 0.015 mmol/1 in 

men and women. This association was evident even after adjusting for selected dietary 

factors. In confirmation of these reports, Imai et al. (1995) have shown that green tea 

consumption was associated with decreased serum total cholesterol, but additionally a 

decrease in triglyceride levels and atherogenic index.

Other favourable chemopreventive qualities of EGCG include the effects on the 

maintenance of blood pressure homeostasis. The pathogenesis of hypertension represents 

and important risk factor for cardiovascular complications (Kitiyakara et al. 1998). An 

epidemiological study has shown an inverse relationship between consumption of black tea 

and systolic blood pressure (Tijburg et al. 1997). Also consumption of 1 mg of EGC and 

EGCG significantly lowered intraocular pressure in normotensive rabbits (Hodges et al. 

1999). Furthermore, green tea catechins reduce renal hypertension, thus improving kidney 

function in rats (Yokozawa et al. 1994). Taken together these data are suggestive that 

green tea extracts are beneficial in the maintenance of normal blood pressure. However, 

Hodgson et al. found that drinking black or green tea at a dose equivalent to four standard 

cups, did not improve blood pressure in 20 normotensive humans subjects (Hodgson et al.

1999). In a second study, a cohort consisting of 13 subjects with high-normal systolic 

blood pressure and mild systolic hypertension (systolic blood pressure in the range of 130- 

150 mmHg), consumed either five cups of green tea or black tea, over 7 days. There was 

no significant change in systolic or diastolic blood pressure following consumption of 

green or black tea. A possible explanation to the variation between some of these findings 

may ostensibly be due to heterogeneity of individuals. This is because the pathogenesis of 

hypertension possesses a strong genetic component, with potentially many different altered 

gene products contributing to the disease (Homstra et al. 1998).

Another potential benefit of tea consumption is the ability to act as an anti

inflammatory agent. Atherosclerosis is a disease with a strong inflammatory component 

(Ross et al. 1993). Studies in animal models show that green tea polyphenols decrease 

inflammation. Yang FJ et al. (1998) reported that mice fed an extract of green tea 

polyphenols had decreased TNFa production in response to an injection of LPS. Haqqi et 

al. (1999) reported that the ingestion of green tea polyphenol extract reduced joint disease 

in mice with adjuvant-induced arthritis. Crouvezier et al. (2001) investigated the effect of
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EGCG, ECg, EGC and black tea extract on the production of pro- and anti-inflammatory 

cytokines in human leukocytes in vitro. ECg, EGC, and EGCG decreased the production of 

IL-ip, and enhanced the production of IL-10, but did not alter production of IL-6 or 

TNFa. Overall these data suggest an anti-inflammatory effect induced by tea-derived 

catechins. However, EGCG, in vitro, can also stimulate the release of IL-1 from monocytes 

(Tijburg et al. 1997) indicating a cell specific effect. Furthermore EGCG inhibits leukocyte 

transmigration through endothelial cell monolayers (Hofbauer et al. 1999), which is 

associated with the inflammation process in atherogenesis.

Several studies that have focussed on elucidating the anti-inflammatory 

mechanisms of tea catechins, have suggested that it is due to the inhibition of NF-kB. This 

is consistent with various studies, which have demonstrated that tea polyphenols inhibit 

NF-kB activation (Ahmad et al. 2000; Yang et al. 2001; Yang FJ et al. 1998; Kim et al. 

2001). For example, EGCG (40-80 pM) lowered constitutive expression and activation of 

NF-kB in NHEK (normal human epidermal keratinocyte) cells, but at even lower levels 

(10 pM) effectively inhibited NF-kB expression in A431 cancer cells (Ahmad et al. 2000). 

In addition to effecting NF-kB expression, EGCG can act on up-stream regulators of the 

NF-kB pathway. Yang et al. (2001) have shown that EGCG blocks NF-kB activation by 

inhibiting IkB kinase activity in intestinal epithelial cell line IEC-6.

As well as impinging on the NF-kB pathway, tea flavonoids can also act on other 

important signalling pathways including the MAPK family of proteins. There have been 

many reports that demonstrate EGCG and related catechins can modulate ERK 1/2 

activation (Ahn et al. 1999; Kovalenko et al. 1997; Heldin et al. 1999; Locher et al. 2002). 

Tea flavonoids can also modulate the JNK and p38 MAPK pathways. (Dong et al. 1997; 

Barthelman et al. 1998; Chen WX et al. 1999; Lu et al. 1998). Inhibition of NF-kB and/or 

MAPK pathways by tea flavonoids can influence vital cellular responses such as 

proliferation and/or apoptosis. Aberrant cellular proliferation and apoptosis are significant 

pathological changes associated with various stages of atherogenesis. A study by Locher et 

al. (2002) reported the effect of EGCG on the proliferation of VSMCs stimulated by native 

low-density lipoprotein (LDL). The group disclose that cellular proliferation was 

concentration-dependently inhibited by EGCG and a number of other polyphenolic EGCG 

derivatives. This effect may in part be due to inhibition of the ERK 1/2 pathway, which is 

typically recognised to be involved in aspects of cellular proliferation. Interestingly, Lu et 

al. (1998) describe the concentration-dependent inhibitory effect of EGCG (and other 

constituent polyphenols of tea), on the proliferation of a range of vascular smooth muscle
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cells derived from dissimilar sources and also on human lymphoid type cells. This 

inhibitory effect was partly attributed to a decrease in protein tyrosine kinase activity, as 

well as a reduction in c-jun mRNA expression and inhibition of JNK1, but not ERK 1/2 or 

PKC activation.

EGCG can also affect other important mediators of cell growth and apoptosis. For 

example, EGCG has been shown to affect p21wafl (Liberto et al. 2000; Liang et al. 1999; 

Gupta et al. 2000; Bhatia et al. 2001), p27k,pl, cyclin dependent kinases 2 and 4, cyclins D 

and E (Liang et al. 1999; Bhatia et al. 2001), p53 (Liang et al. 1999, Gupta et al. 2000), 

and pRB (Liberto et al. 2000). Liang et al. (1999), have shown that EGCG (30 pM) 

induced a Gi cell cycle arrest in asynchronous and synchronous MCF-7 breast carcinoma 

cells. This cell cycle arrest was accompanied with a change from hyper- to a 

hypophosphorylated pRB protein, a decrease in protein expression of cyclin D1 and E, 

suppression of CDK 2 and 4 activities, but an increase in p21wafl, p27kipl and p53 

expression. Apoptosis induced by EGCG has also been shown in a number of human 

carcinoma cells (Gupta et al. 2000; Ahmad et al. 1997; Bhatia et al. 2001). Induction of 

apoptosis may also be due to regulation of caspases, as black tea polyphenols induced 

apoptosis through cytochrome c release and activation of caspase-9 and 3 in human U937 

cells (Pan et al. 2000a).

Both NF-kB and AP-1 (a down-stream target of the MAPK signalling pathways) 

have been found to regulate the expression of certain members of the matrix 

metalloproteinase family (MMP), (Chase et al. 2002; Bond et al. 2001). Tea flavonoids 

have been shown to inhibit the activity and expression of a number of MMPs. Some 

members of the MMP family have been implicated in atherogenesis. (Galis et al. 2002; 

Borden et al. 1997). Theaflavin and EGCG (25 pM) inhibited collagenases (probably 

MMP-2 and MMP-9) from mouse lung carcinoma cells (Sazuka et al. 1997). At 

significantly lower concentrations, which could be expected in plasma after tea 

consumption (IC50 <0.1 pM), EGCG was also effective in reducing tumour invasion 

mediated by MMP activity (Demeule et al. 2000). It is likely that the gallate moiety was 

essential for MMP inhibition, as EGCG was the most potent inhibitor of MMP-2, -9 and -  

12 compared to EGC and EC.
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1.8 NF-kB overview

NF-kB was first described 17 years ago by Sen and Baltimore (1986) as a B cell 

nuclear factor that bound a site in the immunoglobulin k  enhancer and was believed to be 

specifically expressed in B cells. It became apparent that NF-kB is in fact expressed in 

many cell types and thus not exclusive to B cells (as reviewed in Baldwin 1996). This 

pleiotropic transcription factor (TF) belongs to the Rel family of TFs and is involved in the 

activation of an exceptionally large number of genes in response to inflammation, viral and 

bacterial infections and other stressful situations requiring rapid reprogramming of gene 

expression. As well as their recognised role in inflammatory and immune type responses, 

NF-kB TFs also regulate several other important physiological processes, including 

developmental processes, cell growth, apoptosis, differentiation, redox metabolism and cell 

adhesion (as reviewed in Ghosh et al. 1998; Pahl et al. 1999). As N F-kB  is activated by 

many external stimuli, it has not been clearly defined how these signals activate or indeed 

at what point their signalling pathways impinge on the N F-kB signalling pathway. 

However, several common features do exist for all of the major activation pathways 

studied (figure 1.6). In most normal quiescent or non-stimulated cells N F-kB is retained in 

the cytoplasm as an inactive form in close association with a sequestering complex 

consisting of any of several IkB proteins (IkBoc, -P, -s, -y, p i05, p i00 and Bcl-3; as 

reviewed in Whiteside et al. 1997b). In response to a wide variety of stimuli, IkBoc is 

phosphorylated by an upstream kinase complex known as IkB kinase (consisting of IKKa, 

IKKp, IKKy). NH2-terminal phosphorylation (on serine 32 and 36 of IkBoc) leads to the 

immediate recognition of the NH2-terminus of IkBoc by the recently identified p-TrCP-like 

F box-containing component of Skp-Cullin-F-Box (SCF)-type E3 ubiquitin-protein ligase 

complex (Yaron et al. 1998; Chen ZJ et al. 1995; Baldi et al. 1996; Maniatis et al. 1999). 

This consequently results in the polyubiquitination on lysines 21 and 22 (DiDonato et al.

1996) targeting IkBoc for proteosomal degradation by the 26S proteosome. The 

degradation of IkBoc liberates the N F-kB dimer (exposing the nuclear localisation 

sequence or NLS) allowing it to translocate to the nucleus. Translocation is thought to 

occur through interactions with proteins responsible for nucleocytoplasmic transport within 

a cell, known as karyopherins (Moroianu et al. 1998; Pemberton et al. 1998). Once in the 

nucleus NF-kB binds to consensus sequences on DNA, thus modulating the expression of 

specific genes. One of the target genes activated by N F-kB is that encoding IkBoc. Newly
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synthesised IkBoc can enter the nucleus, remove NF-kB from the DNA, and export the 

complex back to the cytoplasm to restore the original latent state (Arenzana-Seisdedos et 

al. 1997).

There are, however, alternative pathways for activation o f NF-kB that have been 

reported. For example UV radiation-induced degradation o f IkBoc (hence activation o f NF- 

kB ) appears to be independent o f IKK activity, as serine 32, 36 or tyrosine 42 are not 

phosphorylated (Li et al. 1998). The mechanism o f IkBoc degradation in response to UV 

radiation is unknown. The second atypical activation pathway is a result o f  hypoxia or 

pervanadate treatment and is believed to require phosphorylation o f IkBoc at tyrosine 42 

instead o f serine 32 and 36 (Imbert et a l  1996). Phosphorylation o f tyrosine 42 does not 

result in IkBoc degradation. Again the exact mechanisms o f activation behind this pathway 

are not known, although certain members o f the Src family have been implicated.

Adapter proteins
IKK Activating kinases

Cellular responsesIKKy

IKKcc

V J T '' Proteosomal
IvRrr >
-̂-----> degradation

Figure 1.6 -  Rel/NF-icB signal transduction. Various signals converge on activation of 
the IkB kinase (IKK) complex. In many examples this occurs through receptor activation. 
IKK then phosphorylates IkB on serine residues 32 and 36, which targets it for 
ubiquitination and proteolysis. Liberated NF-kB (in this case p65 and p50) enters the 
nucleus and activates gene expression. One gene regulated by NF-kB is IkB. Newly 
synthesised IkB is thought to bind nuclear NF-kB, cause it to dissociate from the DNA and 
export it back out into the cytoplasm in an inactive state.

- 3 4 -



Chapter ONE

1.8.1 The NF-kB, IkB and IKK proteins

There are presently five known members o f the mammalian NF-icB/Rel family 

consisting o f c-Rel, NF-kB 1 (p50 and its precursor p i05), NF-kB2 (p52 and its precursor 

p i00), Rel A (p65) and Rel B (Baeuerle et al. 1994; Siebenlist et a l  1994; Miyamoto et al. 

1995; Dejardin 1999). Each o f these protein subunits contains the Rel homology domain 

(RHD; see figure 1.7) which functions in DNA binding, dimerisation, and interactions with 

IkB sequestering complex. Both NF-kB 1 and NF-kB2 contain multiple copies o f  ankyrin 

repeats at their C-termini, which typically characterise the IkB forms. Processing o f these 

subunits culminates in the formation o f active p50 and p52 subunits. The p i00 and p i05 

proteins do not function exclusively as precursor forms o f p50 or p52, but also serve to 

regulate the activity o f  the other NF-kB subunits (as reviewed in Baldwin 1996; Dejardin 

1995).

P65 (RelA) Rel homology domain 

| Ankyrin repeatsC-Rel

Dorsal

P105/p50 (NF-kB I)

P100/p52 (NF-KB2)

Relish

I k B c x

Cactus

Figure 1.7 -  The NF-kB and I kB families o f  proteins. The NF-kB/Rel family is 
characterised by the presence o f the Rel homology domain. The IkB proteins have multiple 
copies of the ankyrin repeat. NF-kB 1 and 2 are proteins that contain both the Rel 
homology domain and ankyrin repeats. Dorsal, D if Cactus and Relish are Drosophila 
proteins demonstrating interspecies homology.
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Active or DNA-binding NF-kB, consists of a dimer. Classically this dimer is made 

up of p65 and p50 subunits. Other homo and/or hetero dimers are able to form, although 

combinations of certain dimers have not been demonstrated, for example RelB will only 

dimerise with p50 or p52. Each of the distinct dimers is able to bind to DNA with differing 

specificities and with different affinities. Consequently, this increases the ability of NF-kB 

to differentially regulate the expression of a plethora of genes. Classic NF-kB 

preferentially binds the sequence 5’ GGGRNNYYCC 3’, whereas the RelA/c-Rel dimer 

binds to a sequence 5’ HGGARNYYCC 3’ (H indicates A, C or T; R is purine; Y is 

pyrimidine) (Parry et al. 1994). Other factors contributing to NF-kB target gene specificity 

include differences in cell type expression of the various NF-kB subunits, differential 

subcellular localisation, and differential interactions with inhibitory IkB subunit complexes 

(Baeuerle et al. 1994).

The butterfly-like x-ray crystal structures of various forms of NF-kB bound to 

DNA have been revealed (Chen FE et al. 1998, Chen YQ et al. 1998; Cramer et al. 1997; 

Ghosh et al. 1995). Each dimer subunit consists of two p-sheet immunoglobulin folds that 

form an NH2 terminal domain (NTD) (primarily responsible for sequence recognition) and 

a COOH terminal domain (CTD) (containing the dimer interface) which both contact the 

DNA. Unlike most TFs which use a-helices to bind DNA, NF-KB/Rel proteins use ten 

flexible loops extending from the secondary structure of these immunoglobulin folds to 

mediate DNA contacts, (for a more in-depth review see Chen FE et al. 1999).

As mentioned before the IkB family includes IkBcx, hcBp, hcBy, IkB s, Bcl-3, the 

precursors of N F-kB 1 (pl05), and N F-kB2 (plOO) and the Drosophila protein cactus 

(Ghosh et al. 1998; Whiteside et al. 1997a, 1997b) (figure 1.7). Of these the most 

important regulators of mammalian NF-kB are IkBoc, IkBP and IkBc as these contain 

NH2-terminal regulatory regions that are required for stimulus-induced degradation, hence 

NF-kB activation. All IkBs contain an NH2-terminal domain, a COOH-terminal domain 

(containing a PEST motif) and a core consisting of either 6 or 7 ankyrin repeats. The 6 or 7 

ankyrin repeats form stacked helical domains that bind to the RH domain of NF-kB. IkBoc, 

the best characterised is a unique family member as its expression is regulated by NF-kB. 

Newly synthesised IkBoc enters the nucleus and binds to the COOH-terminal of the RH 

domains of NF-kB. This binding appears to disrupt the N F-kB/DN A  association by 

masking the nuclear localisation signal of NF-kB. A nuclear export sequence on IkB a  is
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exposed on binding, and causes re-exportation of the NF-kB/IkB complex into the 

cytoplasm in an inactive state (Arenzana-Seisdedos et a l 1997).

The IicB-kinase (IKK) family of proteins are commonly accepted as the main 

kinases responsible for the phosphorylation of IkB. Typically this kinase signalsome 

consists of 3 proteins, namely IKK-1 (IKKa), IKK-2 (IKK(3) and IKKy (NEMO, or 

IKKAP), although under certain conditions a fourth molecule, IKAP (DCK-complex 

associated protein) has been associated with the complex (DiDonato et a l 1997; Mercurio 

F. 1997). The actual IkB kinase activity resides in two subunits of the complex namely 

IKKa and IKKp. IKKy is an associated modulator of the other two subunits and is thought 

to confer a structural or stabilising function (DiDonato et a l 1997; Mercurio 1997). The 

function of IKAP has not been clearly elucidated. The IKKs share much structural 

similarity and can form homo- or heterodimers. Each subunit of IKK is phosphorylated in 

the activation domain on specific serine residues (and threonine for IKKy) by upstream 

kinases including NF-kB inducing kinase (NIK), MEKK-1, receptor interacting kinase 

(RIP) and Interleukin-lR-activated kinase (IRAK) (as reviewed see Karin et a l 1999a, 

1999b) and NF-kB activating kinase (NAK) (Tojima et al 2000).

Some form of receptor-ligand binding activates these various kinases such as NIK. 

For example, TNFa on binding to the TNF receptor, induces receptor dimerisation and 

recruitment of TNF receptor-associated proteins like TNF receptor-associated death 

domain protein (TRADD), Fas-associated death domain protein (FADD), TNF receptor- 

associated factor 2 (TRAF2) (Rothe et a l  1995a), to its intracytoplasmic domain to 

generate intracellular signalling cascades such as activation of NIK, IKK, IkB and NF-kB.

1.8.2 NF-kB and Atherosclerosis

As mentioned before, the pleiotropic family of transcription factors NF-kB play an 

important role in the inducible regulation of a variety of genes involved in the 

inflammatory/immune and also proliferative responses of cells. There are several lines of 

evidence that suggest an involvement of NF-kB in atherogenesis. The NF-kB signal 

transduction pathway in murine aortic endothelial cells is primed for activation in regions 

predisposed to atherosclerotic lesion formation (Hajra et a l 2000). In humans activated 

NF-kB has been detected in the fibrotic-thickened intima/media and atheromatous areas of 

the atherosclerotic lesion (Brand et al 1996; Wilson et al 2002). NF-kB was found
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activated in the SMCs, macrophages (Brand et al. 1996; Wilson et al. 2002) and foam cells 

(Wilson et al. 2002) of the athersclerotic plaque, but also in endothelial cells in lesions 

with less advanced athersclerosis (Brand et al. 1996). Little or no activated NF-kB was 

detected in vessels lacking atherosclerosis (Brand et al. 1996).

There are multiple mechanisms through which NF-kB may contribute to 

atherogenesis (figure 1.8).

Growth  factors Ox i di se d  LD L

Horn o cys t e i ne  
Endot ox i n  Infect ion

ROS
Shear  stress

C y t ok i nes

)1
"

i
C el lular prol i ferat ion „ C el lular m igrat ion

r  R A G E  °

A p o p t o s i s  , Gr owt h  factors
A d h e s i o n  m o l e c u l e s

Ce l l  cyc l e Free radicals  

c y t ok i n e s

M M P s

Figure 1.8 - NF-kB and atherogenesis. This intracellular transcription factor activated by 
proatherogenic stimuli, is present in vascular cells, and is a central mediator regulating 
multiple atherogenic events.

For example NF-kB may contribute to the initiation phases o f  atherosclerosis. 

Since it is activated by various proatherogenic factors including shear stress (Bhullar et al. 

1998), homocysteine (Wang et al. 2000), vascular endothelial growth factor (Marumo et 

al. 1999), platelet derived growth factor (Marumo et al. 1997), fibroblast growth factor, 

tumour necrosis factor (Baeuerle et al. 1994), oxidised LDL (Parhami et al. 1993),
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bacterial lipopolysaccharide (Muller et al. 1993), interleukin 1 (Ishikawa et al. 1999), 

viruses, and ROS. Activation of NF-kB by these proatherogenic factors culminates in the 

expression of genes demonstrated to play a role in atherogenesis. For example one of the 

early stages involved in plaque formation is the recruitment and adhesion of circulating 

monocytes and T and B lymphocytes. Monocyte chemoattractant protein (MCP-1) 

functions to recruit macrophages at the foci of endothelial damage. A wide variety of 

activated cells, including monocytes, fibroblasts, vascular endothelial cells, and smooth 

muscle cells produce MCP-1 in vitro (Rollins et al. 1996; Oppenheim et al. 1991). The 

expression of MCP-1 can be up-regulated by NF-kB in a number of cell systems (Wang et 

al. 2000; Inadera et al. 2000; Marumo et al. 1999), and also in atherosclerotic lesions 

(Brand et al. 1996,1997; Marumo et al. 1997).

The up-regulation of adhesion molecules is pivotal to the disease process allowing 

the adherence of circulating monocytes to injured endothelial cells. These adhesion 

molecules include ELAM-1, VCAM-1, and ICAM-1. Again NF-kB has been found to 

modulate the expression of ELAM-1 (Hajra et al. 2000), VCAM-1 (Cybulsky et al. 1991; 

Iademarco et al. 1992), and ICAM-1 (Poston et al. 1992).

Once the monocytes have bound to the adhesion molecules, they infiltrate the 

subendothelial space of the arterial vessel. Some members of the matrix metalloproteinase 

family (MMP) have been implicated in the process of monocyte infiltration. MMPs are 

secreted by cells involved in disease progression, which include VSMCs, 

monocytes/macrophages, endothelial cells and lymphocytes (Galis et al. 2002). NF-kB has 

been demonstrated to regulate the expression of genes MMP-7, -3, and -9  in human 

macrophages (Chase et al. 2002), VSMCs (Bond et al. 2001), and also in rabbit foam cells 

produced in vivo (Chase et al. 2002). NF-KB-dependent up-regulation of MMPs also 

allows VSMCs and ECs to migrate across the internal elastic lamina into the intimal layer 

of the arterial vessel. Furthermore, proteinases participate in the proliferation of certain cell 

types including VSMCs (Dollery et al. 1995), a key part of the later stages of 

atherosclerosis.

In addition to monocyte adhesion, platelet aggregation at the foci of endothelial 

injury has also been associated with the early stages of atherogenesis. Evidence is 

accumulating to show that platelet activation exacerbates localised vascular inflammation, 

through the release of platelet proinflammatory mediators. Platelet activation modulates 

the activity of NF-kB in macrophages, consequently increasing production of IL-lp, IL-8 

and MCP-1 (Neumann et al. 1997) thus enhancing the disease process.
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As the plaque progresses up-regulation of various chemokines, including tissue 

factor (Wilcox et al. 1989), granulocyte macrophage colony stimulating factor (GM-CSF), 

TNFa (Baeuerle et al. 1994; Ross et al. 1993), IL-1 (Ross et al. 1993; Hiscott et al. 1993) 

and macrophage colony stimulating factor (M-CSF) (Baeuerle et al. 1994; Rosenfeld et al. 

1992) is evident. Increased expression of these chemokines has been shown to be 

dependent on NF-kB, and is thought to enhance many of the processes involved in the 

intermediate stages of plaque formation. Also up-regulation of the receptor for advanced 

glycated end products (RAGE) has been shown to be dependent on NF-kB activation (Li 

JF et al. 1997). Advanced glycated end products are formed via the Maillard reaction and 

are the result of the non-enzymatic reaction between reducing sugars (such as glucose) 

with amino groups of proteins, lipids, and nucleic acids. AGE proteins are thought to 

promote atherogenesis by binding to their receptor, and bringing about a number of cellular 

responses. These range from induction of NF-kB (thus exacerbating the disease process), 

the generation of ROS and the up-regulation of VCAM-1 in endothelial cells (Schmidt AM 

et al. 1995). Subjects with elevated AGE proteins such as diabetics are thus predisposed to 

developing atherosclerosis.

Interestingly N F-kB has also been implicated in the later stages of the disease 

process. Many of the factors present in the atheroma, including TNFa, increased oxidative 

stress or oxidised LDL, activate NF-kB. N F-kB therefore serves to amplify and perpetuate 

the ongoing inflammation and matrix degradation within the plaque, with an increase in the 

release of cytokines, IL-1 a  and TNFa occurring. These cytokines lead to the persistent 

activation of NF-kB and/or the production of MMPs by VSMCs (Bond et al. 2001). These 

MMPs may result in fibrous cap weakening in the atherosclerotic plaque (Lee RT et al.

1997), resulting in various cardiovascular events such as vessel haemorrhaging, thrombosis 

and stroke. In conclusion activated N F-kB is present in numerous cell types in 

atheromatous plaques and offers an attractive chemopreventive and therapeutic target to 

provide an effectual strategy in combating and or alleviating the symptoms of disease.

1.9 Apoptosis

Apoptosis or programmed cell death is an important physiological process that 

plays an essential role in regulating cell number in tissue development and homeostasis. 

Moreover, apoptosis is also involved in a wide variety of pathological conditions ranging 

from neurodegenerative conditions, cancer, immunological diseases and also
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cardiovascular disease. Apoptosis, an active process, was first described by Kerr et al. 

(1972), and is characterised by a number of typical morphological changes that occur in 

the dying cell. These range from membrane blebbing, nuclear fragmentation, chromatin 

condensation, loss of adhesion and rounding (in adherent cells), and cell shrinkage. 

Biochemical features associated with apoptosis can range from intemucleosomal cleavage 

of DNA that culminates in oligonucleosomal ‘laddering’ (Cohen et al. 1994), 

phosphatidylserine extemalisation (Martin et al. 1995a), and proteolytic cleavage of a 

number of intracellular substrates (Martin et al. 1995b).

These morphological and biochemical changes are elicited by a broad range of 

physiological or experimentally applied death stimuli and are observed in cells from 

diverse tissue types and species. This is consistent with the idea that independent signalling 

pathways converge on communal death-effector machinery that is evolutionarily 

conserved. This death-effector machinery typically consists of a family of cysteine 

proteases known as caspases. Cysteine protease activity can be detected in all cells 

undergoing apoptosis, regardless of their origin or the death stimulus, thus demonstrating 

the significance of caspases. Common to many of these death-signalling pathways is the 

involvement of the NF-kB signalling pathway. Section 1.9.1 describes how NF-kB may 

impinge on cell-death signalling pathways. However it is important to realise that 

apoptosis can occur independently of NF-kB.

1.9.1 NF-kB and Apoptosis

NF-kB can be pro-apoptotic, or also anti-apoptotic. The decision as to whether NF- 

kB is pro- or anti- apoptotic is dependent upon the specific cell type in which it is 

expressed and also the type of external stimulus. The first indication that NF-kB was 

involved in suppression of cell death came from studies on transgenic mice, which were 

deficient for the p65 (RelA) subunit of NF-kB. These mice died at embryonic day 15 and 

showed a massive degeneration of liver cells as a result of extensive apoptosis (Beg et al. 

1995). IKK-/3 gene knockout mice and IKK-p/IKK- a  double knockout mice die as embryos 

due to widespread hepatocyte apoptosis (Li et al. 1999; Tanaka et al. 1999). Male mice 

with an inactivated X-linked gene encoding DCK-y/NEMO, die in mid gestation because of 

massive apoptosis of cortical and medulla lymphocytes in the thymus, and also 

degeneration of the liver (Makris et al. 2000; Rosenfeld et al. 2000). Interestingly cross 

breeding of RelA or IKK-(3 gene knockout mice with TNF-R1 or TNFa gene knockout
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mice revealed partial rescue from embryonic lethality, suggesting a role for TNFa 

induction of cell death in the absence of NF-kB (Rosenfeld et al. 2000; Doi et al. 1999).

EBV infection induces B-lymphocyte proliferation and growth transformation 

(Grossman et al 1994). Studies have shown that NF-kB inhibition causes spontaneous 

apoptosis in Epstein-Barr virus (EBV) transformed lymphoblastoid cells (Cahir-McFarland 

et al. 2000), thus demonstrating an important anti-apoptotic effect. In addition, constitutive 

NF-kB activation has been observed in certain proliferative-associated diseases such as 

Hodgkin’s disease tumour cells, breast tumour cells (Sovak et al 1997; Bargou et a l 1997) 

and in particular cells involved in atherogenesis, such as VSMCs (Dollery et a l 1995).

In support of a pro-apoptotic effect for NF-kB, is a report by Marianneau et al. 

(1997). In this report, Dengue-virus-infected HepG2 hepatocytes were rescued from 

apoptosis following the expression of NF-kB decoy oligonucleotides (double stranded NF- 

kB binding sites) implicating the role of NF-kB in virally induced apoptosis. Also several 

studies have shown that NF-kB promotes apoptosis in a variety of in vitro neuronal cell 

injury models (Clemens et al 1997, 1998; Grilli et al 1996; Grimm et a l 1996; 

Marinovich et a l 1996). Recently, two reports demonstrating NF-kB as a pro-apoptotic 

inducer in animal models have been reported. In one study, Qin et a l (1999) examined the 

effect of NF-kB in N-methyl-D-aspartate (NMDA) receptor-induced apoptosis of rat 

striatal mediumspiny neurons (which is an excitotoxic Huntington’s disease model). 

Administration of the excitotoxin quinolic acid, which activates the NMDA receptor and 

induces apoptosis in the rat striatum, caused increased nuclear translocation of an NF-kB 

complex that contained the RelA and c-Rel subunits. This induction of apoptosis was 

attributed to the NF-kB dependent up-regulation of two death-promoting genes, namely c- 

myc and p53. The second study by Schneider et a l (1999) used a transgenic mouse 

containing a chimeric p-globulin gene that was under direct control by NF-kB (this acted 

as a model for strokes). Following induction of focal cerebral ischemia in these mice, there 

was an increase in NF-kB translocation and DNA binding (p50/RelA and p50/p50) and 

hence reporter gene transcription. Also, p50 knockout mice had significantly reduced 

ischaemic damage as compared to wild-type mice, suggesting that the absence of NF-kB 

provided protection from neuronal cell death.

The mechanisms behind apoptosis have been extensively studied (as reviewed in 

Hengartner et al 2000; Chen et al 2001). It is now believed that there are two main 

pathways leading to apoptosis, namely the intrinsic or mitochondrial mediated and
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extrinsic or receptor-mediated pathways (figure 1.9). NF-kB is central to both the intrinsic 

and extrinsic pathways and regulates the activity o f many o f the apoptotic mediators. In 

addition, both pathways rely on the activation o f a family o f cysteine proteases, known as 

caspases, which cleave target proteins at aspartic acid residues. Caspases exist as 

proenzymes in an inactive state, and are dependent on proteolytic cleavage and subsequent 

molecular reorganisation to become active (Stennicke and Salveson, 1999).

Fas, FasL Bax, Noxa, pig3

F-kB, bclx

bcI2

d A P s X X I A P  |—  Diablo/Smac Cytochrome C

Caspase-9Caspase-: Caspase-3,7 Apaf-1

AIFApoptosis

Figure 1.9- NF-kB is a central mediator o f  both extrinsic (red arrows) and intrinsic 
(green arrows) pathways leading to apoptosis. Initiator caspases (8 and 9) can be 
activated by either ligand binding to the death receptor complex or by cytochrome c 
released from the mitochondria. Initiator caspases act on downstream effecter caspases (3 
and 7), which commit the cell to apoptosis. NF-kB can function to block apoptosis via up- 
regulation o f IAPs and/or Bcl-Xl, and/or inhibition o f p53 function, (adapted from Chen et 
al. 2001).

The extrinsic pathway is triggered as a result o f ligand binding to its respective 

death domain associated receptors (TNF receptor 1, FAS-Ligand receptor/CD95). A 

typical example o f a death domain-associated receptor is the TNFa receptor. On binding 

TNFa, aggregation o f TNFa receptors and hence cytoplasmic death domains (DD) takes 

place (Hsu et al. 1995). Receptor oligomerisation culminates in the recruitment o f  adaptor 

molecules including TNF receptor associated death domain (TRADD) and Fas-associated 

death domain (FADD), to the DD o f the receptor (Hsu et al. 1995). The recruitment o f  

these adaptor proteins allows for the binding o f initiator caspases, such as caspase 8 and 10
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(Boldin et a l 1996; Fernandes-Alnemri et al. 1996). Aggregation in these crowded death- 

inducing signalling complexes (DISCs), and the low intrinsic protease activity of pro- 

caspase 8, may allow sufficient intramolecular processing so as to release active caspase 

(Muzio et a l 1998). Active caspase 8 then functions to cleave and thus activate 

downstream pro-caspases to produce executioner caspases such as 3, 6 and 7 (Grutter et al

2000), which go on to bring about the morphological changes associated with apoptosis (as 

reviewed in Hengartner et a l 2000). NF-kB has been shown to regulate the expression of 

TNFa (Shakhov et a l 1990) and also the TNF receptor (Santee et a l 1996). Moreover, 

NF-kB has been shown to regulate the expression of Fas-Ligand (Matsui et a l 1998), and 

CD95 (Chan et a l 1999), which as previously stated is another example of the extrinsic 

apoptotic or CD95/Fas- and FADD-mediated caspase-8 activation pathway. Collectively 

these reports accentuate the importance of NF-kB to the modulation of the extrinsic 

apoptotic pathway.

The intrinsic pathway is mediated by the mitochondria and is activated following 

growth-factor deprivation, hypoxia and genotoxic injury (Green et a l 1998). Consistent 

with a pro-survival activity of NF-kB is the evidence that several mitogens, such as PDGF 

appear to activate NF-kB, which in turn stimulates transcription of the growth factor gene. 

Therefore growth factor deprivation would culminate in the activation of the intrinsic 

apoptotic pathway, possibly due to the inactivity of NF-kB. The mitochondrion is pivotal 

to the intrinsic pathway and releases apoptosis promoting factors including cytochrome c, 

apoptosis inducing factor (AIF) and Diablo/Smac (De Laurenzi et a l 2000; Verhagen et al 

2000; Susin et a l 1999). Cytochrome c binds to the caspase activating protein, apoptotic 

protease activating factor-1 (Apaf-1), which then activates caspase-9 (Susin et a l 1999), 

and forms the complex known as the apoptosome (Zimmermann et a l 2001). Caspase-9 as 

part of the apoptosome, exerts an effect through activation of executioner caspases, such as 

caspase 3. AIF appears to bring about apoptosis in a caspase-independent manner (Lorenzo 

et al 1999).

Important to the mitochondrial mediated apoptotic pathway is the Bcl-2 family of 

proteins. Subcellular localisation studies have shown that Bcl-2 and Bcl-Xl reside on the 

mitochondrial outer membrane and act in anti-apoptotic function (other anti-apoptotic 

members include Bcl-w, Bfl-land Bcl-B). These anti-apoptotic members work to prevent 

cytochrome c release from the mitochondria, and thereby preserve cell survival (Kluck et 

al 1997). The pro-apoptotic members of the family including Bax, Bid, Bim, Bak, and Bad 

translocate to the mitochondria and bring about the release of cytochrome c (as reviewed in
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Zimmermann et al. 2001). Some of the Bcl-2 family members such as Bfll, Bcl-Xl, Nr 13 

and Bcl-2, have been revealed to be targets of NF-kB (Grumont et al 1999; Chen FE et al. 

1999; Lee HH et al. 1999; Lee FYJ et al. 1999; Mattson et al. 2001). Bfll overexpression 

can rescue cells deficient in c-Rel (Grumont et al. 1998) or IkBoc super-repressor- 

expressing cells (Zong et al. 1999) from apoptosis induced by TNFa or antigen receptor 

ligation. Overexpression of Bcl-Xl also rescues IkB a  super-repressor-expressing cells 

from TNF-a-induced apoptosis (Chen CL et al. 2000). The regulation of Bcl-2 family 

members by NF-kB also extends to pro-apoptotic member Bax (Bentires-Aij et al. 2001). 

Bax expression is enhanced in certain cells that express the hcBa-super-repressor and 

overexpression of NF-kB inhibits p53 stimulated Bax promoter activity (Bentires-Aij et al.

2001). Collectively these reports thus emphasise the significance of NF-kB in the intrinsic 

apoptotic pathway (also extrinsic through TNFa signal-mediated pathway).

The inhibitor of apoptosis (LAP) family, consist of a group of structurally related 

proteins that regulate apoptosis induced by a range of stimuli. Initially identified in 

baculovirus, LAPs are highly conserved through different species and contain a number of 

characteristic regions or motifs of homology. Typically LAP proteins possess two 

conserved motifs, the baculovirus LAP repeat (BLR) and the RING domain. The BIR 

domain consisting of a 70 amino-acid residue zinc-binding region is essential for the anti- 

apoptotic function of the LAPs and has been linked to the binding of and inhibition of 

caspases. At present eight human LAPs have been identified consisting of survivin (TLAP), 

apollon (Bruce), c-IAPl (HIAP2, MIHB), C-IAP2 (HIAP1, MIHC), ML-IAP (Livin, 

KIAP) ILP-IAP (Ts-LAP), NAIP and XIAP. In the intrinsic pathway, Smac/Diablo released 

from the mitochondria binds to LAP family members and neutralises their anti-apoptotic 

activity, allowing initiation of caspase-dependent apoptosis (Du et al. 2000).

As well as Smac/Diablo interaction with LAPs, NF-kB also interacts with LAP 

family members through transcriptional regulation. There has been much work involved in 

elucidating the mechanisms behind LAP regulation. It has been acknowledged that there are 

at least three forms of regulatory control, transcriptional/post-transcriptional, regulation of 

stability and control of LAP activity by further regulatory proteins. Transcriptional control 

or expression of IAPs is thought to be under tight control. For example, the expression of 

survivin (an LAP family member) in HeLa cells is up-regulated during the G2/M phase of 

the cell cycle via NF-kB (Ghosh et al. 1998). In Jurkat cells, TNFa has been shown to up- 

regulate C-IAP2 where C-LAP2 protection from TNFa-induced apoptosis was dependent on
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the presence of NF-kB (Chu et al. 1997). A more recent study on endothelial cells revealed 

the up-regulation of a number of LAPs following TNFa exposure (Stehlik et al. 1998). In 

this report, the authors provide evidence to suggest that NF-kB modulates LAP induction. 

This was concluded as overexpression of the endogenous cytoplasmic N F-kB inhibitor, 

IkB, totally suppressed LAP induction and sensitised the cells to apoptosis. This effect was 

reversed following the overexpression of XLAP, which restored the cytoprotective effect of 

the endogenous LAPs. Further to this study, a report by You et al. (1997) using a 

temperature activated v-Rel protein, demonstrated the ability to control the induction of 

endogenous ch-IAPl, and hence protect the cells from apoptosis. Therefore LAP expression 

by NF-kB or NF-kB activating agents accentuates a positive feedback mechanism whereby 

the c-LAPs (through their interaction with TRAF1 and 2 or through the reported interaction 

with RIP2) or XLAP (through its interaction with TAK1; Hofer-Warbinek et al. 2000) can 

potentiate the activation of NF-kB, which sequentially leads to increased levels of C-IAP2 

or XLAP (Hofer-Warbinek et al. 2000) expression, reinforcing the anti-apoptotic effects of 

LAPs. In contrast, the zinc finger inhibitor of apoptosis A20 that is induced by N F-kB, acts 

as a negative regulator of NF-kB activation (Song et al. 1996).

The 57-kDa protein XIAP is most potent at inhibiting apoptosis triggered by a 

range of apoptotic stimuli. As previously mentioned its protective effects have been largely 

attributed to the direct inhibition of caspase function. XLAP binds to caspase 3, 7 and 9 

through the interaction with its BIR motifs. Once bound to these different effector 

caspases, steric occlusion of the normal substrates of these caspases occurs, which prevents 

the propagation of the apoptotic signal. However, as stated before, LAPs inhibit apoptosis 

by non-caspase interactions mainly by modulating NF-kB and also to a lesser extent by 

JNK1. In actual fact c-LAPl and 2 were first identified by virtue of their interaction with 

TRAF2 (Rothe et al. 1995b). Although this study was unable to demonstrate any 

cytoprotective role from this interaction, it suggested that LAP apoptotic suppression might 

be mediated in part through modulation of TNFa signalling cascade. With this in mind, the 

TNFa signalling cascade can be both pro- and anti-apoptotic, with the latter being 

mediated mainly through NF-kB modulation. Collectively these reports demonstrate the 

importance of NF-kB in the regulation of LAP gene expression. Given that LAPs modulate 

the activity of a number of caspases, it is clear that LAPs impinge on both the extrinsic and 

intrinsic apoptotic pathways.
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The tumour suppressor, p53, has been considered one of the major contributors to 

apoptosis in response to a variety of stress inducers. The protein p53 is able to control the 

expression of many genes involved in reactive oxygen species synthesis or metabolism 

which contribute to the apoptotic process, including quinone oxidoreductase homologue 

(Pig 3), proline oxidase (Pig 6) homologue and glutathione peroxidase (GPx) (Polyak et al.

1997). In addition, p53 also regulates the expression of genes that directly control the 

process of apoptosis. These include eif24 (Pig 8) (Gu et a l 2000), Noxa (Oda et a l 2000), 

Fas, FasL and, as mentioned previously, Bax (Amundson et a l 1998). Positive regulation 

of Fas and FasL leads to the activation of the extrinsic pathway culminating in apoptosis, 

via caspase dependent mechanisms. The up-regulation of Bax facilitates the release of 

cytochrome c and triggers the cascade of events of the intrinsic apoptotic pathway. In 

addition p53 functions to induce growth arrest in part by enhancing the expression of 

p21wafl, a cyclin dependent kinase inhibitor. Increased expression of p21wafl by p53 leads 

to either a G1 or G2/M cell cycle arrest or apoptosis (El-Diery et a l 1994; Bunz et al

1998). Studies have demonstrated that p53 is a transcriptional target of NF-kB (W u et al 

1994) and that expression is partially dependent on NF-kB activity (Kirch et a l 1999). 

This again emphasises the importance of NF-kB in the regulation of apoptosis to both the 

intrinsic and extrinsic pathways.

1.10 Cell Cycle

The control of cellular proliferation is achieved through regulation of the cell cycle, 

of which there are typically four phases. These phases are made up of an S (synthesis), M 

(mitotic), Gi (gapl) and a G2 (gap 2) phase, that can be differentiated on the basis of 

biochemical and morphological features. The biochemical characteristic of the S phase is 

the replication of nuclear DNA and thus doubling of the genetic information. In the M 

phase, division of the chromosomes between daughter cells is carried out. The Gi phase 

occurs between the M through to S phase, whereas G2 covers the period between S through 

to M phase. From the Gi phase, there is also an out of cycle phase, in which the cell 

remains in a quiescent state known as Go phase (figure 1.10). Appropriate signals such as 

presence of various growth factors, can induce the cell to return from Go into Gi phase and 

thus proceed through the cell cycle.

The various cell cycle events are highly coordinated to occur in a defined order 

with exact timing, requiring precise control mechanisms. Control of the cell cycle is due to
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extrinsic and also intrinsic mechanisms. Extrinsic control mechanisms are determined by 

growth conditions such as nutrient supply. A cell may undergo arrest of the cell cycle if 

external ambient physiological conditions are not favourable. Intrinsic control mechanisms 

ensure that the cell cycle is executed completely, to allow both daughter cells to have a 

complete and identical genetic composition. For example mechanisms exist that check 

completion of S phase, consequently then allowing mitosis to take place i.e. entry into M 

phase. Another control mechanism ensures that a cell only enters S phase if preceded by 

mitosis. A further control mechanism exists that monitors whether the cells in GI phase are 

large enough and have reached a critical size, to initiate another round of cell division. A 

final mechanism monitors DNA integrity or damage which can occur to the cellular 

genome via internal or external signals. If the DNA is damaged the cell cycle is arrested 

allowing for restoration to take place via various repair enzymes. If the damage is rectified 

then the cell can re-enter the cell cycle and division can take place. However if the damage 

remains then a cell may undergo apoptosis.

Both intrinsic and extrinsic control mechanisms are dependent on the coordinated 

synthesis, activation, and degradation of a family of proteins known as the cyclins that act 

as catalytic subunits for their respective kinases, known as cyclin dependent kinases 

(CDKs). Activity is further modulated by kinases and phosphatases that act to 

phosphorylate and dephosphorylate CDK, respectively. Furthermore, CDK activity is also 

modulated by association with one of a number of specific inhibitors (CDKI) or cell cycle 

checkpoint proteins, including p21wafl, p27kip1,85, and growth arrest and DNA-damage 

protein 45 (GADD45). Section 1.10.1 draws attention to the involvement of NF-kB in the 

regulation of some of these cell cycle regulatory proteins (section 1.10.1), and hence how 

NF-kB may regulate progression of the cell cycle.

1.10.1 NF-kB and proliferation

Evidence that NF-kB is involved in cell cycle progression has come from many 

independent studies. One such study showed that NF-kB activity was elevated during the 

GO to GI cell cycle transition in mouse fibroblasts (Baldwin et al. 1991). NF-kB activation 

was also required for cell cycling in other cell types, including regenerating liver cells, and 

oestrogen receptor-negative breast cancer cells (Baldwin et al 1991; Cressman et al 1994; 

Duckett et al 1995; Biswas et a l 2000). NF-kB has been found to directly interact with 

cell cycle regulatory proteins. For example, the INK4 CDK inhibitors, which cause cell
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cycle arrest by inhibiting CDK4 and 6, can also bind to and inhibit NF-kB through their 

ankyrin repeats. Conversely, overexpression o f the unrelated CDK inhibitor p27 increases 

transactivation by NF-kB (W olff et al. 1999).

As mentioned previously the cell is subject to a number o f external controls. 

Information about the external environment is translated through to the nucleus via 

signalling pathways. Mitogenic signals in the form of growth factors bind to specific 

receptors and initiate a cascade o f events that influences cell cycle progression. These 

external control mechanisms monitor growth factor/nutrient availability and can stop or 

promote cell division in Gi (represented by ‘R’ on figure 1.10), depending on 

physiological conditions.

Cyclin H

Growth factors
CDC2

CDC2 -<B>

r
CDC2S

Lamins 
Myosin 
TFIIB 
Histone HI

Figure 1.10 - An overview o f the four phases o f the eukaryotic cell cycle,  indicating the 
main CDKs and respective cyclin-substrates. The black arrows represent activation and 
phosphorylation, and the red or blue arrows represent positive or negative transcriptional 
regulation, respectively. R represents a restriction point. (Adapted from Biochemistry o f 
signal transduction and regulation, second edition, by Gerhard Krauss, published by 
Wiley-VCH, 2001).
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In favourable conditions, cell progression from GI to S phase is dependent on p53 

activity, which governs the expression of the CDKI p21wafl (Sandor et al. 2000; Jimenez et 

al 1999). Down-regulation of p21wafl allows the association of D-type cyclins with CDK4 

and 6, which bring about Gi/S phase transition through phosphorylation of pRB. 

Phosphorylation of pRB results in the release of E2F, which is required for activation of S 

phase-specific genes (Nevins et al. 1992; Weinberg et al. 1995).

Two NF-kB binding sites have been found in the human cyclin D1 promoter 

sequence, providing direct evidence for the involvement of NF-kB in cell cycle transition 

(Hinz et al 1999; Guttridge et al 1999). In both studies, inhibition of N F-kB by over

expression of an IkB cx super-repressor led to delayed cell cycle progression, and this effect 

could be rescued by ectopic expression of cyclin Dl. Further to the involvement of NF-kB 

in Gi/S phase progression is the finding that N F-kB regulates the expression of p53 (Wu et 

al 1994), which in turn controls the expression of p21wafl (Sandor et a l 2000; Jimenez et 

al 1999). In addition, over expression of chicken c-Rel in HeLa cells caused a cell cycle 

arrest, which was accompanied by a decrease in CDK2 kinase activity and increased levels 

of p53 and p21wafl (Bash et al. 1997). The enhanced levels of p21wafl correlated with the 

accumulation of the hypophosphorylated form of pRB and a decrease in E2F DNA 

binding. Collectively these reports provide evidence that N F-kB activity can be associated 

with cell cycle arrest.

The activation of the G2/M phase checkpoint is dependent on the phosphorylation- 

dependent inactivation of CDC25C phosphatase by checkpoint kinases 1 or 2 (Chkl or 

Chk2) and the induction of GADD45. GADD45 acts as an inhibitor to the G2/M phase 

cyclin B/CDC2 complex (Graves et a l 2000; Hutchins et a l 2000). A study by Chen et al 

(2001), using BEAS-2B epithelial cells, showed that inhibition of NF-kB by stable 

expression of a kinase mutated form of IKK-p, enhanced arsenite-induced G2/M phase cell 

cycle arrest. This was attributed in part to an arsenite-induced increase in GADD45 

protein, which was due to the relief of NF-KB-induced suppression of GADD45 gene. Also 

this G2/M phase arrest may have been due to regulation of CDC25 family members. 

Arsenite was found to induce de novo CDC25A expression, but markedly reduced the 

levels of CDC25B and CDC25C proteins, two phosphatases that activate CDC2/cyclin B 

complex.

The status of NF-kB activity was also a determining factor for vanadate-induced 

cell cycle arrest. In normal epithelial cells vanadate had less effect on cell cycle transition. 

However, in the cells where NF-kB activation was blocked, vanadate displayed a
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significant G2/M phase cell cycle arresting effect (as reviewed in Chen et al. 2001). 

Indirectly, NF-kB can potentially affect the expression and activity of the CDK1. This is 

due to the finding that NF-kB can modulate the expression of p53 (Wu et al. 1994), which 

in turn has been shown to reduce the both tyrosine (Taylor et al. 1999, Azzam et al. 1997, 

Passalaris et al. 1999) and threonine (Schneider et al. 1998) phosphorylation of CDK1. 

Furthermore there have been several reports in the literature that demonstrate p53- 

mediated repression of the CDK1 gene (Taylor et al. 1999; Yun et al. 1999). Reported by a 

number of groups is the involvement of p21wafl in the p53 mediated repression of CDK1 

gene transcription, hence demonstrating another potential point at which N F-kB may 

indirectly affect cell cycle transition (Chang et al. 2000, Taylor et al. 2001).

Another protein important to the regulation of the cell cycle is P inl. Although there 

is no evidence to suggest a direct interaction with N F-kB, Pinl can regulate the expression, 

activity and stability of various pivotal cell cycle regulatory proteins, that interact with NF- 

kB including CDC25C (Crenshaw et al. 1998), cyclin D1 (Wulf et al. 2001), and p53 

(Zheng et al. 2002; Zacchi et al. 2002).

1.11 Microarray

Cells have to respond appropriately to ambient factors in their surroundings to 

allow for the preservation of a homeostatic environment. This regulation is achieved by 

modulating the active working components of the cellular machinery, which occur through 

specific changes in the activity of their constituent proteins. These changes are achieved 

through either post-translational protein modifications or through stoichiometric changes in 

protein levels. The latter changes occur through selective modification in the rate of gene 

transcription and/or translation. It is in identifying these changes in gene transcription that 

the technique of microarray can be employed.

Since the recent advent of microarray the applications of this technique have been 

shown to be immense. It permits the study of temporal and spatial changes in expression of 

a plethora of genes in response to various treatments, time points and concentrations, 

instead of attempting to examine putative gene targets one by one. This can be useful in 

assigning genes or gene clusters to specific biological events and for analysing their 

interactions in a biological system, which may be useful in disease investigation. The 

development of this technique promises to enhance our understanding, and provide an 

insight into the complex cellular functions that subsist inside cells.
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The methodology behind microarray is represented as in figure 1.11. In theory, 

microarrays work on the reverse principle to Northern blotting. A cDNA array is 

comprised o f many micron sized gene specific polynucleotides that are spotted or arrayed 

on to a glass slide. Total cellular RNA is purified from a test and control cell line and 

converted to fluorescently labelled cDNA by RT-PCR. The control cDNA is labelled with 

one fluorophore (usually Cyanine3-dUTP, a red colour) and the test cDNA is labelled with 

another (usually Cyanine5-dUTP, a green colour). The control and test cDNA are then 

mixed and allowed to hybridise to the array slide overnight. The array slide is then washed 

before being scanned with a dual laser scanner. The fluorescent signals from the two 

fluorophores are detected and integrated to give an overall image representing the gene 

expression profile o f the experiment. A gene that is equally expressed in both control and 

test shows up as a yellow colour (an equal mixture o f the two fluorophores). Conversely, a 

gene that is either elevated or inhibited by the test compound, take on the colour o f  the test 

or control fluorophore whichever is in excess.

DNA clones fcjl

PCR amplification 
purification

robotic
printing

\

reference

reverse
transcription

labell with 
fluor dyes

A jV  A- 4̂
A Jc'

Hybridize target 
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Laser 1 V  u f  Laser 2

17

e m i s s i o n

Computer
analysis

Figure 1.11 -  Scheme o f  cDNA microarray method (adapted from Duggan et al. 1999)
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When considering heart disease, this technique may be beneficial for a number of 

reasons. Firstly, it may allow for the development of a more global comprehension of the 

gene expression abnormalities that predispose to the development of atherosclerosis. This 

may help to identify potential novel molecular targets for therapeutic intervention. Also 

this technique would permit a better understanding of the molecular mode of action of 

potential cardiovascular chemopreventive agents. Moreover, it may allow for the 

prediction of potential side effects during preclinical and toxicological development of 

chemopreventive agents. Finally it may allow for the characterisation of patients most 

likely to benefit from the chemopreventive/therapeutic agent, thus optimising treatment 

strategies for future patients.

1.12 Thesis Aims

Epidemiological and experimental studies have provided some understanding of the 

chemopreventive actions/properties of dietary compounds in relation to cancer. However, 

less is known about how these compounds might function to protect against the 

development of cardiovascular disease. Therefore, the overall objective of this project was 

directed at examining the modulation of signalling pathways germane to atherosclerosis, in 

particular NF-kB, by dietary derived chemopreventive agents. By examining the cellular 

responses to such agents it may help to identify a novel preventive approach to the 

treatment of atherosclerosis.

The investigation was performed in a number of different cell types. One was a 

primary endothelial cell derived from human umbilical veins, known as HUVEC, which 

functioned as a model for less accessible endothelial cells that line arterial vessels. The 

other cell type consisted of four B-lymphoblastoid cell lines (immortalised with EBV), two 

derived from independent normotensive subjects (C l43 and C l49) and two from 

independent hypertensive subjects (H308 and H242). The intention was to examine 

whether there were any differences in response, between the normotensive and 

hypertensive (subjects at an increased risk to atherosclerosis) cell lines.

Another aim was to evaluate whether these more easily obtainable lymphoblastoid 

cell lines, would make a suitable surrogate for aortic endothelial cells. This would be 

ascertained by comparing their responses with the aortic endothelial cell model, HUVEC. 

Consequently this may help when evaluating future chemopreventive efficacy.

To accomplish the overall aims, a number of individual objectives were carried out.
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1.12.1 Objectives

• The first objective was to evaluate the effect of four chemopreventive agents 

namely resveratrol, curcumin, indole-3-carbinol and epigallocatechin 3-gallate on 

the NF-kB signalling pathway. The NF-kB signalling pathway was investigated, as 

it is germane to atherosclerosis, because it is pivotal to inflammatory and immune 

type responses. There is also evidence to suggest that NF-kB is up regulated in 

animal and human atherosclerotic areas of the lesion. From this series of 

experiments it was resolved to focus on EGCG mechanisms of action, because it 

gave consistent results on efficacy. Also from reading the literature it appeared that 

the EGCG is more bioavailable than the other chemopreventive agents.

• The second objective was to examine the oxidant/antioxidant nature of the

chemopreventive agent EGCG, which was important for two reasons. Firstly, if 

EGCG functioned as an antioxidant then it may prevent the damage caused by ROS 

during plaque formation. Secondly, it has been shown that the addition of EGCG 

and other tea polyphenols to cell culture medium, generated significant levels of 

H2O2 , with the corollary that this ‘artifactual’ effect may account for some or all of 

the reported effects of EGCG in cell culture studies.

• The third objective was to evaluate the downstream consequences of EGCG-

induced modulation of NF-kB. These downstream responses that were relevant to 

atherosclerosis included examining the effect of EGCG on cell growth regulation, 

by determining the effect of EGCG on the cell cycle and induction of apoptosis.

• The fourth objective was to further characterise the effect of the EGCG-induced

cell growth inhibition and induction of apoptosis, particularly examining cell cycle 

and apoptotic regulatory proteins, of which several are NF-kB regulated.

• The final objective was to examine any potential differences in gene expression

profiles between normotensive and hypertensive lymphoblastoid cell lines using 

cDNA microarray analysis. This may highlight any genes that give rise to the 

hypertensive disease status of the cells. Also the effect of EGCG on the gene 

expression profile in HUVEC and in the normotensive and hypertensive cell lines
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was scrutinised. Again this may potentially identify novel genes modulated by 

EGCG that may be beneficial in the prevention of atherosclerosis.

It was hoped that this investigation might provide information on how these 

chemopreventive agents, especially EGCG, impinge on the NF-kB pathway to control 

aberrant cell proliferation and thus may be beneficial when attempting to design preventive 

dietary intervention studies in healthy volunteers or groups of at risk patients.
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Chapter Two

Materials and methods
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2.1 Materials

2.1.1 General chemicals and reagents

All general chemicals were purchased from Sigma-Aldrich (Poole, UK), unless 

otherwise stated. Indole-3 carbinol, curcumin, resveratrol and epigallocatechin-3-gallate 

were obtained from Sigma-Aldrich. The protease inhibitor cocktail consisted of AEBSF 

(104 nM), aprotinin (0.08 mM), leupeptin (2 mM), bestatin (4 mM), pepstatin A (1.5mM), 

E-64 (1.4 mM), was purchased from Sigma-Aldrich. PM A was purchased from 

Calbiochem, Merck Biosciences (Nottingham, UK). RPMI and endothelial growth media 

were purchased from Gibco-BRL (UK) and TCS cell works (UK) respectively. Acrylamide 

(30 % acrylamide: bis acrylamide) and ECL film for western analysis were obtained from 

Anachem and Amersham respectively. The inhibitors LY294002, U0126, SB203580, 

SP600125 were purchased from Calbiochem. The GST-IkBcx was purchased from Santa- 

Cruz Biotechnology (Santa Cruz, USA)

2.2 Buffers

Buffers were prepared using autoclaved 18Q ultrapure water. Where necessary, the pH of 

solutions was altered using 12N HC1 or 5M NaOH as required.

Ammonium Persulfate (Initiator)

10 % (w/v) ammonium persulfate

Annexin V-binding buffer

10 mM Hepes (pH 7.4)

150 mM NaCl 

5 mM KC1 

1 mM MgCl2

1.8 mM CaCl2
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Balanced salt solution (BSS) (pH 7.3)

140 mM NaCl 

5 mM KC1

2.8 mM NaCO 

lmM MgCh

1.5 mM CaCl2 

15 mM HEPES 

0.06 mM MgS02

Cytosolic wash buffer

20 mM Tris base 

150 mM NaCl 

5 mM glucose

IX Protease inhibitor cocktail (Boehringer Manheim)

Di-sodium phosphate EDTA (SSPE) (20 x) pH 7.4

3 M NaCl 

1 mM NaH2P04 

20 mM EDTA

DNTP Mixture (Pharmacia Biotech)

20 mM dGTP 

20 mM dCTP 

20 mM dATP 

8 mM dTTP

EMSA binding buffer (2 X)

8% (w/v) ficoll
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40 mM Hepes (pH 7.5)

EMSA loading Buffer

10 % (w/v) bromophenol blue

FOX reagent

2.5 mM ammonium ferrous sulphate

1 mM xylenol orange (dissolved in 250 mM sulphuric acid)

H8 buffer

20 mM Tris HC1 (pH 7.5)

2 mM EDTA 

2 mM EGTA

6 mM (3-mercaptoethanol 

IX protease inhibitor cocktail

Hybridisation buffer

71 % (v/v) deionised formamide

3.6 x Denhardts 

0.7 % (w/v) SDS

Kinase assay buffer (KAB)

25 mM HEPES (pH 7.4)

25 mM P-glycerophosphate 

24 mM MgCl2 

0.5 mM EDTA
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Kinase lysis buffer

20 mM Tris (pH 7.5)

150 mM NaCl

1 mM EDTA

1 mM EGTA

1 % (w/v) triton X-100

2.5 mM sodium pyrophosphate

1 mM p-glycerolphosphate

1 mM Na3VC>4

1 X protease cocktail inhibitor

Microarray buffers and equipment

RLT Buffer (Qiagen UK)

RW1 Buffer (Qiagen UK)

RPE Buffer (Qiagen UK)

RNase-free water

0.1MDTT

RNAsin

Superscript II reverse transcriptase (Gibco-BRL, UK) 

1 mM Cy3-Fluor-dUTP (Amersham, UK)

1 mM Cy5-Fluor-dUTP (Amersham, UK)

5 x First strand buffer (Gibco-BRL, UK)

8 jag/|j.l Oligo dT25

1 ng/^il Oligo dA8o

Microcon YM-30 (Princetown separations, UK)

4 mg/ml tRNA (Gibco-BRL, UK)

Nuclear lysis buffer A

10 mM HEPES (pH 7.8) 

lOmMKCl

2 mM MgCl2
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1 mM dithiothreitol (DTT)

0.1 mM EDTA

0.2 mM NaF

0.2 mM Na3V04

IX protease inhibitor cocktail

Nuclear lysis buffer B

10 % (v/v) Nonidet P40

Nuclear lysis buffer C

50 mM HEPES (pH 7.8)

50 mM KC1

300 mM NaCl

0.1 mM DTT

10 % (v/v) glycerol

0.2 mM NaF

0.2 mM Na3V 04

IX protease inhibitor cocktail

SDS solution

10 % (w/v) SDS 

Stripping buffer

2 % (w/v) SDS

62.5 mM Tris-base

0.8 % (v/v) p-mercaptoethanol
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Tris-borate EDTA (TBE) (5 X)

1.78 M Tris-Borate 

40 mM EDTA

Tris-buffered saline with tween-20 (TBST) (10 X)

0.05 M Tris (pH 7.5)

0.15 M NaCl 

1 % (v/v) tween-20

Tris-EDTA (TE) buffer

1 M Tris base (pH 8)

0.1 M EDTA

Triton lysis buffer

20 mM Tris (pH 7.4)

137 mM NaCl

25 mM P-glycerol phosphate

2 mM NaPPi 

2 mM EDTA

10 % (v/v) Triton-X 100 

0.5 mM DTT

1 X protease inhibitor cocktail

Western BSA blocking buffer

5 % (w/v) electrophoresis grade bovine serum albumin (BSA) in TBST
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Western blocking buffer (non-fat milk)

5 % (w/v) non-fat milk (Marvel) in TBST

Western electrophoresis buffer (10 X)

0.025 M Tris (pH 8.3)

0.192 M Glycine 

0.1 % (w/v) SDS

Western running Gel Buffer (4 X)

1.5 M Tris-HCl (pH 8.8)

Western sample buffer (3 X)

50 mM Tris-base (pH 6.8)

12 % (w/v) SDS 

36 % (v/v) glycerol 

2 % (w/v) DTT

0.02 % (w/v) bromophenol blue

Western stacking Gel Buffer (4 X)

0.5 M Tris (pH 6.8)

Western transfer buffer (1 X)

48 mM Tris 

39 mM glycine 

20 % (v/v) MeOH 

0.037 % (w/v) SDS
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Western sample buffer (5 X)

2.4 % (w/v) SDS 

60 % (v/v) glycerol 

250 mM Tris base 

500 mM DTT

0.1 % (w/v) bromphenol blue

2.2.2 Antibodies

Antibody against Details

NF-kB p65 Rabbit polyclonal (C20) Santa-Cruz Biotechnology Inc (Santa Cruz, 

USA)

NF-kB p50 Rabbit polyclonal Kind gift from Dr Nancy Rice (NCI, USA)

NF-kB p52 Rabbit polyclonal Kind gift from Dr Nancy Rice (NCI, USA)

RELB Rabbit polyclonal Kind gift from Dr Nancy Rice (NCI, USA)

IkBoc Rabbit polyclonal (C21) Santa-Cruz Biotechnology Inc (Santa Cruz, 

USA)

IkB(3 Rabbit polyclonal (S-20) Santa-Cruz Biotechnology Inc (Santa Cruz, 

USA)

Phospho-IicBa 

(serine 32)

Mouse monoclonal (B-9) Santa-Cruz Biotechnology Inc (Santa Cruz, 

USA)

IKKa Rabbit polyclonal (M110) Santa-Cruz Biotechnology Inc (Santa 

Cruz, USA)

p53 Mouse monoclonal Oncogene research products

Cyclin D1 Mouse monoclonal (R124) from Santa-Cruz Biotechnology Inc 

(Santa Cruz, USA)

CDK1 p34 Rabbit polyclonal Santa-Cruz Biotechnology Inc (Santa Cruz, USA)

HMOX-1 Mouse monoclonal (OSA-110) from Stressgen Corp. (USA)

Nrf2 Rabbit polyclonal (H-300) Santa-Cruz Biotechnology Inc (Santa 

Cruz, USA)

Pinl Rabbit polyclonal Oncogene research products
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Phospho-ERKl/2 Mouse monoclonal (E4) Santa-Cruz Biotechnology Inc (Santa Cruz, 

USA)

ERK1 Rabbit polyclonal (K-23) Santa-Cruz Biotechnology Inc (Santa Cruz, 

USA)

Phospho-Akt (ser 

473)

Mouse monoclonal New England Biolabs

XIAP (hlAP) Mouse monoclonal (Clone 48) BD Biosciences/Transduction 

Laboratories (USA)
p 2  j wal Mouse monoclonal (C l87) Santa-Cruz Biotechnology Inc (Santa 

Cruz, USA)

Tubulin a Mouse monoclonal (CP06) Oncogene research products

Table 2.1 -  list o f  primary antibodies

The secondary antibodies, anti-mouse and anti-rabbit IgG (whole molecule) 

horseradish peroxidase conjugates were obtained from Sigma-Aldrich; the anti-goat IgG 

HRP conjugate was purchased from Santa Cruz Biotechnology.

2.2.3 Radiochemicals

The radiochemical used in the gel-shift analyses was [y32P] adenosine 5’- 

triphosphate (ATP) purchased from Amersham Life Sciences Ltd (Little Chalfont, UK).

2.2.4 Reagent Kits

The RNA used in the micro-array analysis was isolated using the Qiagen RNeasy 

midi-RNA preparation kit obtained from Qiagen Ltd (Surrey, UK). The apoptotic studies 

using the annexin peptide were performed using the annexin kit obtained from Bender 

Medsystems (Vienna, Austria). The enhanced chemiluminescence (ECL) detection kit was 

obtained from Amersham Life Sciences.
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2.3 Cell Lines

2.3.1 B Lymphoblast cell lines

The human B lymphoblast cell lines derived from normotensive (Cl43 and C l49), 

and hypertensive (H308 and H242) subjects were a kind gift provided by Prof Leong Ng 

(Clinical Science Building, Leicester Royal Infirmary, UK). The cells were originally 

obtained from part of a study group which consisted of 23 normal healthy control subjects, 

17 out of 61 randomly selected diabetic control patients, and 17 out of 43 randomly 

selected diabetic nephropathy patients as described in Ng et al. (1994).

The cell lines were established in 1991 by immortalisation with the Epstein Barr 

virus (EBV). In brief, peripheral blood lymphocytes were isolated from subjects using 

LeucoPREP tubes by density centrifugation, as described in manufacturer’s protocol 

(Becton Dickinson, USA). Selected B-lymphocytes were suspended in 2 ml of Iscove’s 

modified Dulbecco’s growth medium and infected with 0.5 ml of EBV. Cyclosporin A (0.5 

ml) was added to each of the tissue culture flasks as this increased the efficiency by which 

permanent B lymphoblast cell lines were established (Bird et al. 1981). The cells were 

incubated at 37°C for a 7-day period at which point 2 ml of complete growth medium was 

added to supplement the cell cultures. About 2-3 weeks after starting the cultures or when 

large clumps of cells appeared, they were supplemented with complete growth medium, 

every 3-4 days until they reached a volume of 50 ml with an approximate density of 106 

cells/ml. The immortalised cells were then harvested by centrifugation and resuspended in 

complete growth medium (containing 10 % v/v cryoprotectant or DMSO) to be stored in 

liquid nitrogen.

2.3.2 Human umbilical vein endotheliai cells (HUVEC)

Ethical permission was obtained from Leicester Royal Infirmary to collect 

umbilical cords derived from normal placenta without hepatitis or HIV contamination. The 

cords were cut approximately 5-20 minutes after birth, after which they were placed in a 

sterile container containing sterile PBS supplemented with penicillin (P) (100 U/ml) and 

streptomycin (S) (100 pg/ml). The cords were then preserved at 4°C for up to 24 hours, 

until they were processed.
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2.3.2.1 Preparation of HUVEC

At the time of processing, all areas of the cord with clamp and/or needle marks 

were excised. The cord was washed in sterile PBS (containing 100 U/ml P, and 100 pg/ml 

S) to remove all surface blood and tissue. The umbilical vein was cannulated with a sterile 

blunt needle and was fixed in place using sterile forceps. The vein was then perfused with 

sterile PBS (containing P and S) to remove any residual blood clots and debris. The other 

end of the cord was clamped using sterile forceps. The vein was filled with collagenase, 

and then incubated at 37°C in a large tissue culture dish, for 15 minutes. After incubation, 

the cord was removed and kneaded (i.e. massaged and squeezed) gently to promote cell 

detachment. The collagenase solution containing the endothelial cells was drained from the 

cord into a sterile 20 ml tube and was centrifuged (200 x g for 3 minutes at 4°C) to collect 

the cell fraction. The collagenase solution was aspirated off and cells were suspended in 

approximately 7 mis of complete endothelial growth medium (EGM) with supplements 

(containing heparin, hydrocortisone, human epidermal growth factor, human basic 

fibroblast growth factor and foetal bovine serum), (TCS cell works, UK).

The cell suspension was incubated overnight in a 25 cm flask pre-coated with 1 % 

(w/v) gelatin at 37°C, in a humidified 95 % air, 5 % CO2 incubator atmosphere to allow the 

endothelial cells to bed down on the gelatin layer. The medium was aspirated off, the flask 

was washed with sterile PBS and 10 ml of complete EGM was added to the flask. After 

approximately 2 days cells were ready to be split into larger tissue culture flasks.

2.3.3 Routine cell maintenance

2.3.3.1 Resuscitation of cell lines from storage

B lymphoblast cells that had been stored in liquid nitrogen, were rapidly thawed by 

incubating in a water bath at 37°C for approximately 5 minutes. The contents of the storage 

vial was then transferred to a fresh tube and resuspended in 10 ml of pre-warmed RPMI 

1640 (Gibco BRL, UK) supplemented with 10 % foetal calf serum, 2mM glutamine (G), 

100 U/ml P and 100 pg/ml S. The cells were collected by centrifugation (200 x g for 3 

minutes), re-suspended in 2 ml of complete RPMI 1640 supplemented with 10% FCS plus 

P/S/G and transferred to a 25cm2 flask. Cells were incubated in a 37 °C humidified 95 % 

air, 5 % CO2 incubator, until they required sub-culturing.
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2.3.3.2 Sub-culturing of cell lines

The B lymphoblast cell lines were cultured in complete RPMI 1640. Cells were 

kept at a density of between 2.0 x 105 and 2.0 x 106 per ml. This was achieved by routinely 

splitting cell cultures between 1:3 and 1:6 depending upon initial cell densities. Cultures 

were replaced from liquid nitrogen stocks after approximately 3 months of growth.

Before treatments, cells were washed and re-suspended (at the required densities) and were 

left in serum-free RPMI medium for 24 hours in a humidified 95 % air, 5 % CO2 incubator 

at 37°C. At least 1 hour prior to treatment, cells were washed and resuspended in serum- 

free RPMI 1640 and placed at 37°C.

HUVEC were grown and routinely passaged in complete EGM in a humidified 

incubator with 95 % air, 5% CO2 air at 37°C. Culture medium was replaced every two
n  1 t-y i

days. The confluent culture was washed with sterile PBS without Ca and Mg , and cells 

were incubated for 2 minutes with trypsin/EDTA to allow detachment from the flask. 

Trypsin activity was then stopped by adding 5 ml of complete EGM, and cells were 

collected by centrifugation. The supernatant was discarded and the cell pellet was re

suspended in fresh complete EGM. Cells were transferred at the required densities into 

new plates or flasks pre-coated with 1% gelatin and maintained at 37°C with 5% CO2 .

2.3.3.3 Storage of cell lines

B lymphoblast cells were collected by centrifugation (200 x g for 3 minutes). The 

cell pellet was re-suspended in 5-10 mis of freezing-down medium (50 % RPMI, 40 % 

FCS and 10 % cryoprotectant DMSO). Cell densities were established using a 

haemocytometer and volumes altered to give final cell densities of approximately 5.0 x 10 

cells per ml. One ml of cells was then transferred to freezing cryovials and allowed to 

freeze gradually by leaving overnight at -  80°C. The cells were then transferred to 

permanent storage in liquid nitrogen.

HUVEC were not stored in liquid nitrogen as they were prepared from a cord and 

routinely passaged until they were used in an experiment.
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2.4 Methods

2.4.1 Preparation of cytosolic protein fraction

B lymphoblast cells and HUVEC were processed in a very similar manner, with 

some minor differences. Following treatment, B lymphoblast cells were collected by 

centrifugation for 1 min, 14,000 rpm (eppendorf centrifuge 5415C) at 4°C. The 

supernatants were removed and the cell pellets washed twice in 1 ml ice-cold wash buffer. 

The samples were centrifuged as above, and the resultant pellets resuspended in 0.1 ml of 

ice cold H8 Buffer. The samples were sonicated (6-8 blasts, output 4 microns) and then 

centrifuged 100000 x g for 30 minutes at 4°C. The resultant supernatant containing the 

cytosolic protein fraction was stored at -20°C.

For HUVEC, medium including treatments was aspirated off and cells washed 

twice with 1 ml ice-cold wash buffer. The cells were then scraped into 1 ml of ice-cold 

wash buffer and collected by centrifugation (14,000 rpm eppendorf centrifuge 5415C for 1 

minute at 4°C). Samples were then prepared as described for the B lymphoblast cell lines.

2.4.2 Preparation of nuclear protein fraction

B lymphoblast cells and HUVEC were again processed in similar manner. 

Following treatment, B lymphoblast cells were collected by centrifugation (14,000 rpm, at 

4°C) (eppendorf centrifuge 5415C), and were re-suspended in 0.4 ml buffer A and 

incubated on ice for 15 minutes. Following incubation, 25 pi of buffer B was added to each 

sample, before vortexing vigorously for 15 seconds. Samples were then centrifuged again 

and the resultant pellets containing the nuclear extract were re-suspended in 50pl of Buffer 

C and mixed on a rotating platform for 20 minutes at 4°C. The samples were then 

sonicated (6-8 blasts, output 1 micron) and centrifuged as above for 5 minutes at 4°C. The 

resultant supernatants containing the nuclear proteins were stored at -  20° C.

For HUVEC, medium including treatments was aspirated and cells were washed 

twice in ice-cold PBS before being scraped and transferred into eppendorf tubes. Cells 

were centrifuged (14,000 rpm, at 4°C) and the resultant pellets resuspended in 0.4 ml 

buffer A. HUVEC nuclear protein fractions were then prepared as described above. Protein 

concentrations were determined as described below in 2.4.4.
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2.4.3 Preparation of total cellular protein fraction
i

B lymphoblast cells and HUVEC were processed in a similar manner with some 

minor exceptions. Following treatment, B lymphoblast cells were collected by 

centrifugation (14,000 rpm, for 1 minute at 4°C). Supernatants were discarded and cell 

pellets were washed twice in 1 ml o f ice-cold PBS. Samples were centrifuged and the 

resultant cell pellets resuspended in 100 pi o f Triton X lysis buffer. Samples were left on 

ice for 15 minutes and then centrifuged 1000 x g for 5 minutes at 4°C. The resultant 

supernatant contained the purified total cellular protein fraction, which was removed and 

stored at -  20°C.

For HUVEC, cells were washed twice in ice-cold PBS and then scraped into 1 ml 

of triton-X 100 lysis buffer and prepared as for B lymphoblast cells.

2.4.4 Protein Determination using the Bradford Method

Determination o f protein concentration was carried out using the Bradford protein 

assay method as described in the manufacturer’s data sheet (Biorad, UK). In brief, 10 pi of  

each preparation was added to 990 pi o f dH20 (1:100 dilution). Of this diluted sample, 800 

pi was taken and added to 200 pi o f Bradford protein assay reagent. The absorbance (at X  

595nm) o f each sample was determined using a spectrophotometer and the respective 

protein concentrations extrapolated from a protein standard curve. The standard curve was 

constructed using known concentrations of bovine serum albumin.

2.5 Detection of NF-kB binding by electrophoretic gel mobility 

shift assay (EMSA)

2.5.1 Reagents

• Consensus oligonucleotide (1.75 pmol/pl) (Promega, UK)

• T4 Polynucleotide kinase (PNK) (100U) (Promega, UK)

• T4 Polynucleotide kinase 10 X buffer (Promega, UK)

• TE buffer

• [y-32P]ATP
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• 5 M NaCl

• Nap ‘5’ column

• Nuclease free water

• 10 mM DTT

• lOmMMgCk

• EtOH (100%)

• Poly DIDC (Sigma, UK)

• 5 X TBE buffer

Background

The EMSA analysis provided an ostensibly simple method of detecting DNA- 

binding proteins, such as transcription factors including NF-kB. The basis behind this 

assay was that protein :DNA complexes would migrate through the non-denaturing 

polyacrylamide gel more slowly than free DNA fragments.

The assay was performed by incubating a mixture of nuclear proteins containing 

NF-kB with a 32P end-labelled DNA oligonucleotide containing putative NF-kB binding 

sites. The samples were left to react before finally being subjected to electrophoresis 

through a non-denaturing gel. Specificity of the interaction was established by competition 

experiments using an excess of non-end labelled (cold) DNA oligonucleotide containing a 

binding site for the protein of interest or another unlabelled unrelated DNA sequence.

2.5.2 Assay conditions

The B lymphoblast cells were left in serum-free RPMI at 37°C, 5% CO2, overnight. 

Culture medium was replaced with serum-free RPMI at least one hour prior to treatment 

and cells were incubated in eppendorf tubes at 37°C.

HUVEC were seeded at a concentration of 1.25 X 106 cells on 9 cm plates in 

complete EGM medium and left overnight. Culture medium was replaced with serum-free 

EGM medium at least one hour prior to commencement of treatment.

Both B lymphoblast and HUVEC cultures were pre-treated with EGCG at the 

indicated concentrations for 45 minutes, followed by stimulation with PMA (0.15 pM for 

15 minutes), TNFa (7.5ng/ml for 15 minutes) or mock stimulation with DMSO (0.003%) 

for 15 minutes. Nuclear protein fractions were then prepared as described in 2.4.2.
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2.5.3 Labelling of the NF-kB oligonucleotide

Consensus NF-kB oligonucleotide (8.75 pmol), T4 polynucleotide kinase (1 pi), T4 

polynucleotide kinase buffer (2 pi), deionised H2O (7 pi) and [y-32P] ATP (5 pi) were 

incubated at 37°C, for 30 minutes. Following incubation, TE buffer (80 pi) was added to 

the oligonucleotide mix to stop the labelling reaction. The labelled oligonucleotide was 

dispensed on to a NAP ‘5’ column and eluted into a screw top eppendorf. The labelled 

oligonucleotide was eluted with subsequent aliquots of 100 pi TE buffer and collected in 

12 fractions. The disintegration per minute (DPM) was measured for each fraction and 2-3 

fractions with the most activity were combined. The oligonucleotide was precipitated by 

adding 2.5 X v/v of 100% ethanol and 1/10 v/v of 5 M NaCl and incubated overnight at 

-20°C. The oligonucleotide was then collected by centrifugation (14000 g, 30 minutes at 

room temperature) and the resultant pellet re-suspended in an appropriate volume of 

deionised H2O.

2.5.4 Preparation of samples for EMSA

Nuclear protein (5 pg) from each sample was added to fresh eppendorf tubes. The 

volume of each sample was adjusted to 4 pi by the addition of buffer C, and then to a final 

volume of 6 pi with deionised H2O. To each of the tubes 14 pi of mastermix buffer, 10 pi 

binding buffer (8% ficoll, 40 mM Hepes pH 7.5), 1 pg poly DEDC, 10 nM MgCh, 10 nM 

DTT, 1.6 pi dH20) was added. For competitive and non-competitive control reactions 8.75 

pmol of cold AP-1 or NF-kB oligonucleotides were added respectively. For the supershift 

reactions excess p50 of p65 (5 pi) were added respectively. The samples were then 

incubated for 15 minutes on ice before addition of 1 pi of the labelled oligonucleotide. The 

samples were mixed and then incubated for 30 minutes at room temperature to permit 

DNA oligonucleotide/protein interactions. To the tubes 2 pi of loading buffer was added 

and samples were transferred on to a 5 % acrylamide gel (8 ml 30 % acrylamide;bis 

acrylamide (37;5;1); 49.75 ml dH20; 3 ml 5 X TBE; 400 pi APS; 100 pi TEMED). 

Samples were then run through the gel at 240 V for 10 minutes followed by 120 V for 1.5- 

2 hours. The gel was then dried down on to Whatman blotting paper using a gel dryer 

(Hoeffer gel drier, USA). When completely dried, the gel was transferred either to a
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phosphorimager cassette to scan the image (Molecular Dynamics) or exposed to hyperfilm 

(Amersham) which was developed after exposure to the gel for 1-2 days at -80°C.

2.6 Protein separation using SDS-PAGE

Polyacrylamide gels were prepared as described in manufacturer’s applications 

guide (‘Hoefer’, Amersham Pharmacia Biotech, UK).

2.6.1 Sample and gel preparation 

Background

During SDS polyacrylamide gel electrophoresis separation, the protein migration 

was determined by molecular weight and not by the polypeptide’s intrinsic electrical 

charge. This was because SDS as well as denaturing the polypeptide conferred a net 

negative charge to the polypeptide in proportion to its length. When the polypeptide was 

run through the matrix i.e. the polyacrylamide gel, the migratory position of each protein 

gave a good estimation of its size and hence a clue to its identity. In addition to estimation 

of the proteins size, band intensity also gave an indication of the amount of sample present. 

The choice of acrylamide concentration was dependent upon the molecular weight of the 

protein that was being resolved. Generally, the higher the molecular weight of protein the 

lower the % acrylamide in the gel, which allowed for increased resolution.

Twenty to forty microlitres (10-50 pg) of each protein sample were combined with 

1/3 v/v of sample buffer and boiled for 5 minutes.

Mini-gel or large-gel casting kits were set up according to the manufacturer’s 

instructions (Biorad). The resolving gel solution was made up as detailed in table 2.2, and 

pipetted to a level about 4 cm from the top of the plates. It was left to polymerise covered 

by a layer of distilled water to prevent contact with the air and also to allow for the 

interface to set uniformly. After 15 min, the water layer was poured off and the stacking 

gel (table 2.3) poured on top of the resolving gel. A 10 or 15-well casting comb was 

inserted and the gel left to polymerise for 15 min. The casting combs were removed, gels 

were placed in the electrode assemblies and these placed in the tanks filled with 1 X 

electrophoresis buffer. Kaleidoscope and Blue broad-range protein standard ladders 

(Biorad, UK) were loaded to aid estimation of sample band sizes.
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10% 12.5% 15%

Monomer solution 10 ml 12.5 ml 15 ml

4 X running gel buffer 7.5 ml 7.5 ml 7.5 ml

10 % SDS 0.3 ml 0.3 ml 0.3 ml

ddH20  12.1m l 9.6 ml 7 .1m l

10% Ammonium persulfate 150 pi 150 JJ.1 150 |_il

TEMED1 10 Jill 10 JJ.1 10 pi

Table 2.2 -  Running gel recipes fo r SDS-page

4%
Monomer solution 1.33 ml
4 X stacking gel buffer 2.5 ml
10%  SDS 0.1m l
ddH20  6.0 ml
10% Ammonium persulfate 50 pi
TEMED1 5

Table 2.3 -  Stacking gel recipe for SDS-page

1 TEMED; N,N,N',N'-tetramethylethylenediamine.

Ten to fifty pg o f protein per sample were loaded into the wells on each gel. Gels 

were run at 80 V until the samples had entered the resolving gel and then 150 V thereafter, 

until the bromophenol blue dye front had run off the end o f  the gel (approx 90 minutes for

minigels and 5 hours for large gels). The gels were removed from the electrode assembly

and the stacking gel discarded in preparation for transfer to a membrane.

2.6.2 Transfer of proteins to nitrocellulose membranes

The transfer o f proteins to nitrocellulose membrane was performed as described in 

the manufacturer’s protocol (Biorad, UK). Prior to transfer, the gel was allowed to 

equilibrate in 1 X transfer buffer for 10 minutes. Concurrently to this, nitrocellulose 

membrane was cut to size and soaked in 1 X transfer buffer along with two sponges and 

two pieces o f Whatman blotting paper. The transfer apparatus was set up as depicted in 

figure 2.1. The transfer o f proteins using the Biorad wet blotter occurred at either 100 volts 

for 90 minutes or 30 volts, overnight. Proteins were also transferred using the Biorad semi-
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dry blotter, whereby the current used was calculated from the formula ; 0.3 ma X area o f  

blot cm2, for approximately 60 minutes (RT).

Nitrocellulose

Polyacrylamide gel

Blotting paper

Sponge

+

Figure 2.1 -  Diagram o f the assembly o f  an immunoblot sandwich fo r  wet or semi-dry 
transfer

Protein transfer and equal loading were checked by Ponceau-S staining of 

membranes which were then washed in TBST and blocked for 1 h (RT) or overnight (4°C) 

with blocking buffer (either 5% BSA or 5% Marvel in TBS-T). Membranes were washed 

with TBS-T and probed with the primary antibody (in 5 % blocking buffer) for 1-2 h. 

Membranes were again washed with TBS-T (x 4) and then probed with the appropriate 

secondary antibody for 1-2 hours. The membranes were washed in TBS-T (x 4) and 

protein bands visualised using enhanced chemiluminescence system (Amersham) and film 

(Amersham) on an automatic developing machine (Compact 4, Xograph Imaging 

Systems). Films were then quantified using Syngene chemigenius multiimager.
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2.7 Immunoprecipitation and IKKa kinase assay

2.7.1 Sample preparation

The effect of EGCG on the activity of IKKa was examined in two different ways. 

The first method (indirect assay) was to examine the effect of EGCG on the activity of 

IKKa when added to the cell. For this, EGCG and curcumin (positive control; Plummer et 

al. 1999) were added to HUVEC for 45 minutes before treatment with TNFa (7.5 ng/ml/5 

minutes) and cells were lysed in 1 X ice-cold lysis buffer. Once lysed, cell debris was 

cleared by centrifugation and stored at -  80°C before performing the kinase assay. The 

second method (direct kinase assay) was to examine the effect of EGCG when added into 

the kinase reaction, and thus to observe if EGCG directly effects IKKa activity. For this, 

HUVEC were treated with TNFa (7.5ng/ml/5 minutes), lysed in 1 X ice-cold kinase lysis 

buffer and prepared as described above.

For immunoprecipitation, 25pi of protein-A beads per sample were washed in PBS 

and resuspended in 50 pi of lysis buffer. To the beads, 5 pg of IKKa antibody was added 

and left to bind by agitation for at least 1 hour at room temperature. Beads were then 

washed (X 2) in PBS to remove unbound antibody and resuspended in 25 pi kinase assay 

buffer (KAB).

Samples were removed from the -  80°C freezer, and 500 pi (lpg/pl) added to 25 pi 

of pre-bound DCKa/protein-A agarose beads. Samples were then agitated overnight at 4°C, 

before being collected by centrifugation. Beads were then washed (X2) in 1 X lysis buffer, 

resuspended in 1 ml KAB and 250 pi removed and incubated on ice for Western analysis. 

The remaining 750 pi were collected by centrifugation and resuspended in 34 pi KAB, 

containing 2.5 pi GST-hcBa and 3 pi (cold) ATP (final conc. 50 pM). To each of the 

samples, 5 pCi of [32P]-labelled ATP was added and samples were incubated for 30 

minutes at 30°C. For the direct assay, EGCG and curcumin (positive control) were added 

to the assay before the addition of [32P]-labelled ATP. The reactions were stopped by the 

addition of 5 X sample buffer, and then boiled for 5 minutes. Samples were then 

centrifuged for 30 seconds (1000 xg) and the resultant supernatant was resolved by a 10 % 

SDS-PAGE. Gels were dried and incorporation of 32P to the GST-IicBa substrate 

determined by exposing to autoradiorgaphy film (Amersham, UK) overnight at -20°C.
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The 250 pi saved for the Western analysis were centrifuged to collect the beads, 

and resuspended in 5 X sample buffer. Samples were boiled for 5 minutes, centrifuged to 

remove beads and resolved by a 10 % SDS-PAGE. Proteins were transferred to a 

nitrocellulose membrane before immunoblotting with an antibody directed against IKKa. 

The Westem/immunoblotting gave an idea of the concentration of IKKa 

immunoprecipitated from each sample.

2.8 Measurement of H20 2 using the ferrous oxidation in xylenol 
orange assay

Measurement of the peroxide (H2O2) generated in cell culture medium following 

addition of chemopreventive agents, was accomplished using the ferrous oxidation in 

xylenol orange (FOX) assay method as described in Long et al. (2001). A 1 X (working) 

FOX solution was made by adding 1 volume of 10 X FOX reagent to 9 volumes of 

methanol containing 4.4 mM butylated hydroxytoluene. For the time course experiments 

the chemopreventive agents EGCG, resveratrol, curcumin and I3C were added to RPMI 

cell culture medium and incubated at 37°C. At time points between 0 and 120 minutes, 90 

pi of sample (RPMI medium plus chemopreventive agent) was removed and added to 10 

pi of methanol, before a 30-minute incubation at room temperature. To this sample, 900 pi 

of 1 X FOX reagent was added, vortexed and incubated for a further 30 minutes. The 

solution was then centrifuged 14,000 x g for 10 minutes and the absorbance measured at 

560 nm using a spectrophotometer. The concentration of generated peroxide was 

determined from a H2O2 standard curve.

The effect of catalase on this response was also examined. Exogenous catalase (4 

units) or heat inactivated catalase were added concurrently with EGCG, and peroxide 

concentration established using the above assay. In addition, measurement of peroxide in 

other cell culture medium including endothelial growth medium (EGM) and Dulbecco’s 

modified Eagle medium (DMEM) following a one-hour (37°C) incubation with the 

chemopreventive agents was also examined.
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2.8.1 Measurement of reactive oxygen species (ROS) using 
chemiluminescence and fluorescence

Extracellular ROS measurement was based on the technique described by Liu et al. 

(1996), using the dye isoluminol. Lymphoblast cells were collected by centrifugation (200 

x g) and resuspended in serum-free RPMI at a concentration of 1X106 cells per ml. Cells 

were treated with EGCG (15, 30 or 50 pM) or mock treated with DMSO for 45 minutes, 

before being collected (200 x g) and resuspended in 1 ml of isoluminol buffer solution 

consisting of balanced salt solution (BSS), 56 pM isoluminol and 4 units per ml of 

horseradish peroxidase (HRP). Cells (100 pi) were added to a pre-warmed (37°C) 

bioluminescence plate, and incubated in the plate reader to allow warming of samples to 

37°C. Cells were then stimulated with PMA (0.15pM) and chemiluminescence measured 

using a FluoStar plate reader according to the manufacturer’s instructions (BMG 

Labtechnologies). Chemiluminescence was quantified according to Alexandrova et al. 

(2001) and was proportional to the area under the curve (AUC) with luminescence plotted 

against measurement time (40 mins) for each cell type. For HUVEC, the method was 

similar to that of B lymphoblasts, except for a few minor differences. HUVECs were 

seeded on a bioluminescent plate and were allowed to reach 70 % confluency before 

treatment with EGCG (as above). Medium was then washed off with BSS (x2) before the 

addition of isoluminol buffer solution and the protocol was carried out as for the B 

lymphoblasts, except TNFa (2.5 and 7.5 ng/ml) was used as a stimulus.

Intracellular H2O2 was determined using the fluorescent dye 2’,7’- 

dichlorofluorescein diacetate (DCFH-DA) and was based on the method of Bass et al. 

(1984), with some modifications. B lymphoblast cells were collected by centrifugation 

(200 x g) and resuspended in serum free medium at a concentration of lx l0 6 cells per ml. 

Cells were treated with EGCG (15, 30 or 50 pM) or GF109203X or mock treated with 

DMSO for 45 minutes, after which, they were collected by centrifugation (200 x g) and 

washed in 1ml of BSS, before finally being resuspended in 1 ml of BSS. The cells were 

added to a 37°C pre-warmed Nunc F98 plate, and left to reach this temperature, before the 

addition of 50 pi of DCF solution (consisting of 6 pM DCF-DA in 5 ml of BSS). The cells 

were allowed to adjust to 37°C before the addition of PMA (0.15 pM). BSS was added as a 

volume control for PMA, in order to ensure the DCF concentration was the same for all
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cell samples. DCF fluorescence was then determined using a FluoStar plate reader 

according to the manufacturer’s instructions (BMG Labtechnologies).

HUVECs were treated using a similar method to B lymphoblasts except for a few 

minor changes. HUVEC cells were seeded on to a Nunc F98 plate and were allowed to 

reach 70 % confluency before treatment with EGCG (as above). Medium was washed off 

with BSS (x2) before the addition of DCF solution and the protocol was carried out as for 

the B lymphoblasts, except TNFa (2.5 and 7.5 ng/ml) was used as a stimulus.

2.9 Characterisation of celi proliferation in B lymphoblast and 
HUVEC

2.9.1 Quantification of cell growth

B lymphoblast and HUVEC cells were seeded at densities of 2.5x105 cells/ml and 

5.0xl05 cells/ml respectively. Cells were incubated in the presence or absence of EGCG at 

the indicated concentrations. Cells were collected by centrifugation and to each cell 

treatment an appropriate volume of isoton solution (Coulter electronics, Luton) was added. 

Cell densities were established using a coulter counter ZM (Coulter electronics, Luton) as 

described in the manufacturer’s protocol. Cell densities were measured on a 24-hour basis 

for the duration of 144 hours.

2.9.2 Cell cycle analysis

Cells were exposed to the chemopreventive agent EGCG at concentrations between 

5 to 100 pM and time points between 24 to 96 hours. Cells were collected by 

centrifugation and were fixed in 2 ml of ice-cold 70 % ethanol v/v in PBS. Cells were then 

collected by centrifugation and resuspended in 1 ml of PBS containing 0.1 mg/ml 

ribonuclease (RNase A) and 5 mg/ml propidium iodide. The content of cellular DNA was 

established using a Becton Dickinson FACScan and the percentage of cells in each phase 

of the cell cycle calculated using Cell Quest software programme.
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2.9.3 Determination of Apoptosis using Annexin V

The number of cells undergoing apoptosis was determined using annexin V- 

FITC/PI staining and the method was adapted from the manufacturer’s instructions. 

Annexin V-FITC is a vascular protein that binds in a calcium dependent manner to the 

phospholipid, phosphatidylserine, which is expressed on the extracelluar cell surface of 

apoptotic cells. Propidium iodide (PI) is a cell impermeant dye that, under UV light, 

increases in fluorescence 20- to 30-fold when bound to nucleic acids. A combination of 

annexin V-FITC and PI were used to distinguish between apoptotic, dead or live cells 

respectively, as annexin binds to apoptotic cells, whereas PI is only taken up by cells that 

have lost plasma membrane integrity, binding only to the nuclei of dead cells.

B lymphoblast cells (1 x 106 cells/ml) were incubated in the presence or absence of 

EGCG (at the indicated concentrations) for a period of 24 hours. Following treatment, cells 

were collected by centrifugation (350 x g, 5 minutes at 4°C) and re-suspended in 6 mis of 

complete medium for 10 minutes. Cells were then collected by centrifugation (350 x g, 3 

minutes at 4°C) and re-suspended in 1 ml of annexin V-binding buffer containing 100 

ng/ml of fluorescin isothiocyanate (FITC)-conjugated annexin V for 8 minutes. To each of 

the samples 30 pi of propidium iodide stain (50 pg/ml) was added and samples were 

incubated for 1 minute at room temperature. Samples were then placed on ice and analysed 

using a fluorescent activated cell sorter (Becton Dickinson FACScan).

2.10 Gene expression analysis using cDNA microarrav

2.10.1 Isolation of RNAfrom mammalian cells

Isolation of RNA was performed using the RNeasy midi kit as described in the 

manufacturer’s protocol (Qiagen, UK). A phenol/chloroform extraction and re

precipitation step was included to improve the overall purity of the RNA. RNA was 

isolated from both the B lymphoblast and HUVECs using the same protocol except for a 

few minor differences.

After treatment cells were collected by centrifugation (200 x g, 3 minutes at 4°C), 

resuspended in ice-cold RLT buffer (containing 1% p-mercaptoethanol). Samples were 

kept on ice and sonicated ( 6 x 5  second pulses with 10 second intervals, output level 10 

microns) before the addition of an equal volume of 70% EtOH. The suspension was placed
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on an RNA binding column and centrifuged at 3000 x g for 5 minutes at room temperature. 

The column was washed with RW1 wash buffer and twice with RPE buffer and the RNA 

was eluted in 2 x 150 pi RNase-free water. Tri reagent (1 ml) and chloroform (200 pi) 

were added to each of the samples, which were then vortexed and centrifuged (3000 x g for 

5 minutes at room temperature). The upper aqueous layer was recovered and to these 0.5 

volumes of isopropanol was added to precipitate the RNA. The RNA was centrifuged 

(10000 x g for 10 minutes at room temperature) and the resultant pellet containing the 

RNA was resuspended in 200 pi RNase-free water. The RNA was reprecipitated overnight 

at -  70°C by adding 3 M sodium acetate (20 pi at pH 5.2) and 600 pi EtOH. The RNA was 

collected by centrifugation (10,000 x g, 5 minutes at room temperature) washed twice with 

70 % EtOH and dried using a speed vac drier (Savant Instruments, USA). The dried pellet 

was re-suspended in 50 pi of RNase-free water and nucleic acid concentration and purity 

were determined.

2.10.2 Determination of RNA concentration and purity

The concentration and purity of RNA was determined by measuring the absorbance 

of each sample at wavelengths of 260 and 280 nm. Each sample of RNA was diluted 

appropriately (1:100 in RNAse free ddH20) and placed in a quartz cuvette. The 

spectrophotometer was zeroed using ddH20  and the absorbance of the diluted RNA sample 

was measured at each wavelength. The concentration of the sample was then calculated 

using the following equation;

RNA concentration (pg/ml) = Absorbance (260 nm) x Dilution x 40

The relative purity of each RNA sample was established by comparing the 

absorbance values at 260 and 280 nm. A 260/280 ratio of 1.8 to 2.0 for RNA, indicated a 

relatively pure sample i.e. a low or protein free preparation.

2.10.3 cDNA synthesis and labelling reaction

Fifty micrograms of each RNA sample was taken and made up to 10 pi with ddH20  

(RNAse free). To the RNA 0.5 pi of oligo dT25 (8 pg/pl) was added and the mixture was
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incubated at 70°C for 8 minutes, followed by a further incubation and reduction in 

temperature to 42°C over a period of 30 minutes.

After the 30 minutes incubation period, 0.3 pi RNAsin, 4 pi 5 x first strand buffer 

(1 x final concentration), 2 pi DTT (0.01 M), 0.5 pi dNTP mix (dGTP; dATP; dCTP, 0.5 

mM and dTTP, 0.2 mM), 2 pi of Cy3-fluor-dUTP or Cy5-fluor-dUTP (0.1 mM) and 0.5 pi 

superscript II reverse transcriptase (100 units). The mixture was incubated for 60 minutes 

at 42°C, a further 0.5 pi of superscript II reverse transcriptase was added and the reaction 

incubated for a further 60 minutes. The reaction was made up to a final volume of 41 pi 

following the addition of 20.5 pi of dK^O.

The labelling reaction was stopped following the addition of 1 pi 0.5 mM EDTA, 

followed by 1 pi of 10 % (w/v) SDS and 3 pi of 3 M NaOH. The mixture was incubated at 

70°C for 10 minutes to hydrolyse residual RNA. The samples were neutralised following 

the addition of 3 pi of 2 M HC1, 10 pi of 1 M Tris/HCl (pH 7.5) and 1 pi of 4 pg/ml of 

tRNA to give a final volume 60 pi.

2.10.4 Purification of DNA and Pre-hybridisation of cDNA

The purification of the cDNA probes was performed using both centri-step and 

micron columns (Princetown Separations, USA). However, the majority of DNA 

purification was performed using Microcon TM-30 columns. To each of the labelled 

cDNA probes, 140 pi of TE buffer was added, and each probe combined at the top of a 

Microcon tube. The tube was centrifuged at 13000 x g for 7 minutes, and the flow-through 

again was discarded. To the column 450 pi TE buffer was added, and the column was 

centrifuged at 13000 x g for 7 minutes. The flow-through was discarded. To the column, 

450 pi of TE buffer, 1 pi of 10 mg/ml human Cot 1 DNA and 1 pi of 1 pg/pl of poly A 

were added. The column was centrifuged at 13000 x g for 7 minutes and the flow-through 

discarded. The column was centrifuged for a further 2 minutes until the central filter was 

dry. The flow-through was discarded and the column inverted in a fresh tube. The column 

was then centrifuged at 13000 x g for 2 minutes and the resultant purified cDNA eluate 

dried in a speed vac (Savant Instruments, Farmingdale, USA) for approximately 10-15 

minutes.
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The dried down cDNA probes were re-suspended in 14 pi of hybridisation buffer, 

and 6 pi of 20 x SSPE. The entire probe was denatured by incubation at 100°C for 2 

minutes followed by 42°C for 30 to 60 minutes.

2.10.5 Blocking, hybridisation and washing

The printed slides were blocked following heating at 100°C for two minutes. The 

slides were immediately washed in ddf^O (to remove salts) and centrifuged to dryness 

(1000 x g for 5 minutes). The labelled probe (20 pi) was spotted on to the array slide and a 

coverslip was carefully lowered over the top. The array slide was then sealed in a 

hybridisation chamber and incubated overnight at 42°C overnight. After hybridisation, the 

slides were washed in 1 x SSC containing 0.03 % SDS for 10 minutes, followed by a 5 

minute wash in 0.2 x SSC and a final wash in 0.05 x SSC for 5 minutes. The slide was then 

immediately dried by centrifugation at 1000 x g for 5 minutes.

2.10.6 Scanning and analysis

Methods used to analyse data are described by Turton et al. (2001). In brief, the 

fluorescence of the signals obtained from the microarray hybridisation was measured using 

GenePix 3.0 software version 3.0.6 and an Axon scanner 4000A (Axon Instruments, CA). 

The scanner contained two lasers that excited cyanine dyes at appropriate wavelengths, 

635 nm for cy5 and 532 nm for cy3 respectively. Feature sizes were determined using the 

inbuilt automated parameters in the first instance and then adjusted manually where 

appropriate. The fluorescence of each pixel within the feature was determined and the 

median fluorescence of these pixel measurements taken as the measure of fluorescence for 

the whole feature. The local background fluorescence was measured using the default 

parameters of GenePix 3.0.

Data processing and manipulation was performed using ConvertData (version 

3.1.2). The resultant data was then analysed using Genecluster 3 (Eisen et al. 1998) and 

clustered hierarchically using complete linkage analysis. The clustering data was then 

reviewed using Treeview imaging software.

The abbreviations for the genes were taken from a number of sources that included 

Weizmann Institute of Science (http://bioinfo.weizmann.ac.il). the National Cancer
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Institute (NCI) Genecards website (http://nciarrav.nci.nih.gov/cards), and the Jackson 

Laboratories (http://www.informatics.iax.org).

2.11 Statistical analysis

All statistical analysis was performed using the Minitab statistical software 

package. Significance of results was assessed by performing either one-way ANOVA (for 

a single variable), followed by Tukey’s post hoc test, or balanced ANOVA (for two 

variables) followed by Fisher’s least significant difference post hoc test. The significant 

differences between data were calculated from either the positive or vehicle controls where 

by a value of p<0.05 was classed as significant.
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Chapter Three

Effect of four chemopreventive agents on the 
NF-kB signalling pathway
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3.1 Introduction

As mentioned previously in chapter 1, the transcription factor NF-kB is central to 

many inflammatory and immune responses, and has been implicated in such responses 

during atherosclerosis. It is activated by over 150 different stimuli, including TNFa, PMA, 

and reactive oxygen species (ROS) (as reviewed in Singh et al. 2001; Pahl et al. 1999). 

Many of these agents are found to be involved in the initiation and progression stages of 

atherosclerosis. Therefore the aptitude of dietary agents to prevent or suppress activation of 

NF-kB may be beneficial in the therapy of atherosclerosis.

At the initial undertaking of the work contained in this chapter, very little had been 

reported concerning the effects of the four chemopreventive agents on the NF-kB 

signalling pathway in these particular cell types. Since then more work investigating the 

effects of various dietary compounds on the modulation of NF-kB pathway has been 

reported. For example, resveratrol has been shown to modulate the activity of NF-kB in 

vitro. Resveratrol inhibits iNOS production by suppressing NF-kB/DNA binding activity 

via blockade of IkB<x degradation (Tsai et al. 1999). Resveratrol is also a potent inhibitor 

of IKK activity, accounting for its inhibition of chemoattractant protein-1 expression, a 

NF-kB regulated gene. Also Manna et al. (2000), have reported that resveratrol blocks the 

TNFa-, PMA-, LPS-, H2C>2-induced activation of NF-kB in cultured U937, Jurkat, and 

HeLa cells. Interestingly, this response appeared to be independent of TNFa-induced 

phosphorylation and subsequent degradation of IxBa via IKK. More recently, Pendurthi et 

al. (2002b) in HUVEC, have shown that resveratrol inhibits expression of E-selectin (an 

adhesion molecule regulated by NF-kB) induced by IL-lp, TNFa, PMA, and LPS. In 

splenic lymphocytes, resveratrol also inhibited the production of IFNy and IL-2, through 

inhibition of NF-kB/DNA binding (Gao et al. 2001).

The effect of I3C on NF-kB activation has been less investigated. One report by 

Howells et al. (2002), investigated the effect of I3C on NF-kB, in the tumor-derived breast 

cell line MDA MB468 and also in the immortalised breast line HBL100.13C inhibited NF- 

kB DNA binding in the MDA MB468 cell line, but had no such effect in HBL100. This 

inhibition was independent of IKK activity, but may have been in part due to inhibition of 

an NF-kB upstream regulator known as protein kinase B (PKB)/Akt.

NF-kB appears to be a target also for curcumin. Curcumin has been shown to 

reduce the TNFa-induced expression of tissue factor gene in bovine aortic endothelial cells
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via suppression of both AP-1 and NF-kB (Bierhaus et al. 1997). In this study, inhibition of 

NF-kB translocation was found to be due to the blockade of IkB cx degradation. Using 

HUVEC, Pendurthi et al. (1997) have shown that curcumin blocks biological activity and 

as well as expression of tissue factor induced by PMA, LPS, and TNFa. Transcriptional 

inactivation of the tissue factor by curcumin appeared to be mediated via suppression of 

NF-kB and AP-1 activation. Curcumin blocked TNFa-, PMA- and lUC^-induced 

activation of NF-kB in human myeloid monoblastic leukaemia cells, via inhibition of hcBa 

phosphorylation and subsequent degradation (Singh et al. 1995). Curcumin has been 

shown to inhibit IKKa and IKKp activity possibly acting on NIK, thus preventing hcBa 

degradation and subsequent N F-kB activation in human colonic epithelial cells (Plummer 

et al. 1999). Adhesion molecule expression induced by TNFa, including intracellular 

adhesion molecule-1, vascular cell adhesion molecule-1 and endothelial leukocyte 

adhesion molecule-1, was inhibited by curcumin in HUVEC. This was due to suppression 

of TNFa-induced N F-kB/DNA binding (Kumar et al. 1998).

It appears that EGCG can also impinge on NF-kB signalling. EGCG has been 

found to reduce iNOS gene expression in mouse peritoneal macrophages stimulated with 

LPS (Lin et al. 1997). This reduction in gene expression was due to the EGCG-induced 

suppression in NF-kB/DNA binding, which appeared to be mediated by blockade of hcBa 

degradation. Ahmad et al. (2000), have shown that EGCG lowered constitutive expression 

and activation of N F-kB in normal human epidermal keratinocytes (NHEK). EGCG 

inhibited LPS-induced gene expression in RAW 264.7 macrophage cells by suppressing 

nuclear DNA binding activity of NF-kB (Yang GY et al. 1998). Mukhtar et al. (1998) have 

shown in A431 human epidermoid carcinoma cells a 42 % decrease in nuclear N F-kB p65 

subunit compared to control. This decrease in nuclear translocation was attributed to an 

EGCG-induced inhibition of hcBa degradation. In the JB6 murine epidermal cell line, 

PMA-induced transcriptional and DNA binding activity of N F-kB were inhibited by 

EGCG. This was through the blockade of hcBa serine 32 phosphorylation (Nomura et al. 

2000).

The experiments described in this chapter were carried out to investigate the effects 

of four chemopreventive agents on the activity of the NF-kB signalling, in lymphoblast 

and HUVEC cells. Also of interest was the antioxidant capacity of these chemopreventive 

agents, as ROS are thought to contribute to atherosclerosis (As reviewed in Napoli et al. 

2001), possibly through the modulation of NF-kB. A s well as their antioxidant function,
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some of these compounds have been shown to act as pro-oxidants under certain 

experimental conditions. For example, Long et al. (2000) have reported that the addition of 

EGCG and other tea polyphenols to cell culture medium (in the absence of cells), 

generated significant levels of H2O2, with the corollary that this ‘artifactual’ effect may 

account for some or all of the reported effects of EGCG in cell culture studies. Hence, the 

involvement of H2O2 in any EGCG-induced effects was also explored. Such data would 

help to elucidate the mechanisms of action of these chemopreventive agents with respect to 

NF-kB, and help to establish which of the agents may be suitable for further investigation 

as a potential cardiovascular chemopreventive compound.

In addition, these experiments might also highlight any differences between the 

normotensive and hypertensive B lymphoblast cell lines, which may explain why the 

disease of hypertension predisposes subjects to developing atherosclerosis. In humans 

there is evidence showing a relationship between an increased ROS production and 

hypertension (Pontremoli et al. 1989; Seifert et al. 1991). A report by Pettit et al. (2002) 

have shown that hypertensive B lymphoblast cell lines have an increased reactive oxygen 

species production in response to arachidonic acid (AA) and PMA stimulation, compared 

to normotensive B lymphoblast cell lines. Considering the above evidence it was deemed 

important to examine levels of ROS and how EGCG may affect these levels, between the 

different cell types.
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3.2 Results

In all NF-kB activation experiments, unless otherwise stated, cells were serum- 

starved in 0 % FCS RPMI for B lymphoblasts or EGM for HUVEC, before treatment as 

described in the Materials and Methods chapter. Previous time courses and dose-response 

experiments had established that PMA (0.15 pM for 15 minutes) and TNFa (7.5 ng/ml for 

15 minutes) treatments were the optimum concentration and time to induce maximum 

nuclear translocation of NF-kB (p65) in B lymphoblasts and HUVEC respectively (data 

not shown).

3.2.1 Comparison of constitutive and PMA-stimulated nuclear 
levels of NF-kB in B lymphoblasts

One of the aims of this thesis was to compare responses between normotensive and 

hypertensive B lymphoblasts. Therefore a comparison was made of the basal and 

stimulated levels of nuclear NF-kB p65 in each of the B lymphoblast cell lines. Cells were 

left untreated or exposed to DMSO or PMA (0.15 pM for 15 minutes). Equal 

concentrations of nuclear proteins were separated by SDS-PAGE and immunoblotted with 

an antibody directed against the p65 subunit of NF-kB. Data were normalised to the 

untreated sample of the C l43 B lymphoblast cell line and were the result of 3 independent 

experiments.

There was evidence of constitutive basal nuclear NF-kB in each of the B 

lymphoblast cell lines, with C l49 having the lowest levels (figure 3.1). DMSO treatment 

did not significantly affect nuclear levels of NF-kB (p65) compared to the untreated 

control. PMA stimulation significantly increased nuclear levels of NF-kB p65 nuclear 

translocation in each cell line (p<0.05). The percentage increase in nuclear NF-kB (p65) 

was 78 %, 73%, 64%, and 63% for C143, C149, H308 and H242 respectively.
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PMA (pM) 
DMSO

H308 H242

Figure 3.1 - Nuclear protein levels o f  NF-kB in the B lymphoblast cell lines. Cells were 
untreated or treated with PMA (0.15 juM/15 mins) or mock treated with DMSO control. 
Nuclear proteins were extracted and equal amounts separated by SDS-PAGE, before 
immunoblotting with an antibody directed against the p65 subunit o f N F -kB . DMSO 
treatment had no effect on N F -kB  translocation. Data are the mean o f 3 independent 
experiments.* indicates significant difference from the C143 control (untreated) group 
(p<0.05) as determined by the ANOVA balanced model followed by Tukey’s least 
significant difference post hoc test.

3.2.2 Curcumin inhibits constitutive and stimulated NF-kB nuclear 

translocation

To investigate the effect o f curcumin on basal and stimulated NF-kB nuclear 

translocation, B lymphoblasts and HUVEC were stimulated with PMA (0.15 pM) and 

TNFa (7.5ng/ml) respectively, in the presence or absence o f  curcumin (15, 30, 50 juM for 

45 minutes). Once treated, equal amounts o f nuclear proteins were separated using SDS- 

PAGE and immunoblotted with an antibody directed against the p65 subunit o f NF-kB. 

For B cells, as similar curcumin responses were noted, data for the normotensive (C l43 

and C l49), and the hypertensive (H308 and H242) cell lines were combined respectively.

Figure 3.2 - illustrates the effect of curcumin on basal and stimulated nuclear 

translocation o f NF-kB (p65) in normotensive (C l43 and C l49) (A) and hypertensive 

(H308 and H242) (B) B lymphoblast cell lines and HUVEC (C). Data for the normotensive
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and hypertensive B cells were the result of 4 independent experiments respectively and 2 

independent experiments in HUVEC. Data in each cell type were normalised to the 

positive control, which was taken as 100%.

Treatment with DMSO alone had previously been shown not to induce NF-kB 

(p65) translocation (figure 3.1). Also DMSO treatment did not effect PMA-stimulated NF- 

kB (p65) nuclear translocation in the B lymphoblast cells (figure 3.2 A, B). There was 

evidence of some constitutive nuclear localisation of NF-kB, in all cell types under 

investigation. In the normotensive B cells (figure 3.2 A), curcumin inhibited both basal and 

PMA-stimulated NF-kB translocation in a concentration-dependent manner, which was 

significant at 30 and 50 pM (p<0.05). However, curcumin at 15 pM, appeared to enhance 

basal translocation of NF-kB, although this was not statistically significant. Curcumin 

treatment in the hypertensive cell lines (figure 3.2 B) resulted in a significant decrease of 

constitutive basal NF-kB translocation at 30 and 50 pM (p<0.05). There was a 

concentration-dependent inhibition in PMA-stimulated nuclear NF-kB (p65), which was 

significant at 15, 30 and 50 pM curcumin (p<0.05).

Similar to the response in the normotensive B lymphoblast cells, curcumin- 

inhibited basal and TNFa-stimulated nuclear translocation of NF-kB in HUVEC (figure 

3.2 C). The observed inhibition occurred in a concentration-dependent manner and was 

evident at 30 and 50 pM. However at a concentration of 15 pM, curcumin appeared to 

enhance basal NF-kB translocation. As noted in figure 3.5, although from a different 

experiment, treatment with DMSO had no significant effect on nuclear NF-kB (p65) 

levels.
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Figure 3,2 - Curcumin inhibits nuclear translocation in normotensive (C l43 and C l49) 
(A) and hypertensive (H308 and H242) (B) B lymphoblast cell lines, and HUVEC (C). B
lymphoblast cells or HUVEC were stimulated for 15 minutes with PMA (0.15 juM) or 
TNFa (7.5 ng/ml) respectively, in the presence or absence o f a curcumin or DMSO 
(control), pretreatment for 45 mins. Nuclear proteins were extracted and equal amounts 
separated by SDS-PAGE, before immunoblotting with an antibody directed against thep65 
subunit o f NF-kB. Data for the normotensive and hypertensive B lymphoblasts are the 
mean o f 4 independent experiments, and HUVEC are the mean o f 2 independent 
experiments. * indicates significant difference from the control groups (p<0.05) as 
determined by the ANOVA balanced model followed by Tukey’s least significant difference 
post hoc test.
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3.2.3 Resveratrol inhibits NF-kB p65 nuclear translocation

The effect of resveratrol on NF-kB nuclear translocation in B lymphoblast cell lines 

and HUVEC was investigated in a similar manner to that for curcumin. B lymphoblast cell 

lines and HUVEC were pre-treated for 45 minutes with resveratrol (15, 30, 50 pM 

concentrations), before exposure to 0.15 pM PMA (for B lymphoblast cell lines) or 7.5 

ng/ml TNFa (for HUVEC). An equal amount of extracted nuclear protein for each 

treatment was separated on an SDS-PAGE gel, before being immunoblotted with an 

antibody against the p65 subunit of NF-kB. Figure 3.3 - illustrates the effect of resveratrol 

on basal and stimulated nuclear translocation of NF-kB (p65) in HUVEC and C l43 and 

H308 B lymphoblast cell lines. Data were the result of 2 or 3 independent experiments for 

HUVEC and B lymphoblasts respectively, and were normalised to the positive control, 

which was taken as 100 %.

In each of the cell types, there was evidence of constitutive nuclear NF-kB (figure 

3.3). The DMSO treatment had previously been shown not to affect NF-kB (p65) 

translocation (figure 3.1). Also DMSO treatment had no significant affect on stimulus- 

induced nuclear NF-kB (p65) levels (figure 3.3). In C l43 (figure 3.3 A) data indicated that 

resveratrol significantly blocked basal and PMA-stimulated nuclear translocation of NF- 

kB at concentrations of 30 and 50 pM (p<0.05). It was also suggestive that 15 pM 

resveratrol might enhance basal and PMA-stimulated translocation, although these modest 

increases were not significant. Although only the result of one experiment, another 

normotensive cell line C149, indicated that 15, 30 and 50 pM resveratrol inhibited PMA- 

induced nuclear NF-kB (p65).

In H308, resveratrol significantly inhibited PMA-stimulated NF-kB nuclear 

translocation at 15 and 50 pM (p<0.05), but had no significant effect on basal constitutive 

levels (figure 3.3 B). Moreover, there is a suggestion that 30 pM resveratrol may have 

enhanced basal nuclear NF-kB, although this was not statistically significant. These results 

are similar when compared to the H242 hypertensive cell line, indicating that the effect 

was not cell-line specific (data not shown).

Although not dose-dependent it appeared that resveratrol blocked TNFa-stimulated 

NF-kB nuclear translocation in HUVEC (figure 3.3 C). However, basal levels of nuclear 

NF-kB were not noticeably affected by resveratrol. DMSO treatment had no significant 

effect on nuclear NF-kB (p65) levels as determined from figure 3.5.
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Figure 3,3 - Resveratrol inhibits nuclear translocation in the B lymphoblast cell lines 
C143 (A) and H308 (B), and HUVEC (C). B lymphoblast cells or HUVEC were 
stimulated for 15 minutes with PMA (0.15 pM) or TNFa (7.5 ng/ml) respectively, in the 
presence or absence o f a resveratrol or DMSO (control) pre-treatment for 45 mins. 
Nuclear proteins were extracted and equal amounts separated by SDS-PAGE, before 
immunoblotting with an antibody directed against the p65 subunit o f NF-kB. (A) and (B) 
are the mean o f 3 independent experiments, and (C) is the mean o f 2 independent 
experiments. * indicates significant difference from the control groups (p<0.05) as 
determined by the ANOVA balanced model followed by Tukey’s least significant difference 
post hoc test.
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3.2.4 Effect of I3C on constitutive and stimulated NF-kB p65 
nuclear translocation

The effect of I3C on NF-kB nuclear translocation in B lymphoblast cell lines and 

HUVEC was investigated. B lymphoblast cell lines and HUVEC were pre-treated for 45 

minutes with I3C (50, 100, and 500 pM concentrations), before exposure to 0.15 pM PMA 

(for B lymphoblast cell lines) or 7.5 ng/ml TNFa (for HUVEC). An equal amount of 

nuclear protein for each treatment was separated on an SDS-PAGE gel, before 

immunoblotting with an antibody directed against the p65 subunit of N F-kB. Figure 3.4 - 

shows histograms representing the effect of I3C on basal and stimulated nuclear 

translocation of NF-kB (p65) in HUVEC and C l43 and H308 B lymphoblast cell lines. In 

B lymphoblasts, data were derived from 4 independent experiments, whereas in HUVEC, 

data were the result of a single experiment. In each instance data were normalised to the 

positive control, which was taken as 100 %.

DMSO treatment alone, had no significant effect on basal (figure 3.1) or PMA- 

induced NF-kB translocation (figure 3.4). In all cell types there was evidence of 

constitutive nuclear NF-kB. I3C had no significant effect on basal NF-kB nuclear 

translocation in C l43 (p<0.05) (figure 3.4 A). However, I3C enhanced PMA-induced 

nuclear translocation of NF-kB at concentrations of 50, 100, and 500 pM, with statistical 

significance reached at 50 and 100 pM. The responses in H308 (figure 3.4 B) cell line 

were different than those observed in the C l43 cell line. There was evidence of a 

significant decrease in PMA-stimulated NF-kB translocation following treatment with 50 

pM I3C (p<0.05). Interestingly, I3C at a concentration of 50 pM significantly enhanced 

basal nuclear NF-kB (p<0.05).

In HUVEC, I3C did not affect the constitutive levels of NF-kB p65 (figure 3.4 C). 

However, although only a result of one experiment, it did appear that 13 C inhibited the 

TNFa-induced increase in NF-kB p65. This inhibition was concentration-dependent and 

was most obvious at 500 pM I3C. As I3C was the least effective of the four agents, it was 

decided not to follow this experiment up further in HUVEC.
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Figure 3.4 - Effect o f  I3C on nuclear NF-kB translocation in C l43 (A), and H308 (B), 
and HUVEC (C). Cells were stimulated for 15 minutes with PMA (0.15 fjM), in the 
presence or absence o f a I3C or DMSO (control) pretreatment for 45 mins. Nuclear 
proteins were extracted and equal amounts separated by SDS-PAGE, before 
immunoblotting with an antibody directed against the p65 subunit o f NF-kB. Data are the 
mean o f 3 independent experiments for B lymphoblasts and 1 experiment for HUVEC. * or
* indicate significant difference from the PMA-treated or untreated control groups 
respectively, (p<0.05) as determined by the ANOVA balanced model followed by Tukey’s 
least significant difference post hoc test.
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3.3 EGCG inhibits constitutive and stimulated NF-kB p65 
nuclear translocation

The effect of EGCG on basal and stimulated NF-kB nuclear translocation was 

investigated. NF-kB was stimulated with PMA (0.15 pM) for 15 minutes and TNFa (7.5 

ng/ml), in B lymphoblasts and HUVEC respectively. Nuclear proteins were isolated, 

subjected to Western blotting and probed with an antibody directed against the p65 subunit 

of NF-kB. Figure 3.5 - shows histograms representing the effect of EGCG on basal and 

stimulated nuclear translocation of NF-kB (p65) in HUVEC and C l43 and H308 B 

lymphoblast cell lines. For each cell type data were derived from 3 independent 

experiments. In each example data were normalised to the positive control, which was 

taken as 100 %.

Figure 3.5 represents the effects of EGCG on basal and PMA-stimulated NF-kB 

nuclear translocation in the B lymphoblast cell lines, C l43 (A) and H308 (B). Data were 

normalised as a percentage of the PMA treatment, the positive control. The DMSO 

treatment (which was a control for the EGCG treatment), did not affect PMA-induced 

translocation indicating that any inhibitory effect was likely to be due to EGCG alone. 

There was some constitutive nuclear NF-kB as evidenced by the detection of a p65 NF-kB 

immunoreactive band in the untreated samples. In both C l43 and H308, EGCG inhibited 

PMA-induced NF-kB translocation in a concentration-dependent manner, and was 

significant at 30 and 50 pM in C143 and 15, 30 and 50 pM in H308 (p<0.05). In addition 

50 pM EGCG in C143, and 30 and 50 pM EGCG in H308 significantly inhibited 

constitutive nuclear NF-kB (p<0.05). A similar response was observed in additional 

normotensive (Cl49) and hypertensive (H242) B lymphoblast cell lines, suggesting that 

this effect was not cell line specific (data not shown).

Figure 3.5 (C) shows the effect of 45 minutes pre-treatment of EGCG (at 

concentrations of 15, 30, 50 pM) on basal and TNFa-stimulated NF-kB nuclear 

translocation in HUVEC. DMSO treatment had no significant effect. However, significant 

inhibition of TNFa-induced NF-kB (p65) translocation was observed at EGCG 

concentrations of 30 and 50 pM (p<0.05).
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Figure 3.5 - EGCG inhibits nuclear translocation in B lymphoblast cell lines C143 (A) 
and H308 (B), and HUVEC (C). B lymphoblast cells or HUVEC were stimulated for 15 
minutes with PMA (0.15 juM) or TNFa (7.5 ng/ml) respectively, in the presence or absence 
of a EGCG or DMSO (control) pre-treatment for 45 mins. Nuclear proteins were extracted 
and equal amounts separated by SDS-PAGE, before immunoblotting with an antibody 
directed against the p65 subunit o f NF-kB. Data are the mean o f 3 independent 
experiments.* indicates significant difference from the control groups (p<0.05) as 
determined by the ANOVA balanced model followed by Tukey’s least significant difference 
post hoc test.
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3.3.1 Effect of EGCG on constitutive NF-kB p52, RELB and p50 

subunits in C143 B lymphoblasts

It was decided to examine the effect o f EGCG on other subunits o f NF-kB. This 

preliminary study was performed only in the C l43 cell line (figure 3.6). C l43 cells were 

treated with EGCG 30, 50 and 100 pM at times o f 30, 40, 60, 90 and 120 minutes. Nuclear 

proteins were isolated, equal amounts separated by SDS-PAGE analysis, before 

immunoblotting with an antibody directed against NF-kB p50, p52 or RELB.

(A)

NF-kB p52

RELB

NF-kB p50

EGCG (pM) 
Time (mins)

30
90 120

NF-kB p52

RELB

NF-kB p50

EGCG (pM) 
Time (mins)

100

90 120

Figure 3.6 -  Effect o f  EGCG on basal levels o f  nuclear p52, RELB and p50 in C l43 B 
lymphoblast cells. Cells were treated with EGCG 30 pM  (A), 50 or 100 pM  (B). Nuclear 
proteins were isolated, separated by SDS-PAGE, and immunoblotted with antibodies 
directed against p52, RE LB, and p50 subunits o f NF-kB. Data are the representative o f  
two independent experiments.

It was evident that the p52, RELB, and p50 subunits o f NF-kB were present in the 

nucleus o f non-stimulated C l43 B lymphoblast cells. Basal levels o f nuclear p52 decreased 

following 90 and 120 minutes o f treatment with 30 pM EGCG (figure 3.6 A) and40, 60, 

90, and 120 minutes with 50 pM EGCG (figure 3.6 B). There was a small decrease in
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RELB at 90 and 120 minutes treatment with 50 pM EGCG, and in p50 protein at 40, 60, 

90 and 120 minutes treatment with 50 pM EGCG. With no significant change in p50 at 30 

pM, this blot also acted as a loading control.

3.3.2 EGCG inhibits NF-kB DNA binding in B lymphoblasts cell 
lines and HUVEC

The data from Western analyses demonstrate that NF-kB nuclear translocation and 

constitutive nuclear levels of the various NF-kB subunits were inhibited by EGCG. To 

investigate whether these effects resulted in the inhibition of NF-kB DNA binding, 

electrophoretic mobility shift assays (EMSA) were performed. It was hypothesised that 

EGCG would inhibit NF-kB DNA binding at similar concentrations to those used in the 

nuclear translocation studies.

Levels of NF-kB DNA-binding activity were investigated in the B lymphoblast cell 

lines, C143, C149, H308, H242, and HUVEC. Cells were treated with EGCG (15, 30, 50 

and 100 pM) for 45 minutes prior to the addition of either PMA (0.15 pM) or TNFa (7.5 

ng/ml) to B lymphoblasts or HUVEC, respectively.

Figure 3.7 shows representative EMSAs of the effect of EGCG on both the PMA- 

induced and constitutive NF-kB DNA binding in the two normotensive B lymphoblast cell 

lines. Binding of nuclear extracts from both normotensive cell lines to a NF-kB DNA 

consensus sequence resulted in the occurrence of multiple bands with different migratory 

distances, corresponding to the various NF-kB subunit dimer combinations that potentially 

can form (Schmidt KN et al. 1995; Huang et al. 1996; Francis et al. 1998). Using a p65 

antibody (lane 3) to distinguish the exact subunit identity in either of the two cell lines, 

suggested that at least one of the bands contained p65 (lanes 2 in C l43 and C l49). Excess 

unlabelled NF-kB oligonucleotide competitively inhibited NF-kB binding, as evidenced by 

the absence of bands in treatment lanes 14. Conversely the excess unlabelled non-specific 

AP-1 oligonucleotide did not affect binding, indicating binding specificity (lanes 15).

PMA did not significantly alter the binding of NF-kB to the DNA in the C l43 

normotensive B lymphoblast cell line (lane 5), when compared to the untreated (lane 3) or 

DMSO (lane 4) control samples (figure 3.7 A). This may have been due to high 

constitutive levels of NF-kB DNA binding present.
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Figure 3.7 - EGCG inhibits NF-kB/DNA binding in C143 (A) and C149 (B) 
normotensive B lymphoblast cell lines. C e l l s  w e r e  s e r u m - s t a r v e d  f o r  2 4  h o u r s .  S e r u m - f r e e  

m e d i u m  w a s  c h a n g e d  a g a i n  a t  l e a s t  1  h o u r  p r i o r  t o  t r e a t m e n t .  E G C G  w a s  a d d e d  a t  t h e  

i n d i c a t e d  c o n c e n t r a t i o n s ,  4 5  m i n u t e s  b e f o r e  i n c u b a t i o n  w i t h  P M A  ( 0 . 1 5 j u M )  f o r  1 5  

m i n u t e s .  N u c l e a r  e x t r a c t s  w e r e  i s o l a t e d  a s  d e s c r i b e d  i n  m a t e r i a l s  a n d  m e t h o d s .  F o u r  p g  o f  

t h e s e  e x t r a c t s  w e r e  i n c u b a t e d  w i t h  a  3 2 P - l a b e l l e d  N F - k B  c o n s e n s u s  o l i g o n u c l e o t i d e  a n d  a  

N F - k B  ( p 6 5 )  a n t i b o d y  i n  l a n e  2 ,  b e f o r e  r e s o l v i n g  t h e  D N A / N F - k B  c o m p l e x  b y  a c r y l a m i d e  

g e l  e l e c t r o p h o r e s i s .  N o n - l a b e l l e d  N F - k B  o l i g o n u c l e o t i d e  c o m p e t i t i v e l y  i n h i b i t e d  t h e  b a n d  

o f  i n t e r e s t  a n d  u n l a b e l l e d  A P - 1  a s  a  n o n - c o m p e t i t i v e  o l i g o n u c l e o t i d e  i n d i c a t e d  t h e  

s p e c i f i c i t y  o f  N F - k B  D N A  b i n d i n g .  T h e  i m a g e s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t h r e e  

i n d e p e n d e n t  e x p e r i m e n t s .
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Figure 3.8 - EGCG inhibits NF-kB/DNA binding in H308 (A) and H242 (B) 
hypertensive B lymphoblast cell lines. C e l l s  w e r e  s e r u m - s t a r v e d  f o r  2 4  h o u r s .  S e r u m - f r e e  

m e d i u m  w a s  c h a n g e d  a g a i n  a t  l e a s t  1  h o u r  p r i o r  t o  t r e a t m e n t .  E G C G  w a s  a d d e d  a t  t h e  

i n d i c a t e d  c o n c e n t r a t i o n s ,  4 5  m i n u t e s  b e f o r e  i n c u b a t i o n  w i t h  P M A  ( 0 . 1 5 p M )  f o r  1 5  

m i n u t e s .  N u c l e a r  e x t r a c t s  w e r e  i s o l a t e d  a s  d e s c r i b e d  i n  m a t e r i a l s  a n d  m e t h o d s .  F o u r  p g  o f  

t h e s e  e x t r a c t s  w e r e  i n c u b a t e d  w i t h  a  3 2 P - l a b e l l e d  N F - k B  c o n s e n s u s  o l i g o n u c l e o t i d e  a n d  a  

N F - k B  ( p 6 5 )  a n t i b o d y  i n  l a n e  2 ,  b e f o r e  r e s o l v i n g  t h e  D N A / N F - k B  c o m p l e x  b y  a c r y l a m i d e  

g e l  e l e c t r o p h o r e s i s .  N o n - l a b e l l e d  N F - k B  o l i g o n u c l e o t i d e  c o m p e t i t i v e l y  i n h i b i t e d  t h e  b a n d  

o f  i n t e r e s t  a n d  u n l a b e l l e d  A P - 1  a s  a  n o n - c o m p e t i t i v e  o l i g o n u c l e o t i d e  i n d i c a t e d  t h e  

s p e c i f i c i t y  o f  N F - k B  D N A  b i n d i n g .  T h e  i m a g e s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  3 i n d e p e n d e n t  

e x p e r i m e n t s .

Importantly the DMSO control did not reduce the basal levels o f NF-kB DNA binding 

(lane 4). However in lanes 8-13, EGCG brought about a decrease in the binding o f all NF-
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kB dimers to DNA, which was evident by 30 pM, 50 pM and 100 pM. This inhibition did 

not appear to be exclusively concentration-dependent.

Figure 3.7 (B) shows the PMA-induced NF-kB DNA binding pattern and the effect 

of EGCG in the Cl 49 normotensive B lymphoblast cell line. NF-kB DNA binding (lane 5) 

in the presence of PMA, appeared to be slightly less when compared to the untreated 

control (lane 3). However, this may have been due to a loading problem as NF-kB DNA 

binding in lane 2 was not significantly different compared to the untreated control in lane 

3. Again this may have been due to high constitutive levels of nuclear NF-kB DNA 

binding in the untreated and DMSO control samples. The DMSO control (lane 4 figure 3.7 

B) may have reduced the NF-kB bands somewhat, but this was insignificant compared to 

the effect of EGCG, which brought about an almost complete inhibition in NF-kB DNA 

binding in basal and PMA-treated samples (lanes 7-14).

Figures 3.8 (A) and (B) are representative EMSAs illustrating the effect of PMA 

and/or EGCG on the induction of NF-kB DNA binding in H308 and H242 respectively. 

The use of a p65 antibody (lanes 2 for H308 and H242) suggested that at least one of the 

bands in each cell type contained p65. Excess unlabelled NF-kB oligonucleotide 

competitively inhibited NF-kB binding, as evidenced by the absence of bands in treatment 

lane 14 for H308 and 15 in H242. Conversely the excess unlabelled non-specific AP-1 

oligonucleotide did not affect binding, indicating binding specificity (lane 15 for H308 and 

6 for H242). Again, there was a high level of constitutive basal NF-kB binding to the DNA 

as indicated by the bands present in the DMSO (lane 4) and untreated (lane 3) controls.

Treatment with PMA (lane 5) did not significantly alter NF-kB DNA binding in the 

H308 B lymphoblast cell line (figure 3.8 A) when compared to the untreated control (lane 

3). DMSO did not significantly alter NF-kB DNA binding (lane 4). However, EGCG 

appeared to reduce both PMA and basal NF-kB binding at 15 to 50 pM (lanes 6 and 11) 

and was more obvious at 100 pM (lanes 12 and 13).

There was evidence of a slight increase in NF-kB DNA binding in H242 following 

PMA stimulation (lane 5), when compared to the untreated control (lane 3) (figure 3.8 B). 

There was no difference in binding between the untreated control (lane 3) and the DMSO 

(lane 4) control. There was a decrease in NF-kB DNA binding in basal and PMA-treated 

samples at 15 (lanes 7 and 8), 30 (lanes 9 and 10), 50 (lanes 11 and 12) and 100 pM (lanes 

13 and 14) EGCG, compared to the controls.
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Figure 3.9 - EGCG inhibits the TNFa-induced NF-kB/DNA binding in HUVEC. C e l l s  

w e r e  g r o w n  t o  9 0  %  c o n f l u e n c y  b e f o r e  s e r u m  s t a r v a t i o n  f o r  1  h o u r .  E G C G  w a s  a d d e d  a t  

t h e  i n d i c a t e d  c o n c e n t r a t i o n s ,  4 5  m i n u t e s  b e f o r e  i n c u b a t i o n  w i t h  T N F a  ( 7 . 5  n g / m l )  f o r  1 5  

m i n u t e s .  N u c l e a r  e x t r a c t s  w e r e  i s o l a t e d  a s  d e s c r i b e d  i n  m a t e r i a l s  a n d  m e t h o d s .  F o u r  p g  o f  

t h e s e  e x t r a c t s  w e r e  i n c u b a t e d  w i t h  a  3 2 P - l a b e l l e d  N F - k B  c o n s e n s u s  o l i g o n u c l e o t i d e  a n d  

a n t i b o d i e s  d i r e c t e d  a g a i n s t  p 6 5  a n d  p 5 0  s u b u n i t s  o f  N F - k B  ( l a n e s  2  a n d  3 )  b e f o r e  

r e s o l v i n g  t h e  D N A / N F - k B  c o m p l e x  b y  a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s .  N o n - l a b e l l e d  N F -  

kB  o l i g o n u c l e o t i d e  c o m p e t i t i v e l y  i n h i b i t e d  t h e  b a n d  o f  i n t e r e s t  a n d  u n l a b e l l e d  A P - 1  a  n o n 

c o m p e t i t i v e  o l i g o n u c l e o t i d e  i n d i c a t e d  t h e  s p e c i f i c i t y  o f  N F - k B  D N A  b i n d i n g .  T h e  i m a g e  

s h o w n  i s  r e p r e s e n t a t i v e  o f  3  i n d e p e n d e n t  e x p e r i m e n t s .

Figure 3.9 is a representative EMSA showing the effect o f EGCG on TNFa- 

induced NF-kB/DNA  binding in HUVEC. TNFa treatment alone in lane 5, increased the 

binding of NF-kB to the DNA oligonucleotide, compared to the untreated control (lane 4). 

It was noted that there was some NF-kB DNA binding in the untreated sample, indicating 

constitutive nuclear NF-kB DNA binding (lane 4). Antibodies to the p65 and p50 subunit 

were included (lanes 2 and 3 respectively) and indicated that some o f the dimer 

combinations contained p65 and p50. The results show that the NF-kB bands were 

competitively inhibited following the addition o f excess unlabelled (cold) NF-kB 

oligonucleotide (lane 14), but not by the addition o f the non-specific (AP-1) 

oligonucleotide (lane 15). Taken together these two results indicate the specificity o f  

binding of NF-kB to the DNA. It was clear from the data that EGCG reduced both the 

basal and TNFa-induced binding of NF-kB subunits in a concentration-dependent manner
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(lanes 6 to 13). This blockade o f DNA binding was clearly evident by 30 jjM  EGCG and 

appeared to be concentration dependent.

3.3.3 Constitutive protein levels of hcBa in the B lymphoblasts

IkB is commonly accepted as the major inhibitory regulatory proteins o f N F -k B  (as 

reviewed in Karin, 1999a, 1999b). Western analysis was used to compare the constitutive 

levels o f IkBoc in the B lymphoblast cell lines. Data were the result o f  two independent 

experiments performed in duplicate (n=4) and normalised to the untreated C l43 

normotensive cell line. Figure 3.10 (A) is a histogram showing the meaned average o f the 

constitutive levels o f cytosolic IkBoc in each o f the lymphoblast cell lines, and (B) is a 

representative Western blot showing the relative levels o f constitutive cytosolic IkBoc 

protein. It appeared that the C l49 cell line had the least constitutive cytosolic protein levels 

of IkBoc. There were no obvious differences in the cytosolic levels o f IkBcx protein 

between C143, H308 or H242 cell lines.

C 1 4 3 H 3 0 8 C 1 4 9

H 2 4 2H 3 0 8 C 1 4 9C 1 4 3

F i g u r e  3 . 1 0  -  T h e  l e v e l s  o f  I k B  a  i n  u n s t i m u l a t e d  B  l y m p h o b l a s t  c e l l  l i n e s .  C y t o s o l i c  

p r o t e i n s  w e r e  i s o l a t e d ,  s e p a r a t e d  b y  S D S - P A G E  a n d  i m m u n o b l o t t e d  w i t h  a n  a n t i b o d y  

d i r e c t e d  a g a i n s t  I k B  a ,  a s  d e s c r i b e d  i n  m a t e r i a l s  a n d  m e t h o d s .  ( A )  r e p r e s e n t s  t h e  a v e r a g e d  

p r o t e i n  l e v e l s  o f  I k B  a  i n  e a c h  c e l l  t y p e ,  ( B )  r e p r e s e n t a t i v e  W e s t e r n  b l o t  o f  I k B  a  i n  e a c h  

c e l l  l i n e .  D a t a  a r e  t h e  m e a n  o f  t w o  i n d e p e n d e n t  e x p e r i m e n t s  p e r f o r m e d  i n  d u p l i c a t e  ( N = 4 ) .
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3.3.4 PMA- and TNFa-induced hcBa degradation

The IkB oc protein is one of the main inhibitors (along with other IkB family 

members) sequestering NF-kB in the cytosol, in an inactive state. To examine whether 

PMA- and TNFa-stimulated NF-kB nuclear translocation involved IkB, cytosolic proteins 

were isolated and an equal amount of protein separated by SDS-PAGE, before 

immunoblotting with an antibody directed against IkB oc. Data from each cell type were 

normalised as a percentage of the untreated control. Data from the B lymphoblasts and 

HUVEC were the result of three independent experiments.

PMA (0.3 pM) induced a decrease in IkB oc protein in a time-dependent manner, 

which was evident by 5 minutes and significant at 15 minutes in the C l43 B lymphoblast 

cell line (p<0.05) (figure 3.11 A). Although not significantly different from the protein 

levels at 60 minutes, there may have been a modest increase in IkB oc protein at 90 minutes 

PMA exposure, which may correspond to newly synthesised protein. In the C l49 cell line 

(data not shown), IkB  a  degradation was evident at 10 minutes PMA (0.3 pM) exposure, 

and occurred in a time-dependent manner, similar to Cl 43. IkB  a  protein appeared to 

increase at 60 minutes PMA exposure, which may correspond to newly synthesised 

protein.

In the H308 cell line, PMA (0.3 pM) caused a modest reduction in cytosolic IkB oc 

protein levels, which was significant at 1 minute and reached a plateau at time points 

thereafter (p<0.05) (figure 3.11 B). A similar response was found in another hypertensive 

B lymphoblast cell line, H242 (data not shown).

In HUVEC, TNFa caused a reduction in cytosolic hcBa protein levels at 1 and 5 

minutes, which was significant by 10, 15, and 30 minutes (p<0.05) (figure 3.11 C). hcBa 

protein levels started to return to untreated levels at 60 minutes, similar to the 

normotensive B lymphoblast cells, which may correspond to the newly synthesised 

protein. The HUVEC data are in agreement with previous work in the laboratory by Y. 

Heidari (MSc. Thesis, 1998). Overall it appeared that a greater proportion of the cytosolic 

hcBa protein was degraded in TNFa-stimulated HUVEC compared to PMA-stimulated B 

lymphoblast cells.
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(A) 12 0

* *

* * *

3

1aS.

(C)

(B) 120 

1 0 0 
8 0 4

6 0 J
4 0 4

2 0 J
0 -I

12 0 
1 0  0 -  

8 0- 
6 0- 
4  0 -  

2 0 
0

* *

PM A

*
*

PM A

* *

*

*

T N F a

F i g u r e  3 . 1 1  -  S t i m u l u s - i n d u c e d  d e g r a d a t i o n  o f  I i c B a  i n  C l 4 3  ( A ) ,  H 3 0 8  ( B )  B  

l y m p h o b l a s t s  a n d  H U V E C  ( C ) .  B  l y m p h o b l a s t  c e l l s  o r  H U V E C  w e r e  s t i m u l a t e d  w i t h  P M A  

( 0 . 3  f j M )  o r  T N F a  ( 7 . 5  n g / m l )  a t  t h e  i n d i c a t e d  t r e a t m e n t  t i m e s ,  r e s p e c t i v e l y .  C y t o s o l i c  

p r o t e i n s  w e r e  e x t r a c t e d  a n d  e q u a l  a m o u n t s  s e p a r a t e d  b y  S D S - P A G E ,  b e f o r e  

i m m u n o b l o t t i n g  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  t h e  I k B c c . D a t a  a r e  t h e  m e a n  o f  3  

i n d e p e n d e n t  e x p e r i m e n t s . * i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f r o m  t h e  c o n t r o l  ( u n t r e a t e d )  

g r o u p  ( p < 0 . 0 5 )  a s  d e t e r m i n e d  b y  t h e  A N O V A  b a l a n c e d  m o d e l  f o l l o w e d  b y  T u k e y ’s  l e a s t  

s i g n i f i c a n t  d i f f e r e n c e  p o s t  h o c  t e s t .
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3.3.5 Effect of EGCG on k B a  degradation

EGCG was shown to block both basal and stimulated NF-kB nuclear translocation 

in B lymphoblasts and HUVEC respectively. To examine if  EGCG had an effect on PMA 

and TNFa-induced IkB cc degradation, cells were exposed to EGCG at concentrations o f 5 

to 400 pM, before stimulation with either PMA (15 minutes) or TNFa (15 minutes). 

Cytosolic proteins were isolated and equal amounts separated by SDS-PAGE. Proteins 

were visualised using an antibody directed against IicBa.

(A) I KBa

PMA (nM) 
DMSO 
EGCG (pM)

(B)

50 100

PMA (pM) 
DMSO 
EGCG (nM)

(C)

50 100 180 400

PMA (pM) 
DMSO 
EGCG (pM) 50 100 200

PMA (pM) 
DMSO 
EGCG (pM)

(E)

100 180 40030 50

TNFa (ng/ml) 
EGCG (pM) 30 50 100 200

F i g u r e  3 . 1 2  -  E f f e c t  o f  E G C G  o n  I k B cc p r o t e i n  l e v e l s  i n  B  l y m p h o b l a s t s  a n d  H U V E C .

C e l l s  w e r e  p r e t r e a t e d  w i t h  E G C G  ( 4 5  m i n u t e s )  b e f o r e  s t i m u l a t i o n  w i t h  e i t h e r  P M A  ( 1 5  

m i n u t e s )  o r  T N F a  ( 1 5  m i n u t e s )  o r  m o c k  s t i m u l a t e d  w i t h  D M S O .  C y t o s o l i c  p r o t e i n s  w e r e  

i s o l a t e d ,  s e p a r a t e d  b y  S D S - P A G E  a n d  i m m u n o b l o t t e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  

I  K B a ,  a s  d e s c r i b e d  i n  m a t e r i a l s  a n d  m e t h o d s .  ( A ,  B ,  C ,  D )  a r e  r e p r e s e n t a t i v e  W e s t e r n  b l o t s  

c o r r e s p o n d i n g  t o  C l  4 3 ,  C l  4 9 ,  H 3 0 8 ,  a n d  H 2 4 2  B  l y m p h o b l a s t s  r e s p e c t i v e l y ,  f r o m  t w o  

i n d e p e n d e n t  e x p e r i m e n t s  i n  e a c h  c e l l  l i n e .  ( E )  i s  r e p r e s e n t a t i v e  o f  3  W e s t e r n  b l o t s  f o r  

H U V E C .
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For B lymphoblasts, these experiments were performed 4 different times, however 

due to technical difficulties the data here are representative of two independent 

experiments in each cell type. In HUVEC data were the result of 3 independent 

experiments. Figure 3.12 contains representative Western blots, showing the effect of 

EGCG on PMA- and TNFa-induced IkBcx degradation in the B lymphoblasts, C l43 (A), 

C l49 (B), H308 (C), H242 (D) and HUVEC (E), respectively. EGCG does not appear to 

fully protect IicBa from degradation in the B lymphoblast cell lines following stimulation 

with PMA except at 400 pM in H242. However, EGCG appears to prevent TNFa-induced 

IicBa degradation in HUVEC (figure E) in a concentration-dependent manner, with a 

concentration of 200 pM required to prevent significant degradation.

3.3.6 Effect of EGCG on kBa phosphorylation

IicBa is targeted for degradation following phosphorylation on serines 32 and 36 

(as reviewed in Karin et al. 1999a, 1999b, Whiteside et al. 1997b). To examine whether 

EGCG effects phosphorylation of IicBa, Western blotting was performed on cytosolic 

fractions isolated from cells pretreated with EGCG (45 minutes at concentrations of 5 to 

200 pM) before stimulation with PMA (0.3 pM for 5 minutes) or TNFa (7.5 ng/ml for 5 

minutes) for B lymphoblast or HUVEC respectively. Phosphorylation status of IicBa was 

determined using an antibody directed against phosphorylated serine 32 on IicBa, and also 

by changes in the mobility of bands detected using an antibody directed against IicBa, as 

reported previously (DiDonato et al. 1995; Beg et al. 1993; Cordle et al. 1993). Although 

the experiment was performed more than 4 times in each cell type, due to technical 

difficulties, data are the result of two independent experiments only.

Figure 3.13 (A, B) are representative Western blots showing the effect of EGCG on 

the PMA-stimulated phosphorylation of IicBa in B lymphoblasts, as detected by a serine 

32 phosphorylated IicBa antibody. Equal protein loads were confirmed as indicated by LC, 

which represents the protein levels of a cytosolic protein (present on the same gel) to 

which the antibody bound non-specifically. PMA (0.3 pM, 5 minutes) induced serine 32- 

phosphorylation of IicBa in both C l43 (A) and H308 (B) lymphoblasts respectively. Data 

indicated that EGCG at the concentrations up to 100 pM, did not inhibit phosphorylation 

of serine 32, in C l43 (A) or H308 (B) B lymphoblast cell lines. These observations were 

supported by further Western analyses using an antibody directed against IicBa, which
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recognises both the phosphorylated and non-phosphorylated form o f the protein (figure 

3.13 C, D). Using this antibody both faster and slower mobility bands were detected in B 

lymphoblasts and HUVEC, following stimulation with either PMA or TNFa respectively.

P -IkB cc

LC —  
P -IkB cl —

PMA (pM) 
DMSO  

EGCG (pM)

+ + + +  + + +

1 0  1 5  3 0  5 0  1 0 0

I  KBa

r- (Q

(D)

PMA (pM) 
DMSO  
EGCG (pM)

+ +

10

+ + +

1 5  3 0  5 0  1 0 0

(1)
(2)

I  KBa (E)

T N F a  ( n g / m l )  

EGCG (pM)
+ + 

5

+
1 5

+ +
3 0  5 0

(1)
(2)

+ + +
1 0 0  1 5 0  2 0 0

Figure 3.13 - Effect o f  EGCG on PMA and TNFa-induced I  KBa phosphorylation in B 
lymphoblasts and HUVEC respectively. B  l y m p h o b l a s t  c e l l s  a n d  H U V E C  w e r e  p r e t r e a t e d  

w i t h  E G C G  ( a t  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  f o r  4 5  m i n u t e s )  b e f o r e  s t i m u l a t i o n  w i t h  e i t h e r  

P M A  ( 0 . 3  j u M  f o r 5  m i n s )  o r  T N F a  ( 7 . 5  n g / m l  f o r  5  m i n s )  r e s p e c t i v e l y .  C y t o s o l i c  p r o t e i n s  

w e r e  i s o l a t e d ,  a n d  e q u a l  a m o u n t s  o f  p r o t e i n  s e p a r a t e d  b y  S D S - P A G E .  C l 4 3  ( A )  a n d  H 3 0 8  

( B )  B  l y m p h o b l a s t s  w e r e  i m m u n o b l o t t e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  p h o s p h o r y l a t e d  

s e r i n e  3  2 - 1  K B a  L C  i n d i c a t e s  t h e  p r e s e n c e  o f  a  n o n - s p e c i f i c  b a n d ,  w h i c h  a c t s  a s  a  l o a d i n g  

c o n t r o l  f o r  p h o s p h o r y l a t e d - l K B a  C 1 4 3  ( C ) ,  H 3 0 8  ( D )  B  l y m p h o b l a s t s  a n d  H U V E C  ( E )  

w e r e  i m m u n o b l o t t e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  I  K B a .  ( 1 )  i n d i c a t e s  s h i f t e d  o r  

s l o w e r  m o b i l i t y  b a n d  c o r r e s p o n d i n g  t o  p h o s p h o r y l a t e d  i K B a ,  ( 2 )  t h e  f a s t e r  m o b i l i t y  b a n d  

c o r r e s p o n d s  t o  n o n - p h o s p h o r y l a t e d  I  K B a  a n d  a l s o  a c t s  a s  a  l o a d i n g  c o n t r o l  f o r  ( 1 ) .  D a t a  

a r e  r e p r e s e n t a t i v e  W e s t e r n s  a n d  a r e  t h e  r e s u l t  o f  a t  l e a s t  t w o  i n d e p e n d e n t  e x p e r i m e n t s .
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This slower mobility or shifted band was reported to correspond to the 

phosphorylated form of IicBa (DiDonato et al. 1995; Beg et al. 1993; Cordle et al. 1993). 

In C, D, and E there was no apparent difference in total IicBa protein, indicating equal 

protein loads in these experiments.

EGCG did not significantly reduce the levels of the lower mobility band or 

phosphorylated IicBa in C l43 (C) or H308 (D) B lymphoblasts, even at the highest 

concentration of 100 pM. Conversely in HUVEC, a concentration of 50 pM and up to 200 

pM EGCG, appeared to reduce the levels of the slower mobility or shifted IicBa band, 

indicating inhibition of phosphorylation of IicBa (figure 3.13 E).

3.3.7 Effect of EGCG on IKKa activity in HUVEC

The upstream kinases responsible for phosphorylation and thus regulation of 

protein levels of IicBa are the IkB kinases (IKK). Using GST-IicBa as a substrate for IKK, 

it was decided to examine the effect of EGCG on the activity of IKKa in HUVEC by 

performing a kinase assay. For this, IKKa was immunoprecipitated from HUVEC cells 

and its ability to incorporate a phosphate group of 32P-labelled ATP on the GST-IicBa 

substrate, was used as a measure of kinase activity. The ability of EGCG to affect IKKa 

activity in HUVEC was measured in two ways. EGCG was either added to HUVEC before 

the kinase assay was performed, or added directly into the kinase assay. This gave an idea 

whether EGCG affects IKKa activity or prevents activation of IKKa in the cells. 

Curcumin treatment was also included as a positive control as it has been shown to inhibit 

IKKa activity, albeit in a different cell line (Plummer et al. 1999).

Due to a high background signal on the kinase gels the data obtained from the 

assays were difficult to analyse and thus quantify. Although not obvious from the figure, 

taking into consideration the loading, it appeared that TNFa induced a modest increase in 

the activity of IKKa in both the indirect and direct assay. It was also noted that in the 

untreated samples there was a constitutive level of IKKa activity in both the direct and 

indirect assay (lanes 1 in A and B). In the direct kinase assay (figure 3.14 A), it appeared 

that EGCG 10, 30 50 and lOOpM, and curcumin 30 pM inhibited phosphorylation of GST- 

IicBa, indicating that EGCG and curcumin inhibit IKKa activity when added directly to 

the assay. Results from the indirect kinase assays were not as clear. In two of the three 

assays there was a suggestion of an inhibition of IKKa activity at a concentration of 100
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pM. However referring to figure 3.14 B, inhibition o f IKKa activity might have been 

evident at concentrations as low as 10 pM. These data imply that EGCG inhibits IKKa 

activity either directly, but also maybe indirectly by acting upstream of IKKa.

( A )  G S T - I K B a  ~

I K K a  -

( B )  G S T - I K B a  ~

I K K a  -

T N F a  ( 7 . 5 n g / m l )  

E G C G  ( p M )  

C u r c u m i n  ( p M )  

D M S O

■»- __ HKjUMMfc* .f
[g » « »  <W’■ m mm

I ’Mm m m ml
B m

+

+

+ +
10

+
3 0

+
5 0

+
100

+

3 0

F i g u r e  3 . 1 4  -  E f f e c t  o f  E G C G  a n d  c u r c u m i n  o n  I K K a  a c t i v i t y  i n  H U V E C .  F o r  t h e  d i r e c t  

a s s a y  ( A )  u n t r e a t e d  c e l l s  w e r e  e x p o s e d  t o  T N F a  ( 7 . 5  n g / m l  f o r  5  m i n u t e s )  o r  D M S O  b e f o r e  

t h e  i m m u n o p r e c i p i t a t i o n  s t e p .  I n  t h e  i n d i r e c t  a s s a y  ( B )  c e l l s  w e r e  p r e t r e a t e d  w i t h  E G C G  

( 1 0 ,  3 0 ,  5 0  a n d  1 0 0  p M / 4 5  m i n u t e s )  o r  c u r c u m i n  ( 3 0  p M  / 4 5  m i n u t e s )  b e f o r e  e x p o s u r e  t o  

T N F a  ( 7 . 5  n g / m l  f o r  5  m i n u t e s )  o r  D M S O .  I n  A  a n d  B  c e l l s  w e r e  t h e n  l y s e d  a n d  I K K a  w a s  

i m m u n o p r e c i p i t a t e d  f r o m  e q u a l  c o n c e n t r a t i o n s  o f  p r o t e i n  i n  e a c h  s a m p l e .  I K K a  a c t i v i t y  

w a s  m e a s u r e d  b y  t h e  a b i l i t y  o f  t h e  p u r i f i e d  k i n a s e  t o  p h o s p h o r y l a t e  a n d  i n c o r p o r a t e  3 2  P -  

l a b e l l e d  A T P  o n  a  G S T - 1  K B a  s u b s t r a t e .  F o r  t h e  d i r e c t  a s s a y  ( A ) ,  s a m p l e s  w e r e  t r e a t e d  

w i t h  E G C G  ( 1 0 ,  3 0 ,  5 0  a n d  1 0 0  p M )  a n d  c u r c u m i n  ( 3 0  p M )  b e f o r e  a d d i t i o n  o f 3 2 P -  

l a b e l l e d  A T P .  I K K a  W e s t e r n s ,  w h i c h  w e r e  r u n  f r o m  s a m p l e s  o f  t h e  i m m u n o p r e c i p i t a t e d  

I K K a  w e r e  a n  i n d i c a t i o n  t o  t h e  r e l a t i v e  a m o u n t s  o f  i m m u n o p r e c i p i t a t e d  k i n a s e  a n d  t h u s  a  

f o r m  o f  l o a d i n g  c o n t r o l .  F i g u r e s  a r e  t h e  r e p r e s e n t a t i v e  o f  3  i n d e p e n d e n t  e x p e r i m e n t s .

3.3.8 LY294002 or GF109203X do not inhibit NF-kB translocation 

in C143 and H308 B lymphoblasts

Both PI3K and PKC are signalling intermediates, which can be important in cell 

growth and/or the regulation of NF-kB activity (Pan e t  a l .  1999; Lallena e t  a l .  1999; 

Dominguez e t  a l .  1993; Folgueira e t  a l .  1996). To investigate the significance o f the PKC 

and PI3K pathways on the activity o f NF-kB, the effects GF109203X (an inhibitor o f  

various PKC isoforms) and LY294002 (an inhibitor o f PI3K) on the nuclear protein levels
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of NF-kB p65 in C l43 and H308 B lymphoblasts were examined. For this series o f  

experiments, cells were pre-treated with GF109203X (1 pM for 30 minutes) or LY294002 

(30 and 50 pM for 30 minutes) before stimulation with PMA (0.15 pM/15 minutes). The 

concentrations o f the inhibitors were selected from those previously used in the group, 

which have been shown to be efficacious in breast carcinoma cells and also in these cell 

types (data not shown). Nuclear proteins were isolated and equal amounts separated by 

SDS-PAGE. Although the data contained in figure 3.15 were the result o f one experiment, 

taking into consideration the loading (LC or loading control), it appears that pre-treatment 

with either GF109203X or LY294002 had no marked effect on basal or PMA-stimulated 

nuclear NF-kB p65 levels in either C l43 (A) or H308 (B) B lymphoblast cells. Thus it was 

decided to not to examine this response further.

( A )  N F - k B  ( p 6 5 )

L C

( B )  N F - k B  ( p 6 5 )

L C

P M A  ( 0 . 1 5 p M )  

D M S O

L Y 2 9 4 0 0 2  ( p M )  

G F X ( p M )

F i g u r e  3 . 1 5  -  L Y 2 9 4 0 0 2  o r  G F 1 0 9 2 0 3 X  d o  n o t  a f f e c t  n u c l e a r  p r o t e i n  l e v e l s  o f  N F - k B  

p 6 5  i n  C 1 4 3  ( A )  a n d  H 3 0 8  ( B )  B  l y m p h o b l a s t s .  C e l l s  w e r e  p r e - t r e a t e d  w i t h  e i t h e r  

G F 1 0 9 2 0 3 X  ( 1  p M  f o r  3 0  m i n u t e s )  o r  L Y 2 9 4 0 0 2  ( 3 0  a n d  5 0  p M  f o r  3 0  m i n u t e s )  b e f o r e  

s t i m u l a t i o n  w i t h  P M A  ( 0 . 1 5  p M ) .  N u c l e a r  s a m p l e s  w e r e  t h e n  i s o l a t e d ,  s e p a r a t e d  b y  S D S -  

P A G E  a n d  i m m u n o b l o t t e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  N F - k B  p 6 5 .  L C  i s  a  n o n 

s p e c i f i c  b a n d  o n  t h e  s a m e  g e l ,  i n d i c a t i n g  t h e  r e l a t i v e  p r o t e i n  l o a d s  o n  e a c h  g e l .  W e s t e r n s  

a r e  t h e  r e s u l t  o f  o n l y  o n e  e x p e r i m e n t ,  p e r f o r m e d  i n  t w o  i n d i v i d u a l  l y m p h o b l a s t  c e l l  l i n e s .
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3.3.9 EGCG, but not resveratrol or I3C, produces H20 2 in cell 
culture medium

As mentioned previously, evidence in the literature demonstrates the pro-oxidant 

nature of EGCG. The generation of H2O2 by EGCG in certain cell culture medium has 

been investigated by a number of different groups (e.g. Long et al., 2000). The effect of 

EGCG (and other chemopreventive agents) on the generation of H2O2 was investigated in 

cell culture medium (in the absence of cells) particular to these series of experiments. The 

detection of H2O2 in medium was accomplished using the ferrous oxidation in xylenol 

orange or FOX assay (see Materials and Methods). These experiments were carried out in 

collaboration with Mr Toryn Poolman (Cancer Biomarkers and Prevention Group, 

University of Leicester).

To examine the effects of concentration and time on H2O2 generation, different 

concentrations of EGCG were added to RPMI medium and H2O2 levels recorded over a 

time range of 0 to 120 minutes. Levels of H2O2 were detected immediately after adding 

EGCG, in a dose-dependent manner (figure 3.16 A). There was a modest increase in the 

concentration of H2O2 over time at concentrations of 50 and 100 pM EGCG.

Addition of 100 pM EGCG to RPMI produced about 125 pM H2O2 (figure 3.16). 

The H2O2 generated in RPMI following addition of EGCG could be abolished following 

the addition of catalase (4 units) (figure 3.16 B). Denatured catalase (non-functional) had 

no effect on H2O2 levels following EGCG addition, indicating specificity in the catalase- 

mediated inhibitory response. The effect of EGCG-induced generation of ROS in other cell 

culture media was also examined (figure 3.16 C). Data show that the most H2O2 was 

produced following EGCG addition (100 pM) to Dulbecco’s modified Eagle medium 

(DMEM), followed by RPMI, with the least amount in endothelial growth medium (EGM) 

(figure 3.16 C). Under similar conditions, curcumin, but not I3C or resveratrol, was also 

found to generate H2O2 when added to cell culture medium, but was not as potent as 

EGCG (data not shown)
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10 nM 

50 nM 

100 nM 

200 nM 

Control (PBS)

Time (mins)

1 0 0  -

EGCG (nM) 
Catalase 
Denatured catalase 
(Inactive)

EGCG (jtM)

F i g u r e  3 . 1 6  -  E G C G  g e n e r a t e s  H 2 O 2 i n  c e l l  c u l t u r e  m e d i u m .  E G C G  w a s  a d d e d  t o  c e l l  

c u l t u r e  m e d i u m  ( R P M I )  a t  d i f f e r e n t  c o n c e n t r a t i o n s  a n d  t i m e  p o i n t s  ( A )  a n d  t h e  l e v e l s  o f  

H 2O 2 p r o d u c e d  w e r e  m e a s u r e d  u s i n g  t h e  F O X  a s s a y  ( s e e  M a t e r i a l s  a n d  M e t h o d s ) .  T h e  

H 2O 2 g e n e r a t e d  b y  E G C G  c o u l d  b e  b l o c k e d  f o l l o w i n g  c a t a l a s e  t r e a t m e n t  ( B ) .  T h e  E G C G -  

i n d u c e d  g e n e r a t i o n  o f  H 2O 2 w a s  e x a m i n e d  i n  d i f f e r e n t  c e l l  c u l t u r e  m e d i a  ( C ) .  D a t a  a r e  t h e  

m e a n  o f  3  i n d e p e n d e n t  e x p e r i m e n t s .  * i n d i c a t e s  s i g n i f i c a n t  d i f f e r e n c e  f r o m  t h e  P B S  c o n t r o l  

( u n t r e a t e d )  g r o u p  ( p < 0 . 0 5 )  a s  d e t e r m i n e d  b y  t h e  A N O V A  b a l a n c e d  m o d e l  f o l l o w e d  b y  

T u k e y ’s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  p o s t  h o c  t e s t .
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3.3.10 H20 2 does not affect NF-kB nuclear translocation

Data from figure 3.16 indicated that significant levels of H2O2 were generated by 

EGCG in cell culture medium. To determine the involvement of H2O2 in the EGCG- 

induced inhibition of NF-kB, cells were pre-treated with exogenous H2O2 (30 pM), at a 

range of time points similar to those used for EGCG pre-treatment, before being stimulated 

with PMA (0.15 pM for 15 minutes). The concentration of H2O2 (30 pM) was selected 

according to the data from 3.3.9, indicating that this concentration of 30 pM would be 

produced by 30 pM EGCG. Cells were cultured and treated in RPMI medium. As similar 

responses were noted in each normotensive (Cl43 and C l49) and also hypertensive (H308 

and H242) cell lines respectively, data from the two cell lines of each type were combined. 

Data for each cell type were normalised to the untreated control and were the result of 4 

independent experiments respectively. Equal loading was noted in each cell line by 

examining the protein levels of a non-specific protein (LC) present on the same gel, to 

which the NF-kB antibody bound.

In either normotensive (A) or hypertensive (B) cell lines, treatment with DMSO 

had no significant effect on the nuclear levels of NF-kB (p65) (p<0.05). However, PMA 

(0.15 pM) significantly increased nuclear levels of NF-kB (p65) compared to the untreated 

and DMSO controls (p<0.05) (figure 3.17 A and B). From reading the literature, it would 

be expected that H2O2 would activate NF-kB (Schreck et al. 1991). However, H2O2 

treatment did not significantly affect NF-kB translocation in either of the normotensive or 

hypertensive cell lines (p<0.05) (figure 3.17 A and B). Importantly H2O2 pre-treatment had 

no significant effect on PMA-induced NF-kB nuclear translocation in either cell type 

(p<0.05).
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F i g u r e  3 . 1 7  -  H 2O 2 d o e s  n o t  a f f e c t  N F - k B  ( p 6 5 )  n u c l e a r  t r a n s l o c a t i o n  i n  B  

l y m p h o b l a s t s .  N o r m o t e n s i v e  ( C 1 4 3  a n d  C 1 4 9 )  ( A )  a n d  h y p e r t e n s i v e  ( H 3 0 8  a n d  H 2 4 2 )  ( B )  

B  c e l l s  w e r e  p r e - t r e a t e d  w i t h  e x o g e n o u s  H 2O 2 ( 3 0  j u M )  i n  R P M I  m e d i u m ,  b e f o r e  

s t i m u l a t i o n  w i t h  P M A  ( 0 . 1 5  j u M )  o r  w i t h  j u s t  H 2 O 2 ( 3 0  p M ) .  N u c l e a r  p r o t e i n s  w e r e  

i s o l a t e d  a n d  i m m u n o b l o t t e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  t h e  p 6 5  s u b u n i t  o f  N F - k B .  

C o l l e c t i v e  d a t a  f o r  e a c h  c e l l  t y p e  a r e  t h e  r e s u l t  o f  4  i n d e p e n d e n t  e x p e r i m e n t s ,  w i t h  * 
i n d i c a t i n g  s i g n i f i c a n t  d i f f e r e n c e  f r o m  t h e  c o n t r o l  ( u n t r e a t e d )  g r o u p  ( p < 0 . 0 5 )  a s  

d e t e r m i n e d  b y  t h e  A N  O V A  b a l a n c e d  m o d e l  f o l l o w e d  b y  T u k e y ' s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  

p o s t  h o c  t e s t .  L C  i s  a  n o n - s p e c i f i c  b a n d  p r e s e n t  o n  t h e  s a m e  g e l  r e s p e c t i v e l y ,  i n d i c a t i n g  

e q u a l  p r o t e i n  l o a d i n g .
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3.4 EGCG inhibits the production of ROS in B lymphoblast cell 
lines

The effect of PMA and TNFa on the generation of ROS in cells, and the effect of 

EGCG on this response was examined. For these series of experiments, cells were 

untreated or exposed to either EGCG or DMSO (control) for 45 minutes before being 

resuspended in isoluminol or 2’,7’-dichlorofluorescein diacetate (DCF-DA) buffer 

solution. Isoluminol measures extracellular ROS levels and is relatively specific for H2O2 , 

while DCF is oxidised by intracellular ROS. PMA (0.15 pM) or TNFa (2.5, 7.5 ng/ml) 

were added to each cell sample for B lymphoblast and HUVEC respectively, and both 

intracellular and extracellular ROS were detected using a FluoStar plate reader. For the 

isoluminol experiments, ROS levels were measured over the time frame of 40 minutes for 

both cell types. Oxidation of intracellular DCF-DA was measured over 40 minutes for the 

B lymphoblast cell lines, and over 185 minutes for HUVEC. In addition the PKC inhibitor 

GFX was included in several of these experiments as PMA is thought to stimulate 

NAD(P)H oxidase (the major source of inducible ROS) to produce ROS indirectly by 

activation of PKC (Nishihira et al. 1985).

Using isoluminol, PMA induced the production of extracellular ROS in both 

normotensive and hypertensive B lymphoblast cell lines (figure 3.18). EGCG significantly 

blocked this PMA-induced production of ROS in a concentration-dependent manner, 

which was evident at 15 pM concentration (figure 3.18) (p<0.05). In the normotensive 

cells (A, B), EGCG treatment alone did not significantly change ROS levels compared to 

the untreated control (p<0.05). However it was interesting to observe that EGCG treatment 

alone caused a concentration-dependent increase in ROS, in both hypertensive cell lines 

(C, D), although this was not statistically significant. It was noted that the H242 

hypertensive cell line (D) was more refractory or less sensitive to the EGCG-mediated 

inhibition of ROS production by PMA than the other B cell lines.

PMA induced an increase in the oxidation of DCF indicating an increased 

intracellular level of ROS in C l43 and H308 B lymphoblast cells (figure 3.19). EGCG 

significantly blocked this response, returning ROS levels to the background oxidation 

levels of the untreated sample. In addition the protein kinase C inhibitor, GF109203X, also 

suppressed the PMA-induced DCF oxidation, indicating suppression in ROS production. It 

was also noted that the DMSO control samples exhibited a minor decrease in the PMA-
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induced oxidation of DCF, although this was not as significant as the comparable EGCG 

treatment, which was dissolved in DMSO.

In HUVEC (figure 3.20), treatment with 2.5 or 7.5 ng/ml TNFa did not 

significantly affect isoluminol fluorescence compared to the untreated control (p<0.05). 

There was no significant change in isoluminol fluorescence following treatment with 

EGCG (p<0.05).

DCF oxidation (figure 3.21) was not significantly (p<0.05) altered in HUVEC 

following treatment with 2.5 ng/ml (A) or 7.5 ng/ml (B) TNFa or PMA (0.15 pM) (C). 

Also the DMSO treatment had no effect on DCF oxidation. However, EGCG caused a 

significant concentration-dependent decrease in DCF oxidation (p<0.05), below that of the 

untreated control, following treatment with 2.5 ng/ml, and 7.5 ng/ml TNFa. EGCG had no 

significant affect on DCF oxidation following treatment with PMA (C). Treatment with 

GF109203X significantly inhibited DCF oxidation (p<0.05) (A), but this was not evident 

in (B) or (C).

Considering the B lymphoblast and HUVEC data collectively, these data are 

suggestive of an anti-oxidant function of EGCG both inside and outside of the cell.
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Figure 3.18 -  EGCG inhibits PMA-induced increases in isoluminol luminescence in B lymphoblast cells. C143 (A), C149 (B), H308 (C), and H242 (D) cells were incubated in the 
presence or absence o f EGCG (15, 30, 50 pM) or DMSO control for 45 minutes before being treated with PMA (0.15 pM). Isoluminol luminescence was measured every 2 minutes over a 
40-minute period and a graph plotted o f luminescence against time. From this graph the area under the curve (A UC) was proportional to the luminescence. * indicates significant 
difference from the control (untreated) group (p < 0.05) as determined by the ANOVA balanced model followed by Tukeys least significant difference post hoc test.
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Figure 3.19 -  Effect o f  EGCG on DCF fluorescence in C143 (A) and H308 (B) B 
lymphoblasts exposed to PMA (0.15pM). Cells were incubated in the presence or absence 
of EGCG (15, 30, 50 pM) or GF109203X (lpM) or DMSO control for 45 minutes before 
being treated with PMA. DCF fluorescence was measured over a 40 minute period and 
final fluorescence for each treatment plotted on a graph. * indicates significant difference 
from the control (untreated) group (p < 0.05) as determined by the ANOVA balanced 
model followed by Tukey’s least significant difference post hoc test.
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Figure 3,20 -  Effect o f  EGCG on isoluminol luminescence in HlJVECs exposed to 2,5 
ng/ml (A) and 7,5 ng/ml (B) TNFa. Cells were incubated in the presence or absence o f 
EGCG (15, 30, 50 pM) or GF109203X (lpM) or DMSO control for 45 minutes before 
being treated with TNFa Isoluminol luminescence was measured every 2 minutes over a 
40-minute period and a graph plotted o f luminescence against time. From this graph the 
area under the curve (A UC) was proportional to the luminescence.
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Figure 3.21 -  Effect o f EGCG on DCF fluorescence in HUVECs exposed to TNFa (2.5 
ng/ml, 7.5 ng/ml) and PMA (0.15pM). Cells were incubated in the presence or absence o f 
EGCG (15, 30, 50 juM) or GF109203X (ljuM) or DMSO control for 45 minutes before 
being treated with TNFa or PMA. DCF fluorescence was measured over a 40 minute 
period and final fluorescence for each treatment plotted on a graph. Data were the mean 
of 3 independent experiments.
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3.5 Discussion

The aim of the experiments described in this chapter was to characterise the effect 

four chemopreventive agents on the activity of the NF-kB pathway. After the initial 

experiments it was decided to focus in on one of the chemopreventive agents. EGCG was 

preferred as it was one of the more efficacious agents, but also as a potential 

chemopreventive agent it was considered to be one of the more bioavailable agents for 

human consumption (refer to chapter 1).

In all cells examined, nuclear levels of NF-kB p65 were detected in the absence of 

stimulus. It was also noted that constitutive p52, RELB, and p50 were present in the 

nucleus of C l43 in the absence of any stimulus. The nuclear levels of N F-kB p65 could be 

increased in B lymphoblasts and HUVEC following treatment with PMA or TNFa, 

respectively. Interestingly constitutive nuclear NF-kB p65 was more obvious in the B 

lymphoblast cell lines than in HUVEC. The constitutive NF-kB p65 in HUVEC was a little 

surprising, but may have been present because the HUVEC, being a primary cell type, 

were possibly more stressed than the B cell lines under these culture conditions. However, 

this observation in B cells was not as unexpected as it has been documented that mature B 

lymphocytes are unusual in that they contain nuclear Rel proteins prior to cell stimulation. 

In B cells, this constitutive nuclear activity typically consists of p50/c-Rel heterodimers 

(Grumont et al. 1994; Kistler et al. 1998; Liou et al. 1994), although in c-Rel deficient 

mice, p50/p65 heterodimers in the splenic B cells are elevated, and thus are thought to 

compensate. The constitutive nuclear activity is important to B cell function as exemplified 

by the lower viability of B cells from p50 deficient and XID mice, both of which have 

decreased constitutive NF-kB (Bajpai et al. 2000; Ellmeier et al. 2000; Kemer et al. 1995; 

Snapper et al. 1996). There are several alternate proposals that explain constitutive nuclear 

NF-kB in B cells. One mechanism is thought to be due to an increased turnover rate of 

hcBa (Miyamoto et al. 1994), which leaves more free NF-kB to translocate to the nucleus. 

Miyamoto and colleagues have provided much of the support for the turnover model, and 

in particular the recent demonstration that intracellular calcium controls hcBa degradation 

in mature B cells (Fields et al. 2000; Miyamoto et al. 1998). An alternative mechanism is 

that nuclear NF-kB is protected by hypophosphorylated IkBP (Phillips et al. 1997), which 

competes for nuclear NF-kB members thus preventing sequestration to the cytoplasm by 

hcBa. A third proposed mechanism attributes constitutive nuclear NF-kB to constitutively
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active IkB oc kinase (Naumann et al. 1994). This hypothesis was recognised when 

examining constitutive nuclear N F-kB in Namalwa B cells. It is thought that the observed 

phosphorylation-dependent mobility shifts of IkB cc were due to chronic infection by 

Epstein Barr virus (EBV).

The latter theory is certainly pertinent to this investigation, as the B cells used in 

these experiments have been transformed with EBV as a requisite step of the 

immortalisation process. The EBV infects and transforms resting primary B cells in vitro 

and is associated with several human malignancies in vivo, such as lymphoproliferative 

disorders in immunocompromised individuals. Studies have shown that in vitro EBV 

transformation of B cells is associated with expression of a restricted set of proteins, so 

called latency proteins. Of these, latent membrane protein 1 (LMP1) is one of the more 

important proteins in the transformation of cells. Data from several groups demonstrate 

that LMP1 interacts with TNF receptor associated factors (TRAF) (Mosialos et al. 1995), 

TNF receptor-associated death domain (TRADD) and TNF receptor-interacting protein 

(RIP) (Eliopoulos et al. 1999; Izumi et al. 1999). Genetic analyses of the C-terminal 

domain of LMP1 in conjunction with B lymphocyte transformation assays revealed that the 

TRAF interaction site and the TRADD and RIP interaction site are critical for efficient 

outgrowth of transformed B lymphocytes (Izumi et al. 1997; Izumi and kieff, 1997; Kaye 

et al. 1993). Interaction and thus an association of TRADD, RIP and TRAF are essential 

steps in the transduction pathway of various members of the TNFa receptor (TNFR) 

family such as receptors type I and II, CD30 and CD40. Thus the LMP1 protein induces 

multiple downstream effects of the TNFR pathway, which includes activation of IKK and 

thus activation of Rel/NF-KB proteins (Laherty et al. 1992). It would be of interest in 

future studies to examine some of these upstream signalling intermediates.

Curcumin suppressed constitutive levels and PMA-induced increases in nuclear 

NF-kB p65 in both the normotensive and the hypertensive cell lines. Curcumin had a 

similar effect in HUVEC, where TNFa-induced nuclear translocation of NF-kB p65 was 

inhibited at concentrations of 15, 30, and 50 pM. It was unlikely that this response was cell 

type specific as inhibition was observed in endothelial cells and a range of B lymphoblast 

cells with heterogenetic backgrounds. These data are in agreement with reports in the 

literature, where curcumin is known to inhibit the activation of NF-kB in a number of 

different cell types to the ones used here, following stimulation with PMA (Singh et al. 

1995) or TNFa (Bierhaus et al. 1997; Plummer et al. 1999).
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Precisely how curcumin functions to inhibit NF-kB activation is open to question. 

Both PMA and TNFa are known to induce reactive oxygen species (ROS) (as reviewed in 

Siebenlist et al. 1994). Moreover, NF-kB is a known transcription factor responsive to 

various ROS such as H2O2 (Schreck et al. 1991). Therefore, it is possible that the NF-kB 

inhibitory effect is through the quenching or antioxidant function of curcumin. However, 

curcumin was found to produce H2O2 in cell culture medium, implying that curcumin may 

block NF-kB activation through a signalling mechanism. Given the fact that curcumin 

generated H2O2 in cell culture medium, this may explain the modest increase (which was 

not statistically significant) in constitutive nuclear NF-kB p65 at 15 pm curcumin, in the 

normotensive and HUVEC cell types.

Curcumin has been shown to inhibit PKC activity, induced by PMA, in NIH 3T3 

mouse embryo fibroblast cells (Liu et al. 1993). Several PKC isoforms have been shown to 

activate NF-kB (Lallena et al. 1999; Dominguez et al. 1993; Folgueira et al. 1996). In 

addition PI3K has been shown to activate NF-kB (Pan et al. 1999). However in the B 

lymphoblasts, it is unlikely that curcumin (or resveratrol, I3C and EGCG) mediates an 

effect through either PKC or PI3K, as GF109203X (a PKC inhibitor) or LY294002 (a 

PI3K inhibitor) had no significant effect on PMA-induced or constitutive nuclear levels of 

NF-kB p65. These inhibitors were effective at blocking the respective pathways in these 

and other cells used by the group (data not shown).

Other kinases that can activate NF-kB include MEKK1 (Yin et al. 1998), MEKK2, 

MEKK3 (Zhao et al. 1999), NIK (Malinin et al. 1997), and NAK (Tojima et al 2000). 

Curcumin has been shown to block NF-kB activation through JNK via MEKK1 and 2 

suppression (Chen YR et al. 1998; Squires et al. 2003) and also through NIK (Jobin et al. 

1999). However, data from the HUVEC kinase assays, indicated that curcumin blocked 

IKKa activity following treatment with TNFa. This suggests that curcumin in HUVEC 

blocks activation of NF-kB by acting on IKKa. This is consistent with Plummer et al. 

(1999) who have shown inhibition of IKKa and IKKp activity by curcumin, thus 

preventing hcBa degradation and subsequent NF-kB activation in human colonic epithelial 

cells.

The effect of resveratrol on the NF-kB pathway was examined in B lymphoblasts 

and HUVEC. Data indicated a number of subtle differences between cell types. In C l43, 

30 and 50 pM resveratrol inhibited basal and PMA-stimulated translocation of NF-kB. 

However in H308, resveratrol 15 and 50 pM inhibited PMA-stimulated nuclear
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translocation of NF-kB (p65). HUVEC responded in a similar manner to B lymphoblasts, 

that is resveratrol blocked TNFa-stimulated NF-kB nuclear translocation. However, basal 

levels of NF-kB translocation were not noticeably affected by resveratrol. These data agree 

with several more recent reports showing inhibition of NF-kB at different concentrations 

and in different cell types (Tsai et al. 1999; Manna et al. 2000). As with curcumin, 

resveratrol may block activation of NF-kB via the quenching of ROS. In addition 

resveratrol also blocks activation of upstream signalling pathways, which can impinge on 

the NF-kB pathway. It is a possibility that resveratrol acts on the IkB family of inhibitory 

proteins, thus preventing translocation of NF-kB. This supposition is based on several 

reports in the literature that demonstrate resveratrol, at similar concentrations to those used 

here, inhibits NF-kB activation through suppression of IkBoc phosphorylation and/or 

degradation (Tsai et al. 1999; Manna et al. 2000). A study by Tsai et al. (1999) have 

shown that resveratrol inhibits iNOS production by suppressing NF-kB/DNA binding 

activity via blockade of IkBcc degradation. Interestingly, Manna et al. (2000) has shown 

that resveratrol blocks TNFa-activation (also PMA, LPS and H2O2) of NF-kB in cultured 

U937, Jurkat and HeLa cells, independent of any TNFa-induced phosphorylation and 

subsequent degradation of hcBa via IKK. It may be that resveratrol acts on ERK, JNK 

and/or p38 MAPK pathway as demonstrated by El-Mowafy et al. (1999). These reports 

indicate that resveratrol may have a number of biological targets in vitro, dependent on the 

type of NF-kB inducing signal or cell.

The effect of I3C on basal and stimulated NF-kB nuclear translocation was 

examined. 13 C was found to have differential effects in each cell type, which also appeared 

to be dependent on the concentration used. 13 C enhanced PMA-stimulated NF-kB nuclear 

levels in the C l43 cell line, but may have reduced nuclear levels in the H308 cell line. In 

HUVEC, I3C had no significant effect on basal/constitutive NF-kB p65 levels. However 

the results indicated that I3C may have inhibited TNFa-induced translocation in a 

concentration-dependent manner, which was more obvious at 500 pM I3C. These data 

support the notion of a cell type specific response of I3C. This proposal may not be 

surprising when considering the work by Howells et al. (2002). In this report, treatment 

with I3C had no effect on IKK activity or NF-kB nuclear levels in either HBL100 or MDA 

MB468 breast cell lines. Interestingly, I3C suppressed the levels of NF-kB DNA binding 

in the MDA MB468 cells but increased the levels of NF-kB DNA binding in the HBL100
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cells, suggesting it may alter DNA binding of various NF-kB subunits independent of IKK 

activity.

The effect of EGCG on basal and stimulated NF-kB (p65) translocation was 

examined in HUVEC and B lymphoblasts. EGCG blocked basal and TNFa or PMA 

stimulated NF-kB nuclear translocation in HUVEC and B lymphoblast cells respectively. 

The HUVEC data are in agreement with previous early work by the group, demonstrating 

the inhibition of TNFa-induced nuclear translocation of NF-kB by EGCG, using Western 

analyses and immunofluorescence (Yasin Heidari, MSc. Thesis, 1998). In addition, the 

blockade of stimulated and constitutive nuclear NF-kB was associated with an inhibition of 

NF-kB sequence-specific DNA binding as demonstrated using EMSA. This implies that 

EGCG as well as inhibiting NF-kB p65 translocation, may also affect NF-KB-dependent 

gene transcription by impairing the DNA binding potential of NF-kB. There was also a 

decrease in the constitutive nuclear levels of p50, RELB, and p52 in C l43, following 

treatment with EGCG. These findings concur with a number of more recent reports 

showing the EGCG-induced inhibition of NF-kB activation following treatment with PMA 

(Nomura et al. 2000), and TNFa (Chen et al. 2002; Mukhtar et al. 1998), albeit in different 

cell types. EGCG has also been shown to inhibit NF-kB activation following stimulation 

with LPS in a murine model (Yang et al. 2001) and UVB exposure in murine and guinea 

pig models and human dermal fibroblast cells (Kim et al. 2001).

A central tenet of the NF-kB pathway is the release of NF-kB due to degradation of 

its inhibitor IkB. In most cells, NF-kB activation is transient because NF-kB induces 

transcription of hcBa (among other target genes) (Baeuerle et al. 1994; Siebenlist et al. 

1994) and by a negative feedback loop the newly synthesised hcBa sequesters nuclear NF- 

kB back in the cytoplasm. However, as previously mentioned, control of NF-kB activity 

through hcBa regulation in B cells is not as straightforward as in other cells. It therefore 

seemed rational to examine the involvement of IkB family of proteins in the activity of 

constitutive and stimulated NF-kB activity.

The data from HUVEC indicated that cytosolic hcBa was rapidly degraded 

following stimulation with TNFa, which complemented the increase in nuclear NF-kB. 

This implicates the IkB family of proteins in the TNFa induced response and thus NF-kB 

is regulated in the classical manner as reviewed in Karin et al. (1999a, 1999b). 

Interestingly, it was evident that in HUVEC almost all the cytosolic pool of hcBa was 

degraded following TNF treatment, compared to PMA-treated B lymphoblasts, whereby
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PMA induced a decrease in only a proportion of the cytosolic IkB cc pool (at a treatment 

time complementing the increased nuclear NF-kB p65). The fact that PMA did not induce 

degradation of the total cytosolic pool of IkB oc would suggest that a proportion of the 

cytosolic IkB oc protein (hence NF-kB) is refractory to the effect of PMA. The dissimilarity 

in the responses between B cells and HUVEC may be due to the different stimuli used to 

activate the NF-kB pathway in each cell type. However, it is more likely due to the 

mechanisms regulating IkBoc and hence NF-kB activity, which are different between the 

cells. For example the phosphorylation status and the type of phosphorylation of IkB can 

be very important in regulating IkB oc protein levels (see below).

Although these data suggest that IkB cc regulates NF-kB translocation, it is 

important to realise that other members of the IkB family may also play a role. For 

example, in response to extracellular stimuli the IkBP protein can be phosphorylated on 

serines 19 and 23, ubiquitinated and degraded by the proteosomal pathway (Thompson et 

al. 1995; DiDonato et al. 1996). These processes tend to be much slower for IkBP than 

with IkB cc and occur in response to stimuli that induce a sustained NF-kB activation. IkBP 

protein levels were also examined, but the data from these studies were more ambiguous 

than for IkB oc, and thus were omitted from this chapter.

It was evident that EGCG blocked TNFa-induced degradation of IkBa in HUVEC, 

but had no significant effect in the B cells. The HUVEC data are in agreement with a 

number of independent groups that have documented the fact that EGCG, at concentrations 

similar to those used here, can block IkBa degradation induced by a number of different 

agents, but also in a number of alternate cell types (Lin et al. 1997; Chen et al. 2002; 

Mukhtar et al. 1998). In agreement with Nam et al. (2001), it may be that EGCG acts as a 

proteosome inhibitor in HUVEC, thus preventing degradation of IkBa.

The difference in the protective responses between B lymphoblasts and HUVEC 

could be due to a number of possible reasons. It is unlikely that the absence of any 

protection against PMA-induced IkBa degradation was due to inappropriate 

concentrations of EGCG, as EGCG protected hcBa degradation in HUVEC and in other 

cell systems at similar concentrations (Lin et al. 1997; Chen et al. 2002; Mukhtar et al. 

1998). It is evident from reading the literature that the phosphorylation status, and type of 

phosphorylation of IkB are important in the regulation of IkB protein levels, and thus NF- 

kB activity. Typically phosphorylation on serines 32 and 36 consequently targets the hcBa 

protein for ubiquitination and eventual degradation. More recently, it is recognised that
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IkB oc can be phosphorylated on different residues, which in turn can affect N F-kB activity. 

For example, treatment with phosphatase inhibitors or reoxygenation of hypoxic cells can 

lead to IkB oc phosphorylation on tyrosine 42 (Imbert et al. 1996). Phosphorylation of 

tyrosine 42 leads to the dissociation of IkB oc from the NF-kB complex without degradation 

of the inhibitor protein IkB oc. It may be that in B cells a proportion of cytosolic IkB oc is 

tyrosine phosphorylated and thus is not degraded, which would explain the high 

constitutive nuclear NF-kB. Therefore the phosphorlyation status and type of 

phosphorylation of IkB oc following stimulation with PMA or TNFa was examined. This 

was accomplished by detecting changes or shifts in the migratory distance of hcBa using 

total hcBa antibody. This slower mobility or shifted band was reported to correspond to 

the phosphorylated form of hcBa (DiDonato et al. 1995; Beg et al. 1993; Cordle et al. 

1993). Phosphorylation of hcBa was also examined using an antibody specific for 

phosphorylated serine 32 on hcBa.

In B lymphoblasts and HUVEC, the levels of the shifted or slower mobility band of 

hcBa protein increased following treatment with PMA and TNFa respectively, indicating 

phosphorylation of hcBa protein. Phosphorylation in B lymphoblasts was confirmed using 

the phosphospecific-(serine-32)-lKBa antibody, when a band of similar molecular weight 

to hcBa was detected following treatment with PMA. These data indicated that hcBa was 

phosphorylated in B lymphoblasts and HUVEC following treatment with PMA or TNFa 

respectively. In addition these data demonstrate that hcBa in the B cells is phosphorylated 

on serine 32. Pre-treatment with EGCG did not affect phosphorylation of hcBa in B 

lymphoblasts, as the levels of either the shifted band or phospho-serine 32 band of hcBa 

were unaffected by EGCG pre-treatment. As EGCG did not prevent phosphorylation of 

hcBa in B lymphocytes, this may explain why it did not prevent degradation of cytosolic 

hcBa. However in HUVEC, EGCG decreased the intensity of the shifted band of hcBa at a 

concentration of 100 pM, indicating a decrease in the levels of phosphorylated hcBa. This 

may explain the reason behind the EGCG-induced protection of TNFa-induced hcBa 

degradation in HUVECs. The phosphorylation status of HUVEC was also examined using 

the phospho-serine 32 antibody, however due to technical difficulties no satisfactory data 

were obtained.

IKK controls the phosphorylation and thus stability of IkB (Karin et al. 1999). To 

investigate whether inhibition of hcBa phosphorylation by EGCG in HUVEC, was through 

the modulation of the IKKs, an IKKa kinase assay using GST-hcBa as a substrate was
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performed. The data obtained from the kinase assays were difficult to analyse due to a high 

background signal on the kinase gel. However it appeared that TNFa induced a modest 

increase in the activity of IKKa. In all three direct kinase assays, it appeared that EGCG 

(10 pM) inhibited phosphorylation of GST-IicBa, indicating that EGCG inhibits IKKa 

activity directly. In the indirect kinase assays (i.e. EGCG added to cells before stimulation 

with TNFa) there was a suggestion of an IKKa inhibitory effect at a concentration of 10 

pM. These data are in agreement with a number of more recent reports that show inhibition 

of IKK by EGCG in a number of cell types different from the ones used here (Yang et al. 

2001; Pan et al. 2000b; Chen et al. 2002). It is likely that EGCG inhibits IKKa activity 

directly, but this does not exclude a possible indirect mechanism by acting on upstream 

regulators of IKKa. This is consistent with the work by Chen et al. (2002) who suggests 

that EGCG blocks IKKa activity by acting on an upstream regulator of IKK family of 

kinases.

Phosphatidylinositol 3’-kinase (PI3K) and the serine/threonine kinase AKT have 

been shown to have important roles in activating the p65 subunit of NF-kB in response to 

various stimuli (Kane et al. 1999). The inhibitor LY294002 was used to examine whether 

the PI3K pathway may have been involved in the PMA-induced translocation of NF-kB in 

B lymphoblasts. LY294002 was shown to inhibit the PI3K pathway in the B cells at similar 

times and concentrations to those used in these experiments (data not shown). However, it 

was clear that nuclear levels of NF-kB p65 appeared to be unaffected in C l43 or H308 B 

lymphoblasts, following treatment with LY294002 (30 and 50 jjM). This implies that the 

PI3K pathway does not regulate NF-kB p65 nuclear translocation. However it has been 

shown that PI3K can bring about activation of NF-kB (through phosphorylation) by a 

pathway distinct from the classical hcBa degradation and NF-kB translocation pathway 

(Sizemore et al. 1999; Bird et al. 1997). Therefore it remains a possibility that the PI3K 

pathway is involved in the PMA-induced activation of NF-kB.

The protein kinase C (PKC) family has been implicated in regulating NF-kB 

activation (Lallena et al. 1999; Dominguez et al. 1993; Folgueira et al. 1996). Using the 

inhibitor GF109203X, the role of PKC was investigated in the B lymphoblast cell lines. 

The result is from one experiment performed in two different B lymphoblast cell types, and 

thus only offers a preliminary insight to the effect of PKC inhibition on the levels of 

nuclear NF-kB p65. However it was evident from the Western blots that nuclear levels of 

NF-kB p65 were unchanged following treatment with GF109203X. This would strongly
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imply that PKC does not effect NF-kB p65 translocation under these particular conditions 

and cell types. These data do not exclude the effect of PKC on phosphorylation of NF-kB, 

which has been positively demonstrated by Anrather et al. (1999).

Recently, it has been reported that the addition of EGCG and other tea polyphenols 

to cell culture medium (in the absence of cells), generated significant levels of H2O2 , with 

the corollary that this ‘artifactual’ effect may account for some or all of the reported effects 

of EGCG in cell culture studies (Long et al. 2000). The effect of H2O2 generation by 

EGCG in cell culture medium was investigated. Addition of 100 pM EGCG to cell culture 

medium, resulted in the production of significant levels of H2O2 . DMEM gave the highest 

H20 2 levels (131 pM), then RPMI (68 pM), and finally EGM (53 pM). The addition of 

catalase prevented the formation of H2O2, indicating the specificity of peroxide generation. 

These results are consistent with the findings of Long et al. (2000), who also found that 

H2O2 was produced in cell culture medium, with the most in DMEM, followed by RPMI.

To further elucidate the involvement of H2O2 in the EGCG-induced inhibition of 

NF-kB, the effect of exogenously added H2O2 (to replicate EGCG treatment) on NF-kB 

translocation in B lymphoblasts was examined. H2O2 did not affect either basal or PMA- 

stimulated NF-kB nuclear translocation in the B lymphoblast cell lines. In addition, 

previous work by the group has shown that H2O2 at concentrations of 50, 100 and 200 pM, 

had no effect on nuclear translocation of NF-kB in HUVEC (data not shown). Collectively 

these data would argue that the effect of EGCG was unlikely to be an artifact of H2O2 

generated in cell culture medium under these assay conditions. This conjecture is 

supported by Dashwood et al. (2002), who report that physiologically relevant 

concentrations of EGCG (< or = 25 pM) generated H2O2 (10-12 pM) in cell culture 

medium with or without serum, and in growth medium containing HEK293 human 

embryonic kidney cells plus serum. However the addition of 20 pM H2O2 directly to 

HEK293 cells that had been transiently-transfected with wild-type or mutant p-catenin 

constructs and TCF-4, had no effect on P-catenin/TCF-4 reporter activity or P-catenin 

expression levels. Conversely, 2-25 pM EGCG inhibited p-catenin/TCF-4 reporter activity 

in a concentration-dependent manner, with a concomitant reduction in p-catenin protein 

levels without changes in TCF-4 expression.

A number of animal models have demonstrated a relationship between ROS and 

hypertension (Heitzer et al. 1999; Swei et al. 1997). In humans, there is evidence showing 

a relationship between an increased ROS production and hypertension (Pontremoli et al.
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1989; Seifert et al. 1991). A report by Pettit et al. (2002) has shown an increased free 

radical production in B lymphoblasts derived from hypertensive subjects, associated with 

an increased expression of the NAD(P)H oxidase subunit p22phox. It is believed that 

elevated levels of ROS in hypertension is the link with the premature development of 

atherosclerosis. This correlation is supposed, as ROS are thought to contribute to vascular 

dysfunction and atherogenesis (As reviewed in Napoli et al. 2001).

ROS generation was detected in B lymphoblasts following stimulation with PMA 

using isoluminol and DCF. In agreement with Pettit et al. (2002), PMA induced the 

production of ROS in both normotensive and hypertensive B lymphoblast cell lines. There 

was no significant difference in the concentrations of ROS produced between the 

normotensive and hypertensive cell lines using isoluminol. However, in agreement with 

Pettit et al. (2002) there was an increased PMA response in the H308 compared to the 

C l43 B lymphoblasts as detected using DCF. It is important to point out that to compare 

between a small number of normotensive and hypertensive cell lines would be statistically 

invalid. Therefore these differences may simply be due to insufficient number of B 

lymphoblast cell lines examined, as a larger number of hypertensive and normotensive cell 

lines were used by Pettit et al. (2002) (12 hypertensive and 12 normotensive cell lines).

In this present study, EGCG significantly blocked PMA-induced production of 

extracellular and intracellular ROS in B lymphoblasts. This is consistent with reports in the 

literature that demonstrate inhibition of ROS generation by EGCG (Lin et al. 2000; 

Alvarez et al. 2002; Feng et al. 2001; Kondo et al. 1999). The mechanisms behind the 

extracellular inhibition are unlikely to be due to the scavenging mechanisms of EGCG, as 

this was washed from the cell culture media before measurements were made. This does 

not exclude a scavenging function inside the cell, as EGCG may still be present in the 

intracellular environment. However, it is hypothesised as well as a ROS scavenger, that 

EGCG may act at an earlier stage by acting on ROS generating systems. In fact PMA is 

thought to stimulate NAD(P)H oxidase to produce ROS indirectly by activation of PKC 

(Nishihira et al. 1985). As the PKC inhibitor GF109203X suppressed PMA-induced 

increases in ROS production (as measured by DCF), this would suggest that PMA might 

enhance ROS production partly through a PKC-dependent and NAD(P)H dependent 

mechanism. Therefore, it may be possible that EGCG acts through this mechanism. 

However these data do not exclude other potential mechanisms of action of EGCG. PMA 

can also trigger ROS production through the activation of xanthine oxidase (XO).
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Therefore EGCG may inhibit PMA-induced ROS production by acting on the XO system 

as demonstrated by Lin et al. (2000).

In endothelial cells, increased ROS production can lead to dysfunction, a 

contributing factor in the early stages of atherosclerosis. Potential alternative sources of 

endothelial ROS production include NAD(P)H-dependent oxidases (as reviewed in Van 

Heerebeek et al. 2002), XO (Michiels et al. 1992), cyclooxygenases (Gierse et al. 1995), 

and NOS (Vasquez-Vivar et al. 1998). Intracellular and extracellular ROS were measured 

using DCF and isoluminol respectively. TNFa did not induce a significant increase in 

either intracellular or extracellular ROS production in HUVEC. The lack of a significant 

response in endothelial cells following treatment with TNFa, contradicts a number of 

reports in the literature (Peng et al. 2000; Corda et al. 2001). A possible reason for the 

differences in the data may be due to the concentrations of TNFa used to induce ROS. 

TNFa concentrations of 2.5 ng/ml and 7.5 ng/ml were used in this investigation, whereas 

60 ng/ml was used in Peng et al. (2000). Further studies using a range of concentrations 

may resolve some of these differences.

Pre-treatment with EGCG appeared to reduce DCF fluorescence following 

treatment with TNFa and PMA. The suppression of DCF oxidation by EGCG may be due 

to the scavenging ability of the compound. This was proposed as DCF gradually oxidises 

over time in the absence of any stimulus. Although much of the extracellular EGCG was 

removed from the extracellular environment, it is feasible that some EGCG remained 

inside the cell preventing basal DCF oxidation.

Figure 3.22 is a diagram showing the proposed pathways leading to NF-kB 

activation and indicates where the chemopreventive agents act in B cells and HUVEC. To 

conclude, curcumin, resveratrol and EGCG inhibit NF-kB translocation into the nucleus. 

Also EGCG blocked NF-kB/DNA specific binding. I3C appeared to increase PMA- 

induced NF-kB p65 translocation in the C l43, but had no significant effect in H308 B 

lymphoblast cell lines. EGCG may function to block IKK or upstream regulators of IKK in 

HUVEC, but appears to act on NF-kB in B lymphoblasts. Although EGCG was a 

prooxidant in cell medium generating H2O2, this oxidant had no significant effect on NF- 

kB translocation. In addition EGCG functioned as an antioxidant when cells were 

stimulated PMA or TNFa. These data have helped to characterise the chemopreventive 

properties of these four agents with particular attention to EGCG, which is useful when 

designing future in vitro and in vivo studies.
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4.0 Introduction

4.1 Proliferation and apoptosis in cardiovascular disease

One of the downstream consequences of NF-kB regulation is the modulation of cell 

growth and/or cell survival pathways. As mentioned in chapter 1, NF-kB can be both pro- 

or anti-apoptotic dependent on a number of factors, such as the cell and type of ambient 

signal. Many of etiological changes associated with the atherosclerosis are characterised by 

phases/stages of hyperproliferation and/or apoptosis. Early plaque progression is correlated 

with continual proliferation, and recruitment of circulating monocytes and in the 

commencement of vascular remodelling by the laying down of collagenous tissue. Plaque 

size is increased as more smooth muscle cells and monocytes migrate into and proliferate 

within the plaque, and secrete more extra-cellular matrix proteins. Intriguingly, this 

increase in proliferation is also associated with an increase in apoptosis of cells present 

within the lipid-rich core of the plaque, such as T lymphocytes, endothelial cells, VSMC’s 

and monocytes. In these early stages it remains unclear whether apoptosis is a trigger or 

conversely a consequence of the disease process.

Theoretically, it would be beneficial to prevent or induce regression of thickened 

arterial walls in atherosclerotic plaques by suppressing cellular proliferation and/or 

inducing apoptosis. Moreover, apoptosis of certain cells may help to suppress the immune 

response/reactions that are pivotal in the initiation and progression of plaque formation. It 

is also conceivable that regulating cell numbers by inhibiting the cell cycle or inducing 

apoptosis, may provide a means for the conversion a cellular-rich lesion to a more fibrous 

hypocellular stable plaque. However, the benefit of cell cycle or apoptosis regulation in 

atherosclerosis depends on the stage of plaque localisation and cell types involved. 

Proliferation early on in the disease process is thought to contribute to plaque stability, 

through the ‘laying-down’ of matrix proteins, whereas induction of apoptosis in the later 

stages of atherosclerosis could in fact have deleterious effects. It is plausible that apoptosis 

of VSMCs and to a lesser extent endothelial cells, which are present in the shoulder region 

of the plaque may result in selectively weakening the fibrous coat, which in turn would 

result in plaque erosion and eventual rupture. This would culminate in one or more acute 

coronary events such as thrombosis, stroke or myocardial infarction, and hence would be a 

less desirable therapeutic outcome. However, in terms of chemoprevention, blocking or 

suppressing the early stages of proliferation would be the ideal objective.
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To date there has been only a limited investigation into the role of cell cycle and 

apoptosis in the pathology of vascular disease (As reviewed in Zettler et al. 2000). In a rat 

model of arterial injury, an up-regulation and activation of CDK2 and cyclins E and A 

were observed between 1 and 2 days post-balloon injury (Wei et al. 1997). This was 

correlated with PCNA (proliferating cell nuclear antigen) expression (an indicator of cell 

proliferation) up to 10 days post-injury, declining after 18 days. CDK2 and cyclin E 

expression was noted in medial VSMCs 36 hours post-injury which then became 

undetectable in the media and confined to luminal surface of the intima. Basal p21 

expression was not observed in uninjured vessels.

Expression of other cell cycle proteins in primary atherectomy specimens has been 

assessed. The presence of p53 in the nuclei of VSMCs, ECs and macrophages in human 

atherosclerotic tissue has been demonstrated by filling et al. (1997). In this report p53 co

localised with p21WAF1. The same cells were negative for a marker of proliferation Ki-67, 

providing evidence for the role of p53 and p21WAF1 in abrogating cellular proliferation. 

Control tissue had very low levels of p53 and p21WAF1 and no positive staining for Ki-67. 

Tanner et al. (1998) observed p27KIP1 expression in non-replicating cells of both control 

and atherosclerotic lesions. However, the degree of p21WAF1 expression was correlated 

with the severity of the disease.

A number of growth regulatory proteins are investigated in this chapter including 

cyclin Dl, cyclin dependent kinase 1 (CDK1), prolyl cis-trans isomerase (Pinl), X-linked 

inhibitor of apoptosis (XIAP) and p53. Several of these proteins were selected as they have 

been shown to be modulated by EGCG in certain cell types but more importantly because 

they are targets of NF-kB, either through protein:protein interaction or via transcriptional 

regulation.

There are many reports in the literature demonstrating the importance of cyclin Dl 

in cellular proliferation. For example, expression of anti-sense cyclin Dl constructs in 

human cancer cell models resulted in a marked inhibition of cell proliferation and the cells 

reverted toward normal phenotype losing their tumourigenicity in nude mice (Arber et al. 

1997; Zhou et al. 1995). Conversley, Pagano et al. (1994) have demonstrated cyclin Dl 

can have an inhibitory rather than a growth stimulatory effect. They reported that 

microinjection of cyclin Dl into human lung fibroblasts resulted in cell cycle arrest in late 

Gl. Cyclin Dl can also play a role in apoptosis as reported by Freeman et al. (1994) who 

found that cyclin Dl levels were induced about 10 fold during neuronal cell death. Cyclin 

Dl when ectopically over-expressed in serum starved rat fibroblasts led to an increase in
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apoptosis (Sofer-Levi et al. 1996). These studies support the concept that cyclin Dl 

promotes apoptosis in these particular cell systems. In contrast suppression of cyclin Dl 

has also been associated with an increase in apoptosis (Lahti et al. 1997). Cyclin Dl may 

impinge on cell growth and apoptotic pathways through its regulation by or interaction 

with NF-kB (Ahmad et al 2000; Guttridge et al 1999; Hinz et al 1999; Joyce et al 1999) 

or p53 (Chen XB et al. 1995; Hiyama et al. 1999).

The protein CDK1 (also known as Cdc2) is thought to be an essential cell cycle 

regulatory protein (Nurse et al. 1994). In yeast cells p34CDC2, via the interaction with 

cyclins, promotes the entry into the S phase and mitosis (Forsburg et al. 1991). In 

mammalian cells CDK1 binds to cyclin B and phosphorylates Cdc25c, essential to the 

progression of the cell cycle from G2-M (Nurse et al. 1994). As well as its role in G2/M 

phase progression, there is conflicting evidence in the literature suggesting that CDK1 is 

also involved in Gl-S phase transition (Furukawa et al. 1990; Krek et al. 1991). As well as 

acting on Cdc25c, CDK1 may facilitate a growth regulatory function through its 

interaction with p53 (Taylor et al. 1999, Azzam et al. 1997; Passalaris et al. 1999).

The protein Pinl plays an important role in the cell cycle through specific 

interaction with proteins that are phosphorylated at serine/threonine-proline motifs (Lu et 

al. 1996; Yaffe et al. 1997; Shen et al. 1998). Increasing evidence suggest a role of Pinl in 

breast cancer tumorigenesis (MacLachlan et al. 2000). Inhibition of Pinl function in 

human tumor cells using expression of Pinl antisense RNA, or dominant negative mutants 

induces mitotic arrest and apoptosis (Lu et al 1996; Rippmann et al. 2000), whereas 

overexpression of Pinl can lead to a G2 phase arrest of the cell cycle (Lu et al 1996). The 

cell growth and apoptosis regulatory functions of Pinl, are thought to be mediated through 

the interaction with several important cell growth regulatory proteins including p53 

(Zacchi et al. 2002; Zheng et al. 2002), Cdc25c (Zhou et al. 2000) and cyclin Dl (You et 

al. 2002).

XIAP is one of the more characterised members of the inhibitor of apoptosis 

family. XIAP, along with other LAPs, functions to prevent apoptosis, by inhibiting caspase 

activity. Accentuating its importance in cell growth regulation is the finding that XIAP is a 

transcriptional target of NF-kB (Stehlik et al. 1998), but more recently, XIAP has been 

shown to regulate NF-kB activation (Hofer-Warbinek et al. 2000). In addition to regulating 

apoptosis, various members of the LAP family have been implicated in the cell cycle. XIAP 

has been reported to exist in a ternary complex with caspase-3 and the cell cycle regulator 

P21WAF1 (Suzuki et al. 1998).
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The transcription factor p53, sensitive to cellular stress, has been implicated in the 

regulation of apoptosis (Yin et al. 1998; Bums et al. 1999; El-Diery et al. 1994). 

Additionally, p53 functions as a cell growth regulator by controlling progression of the cell 

cycle (mainly G1 progression). This response is thought to occur mainly through 

regulation of p21WAF1 an inhibitor of CDK1 (El-Diery et al. 1994, 1998a, 1998b), but also 

by acting directly on CDK1 expression (Yun et al. 1999). Thompson et al. (1997) have 

shown that specific inhibition of p53 by human papilloma vims E6 protein, increased the 

number of normal lung fibroblasts entering mitosis after exposure to ionising radiation, 

suggesting that p53 is required for G2 arrest. Importantly, p53 interacts with NF-kB (Wu et 

al. 1994), which itself is a pivotal cell survival and cell death pathway, depending on cell 

type and inducing signal.

The above reports emphasize the importance of studying the cell cycle in relation to 

the development and progression of cardiovascular diseases such as atherosclerosis. When 

considering this evidence, it is feasible that attempting to regulate the cell cycle or 

apoptosis (through dietary intervention) could provide an alternate method in combating 

atherosclerosis instead of, or in conjunction with lipid-lowering treatments. Therefore the 

potential of EGCG to influence the growth of the B lymphoblast (hypertensive and 

normotensive) cell lines and HUVECs, specifically the affect on the cell cycle and 

induction of apoptosis, was explored.
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4.2 Results

4.2.1 EGCG inhibits cell growth in B lymphoblast cell lines and 
HUVEC

The effect of EGCG on cell growth/proliferation in the B lymphoblast cell lines and 

HUVEC was investigated. For the purpose of this thesis, cell growth or proliferation was 

simply defined as an increase in cell number. For these initial experiments, cells were 

grown in complete medium in the presence or absence of EGCG or vehicle control at the 

indicated concentrations and time points. Relative cell densities were established using a 

coulter counter, which measured the number of cells of a particular size in a set volume of 

isoton solution (see chapter 2). Data were normalised to the untreated control, which was 

taken as 100 %.

Figure 4.1 shows the effect of EGCG on the C l43 B lymphoblast cell line. Cell 

growth was not significantly changed following treatment with DMSO. After 24 hours of 

EGCG treatment there was no significant effect between the treated and control samples. 

EGCG inhibited growth in a concentration-dependent manner at 48, 72 and 96 hours 

treatment. At 48 and 72 hours, significant inhibition was seen with 6, 9, 12, and 15 pM 

EGCG (p<0.05) (figure 4.1 B, C), whereas significant inhibition was noted also at 3 pM, at 

96 hours EGCG treatment (p<0.05). The IC50 value of EGCG for Cl 43 was 10 pM.

Figure 4.2 represents the effect of EGCG on the normotensive, C l49 B 

lymphoblast cell line. DMSO treatment did not significantly affect C l49 cell growth. Data 

indicated that the C l49 cell line behaved in a similar manner to the C l43 cell line, 

although it was not as sensitive. Significant growth inhibition was seen at 12 pM at 48 

hours and 12 and 15 pM at 72 and 96 hours EGCG treatment (p<0.05). The IC50 for C l49 

was 17 pM.

The effect of EGCG on the growth characteristics of the H308 B lymphoblast cell 

line was examined (figure 4.3). As in the normotensive C l43 and C l49 cell line, EGCG 

was found to cause a concentration-dependent reduction in cell numbers, demonstrating a 

growth inhibitory effect. The control DMSO treatments did not significantly alter the 

growth of H308. The EGCG-inhibitory effect was significant at 30 pM after 24 hours, 15 

to 30 pM at 48 hours, 10 to 30 pM at 72 hours and 15 to 30 pM at 96 hours (p<0.05). The 

IC50 value for the H308 cell line was 18 pM indicating that the H308 cell line was less
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sensitive to the growth inhibitory effect of EGCG, than the C l43 cell line. EGCG had a 

similar growth-inhibitory effect in the H242 hypertensive cell line (figure 4.4). EGCG 

caused a concentration-dependent growth inhibition at 48, 72 and 96 hours treatment. 

Significant growth inhibition was noted at 12 and 15 pM at 48 hours and 9, 12, and 15 pM 

at 72 and 96 hours EGCG treatment (p<0.05). The IC50 value for H242 growth inhibition 

was 13 pM.

15 DMSO15 DMSO

Figure 4.1 - Effect o f EGCG on the growth o f C l43. In full growth medium, cells were 
untreated, or exposed to DMSO (control), or to EGCG at the indicated concentrations 
(pM) for (A) 24 hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. Data were normalised to 
the untreated control (100%) and are the mean o f 3 independent experiments performed in 
duplicate, * indicates significance from controls (p<0.05) as determined by the ANOVA 
balanced model followed by Tukey’s least significant difference post hoc test.

Comparing the inhibitory effect of EGCG in the B lymphoblasts to the effect in the 

HUVEC (figure 4.5) it was evident that the HUVEC behaved in a similar manner. At 

earlier time points of 24 and 48 hours exposure, there was evidence of an EGCG-induced
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growth inhibitory effect, although this inhibition was not dose-dependent. However at 

longer time points of 72 and 96 hours, it was evident that EGCG inhibited cell growth in a 

concentration-dependent manner. Significant growth inhibition was observed at 10,15, and 

50 pM after 24 hours, 30 and 50 pM after 48 hours, and 10,15, 30 and 50 pM after 72 and 

96 hours respectively (p<0.05). The I C 5 0  for growth inhibition in HUVEC was 15 pM 

indicating that HUVEC were overall, as sensitive as the B lymphoblast cell lines.

15 DMSO15 DMSO

Figure 4,2 - Effect o f EGCG on the growth o f C l49, In full growth medium, cells were 
untreated, or exposed to DMSO (control), or to EGCG at the indicated concentrations 
(pM) for (A) 24 hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. Data were normalised to 
the untreated control (100%) and are the mean o f 3 independent experiments performed in 
duplicate, * indicates significance from controls (p<0.05) as determined by the ANOVA 
balanced model followed by Tukey’s least significant difference post hoc test.
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30 DMSO 30 DMSO

Figure 4.3 - Effect o f EGCG on the growth o f H308. In full growth medium, cells were 
untreated, or exposed to DMSO (control), or to EGCG at the indicated concentrations 
(pM) for (A) 24 hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. Data were normalised to 
the untreated control (100%) and are the mean o f 3 independent experiments performed in 
duplicate, * indicates significance from controls (p<0.05) as determined by the ANOVA 
balanced model followed by Tukey ’s least significant difference post hoc test.
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15 DMSO 15 DMSO

Figure 4.4 - Effect o f EGCG on the growth o f H242. In full growth medium, cells were 
untreated, or exposed to DMSO (control) or to EGCG at the indicated concentrations 
(pM) for (A) 24 hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. Data were normalised to 
the untreated control (100%) and are the mean o f 3 independent experiments performed in 
duplicate, * indicates significance from controls (p<0.05) as determined by the ANOVA 
balanced model followed by Tukey s least significant difference post hoc test.
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50 DMSO 50 DMSO

Figure 4.5 - Effect o f EGCG on the growth o f HUVEC. I n  f u l l  g r o w t h  m e d i u m ,  c e l l s  w e r e  

u n t r e a t e d ,  o r  e x p o s e d  t o  D M S O  ( c o n t r o l ) ,  o r  t o  E G C G  a t  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  

( p M )  f o r  ( A )  2 4  h o u r s ;  ( B )  4 8  h o u r s ;  ( C )  7 2  h o u r s ;  ( D )  9 6  h o u r s .  D a t a  w e r e  n o r m a l i s e d  t o  

t h e  u n t r e a t e d  c o n t r o l  ( 1 0 0 % )  a n d  a r e  t h e  m e a n  o f  3  i n d e p e n d e n t  e x p e r i m e n t s  p e r f o r m e d  i n  

d u p l i c a t e ,  * i n d i c a t e s  s i g n i f i c a n c e  f r o m  c o n t r o l s  ( p < 0 . 0 5 )  a s  d e t e r m i n e d  b y  t h e  A N O V A  

b a l a n c e d  m o d e l  f o l l o w e d  b y  T u k e y 's  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  p o s t  h o c  t e s t .

4.2.2 EGCG modulates the progression of the cell cycle

Having established that EGCG inhibits cellular proliferation in all cell types, to 

further characterise this response the effect of EGCG on cell cycle progression was 

considered. For this series o f experiments, cells were incubated with concentrations and at 

times similar to those used in the cell proliferation studies. The content o f  cellular DNA 

was established using propidium iodide (PI) staining in conjunction with FACS analysis.
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The data contained in Figure 4.6 show the effect of EGCG on the cell cycle in the 

C l43 normotensive cell line. At earlier time points of 24 (A) and 48 (B) hours, EGCG 

appeared to induce a modest concentration-dependent increase in the percentage of cells in 

G0/G1 phase of the cell cycle, when compared to the control. This increase was reflected 

by a concomitant decrease in the percentage of cells in S phase. At later time points of 72 

(C) and 96 (D) hours EGCG exposure, lower concentrations of 5, 10, 15 and 20 pm 

induced a modest decrease in the percentage of cells in G0/G1 phase of the cell cycle 

compared to the control. This correlated with a modest increase in the percentage of cells 

in the S phase of the cell cycle. Interestingly, EGCG at concentrations of 30, 50 and 100 

pm caused a modest increase in the percentage of cells in G0/G1 phase, corresponding to a 

reduction of cells in S phase of the cell cycle. It was noted that there were no significant 

differences between the untreated control and the DMSO control treatment indicating that 

any effect on cell cycle progression was due to EGCG alone and not the carrier solvent.

Comparing C l43 to another normotensive B lymphoblast cell line C l49, figure 4.7, 

these data suggest that the cells behaved in a slightly different manner. At 24 hours (A), 50 

and 100 pM EGCG induced an increase 10 % and 12 % respectively, in the number of 

cells in the G0/G1 phase of the cell cycle. This corresponded to a small decrease in the 

number of S phase cells of the cell cycle. At 48 hours (B), there was evidence to suggest a 

concentration-dependent increase in the number of cells in the G0/G1 phase of the cell 

cycle. Again this was consistent with a decrease in the number of cells in the S phase. At 

72 hours (C), EGCG at lower concentrations did not significantly alter the number of cells 

in any phases of the cell cycle when compared to the control cells. However, at the higher 

concentrations of 50 and 100 pM there was evidence to suggest an accumulation of cells in 

the G0/G1 phase of the cell cycle, suggesting an arrest at this stage. At 96 hours (D) there 

may have been a modest increase in the number of cells in the G2/M phase of the cell cycle 

following treatment with 5 to 30 pM EGCG.
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Figure 4,6 - Analysis o f cell cycle in C l 43 following exposure to EGCG. In full growth 
medium, asynchronous C143 cells were untreated, or exposed to DMSO (control) or 
EGCG at the indicated concentrations (pm) for (A) 24 hours; (B) 48 hours; (C) 72 hours; 
(D) 96 hours. Cells were stained with PI and analysed by flow cytometry. The percentage 
o f cells in each phase o f the cell cycle was estimated using cell quest and modfit software. 
The crossed bars represent G0/G1, the black bars G2/M and the clear bars S phase. Data 
shown were the mean o f two independent experiments.
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Figure 4.7 - Analysis o f cell cycle in C149 following exposure to EGCG. In full growth 
medium, asynchronous C149 cells were untreated, or exposed to DMSO (control) or 
EGCG at the indicated concentrations (/jm) for (A) 24 hours; (B) 48 hours; (C) 72 hours; 
(D) 96 hours. Cells were stained with PI and analysed by flow cytometry. The percentage 
o f cells in each phase o f the cell cycle was estimated using cell quest and modfit software. 
The crossed bars represent G0/G1, the black bars G2/M and the clear bars S phase. Data 
shown was the mean o f two independent experiments.
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Figure 4.8 exemplifies the effect of EGCG on one of the hypertensive B 

lymphoblast cell lines, H308. At 24 hours there was evidence of a modest increase in the 

number of cells in the G0/G1 (5%) phase of the cell cycle at 50 and 100 pM EGCG. This 

was matched by a decrease in the number of S phase cells. This modest increase was also 

evident at lower EGCG concentrations at 48, 72 and 96 hours treatment. However, these 

changes were not statistically significant (p<0.05). Intriguingly, when compared to both 

types of the normotensive cell line, on the whole there appeared to be substantially less 

cells in the G2/M and S phases of the cell cycle. That is to say there was a higher 

proportion of cells in the G0/G1 phase of the cell cycle. Furthermore the overall 

distribution profile of the number of cells at each phase of the cell cycle was different 

compared to the C l49, but similar to C l43 normotensive cell lines.

The effect of EGCG on cell cycle progression in the primary cell line HUVEC is 

represented in figure 4.9. There were no observed disparities between the untreated and 

DMSO controls. At 24 hours, EGCG (50 pM) caused a (6 %) decrease in the number of 

cells in the S phase of the cell cycle, corresponding to a modest increase in the number of 

cells in the G0/G1 and G2/M phase of the cycle. At 48, 72 and 96 hours there was a similar 

decrease in the number of cells in S phase. At 30 pM, there was an increase in the number 

of G2/M cells (8%, 10 % and 12 %) at 48, 72 and 96 hours respectively, reflected by a 

decrease in the number of cells in the G0/G1 phase of the cell cycle. The cell cycle profile, 

namely the proportion of cells at each phase of the cell cycle for HUVEC, was similar to 

the C149 normotensive B lymphoblast cell line. That is to say overall the majority of cells 

were in the G0/G1, followed by G2/M and then S phases of the cell cycle.
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Figure 4,8 - Analysis o f cell cycle in H308 following exposure to EGCG. In full growth 
medium, asynchronous H308 cells were untreated, or exposed to DMSO (control) or 
EGCG at the indicated concentrations (pm) for (A) 24 hours; (B) 48 hours; (C) 72 hours; 
(D) 96 hours. Cells were stained with PI and analysed by flow cytometry. The percentage 
o f cells in each phase o f the cell cycle was estimated using cell quest and modfit software. 
The crossed bars represent G0/G1, the black bars G2/M and the clear bars S phase. Data 
shown were the mean o f 3 independent experiments.
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Figure 4.9 - Analysis o f cell cycle in HUVEC following exposure to EGCG. In full 
growth medium, asynchronous HUVEC were untreated, or exposed to DMSO (control) or 
EGCG at the indicated concentrations (pm) for (A) 24 hours; (B) 48 hours; (C) 72 hours; 
(D) 96 hours. Cells were stained with PI and analysed by flow cytometry. The percentage 
o f cells in each phase o f the cell cycle was estimated using cell quest and modfit software. 
The crossed bars represent G0/G1, the black bars G2/M and the clear bars S phase. Data 
shown were the mean o f two independent experiments.
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4.2.3 EGCG induces apoptosis in the B lymphoblast cell lines and 
HUVEC

EGCG was shown to modulate cell growth in all cell lines under study, which in 

part may be due to an effect on the cell cycle. Further analysis was carried out to determine 

the contribution of apoptosis to the EGCG-induced growth inhibition. Incubation of cells 

in full growth medium, over similar EGCG concentrations (5 -  200 pM) and time range 

(24 -  96 hours) as those used in the cell proliferation studies was carried out. Induction of 

apoptosis was ascertained using an Annexin V-FITC conjugated peptide in conjunction 

with propidium iodide staining, which was detected using FACscan analysis.

The data contained in figures 4.10 and 4.11 show the apoptotic response 

evoked in the normotensive (control) cell lines C l43 and C l49, following EGCG 

exposure. There were no obvious changes in the number of viable, apoptotic and necrotic 

cells following treatment with DMSO. Data were the mean of 3 independent experiments 

in the C l43 cell line (figure 4.10) and at 24 hours showed that EGCG induced a dose- 

dependent decrease in the percentage number of viable cells, which corresponded inversely 

with a concentration-dependent increase in the percentage number of necrotic cells at 10 

and up to 200 pM EGCG. This pattern was noted at all time points under investigation. 

Significant apoptosis was seen to occur over the dose-range of 10 pM to 30 pM EGCG at 

48 hours and 10 pM to 50 pM at 72 and 96 hours EGCG (p<0.05). This induction of 

apoptosis was found to increase in a time-dependent manner, with the greatest percentage 

of apoptotic cells occurring at 30 pm (68 %), EGCG at 96 hours.

Figure 4.11 demonstrates that C l49 cell line responds in a similar manner to the 

C l43 cell line, with a peak level of cells undergoing apoptosis occurring over 10 pm to 50 

pm EGCG dose range. The DMSO control had no obvious effect on the percentage 

number of viable, apoptotic and necrotic cells. These data suggest that this cell line is not 

as sensitive to EGCG. This was concluded as the peak number of apoptotic cells was seen 

to occur at 50 pm EGCG (58 %) at 96 hours, compared to 30 pM in C l43.
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Figure 4,10 - Annexin and P I staining showing the effect o f EGCG on the induction o f 
apoptosis in C l43. Cl 43 ‘normotensive ’ B lymphoblast cell lines were untreated, or 
exposed to DMSO (control) or EGCG at the indicated concentrations (pm) for (A) 24 
hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. The percentage o f viable cells is 
represented by hatched bars, the percentage apoptotic by the black bars and the 
percentage o f necrotic cells by the clear bars. Data shown are the mean o f 3 independent 
experiments, * indicates significance from the untreated control (p<0.05) as determined by 
the AN OVA balanced model followed by Tukey’s least significant difference post hoc test.
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The effect of EGCG on the induction of apoptosis in the two-hypertensive B 

lymphoblast cell lines can be represented as in figure 4.12 and 4.13. The responses in these 

two cell types mimic those observed in the two normotensive cell lines. That is, the 

number of cells undergoing apoptosis increased in a time dependent manner, with peak 

levels observed after 96 hours EGCG exposure. Furthermore, as the level of viable cells 

decreased there is a concomitant increase in the number of necrotic cells. Figure 4.12 

shows the mean of 3 independent experiments on the number of H308 cells undergoing 

apoptosis following exposure to EGCG. In this cell line, there were no significant increases 

in the number of apoptotic cells at early time points (A). However, like the Cl 43 cell lines, 

significant necrosis was noted at 20 and up to 200 pM EGCG (p<0.05). Significant 

apoptosis was observed at 15, 20, 30, 50 and 100 pM EGCG at 48 hours, and at 10,15, 20, 

30, 50 and 100 pM at 72 and 96 hours EGCG. The peak number of apoptotic cells (50 %) 

was observed at 50 pm EGCG for 96 hours exposure (p<0.05), compared to 60 % after 

30pM EGCG for 96 hours, in H242 cell line (figure 4.13).

Figure 4.14 represents the effect of EGCG on the primary HUVEC line, with the 

data the mean of 3 independent experiments. Although there were no significant changes in 

the percentage number of cells undergoing apoptosis or necrosis at 24 or 48 hours, there 

was a suggestion of an increase in the number of apoptotic cells, at 10 pM peaking at 15 

pM, and a dose-dependent increase in number of necrotic cells peaking at 100 pM. At 72 

hours, there was a significant increase in the number of cells undergoing apoptosis at 10, 

15 and 20 pM EGCG (p<0.05). This response was also evident at 96 hours where 15, 20, 

and 30 pM EGCG caused a significant increase in the number of apoptotic cells (p<0.05). 

This increase was matched by a decrease in the number of viable cells.
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Figure 4,11 - Annexin and P I staining showing the effect o f EGCG on the induction o f 
apoptosis in C l49. C l49 ‘normotensive* B lymphoblast cell lines were untreated, or 
exposed to DMSO (control) or EGCG at the indicated concentrations (pm) for (A) 24 
hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. The percentage o f viable cells is 
represented by hatched bars, the percentage apoptotic by the black bars and the 
percentage o f necrotic cells by the clear bars (N=2).
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Figure 4.12 - Annexin and P I staining showing the effect o f EGCG on the induction o f 
apoptosis in H308. H308 ‘hypertensive ’ B lymphoblast cell lines were untreated, or 
exposed to DMSO (control) or EGCG at the indicated concentrations (pm) for (A) 24 
hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. The percentage o f viable cells is 
represented by hatched bars, the percentage apoptotic by the black bars and the 
percentage o f necrotic cells by the clear bars. Data shown are the mean o f 3 independent 
experiments, * indicates significance from the untreated control (p<0.05) as determined by 
the ANOVA balanced model followed by Tukey’s least significant difference post hoc test.
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Figure 4.13 - Annexin and P I staining showing the effect o f EGCG on the induction o f  
apoptosis in H242. H242 ‘hypertensive * B lymphoblast cell lines were untreated, or 
exposed to DMSO (control) or EGCG at the indicated concentrations (pm) for (A) 24 
hours; (B) 48 hours; (C) 72 hours; (D) 96 hours. The percentage o f viable cells is 
represented by hatched bars, the percentage apoptotic by the black bars and the 
percentage o f necrotic cells by the clear bars (N=2).
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Figure 4,14 - Annexin and PI staining showing the effect o f EGCG on the induction o f 
apoptosis in HUVEC. HUVEC were untreated, or exposed to DMSO (control) or EGCG 
at the indicated concentrations (pm) for (A) 24 hours; (B) 48 hours; (C) 72 hours; (D) 96 
hours. The percentage o f viable cells is represented by hatched bars, the percentage 
apoptotic by the black bars and the percentage o f necrotic cells by the clear bars. Data 
shown are the mean o f 3 independent experiments. * indicates significance from the 
untreated control (p<0.05) as determined by the ANOVA balanced model followed by 
Tukey’s least significant difference post hoc test)
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4.3 Effect of EGCG on cell growth regulatory proteins

Having acknowledged that EGCG effects the growth characteristics of both the B 

lymphoblast cell lines and HUVEC, and that this outcome was in part due to an affect on 

the cell cycle and apoptotic response, the significance of several important regulator 

proteins in these processes was appraised. It has been reported that the proteins under 

examination are involved in regulating the phases of the cell cycle wherein an affect was 

perceived. Also to be considered were effectors of apoptosis that are recognised to be 

involved in the modulation of apoptosis by impinging on the NF-kB pathway, such as 

XLAP and p53. With this in mind, the cell cycle and apoptotic regulators included Pinl, 

cyclin Dl, CDK1, p53 and XIAP.

For these experiments similar conditions were employed as in the initial cell cycle 

and apoptotic studies. That is, cells were grown in complete medium in the presence or 

absence of EGCG (30 pM) and whole cell lysates were prepared over the time range of 2 

to 96 hours. Thirty pM EGCG was selected for this study because this concentration 

significantly inhibited cell growth and affected cell cycle progression and the apoptotic 

response without being directly cytotoxic.

4.3.1 Effect of EGCG on cyclin D1 levels in B lymphoblast and 
HUVEC

Firstly the role of the cyclin Dl was explored. Cyclin Dl is implicated in regulating 

cell growth through modulation of the cell cycle and induction of apoptosis. Data from the 

Western blots in figure 4.15 are representative of two independent experiments in each cell 

type.

Figure 4.15 represents the effect of EGCG (30 pM) in the two B lymphoblast cell 

lines, C l43 (A) and H308 (B), respectively. When comparing these two cell lines it 

appeared that they responded in a similar manner following EGCG treatment. Taking into 

consideration the a-tubulin loading control, there were no obvious changes in cyclin Dl 

protein levels in either C l43 or H308 B lymphoblasts following treatment with EGCG. As 

there was no change in cyclin Dl, it was decided not to complete the data sets for these cell 

lines.
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(A )

Cyclin D l

a  Tubilin

EGCG (30pM)
TIME
(HOURS)

J L J L J L J L
12 24 48 72 96

(B) ___________________________________________________________  _______________

M i • •  M i • •  • •  mm mm • •  W  • •  MB am mm m*

a Tubilin m m  m m  • •  m

EGCG (30/uM) - + - + - + - + - + + - + - +
TIME |______ |__ |______ |___I______ | I______ | I______ | I______ | I______ | |______
(HOURS) 2 4 8 12 24 48 72 96

Figure 4.15 - Western analysis showing the effect o f  EGCG on cyclin D l protein levels.
C l  4 3  ( A )  a n d  H 3 0 8  ( B )  B  l y m p h o b l a s t  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 p m )  f o r  t h e  

i n d i c a t e d  t i m e s .  P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  

I m m u n o b l o t s  w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  c y c l i n  D l  a n d  w e r e  q u a n t i f i e d  

u s i n g  a  S y n g e n e  c h e m i g e n i u s  m u l t i i m a g e r .  B l o t s  w e r e  s t r i p p e d  a n d  r e p r o b e d  w i t h  a  

t u b u l i n .  W e s t e r n  b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  i n d e p e n d e n t  e x p e r i m e n t s .

Data contained in figure 4.16 illustrate the effect o f EGCG (30 (0.M) on cyclin D l in 

HUVEC, and are representative o f two independent experiments. Following treatment with 

EGCG, there was a reduction in cyclin D l levels at 2 hours, which was more obvious at 

24, 30, 48, 54, 72 and 96 hours. The decrease in cyclin D l protein following EGCG (30 

pM) correlates with the initial change in the number o f cells in the G1 phase o f the cell 

cycle (figure 4.9).
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Cyclin D l

aTubulin

EGCG
(30/jM)

TIME
(HOURS)

Cyclin D l

aTubulin

Cyclin D l

aTubulin
EGCG 
(30 nM) 
TIME 
(HOURS)

Figure 4.16 - Western analysis showing the effect o f  EGCG on cyclin D l protein levels.
H U V E C  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 j u m )  f o r  t h e  i n d i c a t e d  t i m e s .  P r o t e i n s  

w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  w e r e  

p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  c y c l i n  D l  a n d  w e r e  q u a n t i f i e d  u s i n g  a  S y n g e n e  

c h e m i g e n i u s  m u l t i i m a g e r .  B l o t s  w e r e  s t r i p p e d  a n d  r e p r o b e d  w i t h  a  t u b u l i n .  W e s t e r n  b l o t s  

s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  i n d e p e n d e n t  e x p e r i m e n t s .

4.3.2 Effect of EGCG on p53 levels in B lymphoblast and HUVEC

As previously mentioned p53 has been implicated as a pivotal regulator o f cell 

growth, mainly by regulation o f the apoptotic response. Therefore, it seemed rational to 

examine the effect o f EGCG on p53 protein levels in B lymphoblasts and HUVEC. For this 

Western analyses were performed on whole cell lysates and immunoblotted with an 

antibody directed against wildtype and mutant forms p53 protein. The Western blots in 

figure 4.17, are representative o f two independent experiments in each B lymphoblast cell 

line.

There was a similar trend in both C l43 and H308 B lymphoblasts (figure 4.17 A, 

B). Basal levels o f p53 increased from 2 hours to 12 hours and remained fairly constant 

thereafter, in both cell lines. EGCG treatment had no obvious effect on p53 protein in
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either C l43 or H308 B lymphoblasts, except a modest increase at 24 and 48 hours. Overall, 

as there were no obvious changes in p53 protein following treatment with EGCG, it was 

concluded not to complete the data set for these cell lines.

(A)

pS3

a  Tubilin

EGCG (30pM)
TIME I_____ | I_____ | I_____ | I_____ | I_____ | I_____ | I_____ | 1_____ |
(HOURS) 2 4 8 12 24 48 72 96

(B) _____________________________________________________________________________

P53 mm mm mm mm mm ^  mm

a Tubilin mmm m m  ■ ■  ■■■ ■■■ m m  m m  m m

EGCG (30/j.M) - + - + - + - + - +  - + - + +
TIME______|_____ |__|_____ |__ I_____ | I_____ | I_____ | I_____ | I_____ | |_____ I
(HOURS) 2 4 8 12 24 48 72 96

Figure 4.17 - Western analysis showing the effect o f  EGCG on p53 protein levels. C l  4 3

( A )  a n d  H 3 0 8  ( B )  B  l y m p h o b l a s t  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 / j m )  f o r  t h e  

i n d i c a t e d  t i m e s .  P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  

I m m u n o b l o t s  w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  p 5 3  a n d  w e r e  q u a n t i f i e d  u s i n g  

S y n g e n e  c h e m i g e n i u s  m u l t i i m a g e r .  W e s t e r n  b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  

i n d e p e n d e n t  e x p e r i m e n t s .

Figure 4.18 shows representative Western blots demonstrating the effect o f EGCG 

on p53 protein levels in HUVEC. There was a significant increase in basal p53 protein 

levels at 6 hours compared to the levels at 2 hours (p<0.05). Interestingly, the data also 

showed that EGCG brought about an increase in the p53 protein compared to the 

respective untreated control samples. This EGCG-induced increase occurred from 30 hours 

onwards, and was significant at 54, 72 and 96 hours treatment (p<0.05), correlating with an 

increase in the induction o f apoptosis as observed in figure 4.15.
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P53

aTubulin

EGCG (30nM) -
TIME
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TIME
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Figure 4.18 - Western analysis showing the effect o f  EGCG on p53 protein levels.
H U V E C  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 p a n )  f o r  t h e  i n d i c a t e d  t i m e s .  P r o t e i n s  

w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  w e r e  

p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  p 5 3  a n d  w e r e  q u a n t i f i e d  u s i n g  a  S y n g e n e  

c h e m i g e n i u s  m u l t i i m a g e r .  B l o t s  w e r e  s t r i p p e d  a n d  r e p r o b e d  w i t h  a  t u b u l i n .  W e s t e r n  b l o t s  

s h o w n  a r e  r e p r e s e n t a t i v e  o f  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .

4.3.3 Effect of EGCG on Pin1 levels in B lymphoblast and HUVEC

The effect o f EGCG on Pinl levels was examined in B lymphoblasts and HUVEC. 

Pinl has recently been identified to be important in the regulation o f cell growth, possibly 

through interaction with either p53, cyclin D l or NF- kB.  To examine the effect o f  EGCG 

on Pinl, Western analyses were performed on whole cell lysates and immunoblotted with 

an antibody directed against total Pinl. In B lymphoblasts and HUVEC, the Western blots 

illustrated are representative o f two independent experiments for each cell type.

Figure 4.19 shows the effect o f EGCG (30 pM) on the levels o f  Pinl protein in 

both C l43 (A) and H308 (B) B lymphoblasts. Considering the a-tubulin loading control, 

both the untreated (basal) and EGCG treated Pinl protein levels appear to increase at later 

treatment times, between 24 to 96 hours EGCG. However, there were no obvious changes 

in Pinl protein following treatment with 30 pm EGCG in either C l43 (A) or H308 (B) B 

lymphoblasts, compared to each the control.
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(A)

Pinl

a  Tubulin

EGCG (30juM)
TIME I | I | I 1 I | I | I | I | 1_______|
(HOURS) 2 4 8 12 24 48 72 96

(B) _________________________________________________________

Pinl • •  • •  •  M  mm

a  Tubulin v  m m  • •  •" *  • •  M l m m

EGCG (30pM) +
TIME I | I 1 I | I | I | I | I | |_______I
(HOURS) 2 4 8 12 24 48 72 96

Figure 4.19 - Western analysis showing the effect o f  EGCG on Pinl protein levels. C l 43
( A )  a n d  H 3 0 8  ( B )  B  l y m p h o b l a s t  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 p m )  f o r  t h e  

i n d i c a t e d  t i m e s .  P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  

I m m u n o b l o t s  w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  P i n l  a n d  w e r e  q u a n t i f i e d  

u s i n g  a  S y n g e n e  c h e m i g e n i u s  m u l t i i m a g e r .  W e s t e r n  b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  

i n d e p e n d e n t  e x p e r i m e n t s .

In HUVEC (figure 4.20) there was a time-dependent increase in basal Pinl protein 

from 2 hours up to 48 hours, which began to drop thereafter. There was no obvious change 

in Pinl protein following treatment with EGCG (30 pM) when compared to the controls. 

As there was no obvious changes in protein levels between EGCG treated and untreated 

samples, it was decided not to pursue the Pinl experiments further in any o f the cell types.
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Figure 4.20 - Western analysis showing the effect o f  EGCG on Pinl protein levels.
H U V E C  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 f j m )  f o r  t h e  i n d i c a t e d  t i m e s .  P r o t e i n s  

w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  w e r e  

p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  P i n l  a n d  w e r e  q u a n t i f i e d  u s i n g  a  S y n g e n e  

c h e m i g e n i u s  m u l t i i m a g e r .  B l o t s  w e r e  t h e n  s t r i p p e d  a n d  r e p r o b e d  f o r  a  t u b u l i n .  W e s t e r n  

b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  i n d e p e n d e n t  e x p e r i m e n t s .

4.3.4 Effect of EGCG on CDK1/Cdc2 levels in B lymphoblast and 

HUVEC

As CDK1/Cdc2 is an important regulator o f G2/M phase and maybe G0/G1 phase 

transition, the effect o f EGCG on the modulation o f CDK1 protein was examined. Cells 

were treated with EGCG (30pM) over the time range o f 2 to 96 hours. Whole cell lysates 

were then subjected to Western analysis and immunoblotted with an antibody directed 

against human CDK1 (Cdc2). For B lymphoblasts, the Western blots shown are 

representative o f two independent experiments performed in each cell line, whereas in 

HUVEC, the Western blots shown are representative o f 3 independent experiments.
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Constitutive protein levels o f CDK1 increased at 24, 48, 72 and 96 hours compared 

to the 2 hour value in C l43 (figure 4.21 A), but not in H308 (figure 4.21 B) B 

lymphoblasts. In EGCG treated cells, there was a modest decrease in CDK1 protein levels 

at 24, 48, and 72 hours, which was most noticeable at 96 hours treatment in C l43 

compared to the control. Considering the loading control, EGCG treatment appeared to 

reduce protein levels o f CDK1 at 4, 12, 24 and 96 hours in the H308 cell line.

(A)

CDK1

LC

EGCG (30/uM)
TIME
(HOURS)

(B)

mCDKl

LC

EGCG (30fiM)
TIME
(HOURS)

Figure 4.21 - Western analysis showing the effect o f EGCG on CDK1/Cdc2 protein 
levels. C l 4 3  ( A )  a n d  H 3 0 8  ( B )  B  l y m p h o b l a s t  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 j a m )  

f o r  t h e  i n d i c a t e d  t i m e s .  P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  

c h a p t e r  2 .  I m m u n o b l o t s  w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  C D K l  a n d  w e r e  

q u a n t i f i e d  u s i n g  a  S y n g e n e  c h e m i g e n i u s  m u l t i i m a g e r .  L C  o r  l o a d i n g  c o n t r o l  g i v e s  a n  

i n d i c a t i o n  t o  t h e  l o a d i n g .  W e s t e r n  b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  i n d e p e n d e n t  

e x p e r i m e n t s .
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Figure 4.22 - Western analysis showing the effect o f EGCG on CDK1/Cdc2 protein 
levels. H U V E C  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 p m )  f o r  t h e  i n d i c a t e d  t i m e s .  

P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  

w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  C D K l  a n d  w e r e  q u a n t i f i e d  u s i n g  a  S y n g e n e  

c h e m i g e n i u s  m u l t i i m a g e r .  B l o t s  w e r e  t h e n  s t r i p p e d  a n d  r e p r o b e d  f o r  a  t u b u l i n  W e s t e r n  

b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .

Figure 4.22 is a representative Western blot demonstrating the effect o f EGCG on 

CDKl protein levels in HUVEC. Treatment with EGCG (30 pM) induced a decrease in 

CDKl protein from 24 to 96 hours, which was significant at 54, 72 and 96 hours (p<0.05). 

Interestingly this decrease may have corresponded to a G2/M phase cell cycle arrest as 

noted in figure 4.9.

4.3.5 Effect of EGCG on XIAP protein levels in B lymphoblast and 

HUVEC

The protein X-linked inhibitor o f apoptosis (XIAP), a target o f NF-kB, impinges on 

the apoptotic pathway by inhibiting caspase-induced cell death. The involvement o f XIAP 

in the EGCG-induced apoptotic response was investigated by exposing cells to EGCG
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(30pM) over the time range o f 2 to 96 hours. Whole cell lysates were then subjected to 

Western analysis and immunoblotted with an antibody directed against the XIAP protein. 

The Westerns contained in figure 4.23 demonstrate the effect o f EGCG on the protein 

levels o f XIAP in B lymphoblasts and are the result o f a single experiment performed in 

each cell line. For HUVEC (figure 4.24), the Westerns are representative o f two 

independent experiments, with the loading controls (a  tubulin) being taken into 

consideration.

As these experiments are the result o f one experiment in both C l43 and H308 cell 

lines, nothing conclusive can be drawn from the data. In C l43 (figure 4.23 A) there was a 

progressive increase in basal protein levels from 12 to 96 hours. Comparing EGCG to 

untreated samples, there was an increase in protein levels at 4, 8, 12, and 24 hours 

treatment. Basal XIAP protein levels in the untreated H308 (figure 4.23 B) remain almost 

constant over time. There was no obvious effect on XIAP protein levels following EGCG 

treatment, except for a minor decrease at 12 hours.

(A)

XIAP

EGCG (30/uM) - + - + + + + + + +
TIME i I I  1 1 1 1 | 1 1 1 1 1 1 1 I
(HOURS) 2 4 8 12 24 48 72 96

(B)

XIAP MM MM

EGCG (30/uM) - + - + + + + - + + +
TIME I i i  i 1 1 1 1 1 I 1 1 1 1 1 1
(HOURS) 2 4 8 12 24 48 72 96

Figure 4.23 - Western analysis showing the effect o f EGCG on XIAP protein levels.
C 1 4 3  ( A )  a n d  H 3 0 8  ( B )  B  l y m p h o b l a s t  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 p m )  f o r  t h e  

i n d i c a t e d  t i m e s .  P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  

I m m u n o b l o t s  w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  X I A P  a n d  w e r e  q u a n t i f i e d  

u s i n g  a  S y n g e n e  c h e m i g e n i u s  m u l t i i m a g e r .  W e s t e r n  b l o t s  s h o w n  a r e  t h e  r e s u l t  o f  o n e  s i n g l e  

e x p e r i m e n t  p e r f o r m e d  i n  e a c h  B  l y m p h o b l a s t  c e l l  l i n e .
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The Western blot illustrated in figure 4.24 shows the effect o f EGCG on XIAP in 

HUVEC. Considering the loading control, EGCG had no obvious effect on XIAP at any 

treatment time, except for a modest decrease at 96 hours. As there was no obvious EGCG 

effect in any o f the cell types, it was decided not to continue with these series of 

experiments.

X I A P

a T u b u l i n

TIME
(HOURS)

X I A P

a T u b u l i n

TIME
(HOURS) 54

F i g u r e  4 . 2 4  -  W e s t e r n  a n a l y s i s  s h o w i n g  t h e  e f f e c t  o f  E G C G  o n  X I A P  p r o t e i n  l e v e l s .

H U V E C  w e r e  u n t r e a t e d  o r  e x p o s e d  t o  E G C G  ( 3 0 p m )  f o r  t h e  i n d i c a t e d  t i m e s .  P r o t e i n s  

w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  w e r e  

p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  X I A P ,  a n d  w e r e  q u a n t i f i e d  u s i n g  a  S y n g e n e  

c h e m i g e n i u s  m u l t i i m a g e r .  W e s t e r n  b l o t s  s h o w n  a r e  r e p r e s e n t a t i v e  o f  t w o  i n d e p e n d e n t  

e x p e r i m e n t s .
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4.4 Discussion

The effect EGCG has on cell growth regulation or proliferation has significant 

implications for all forms of cardiovascular disease such as atherosclerosis and restenosis. 

The concept of cardiovascular chemoprevention dictates that dietary agents should prevent 

the onset of the disease. One way in which chemopreventive agents attain this objective is 

by preventing the initial and progressive stages of disease development. For 

atherosclerosis, by impeding the early stages of cell growth by dietary intervention, it is 

hoped that this would be beneficial in the treatment of the disease.

So far there has been much work reporting the effects of EGCG on cell 

proliferation in relation to carcinogenic models. However, relatively little has been 

described with regard to atherosclerosis. This may be because comparatively more 

knowledge has been accrued recognising the significance of deregulated cell growth to the 

aetiology of carcinogenesis. In atherosclerosis, many of the reported anti-proliferative 

effects of EGCG (and related tea catechins) have been studied in combination with 

agonists that induce a proliferative response, including phorbol esters and bacterial 

lipopolysaccharides. One such study by Locher et a l (2002) reported the effect of EGCG 

on the proliferation of SMCs stimulated by native low-density lipoprotein (LDL). The 

group report that cellular proliferation was concentration-dependently inhibited by EGCG 

and a number of other polyphenolic catechin compounds. The group disclose that this 

effect may in part be due to inhibition of the ERK 1/2 pathway, which is recognised to be 

involved in aspects of cellular proliferation.

A similar report by Lu et a l (1998) again described the concentration-dependent 

inhibitory effect of EGCG and other constituent polyphenols of tea, on the proliferation of 

a range of vascular smooth muscle cells derived from dissimilar sources and also on human 

lymphoid type cells. Interestingly, this inhibitory effect was partly attributed to a decrease 

in protein tyrosine kinase activity, as well as a reduction in c-jun mRNA expression and 

inhibition of JNK1 activation, but not activation of ERK 1/2 or PKC.

The experiments described in section 4.2, were intended to examine the effect of 

EGCG on the growth characteristics of the B lymphoblast cell lines and HUVEC. All cell 

types studied showed a similar trend of growth inhibition by EGCG, that is, they exhibit 

comparable IC50 values in the low micromolar range (C 143=1 OjaM, C149=17pM, 

H308=18pM, H242=13pM, HUVEC=15pM). These IC50 values and hence growth 

inhibitory effects are supported by more recent studies on a number of different cells
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(Liang et al. 1999; Yang GY et al. 2000). Conversely, other studies report slightly different 

findings. A report by Tan XH et al. (2000) in human colon carcinoma cells (LoVo) has 

shown that EGCG dose-dependently inhibited cell growth with an IC50 of 375 pM, thus at 

a significantly higher concentration to that observed here. Kondo et al. (2002) again 

showed that EGCG inhibited cellular growth with an IC50 in the 100 pM range. However, 

the difference in EGCG sensitivities may be explained when considering the disparate cell 

types used in these independent studies. Further discrepancies may be explained due to the 

diverse means used to evaluate cellular proliferation and hence growth inhibition. For 

example Lu et al. (1998), measured cellular proliferation by way of tritiated thymidine 

uptake into the cells.

Intriguingly, work in LoVo cells (Tan XH et al. 2000) found that (-)-epicatechin 

(EC), an EGCG related compound, at concentrations of between 10 and 250 pM, appeared 

to promote a minor proliferative response. This finding emphasises that chemopreventive 

agents such as EGCG can have differential effects depending on the working concentration 

and the system under study. This principle must be considered when appraising the overall 

affect of a specific chemopreventive agent such as EGCG.

The involvement of EGCG on the modulation of the cell cycle has important 

implications for the onset and progression of atherosclerosis. Interpretation of data 

demonstrated that EGCG had different effects on the cell cycle, dependent on the cells 

under scrutiny and also the concentration of treatment used. It was concluded that the 

growth inhibitory quality of EGCG was partly attributable to an effect on the cell cycle. 

For the C l43 cell line there was evidence that EGCG induced both a modest G0/G1 phase 

arrest and also a G2/M phase cell cycle arrest, which was dependent on concentration and 

time point under scrutiny. For the other normotensive B lymphoblast cell line C l49 there 

only appeared to be a modest G2/M phase cell cycle arrest following treatment with 

EGCG. Interestingly there was no significant affect on cell cycle progression in the H308 

hypertensive cell line when treated with EGCG. In HUVEC, EGCG had different effects 

that were dependent on the concentration used. At the lower EGCG concentrations of 5, 

10, 15 pM there was a modest increase in the number of cells in the G0/G1 phase of the 

cell cycle indicating a G0/G1 phase arrest. This was complemented by a decrease in the 

number of cells in the S phase of the cell cycle. Also, there was no change in the number of 

cells in the G2/M phase of the cell cycle at these concentrations. However at 30 pM 

EGCG, there was a modest decrease in the number of cells in the G0/G1 phase, 

corresponding to an increase in the number of cells in the G2/M phase of the cell cycle.
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Some of the apparent differences between the cell types may be due to the cell cycle 

experiments being performed on a population of asynchronous cells. Also, EGCG may 

have a different effect depending on the cell type under study or the concentration used. 

However overall, these results are similar to reports in the literature, where the effect of 

EGCG and other related catechins on the cell cycle have been documented. One such study 

by Ahmad et al. (1997) in A431 cells has shown that EGCG caused apoptosis and cell 

cycle deregulation, inducing a Go/Gi phase arrest. The response induced by EGCG was 

also verified in a variety of other cell systems from several other laboratories (Li HC et al. 

2000; Otsuka et al. 1998; Paschka et al. 1998; Yang GY et al. 1998; Gupta et al. 2000). 

However as observed in the C l43 and HUVEC cells, EGCG has also been revealed to 

block a G2/M progression (Liang et al. 1999). These different responses infer that the 

effects of EGCG on cell cycle distribution are dependent on concentration used and 

possibly cell types.

The contribution of apoptosis to the growth inhibitory effect of EGCG was also 

assessed, since this plays a pivotal role in both the initial and late stages of vascular 

disease. Interpretation of the data contained in section 4.2.3, revealed that EGCG induces 

apoptosis in all cell types under investigation. All the B lymphoblast cell lines responded 

in a similar manner following treatment with EGCG. That is, there was evidence of a time 

and dose dependent increase in the number of cells undergoing apoptosis. This increase 

was evident up to 50 pM EGCG, after which the concentration was reasoned to be directly 

cytotoxic as documented by an increase in the population of necrotic cells, which 

corresponded to a concomitant decrease in viable and apoptotic cells. These findings were 

supported by morphological observations in which cells appeared irregular in shape at 

concentrations corresponding to increases in apoptotic and necrotic cells.

The HUVEC responded in a similar manner to the B lymphoblasts. There was a 

time dependent increase in the number of cells undergoing apoptosis, which was more 

evident at EGCG concentrations of 10, 15, and 20 pM. This induction of apoptosis 

corresponded to the observed growth inhibition

It is important to note EGCG concentrations of 10 to 30 pM i.e. levels which 

induced apoptosis, were not considered to be directly toxic to any of the cell lines under 

investigation, even though growth inhibition was observed. This supposition was based on 

the finding that apoptosis was observed at the later and not early times of EGCG treatment. 

The importance of this remark becomes clear when considering the propensity of EGCG to 

bind to and affect the biological properties of lipid bilayers. It has been described in the
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literature that EGCG and related polyphenolic esters display an affinity for lipid bilayers 

(Nakayama et al. 1998, 2000; Ikigai et al. 1993; Tsuchiya et al. 1999). In the reports by 

Ikigai et al. (1993) and Tsuchiya et al. (1999) it was suggested that tea catechins (at 

concentrations of 10 pM and above) immediately damage the lipid bilayer resulting in cell 

death. This would infer that EGCG-induced cell death might occur simply by decreasing 

membrane stability. However, as significant apoptosis was only noted after 24 hours, this 

would suggest induction of a specific apoptotic-signalling pathway as oppose to immediate 

cell death due to membrane instability.

The biological activities of black and green tea polyphenol extracts on apoptotic 

responses have been documented in certain cell types. Theaflavin digallate (TfdiG) a 

polyphenol present in black tea, epigallocatechin (EGC) and EGCG have been shown to 

induce apoptosis in human bronchial epithelial cells, following a 24-hour exposure (Yang 

GY et al. 2000). In this study the authors suggest that H2O2 generated following EGC and 

EGCG exposure, was the cause of this type of cell death. The finding that exogenously 

added catalase significantly prevented EGC- and EGCG-induced cell apoptosis supported 

this conjecture. The possibility that EGCG-induced H2O2 could mediate the observed 

induction of apoptosis as noted here remains conceivable. Interestingly, work by other 

groups (Dashwood et al. 2002; Long et al. 2000) has supported this notion that EGCG 

appears to generate H2O2 in cell culture medium. Using a relatively crude colorimetric test 

it was confirmed that EGCG generated low micromolar concentrations of H2O2 in cell 

culture medium alone (refer to chapter 3). This production of H2O2 was attenuated 

following the addition of catalase. However by employing a considerably more sensitive 

method, no significant change in the levels of reactive oxygen intermediates (ROIs) could 

be detected, importantly in RPMI medium containing cells that had been treated with or 

without EGCG (refer to chapter 3). Therefore, even though unlikely, the possibility that 

EGCG-generated H2O2 actually induces apoptosis in B lymphoblast and HUVEC cannot 

be excluded without further analysis.

The ability of EGCG to exert an effect on proteins important to the cell cycle and 

apoptosis was examined. These included cyclin Dl, CDKl, Pinl, XIAP and p53. It is 

important to realise that many of these regulatory proteins interact with each other, hence 

offer points of crosstalk, which may lead to cell growth regulation. They were selected as 

they have been shown to be involved in the stages of cell cycle where an arrest was 

observed. Moreover it is now recognised that many of the cell growth regulatory proteins 

play critical roles in the modulation of apoptosis. Furthermore in various cell systems,
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several of these proteins are also regulated by NF-kB, which was inhibited by EGCG (refer 

to chapter 3).

When examining cyclin Dl levels in the two B lymphoblast cell lines, there were 

no obvious changes in protein levels following EGCG treatment (30 pM). However 

examining the effect in HUVEC, there was a decrease in protein levels in EGCG (30 pM) 

treated samples, which may explain the G1 phase arrest and induction of apoptosis. These 

findings indicate that the effect mediated by EGCG is again dependent on the cell type 

under investigation. This EGCG-induced decrease in cyclin Dl is supported by more 

recent evidence in the literature (Agarwal et al. 2000; Ahmad et a l 2000; Liang et al.

1999). In the report by Ahmad et al. (2000) down-regulation of cyclin Dl correlated with a 

Go/Gi phase cell cycle arrest in A431 cells. However, in HUVEC as well as a G1 arrest 

there was also a partial G2/M phase arrest following treatment with EGCG (30 pM). Even 

though cyclin Dl is accepted as a regulator of Gl/S phase transition (as reviewed in Reed 

et al. 1997), there may be a plausible explanation for the decrease in cyclin Dl levels, 

which occurred prior to the observed G2/M arrest. As noted in chapter 3, EGCG brought 

about a decrease in the translocation and DNA binding capabilities of NF-kB. This 

reduction occurred at time-points preceding the observed decrease in cyclin Dl levels, 

implying that NF-kB may regulate cyclin Dl expression. This proposition is supported by 

evidence in the literature (Ahmad et al. 2000; Guttridge et al. 1999; Hinz et al. 1999; Joyce 

et al. 1999 Westerheide et al. 2001).

The protein p53 has been recognised to be involved in regulating cell proliferation, 

and apoptosis (Yin et al. 1998; Bums et al. 1999; Lakin et al. 1999; Woods et al. 2001). 

The possibility that EGCG-induced apoptosis in HUVEC occurred through modulation of 

p53 protein is feasible. This supposition is based on the finding that EGCG brought about 

an increase in the levels of p53 in HUVEC, but had no significant effect in B cells. This 

increase preceded the observed increase in the levels of apoptotic cells. In human breast 

carcinoma cells, Liang et al. (1999) have provided evidence that 30 pM EGCG brought 

about an increase in p21WAF1 levels in a p53 dependent manner. This increase in p53, hence 

p21WAF1 correlated with an overall reduction of cell growth through inhibition of cell cycle 

progression. However, the same group also reveal that in a related cell line p21WAF1 levels 

could be induced independent of changes in p53 levels. It is important to point out that this 

related cell line expressed mutant p53 and hence was not deficient in p53 protein. Again 

this evidence supports the notion that the effect evoked by EGCG is dependent on cell 

type. Interestingly, p53 has been shown to modulate the progression of G1 and G2 phase of
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the cell cycle (Bunz et al. 1998; Thompson et al., 1997). In HUVEC, EGCG induces an 

increase in p53 levels, at times preceding the observed G2/M phase cell cycle arrest. Hence 

it is possible that the EGCG-mediated G2/M arrest observed in HUVEC, occurs through 

the induction in the levels of the p53 protein.

The mechanisms behind this increase in protein levels may be explained by a 

number of alternate proposals. The increase in p53 levels may not be due to direct 

modulation by EGCG, but could be a secondary effect, indirectly brought about by EGCG- 

directed damage at the DNA level. However, although the effect of EGCG on the integrity 

of DNA was not examined during this investigation, there is much evidence in the 

literature intimating a protective role of anti-oxidants (including EGCG) against DNA 

damage (Hsu et al. 2001; Tobi et al. 2002; Anderson et al. 2001), making this an unlikely 

explanation. The level of any protein is a balance between production and/or degradation. 

Thus one possibility may be that EGCG functions to enhance p53 protein by acting at the 

gene expression level. Previous studies have shown that p53 is a transcriptional target of 

NF-kB (Wu et al. 1994) and also expression is partially dependent on NF-kB activity 

(Kirch et al. 1999). Given that NF-kB and p53 were modulated by EGCG, this may imply 

that NF-kB and p53 interact in these cell types. However, NF-kB translocation and DNA 

binding activity were repressed following EGCG treatment at times preceding the observed 

increase in p53 levels. Therefore, unless NF-kB negatively regulates the expression of p53, 

which is unlikely, as it has not been reported elsewhere, the above proposition remains 

improbable.

An alternate explanation is that EGCG may protect the protein from degradation. 

There is strong evidence in the literature that dictates p53 levels are almost exclusively 

regulated by the rate of degradation. Wild-type p53 is degraded through proteosomes 

(Ciechanover et al. 1994) and by calpain (Kubbutat 1997; Zhang et al. 1997; Gonen et al. 

1997) and inhibition of proteosomes leads to the accumulation of wild-type p53 (Maki et 

al. 1996, Blagosklonny et al. 1996; Dietrich et al. 1996). Nam et al. (2001) have reported 

that EGCG (among other ester bond containing tea polyphenols) potently and selectively 

inhibited the activity of purified 20S subunit of the proteosome, 26S subunit of the 

proteosome of tumour cell extracts, and 26S subunit of the proteosome in intact tumour 

cells at nannomolar and micromolar concentrations respectively. Considering the above 

evidence, it is likely that in HUVEC, EGCG inhibits proteosomal degradation, and thus 

stabilises and enhances the protein levels p53.

-176-



Chapter FOUR

There is a possibility that increases in wild p53 protein may be beneficial in 

preventing the onset and progression of atherosclerosis. This thought is based on evidence 

in the literature that supports, but in some instances undermines, the benefit of enhancing 

p53. For example, Speir et al. (1994) and Zhou et al. (1996) have shown that post

angioplasty coronary restenosis, an aggressive form of atherosclerosis, is associated with 

the accumulation of wildtype (wt) p53 in this lesion. Therefore p53 inactivation may be an 

important factor in the development of atherosclerosis. Conversely, other reports in the 

literature support the concept that enhancement of wt p53 is essential in preventing lesion 

formation (Van Vlijmen et al. 2001 Guevara et al. 1999). The disparity between some of 

these findings is interesting but not unexpected. One factor is the type of cell that was 

examined in these studies. In certain cell types such as monocytes the importance of p53 

augmentation could be considered beneficial. Up-regulation of p53 could lead to inhibition 

of monocytic cellular proliferation by impinging on the cell cycle or apoptotic response. A 

decrease in monocytic cell numbers would result in an associated-decrease in the thickness 

of the arterial lumen and also a decrease in the levels of pro-atherogenic inflammatory 

chemokines. This outcome would culminate in the amelioration of normal vascular 

function.

Also, differences in the methods used to measure apoptosis and cell proliferation 

between individual groups, can be subject to inherent inaccuracies. For example, in the 

study by Guevara et al. cellular proliferation was measured by means of 

bromodeoxyuridine (BrDU) incorporation. This method can be inappropriate in some 

instances, particularly because it is a static technique of assessing cellular proliferation 

(Gilchrist et al. 1999). Similarly, using the method of in-situ DNA end extension (TUNEL) 

assay for detecting apoptotic cells as in Guevara et al. (1999) can also be prone to 

artifactual error (Kockx M. 1998).

It is evident when reviewing the literature that p53 and NF-kB are central to the 

modulation of many signalling pathways that affect cellular growth. Mutual negative 

regulation of p53 and NF-kB, in which each transcription factor inhibits the activity of the 

other by competing for a limiting pool of the co-activator p300/CBP, has been described 

(Webster et al. 1999). It is possible that EGCG cell growth inhibition could occur either by 

the interaction of these two signalling pathways, or through these pathways independently. 

NF-kB can be both pro- and anti-apoptotic depending on cell type and conditions under 

scrutiny. Certainly in the lymphoblasts NF-kB is likely to be constitutively active due to 

the immortalisation process (McFarland et al. 1999; Hammarskjold et al. 1992; Huen et al.
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1995, Cho et al. 1998; Kaye et al. 1996). In fact B lymphocytes transfected with EBV, 

have the potential to produce indefinitely proliferating cultures as evidenced by Henle et 

al. (1967). With this in mind, it is likely that NF-kB is involved in the cell growth 

regulation (by protecting from apoptosis) at least in the B lymphoblast cell lines, and 

maybe in HUVEC. This is a reasonable proposition given that EGCG inhibited NF-kB p65 

translocation and DNA binding activity in all cell types investigated. In fact, several 

reports show that loss of constitutive and inducible NF-kB activity in EBV transformed B 

cells results in apoptosis (Feuillard et al. 2000; Frost et al. 2001; Cahir-McFarland et al. 

2000). Therefore, although inhibition of NF-kB activity occurred at significantly earlier 

time points than the observed increase in apoptosis, it is likely that NF-kB plays a role in 

the apoptotic response. Future experiments may employ specific inhibitors to the NF-kB 

pathway to examine this hypothesis.

To date there have been no reports describing the effects of EGCG on the protein 

Pinl. Various studies have identified Pinl as a regulator of mitotic events and apoptosis, 

mainly through its specific interaction with proteins that are phosphorylated at 

serine/threonine-proline motifs (Lu et al. 1996; Yaffe et al. 1997; Wulf et al. 2001, Liou et 

al., 2002). Pinl has been found to modulate the activity of Cdc25c (Crenshaw et al. 1998; 

Patra et al. 1999), which regulates progression of the G2/M phase of the cell cycle. Pinl 

also regulates the expression of cyclin Dl supporting the notion that it is important for 

G0/G1 cycle progression (Wulf et al. 2001, Liou et al., 2002). Intriguingly, Pinl has been 

found to interact with the p53 pathway and thus facilitate in genotoxic responses leading to 

apoptosis (Zacchi et al. 2002; Zheng et al. 2002). Given that in certain conditions, p53, 

NF-kB and also cyclin Dl levels were affected following EGCG treatment, it seemed 

prudent to examine the effect of EGCG on Pinl protein levels. There were no obvious 

changes in Pinl protein levels in either the B lymphoblast cell lines or HUVEC, following 

treatment with EGCG (30 pM). These results would intimate the cell growth inhibitory 

actions induced by EGCG are independent of any significant changes in Pinl protein 

levels. It has been reported that Pinl levels remain constant during the cell cycle in 

transformed cells compared to non-transformed cells (Shen et al. 1998; Winkler et al.

2000), which may explain why no changes were observed in the EBV-transformed B 

lymphoblast cell lines.

Although no changes in protein levels was detected, this does not exclude changes 

in the phosphorylation status of Pinl. It can be phosphorylated on a number of amino-acid 

residues providing an alternate level to the complexity of its regulation and thus its
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downstream consequences. These include serine 16, argnine 17 and tyrosine 23, with 

serine 16 being the most important as this is located at the centre of the phospho-ser/thr- 

pro-binding pocket. Lu et al. (2002) demonstrated that phosphorylation of this serine 16 

residue completely abolished the ability of Pinl to interact with its target substrates and 

hence abrogated its function. Also by mutating the serine 16 residue to alanine, these 

authors demonstrated Pinl was able to bind constitutively to its substrate and act in a 

dominant-negative manner to block mitosis and apoptosis. Considering this evidence, it 

remains possible that EGCG may affect the phosphorylation status of Pinl rather than at 

the protein level.

The effect of EGCG on the protein levels of CDKl in the B lymphoblast cell lines 

and also HUVEC was investigated. In the B lymphoblast cell lines, there were no 

significant changes in the protein levels or phosphorylation status of CDKl. Conversely in 

HUVEC, CDKl protein levels were found to be down-regulated at 24, and up to 96 hours 

EGCG exposure. These findings are substantiated by more recent reports in the literature 

that show a decrease in CDKl following EGCG treatment (Bhatia et al. 2001; Agarwal et 

al. 2000). This outcome is not surprising, given that 30 \iM EGCG brought about a G2/M 

phase cell cycle arrest in HUVEC, and CDKl is important in the regulation of G2/M phase 

cell cycle progression. Interestingly, there are a number of reports in the literature that also 

suggest a role for CDKl in the transition from G1 to S phase (Furukawa et al. 1990; Krek 

et al. 1991), although this is still a matter of contention. This may explain the increase in 

the number of cells in the Gl/S phase of the cell cycle in HUVEC.

The mechanisms behind the EGCG-induced down-regulation of CDKl in HUVEC 

have not been examined. However, it is plausible that the observed decrease in CDKl 

levels was due to the increase in p53 following treatment with EGCG. There are numerous 

reports demonstrating that p53 represses or negatively regulates CDKl expression (Taylor 

et al. 1999; Azzam et al. 1997; Passalaris et al. 1999). In addition, it has been reported by 

several groups the involvement of p21WAF1 or cyclin B1 in the p53-mediated repression of 

CDKl gene transcription, demonstrating a further complexity to CDKl regulation by p53 

(Chang et al. 2000; Taylor et al. 1999, 2001; Passalaris et al. 1999).

An attempt to ascertain the significance of both p21WAF1 and cyclin B in the 

observed G2/M cell cycle arrest was made. Unfortunately, the results were inconclusive 

due to technical difficulties. It thus remains feasible that CDKl levels may be regulated in 

a p53-dependent manner through the modulation of some of the above-mentioned 

regulatory mechanisms.
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Pivotal to many forms of agonist-induced cell death is the recruitment of various 

caspases in the apoptotic response. Caspases are activated in a sequential cascade of 

cleavage events from their inactive forms (as reviewed in Cohen et al. 2002). Once 

activated, caspases can subsequently cleave their cognate substrate at a specific site leading 

to signal propagation and eventual death of the individual cell. Pan et al. (2000a,b) 

demonstrated in U937 monocytes, the induction of apoptosis by oolong tea polyphenols 

was through cytochrome C release and activation of caspase-9 and caspase-3. In this study 

the contribution of XIAP, an inhibitor of caspase-induced cell death and more recently a 

modulator of various cell cycle regulators was investigated (Levkau et al. 2001).

XIAP expression is accentuated by a NF-kB positive feedback loop, whereby NF- 

kB regulates expression of XIAP, which in turn regulates expression of NF-kB. Although 

EGCG was found to attenuate the nuclear translocation and DNA binding activities of NF- 

kB, there were no significant changes in levels of XIAP following EGCG exposure in the 

cell lines under study. This would suggest that EGCG-induced apoptosis occurred 

independently of XIAP.

Worthy of mention is the evidence from chapter five demonstrating an increase in 

both the expression and protein levels of heme oxygenase-1 (HMOX-1), following EGCG 

treatment. This increase was evident in both the B lymphoblasts and also HUVEC, 

although at slightly different treatment times. A report by Duckers et al. (2001), 

demonstrate that HMOX-1 expression inhibits the growth of vascular smooth muscle cells 

(VSMCs) both in vitro and in vivo. In addition expression of this protein lead to a Gl/S 

phase arrest of the cell cycle, which was attributed to the up-regulation of p21WAF1. 

Induction of HMOX-1 in HUVEC and B lymphoblasts was observed at 4 hours and 24 

hours EGCG treatment time. Levels of HMOX-1 protein increased at 8 hours and 30 hours 

in B lymphoblasts and HUVECs. Importantly these increases in both HMOX-1 expression 

and protein levels preceded any significant observed effect on cell growth. Moreover, the 

increases also occur at times before the observed effect on the cell cycle, that is the Go/Gi 

phase arrest in both the B lymphoblasts and HUVEC. Collectively these data suggest a 

possible role of HMOX-1 in cell growth regulation in B lymphoblasts and HUVECs.

One of the intentions of this thesis was to examine whether the B lymphoblast cell 

lines would make a suitable surrogate for the less readily obtainable vascular endothelial 

cells by comparing them to the endothelial cell model HUVEC. Certainly, when reviewing 

the effect of EGCG on the growth regulation/cell cycle progression and the induction of 

apoptosis, it is clear that many of the effects of EGCG are cell-type specific and in some
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instances concentration-dependent. The data presented in this chapter would indicate that 

the B lymphoblast would not make a suitable surrogate biomarker cell for vascular 

endothelial cells, as their responses were different for most of the parameters examined. In 

addition there were no obvious differences in responses between the normotensive and the 

hypertensive cell lines.

The B lymphoblasts are established cell lines, transformed with EBV. This 

immortalisation process may result in an altered phenotype and thus affect the growth 

characteristics, when compared to a primary B-lymphocyte. It would be interesting to 

examine the growth characteristics of a primary B-lymphocyte and then to compare this to 

the primary HUVEC, before drawing any final conclusions.

To summarise, it is apparent that the growth-inhibitory actions of EGCG are 

mediated in part by the deregulation of the cell cycle and also more significantly by 

affecting the apoptotic response. Further investigation suggested that EGCG attains these 

effects through modulation of p53, cyclin Dl and CDKl (in HUVEC), and possibly 

through the loss of NF-kB activity.
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Chapter Five

Use of microarray to investigate the effect of EGCG 
on gene expression profiles in B lymphoblasts and

HUVEC
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5.0 Introduction

5.1 Application of the technique of microarray to cardiovascular 
disease

One of the aims of experiments described in this chapter was to examine the 

possible downstream consequences of NF-kB modulation by examining the mRNA profile 

using the technique of microarray. A second aim was to compare the phenotype of 

normotensive and hypertenisve cells. Despite intensive examination, the precise 

mechanisms behind common cardiovascular diseases such as hypertension and 

atherosclerosis have not been clearly dissected. The interplay between environmental and 

genetic factors responsible for these disorders may vary between patients, producing 

phenotypically similar outcomes, which may require different corrective treatment 

strategies. A more detailed characterisation of pathological processes at the molecular and 

cellular level will enhance comprehension of the underlying mechanisms. Cellular 

phenotype is determined by the combination of proteins expressed in the cell. Preferably, a 

description of phenotype would give an account of the level of expression, the spatial 

orientation and activity status of the proteins present within a cell. This undertaking is 

beyond the reach of current single experimental techniques (although it can be argued that 

it is not beyond the scope of combined autonomous techniques). However the technique of 

microarray has provided the opportunity to analyse and quantify thousands of cellular 

mRNA transcripts simultaneously. The advantage microarray has over Northern blotting is 

that relatively smaller amounts of RNA are required for the analysis of a far superior 

number of genes, without a big loss of sensitivity as demonstrated in a report by Taniguchi 

etal. (2001).

Microarray has been used effectively to analyse both in vitro and in vivo systems. 

The influence of mechanical stimuli has been studied on vascular smooth muscle cells 

grown on fibronectin-coated supports (Sompayrac et al. 1995). In this study only a handful 

of 5000 genes, scrutinised at two time points after the onset of mechanical stretch, varied 

more than 2.5 fold in expression, the arbitrary cut off set by the investigators. Applying 

this threshold may abrogate some of the inherent reproducibility problems associated with 

the technique, although small but functionally important changes in expression may have 

been overlooked. Plasminogen activator inhibitor-1 (PAI-1) and Tenascin-C, were found to 

be induced following stretch. Both these proteins are important for tissue remodelling and 

hence may be important in the disease process. These findings were confirmed with
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Northern blotting, ELISA and Western blotting for corresponding changes in mRNA and 

protein production. Consequently, such studies indicate the validity and functional 

reliability of the microarray technique.

Oxidised low-density lipoprotein (Ox-LDL) is another pivotal pro-atherogenic 

factor involved in the plaque development. As stated previously (chapter one), monocytes 

become engorged with cholesterol within the plaque, forming foam cells. This process has 

been modelled by incubating the monocytic THP-1 cell line with Ox-LDL and a 

comparison of expression profiles with those of untreated cells has been made (Shiftman et 

al. 2000). The group disclose that 268 out of 6805 genes arrayed, had altered expression (a 

minimum of 2 fold), at one or more time points ranging up to 4 days after exposure to Ox- 

LDL. Importantly genes previously demonstrated to be responsive to Ox-LDL loading of 

macrophages, were induced in the THP-1 cells, again validating the technique.

The complexity of analysing patient samples is compounded by the additional 

variables of heterogeneity of the patient background i.e. polymorphisms, aetiology of 

underlying disease and the preceding drug treatments. Profiling of human atherosclerotic 

plaques is limited by the availability of tissue. In some instances this problem can be 

circumvented by applying novel methods of cDNA amplification (as described in 

Zohlnhofer et al. 2001). Human carotid endarterectomy samples have been used in one 

study to identify elevated activity of the transcriptional pathway involving early growth 

response element-1 (Egr-1), when compared to media layers of non-diseased arteries 

(McCaffrey et al. 2000). The transcription factor Egr-1 modulates a group of stress- 

responsive genes, including platelet-derived growth factor (PDGF) and transforming 

growth factor p (TGFP) that may contribute to overall disease process through 

enhancement of smooth muscle and endothelial cell growth.

The knowledge that can be accrued from the technique of microarray can be 

overwhelming. Profiling information provides a rich source of additional questions and 

hypotheses. It is important, however, to repeat experiments to minimise the risk of false 

positives, which may arise through cross-hybridisation of homologous or conserved repeat 

sequences. Moreover, attaching a functional significance to changes in gene expression 

should be addressed, that is, identification of the types of post-translational modifications 

and protein synthesis and stability that may occur after a change in expression has been 

established. With this in mind it is possible to perform such techniques including Northern 

and Western analyses in conjunction with enzyme activity assays to satisfy these criteria. 

In addition further experiments are often required to examine whether expression profiles
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translate from in vitro to in vivo models or from transgenic mice models to human disease 

tissue.

5.1.2 Problems associated with microarray

Microarray experiments are notoriously variable. For the results described 

in this chapter, each experiment was performed on 3 separate occasions, and the combined 

results viewed in Treeview programme. From Treeview, genes that were modulated 

substantially in at least 2 of the 3 experiments were considered for further analysis. A 

pooled average was then taken from these genes to give an overall estimate to the fold 

change in gene transcription. A report by Lee et al. (2000) examined the importance of 

replication in reducing the inherent variability in microarray gene expression studies. This 

report suggested that pooling data from replicates provided a more reliable classification of 

gene expression. Interestingly from this study the maximum attainable precision in 

classifying gene changes was reached after 3 replicates, assuming constant experimental 

conditions, such as hybridisation temperatures, in each individual experiment. Hence with 

the above information in mind, it was encouraging that the validity of data acquired in the 

present study may not significantly increase if further replicates were performed. It must be 

noted, however, that in some instances spurious results were obtained, which may be due 

to non-constant or non-uniformed experimental conditions between individual 

experiments. Such things as partial degradation of mRNA or maybe even poor quality 

hybridisation could give rise to variability. Poor hybridisation could be caused by 

disparities in the reagents used, as not all experiments were carried out using the same 

batch of reagents. In fact, when using older batches of the fluorophores, visually, the 

cDNA did not appear to label as efficiently. These points are certainly worth considering 

when evaluating the reliability of the data.

It is perceived that the technique of cDNA microarray analysis will benefit every 

comer of disease research. The human genome is expected to contain an estimated 60,000 

to 100,000 genes. Ultimately, every open reading frame will be deposited on a microarray 

slide, representing the expression profile on a genome wide scale. In the experiments 

described in this chapter about 5800 genes were deposited on the single microarray slide 

and some of these were duplications. There is also considerable interest in specialised 

microarray chips that focus on genes or gene clusters specific for a particular biological 

function or a given cell type. Considering this it would be of interest to perform
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experiments similar to the ones described in this chapter on gene chips specific for either 

NF-kB or targets perhaps a chip containing genes known to be proatherogenic.

Another possible drawback to this technique, which is certainly pertinent to the 

current investigation, results from the heterogeneity of individual subjects. An attempt was 

made to compare the normotensive to the hypertensive B lymphoblast cell lines, and 

evaluate whether there were any potential differentially expressed genes, that may give rise 

to the hypertensive disease state. This type of comparison can be difficult and is open to 

criticism due to the potential heterogeneity of individuals and not simply any differences 

due to the hypertensive disease status of the cells. This remains a problem with all 

microarray experiments, which compare two genetically non-identical individuals or 

dissimilar cell types. As of yet there is no ideal solution to circumvent this problem, except 

by screening a large number of individuals.

One of the principal problems of the microarray experiments was due to quality of 

data generated. Each hybridisation experiment would generate data for approximately 5800 

different genes. Given that each experiment was repeated 3 times and this was performed 

on 3 independent cell types, this culminated in a substantial quantity of data. The analysis 

of the data was performed using a gene-clustering programme and Treeview imaging 

analysis software. The gene-clustering software clustered the data hierarchically using a 

complete linkage algorithm. This culminated in a linkage map whereby one cluster is 

successively split into further clusters and so on, according to similarities in the data. This 

allowed the identification of patterns of altered expression, but still required a considerable 

amount of computational/number-crunching time. There are now alternate methods to 

analysing microarray data that have become available since completion of this analysis. 

Such methods include the use of software like SIMCA-P (Umetrics, UK) which analyses 

clustered data on the basis of principle components algorithm. Therefore, in the future it 

may be possible to employ this technique, thus reducing the total time spent analysing data.

As previously stated expression data alone are not sufficient to establish firm 

functional associations among proteins. With this in mind, information, which establishes 

whether the change in gene expression translates through to the level of the protein, would 

have to be considered. Also worthy of attention is the type of post-translational 

modification such as protein phosphorylation, which can obviously not be determined from 

microarray information. Microarray should therefore be used in conjunction with other 

techniques, possibly with proteomics. This would allow the analysis of global patterns of 

gene expression at the level of the protein. Proteomics would circumvent some of the

-186-



Chapter FIVE

existing problems mentioned above. In addition it would also provide information on a 

protein’s subcellular localisation, turnover, and any protein:protein interactions.

Despite the problems, when evaluating the overall effectiveness o f these 

experiments it was encouraging to note some patterns, which revealed biological processes 

and were also found in independent studies. The overall aim o f this chapter was to 

investigate gene expression profiles o f a number o f different cell types, to identify novel 

and potentially beneficial genes regulated by EGCG. This study revealed some novel 

genes, which were regulated by EGCG such as HMOX-1, and MMP-1 that could be 

beneficial to cardiovascular chemoprevention.

5.2 Heme oxygenase System

One o f the more significant, consistent gene changes that occurred following 

exposure o f B lymphoblasts and HUVEC to EGCG, was the gene encoding heme 

oxygenase 1 { H M O X - 1 ) .  Hence further studies using Western analysis were performed to 

verify a functional change o f HMOX-1 at the level o f the protein. HMOX is the rate 

limiting enzyme, responsible for the degradation o f heme, catalysing the cleavage o f the 

heme ring to form ferrous iron, carbon monoxide and biliverdin (figure 5.1). To date three 

isoforms have been identified, the oxidative stress and inflammatory-inducible protein 

HMOX-1 or HO-1 or HSP32, and the constitutive isoenzymes HMOX-2, and HMOX-3. 

HMOX-2 and HMOX-3 expression is mainly located in the brain, with HMOX-2 also 

being expressed in the testes. In the brain HMOX-2 enzymatic activity is higher than the 

HMOX-3, and hence accounts for the majority o f  enzymatic activity.

Ferritin

Heme Bilirubin

CO

F i g u r e  5 . 1  E n z y m a t i c  r e a c t i o n  o f  h e m e  o x y g e n a s e  t o  p r o d u c e  b i l i v e r d i n ,  C O  a n d  f r e e  i r o n .
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The HMOX-1 isoform has been found to be induced following exposure to various 

cytokines (Rizzardini et al. 1993; Terry et al. 1998) heavy metals, stress related factors 

such as heat shock (Taketani et al. 1998), hypoxia (Christou et al. 2000) and UV 

irradiation (Reeve and Tyrell 1999). HMOX-1 has also been found more recently to be up- 

regulated by some antioxidants, such as curcumin (Hill-Kapturczak et al. 2001; Motterlini 

et al. 2000) and the synthetic antioxidant tert-butylhydroquinone (tHBQ) (Ma et al. 2002). 

The actions of HMOX-1 attempt to rid the cell of pro-oxidants, allowing cells to withstand 

further exposure to the above stimuli.

Typically many of these agents that bring about this elevation, tend to be associated 

with conditions in which the cell can become stressed. Hence pathways that have been 

found to impinge on the HMOX-1 system tend to be modulated by various types of stress 

as well. These include the p38 SAPK (Kacimi et al. 2000; Chen K et al. 2000) the ERK 

1/2 (Chen K et al. 2000), but interestingly not the JNK pathway (although API binding 

sites have been found in the HMOX-1 promoter (Alam et al. 1995; Choi et al. 1996). Also 

thought to contribute the regulation of HMOX-1 gene expression is the NF-kB pathway 

(Lavrovosky et al. 1994, 2000; Bauer et al. 2000; Hill-kapturczak et al. 2001) and the 

PDK pathway (Li et al. 2002).

Current understanding of the mechanisms of HMOX-1 gene modulation by 

antioxidants predominantly comes from studies on the induction of phase II detoxification 

enzymes, of which HMOX-1 is an example. Induction of phase II metabolising enzymes 

requires an antioxidant response element (ARE) located in the enhancer region of the 

particular gene (Favreau et al. 1991; Rushmore et al. 1990). Transcriptional regulation 

occurs through the binding of Nrf2, a member of the NF-E2 family of nuclear basic leucine 

zipper (bZIP) transcription factors, to the ARE elements (figure 5.2). Typically under basal 

conditions Nrf2 is largely bound to the cytoplasmic inhibitor protein known as Keapl, 

which itself is anchored to the actin cytoskeleton. Upon exposure to phenolic chemicals, 

Nrf2 dissociates from Keapl, translocates into the nucleus, dimerises heterodimerically 

with other transcription factors, and accelerates transcription of target genes through ARE- 

dependent expression.
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Anti-oxidant

in f i ' jbZip
GCNNN(C/G)TCA

H M 0X 1ARE

keapl }

F i g u r e  5 . 2  M e c h a n i s m  o f  p h a s e  I I - r e s p o n s e  r e g u l a t i o n .  N r f2  i s  s e q u e s t e r e d  i n  t h e

c y t o p l a s m  b y  t h e  b i n d i n g  o f  K e a p l .  I n d u c e r s  d i s r u p t  t h e  K e a p l / N r f 2  c o m p l e x ,  a l l o w i n g  

N r f2  t o  t r a n s l o c a t e  t o  t h e  n u c l e u s ,  a s s o c i a t e  w i t h  o t h e r  t r a n s c r i p t i o n  f a c t o r s  a n d  b i n d  t o  

A R E .  T r a n s c r i p t i o n  o f  p h a s e  I I  e n z y m e s  i s  t h e n  e n h a n c e d .

5.2.1 HMOX-1 and atherosclerosis

There have been several reports in the literature offering support to the concept that 

induction o f HMOX-1 would be beneficial in preventing the onset and progression o f  

various cardiovascular disorders (Platt e t  a l .  1998; Schwartz e t  a l .  2001; Luss e t  a l .  2002). 

Atherosclerosis manifests as an inflammatory proliferative condition involving a complex 

series o f events, including endothelial damage/dysfunction, platelet hyperactivity, 

oxidative modification o f LDL and cellular hypertrophy. Reactive oxygen intermediates 

(ROIs) play a central mechanistic role in the development o f atherosclerosis. They have 

also been implicated in vasospasm and the loss o f endothelial-dependent vasodilation, 

which all contributes to the pathogenesis o f the disease. Although the function o f this 

enzyme is not completely understood, theoretically by increasing the expression or stability 

of HMOX-1 protein there are a number o f possible cumulative mechanisms o f  action, 

leading to an enhanced cardioprotective prognosis (figure 5.3). Due to the complexity o f  

the disease process, some o f these modes o f action may interact and thus enhance the 

overall protective effect.
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HMOX-1 can rid the cell o f  pro-oxidants by a number o f different actions. It 

catalyses the conversion o f  heme to biliverdin and in the presence o f biliverdin reductase 

brings about the conversion o f biliverdin to bilirubin. Biliverdin administration to rodents 

has been shown to provide protection in a rat model of ischemic heart injury (Vachharajani 

e t  a l .  2000), thus demonstrating an antioxidant function. Moreover bilirubin, next to 

glutathione, is one o f the most abundant endogenous antioxidants in mammalian tissues, 

accounting for the majority o f  antioxidant activity o f human serum (Gopinathan e t  a l .  

1994). It has been found to be a potent antioxidant in many systems, including the brain 

where it compares to a-tocopherol and vitamin E for peroxyl radical scavenging abilities 

(Stocker e t  a l .  1987). Dore e t  a l .  (1999) further demonstrated that bilirubin manifests as a 

cytoprotective function in a model o f  hydrogen peroxide-induced oxidative injury. More 

recently, bilirubin was shown to ameliorate postischemic myocardial dysfunction in an 

isolated heart model (Clark e t  a l  2000) thus endorsing its antioxidant role.

Tissue injury

t
V r e -F e m tu i (non taxic) 

protection

► Tissue injury!

^  P rotection

Toxicants Ferritin

Biliverdin 

CO------- ► Protection

Other protective effects

Heme proteins O  Heme —►

Tissue injury

F i g u r e  5 . 3  -  T h e  p o s s i b l e  m e c h a n i s m s  o f  H M O X - 1  c y t o p r o t e c t i o n .  R e d  i n d i c a t e s  p o s s i b l e  

s o u r c e s  o f  t i s s u e  i n j u r y ,  a n d  g r e e n  i n d i c a t e s  p o s s i b l e  s o u r c e s  o f  c e l l  p r o t e c t i o n .  A d a p t e d  

f r o m  P l a t t  e t  a l .  ( 1 9 9 8 ) .

Another mode o f action that exemplifies its antioxidant/cytoprotective property is 

the ability to recruit ferritin, which acts to sequester free iron (Fe2+) released during the 

formation o f biliverdin. Free iron via its two free electrons can produce highly reactive 

hydroxyl radicals that can further augment the disease process. By sequestering this free 

iron, HMOX-1 preserves, if  not enhances, the antioxidant status o f  the cell (Balia e t  a l .  

1992). HMOX-1-dependent release of iron has also been found to up regulate the 

expression o f ferritin (Vile and Tyrell, 1993). Potentially this could lower the pro-oxidant
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status of the cell further. Additional evidence by Balia et al (1992) also showed that 

induction of ferritin was cytoprotective in a model of oxidant stress.

An alternate anti-atherogenic property of HMOX-1 is the release of carbon 

monoxide (CO) as a by-product, following conversion of heme to biliverdin. CO in high 

concentrations has always been thought of as toxic to the body. However, at lower 

concentrations, CO has been found to suppress the production of chemokines such as 

platelet-derived growth factor (PDGF) and endothelin (Morita et al. 1995), which 

contribute to the disease process. Moreover, enhanced CO production following HMOX-1 

induction in vascular tissue effectively contributes to the suppression of both aortic 

vasoconstriction in vitro (Sammut et al. 1998) and acute hypertensive responses in vivo 

(Motterlini et al 1998; Yet et a l 1997). Arterial plasticity remains an important 

predisposing determinant in the development of a number of cardiovascular diseases. After 

all vasorelaxation of endothelial and smooth muscle cells allows for the maintenance of the 

correct blood flow. This regulatory function is useful for two reasons. By allowing for 

correct blood flow it also preserves the correct blood pressure, possibly protecting against 

shear-induced blood vessel injury caused by an elevated blood pressure (a pivotal 

predisposing pro-atherogenic condition). Also by maintaining correct blood flow, CO may 

serve an anti-inflammatory function. This is achieved by maintaining the correct blood 

flow at sites of damage or inflammation, such that CO-induced vasorelaxation may counter 

the effects of coagulation and thrombosis. More specifically, it is believed that CO 

functions to inhibit platelet activation and aggregation through the activation of guanylyl 

cyclase and subsequent generation of cGMP. HMOX-1 may also inhibit inflammatory 

processes through inhibiting the activation of leukocytes by complement and other 

inflammatory factors (Willis et al 1996).

5.3 Experimental Design and Aims

One of the aims of the array experiments conducted in this study was to compare 

differences in the global gene expression profiles between B lymphoblast cell lines derived 

from normotensive and hypertensive patients. This was carried out to identify or highlight 

potential novel genes that contribute to the ‘hypertensive’ disease state.

Further to this aim, was an investigation of the potential effects of EGCG on gene 

transcription profiles of both the B lymphoblast cell lines and also HUVEC. These 

experiments could help to identify potential novel target genes (and consequently their
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respective proteins) for the chemopreventive agent, which may be useful in the prevention 

or reversal of the atherosclerotic disease state. For example, the level of the HMOX-1 

protein was examined as it was significantly altered at the mRNA level following exposure 

to EGCG.

The data might allow tentative comparisons to be made between the B lymphoblast 

cell lines and HUVEC, thus highlighting any differences or similarities in these cells lines 

following EGCG exposure. It would then be feasible to draw conclusions as to whether the 

B lymphoblast cells make a suitable surrogate cell line to the less obtainable endothelial 

cells lining the arterial vessels.

The initial experiment comparing normotensive and hypertensive B lymphoblast 

cells was carried out using ‘untreated’ cells. The latter experiments involving EGCG, were 

carried out using a dose equivalent to 25 pM at time points of 4 and 24 hours respectively. 

Four hours was selected, as this was an appropriate time point in order to observe any 

‘early’ changes in gene transcription. Conversely, 24 hours was the time point at which 

‘later’ changes in gene transcription could be monitored.

Gene expression in HUVEC (a model for endothelial cells) following exposure to 

EGCG, may show a pattern of characteristic changes which can be used as predictive guide 

to the types of changes that occur in endothelial cells lining arterial vessels. It is 

conceivable that gene expression patterns in peripheral lymphocytes or immortalised 

lymphocytes (B-lymphoblast cell lines) may be useful surrogates, for those in endothelial 

cells displaying markers of disease processes such as inflammation, hypertension and 

malignancy.

5.4 Results

Due to the large number of genes whose expression was modified, it was resolved 

to focus on gene changes that were either relevant to the disease process or consistently 

changed at 4 or 24 hours for each cell type. Also included in this section are genes that 

were consistently modified between cell types. Information concerning the gene function 

was taken in the first instance from National Cancer Institute (NCI) Genecards website 

(http://nciarrav.nci.nih.gov/cardsl. unless stated otherwise. Further information was 

collated from other databases such as ISI Web of Science and OVID journals, if there was 

a possibility that the genes were germane to cardiovascular disorders.
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5.4.1 Gene expression profile associated with a hypertensive 

disease phenotype

The gene expression profiles o f the two-hypertensive cell lines H308 and H242 

were compared against the two-normotensive cell lines C l43 and C l49 respectively. For 

these experiments, normally dividing (untreated) cells were lysed, mRNA isolated and 

microarray analyses performed as described in chapter two. The analysis was performed on 

3 individual mRNA samples for each pairing, making a total o f 6 experiments (i.e. C l43 

Vs H308 x 3; C l49 Vs H242 x 3). Figure 5.4 shows a typical array slide from these 

experiments, indicating red, green and yellow spots, which depict up-, down-regulated or 

unchanged genes respectively.

Figure 5.4 -  A representative microarray slide following hybridisation and scanning as 
described in materials and methods. R e d ,  g r e e n  a n d  y e l l o w  s p o t s  r e p r e s e n t  g e n e s  w h o s e  

e x p r e s s i o n  w a s  u p - ,  d o w n - r e g u l a t e d  o r  u n c h a n g e d .

Table 5.1 lists the genes that were at least two fold differentially expressed in the 

hypertensive cell lines. The fold-change in gene expression was an average o f  the 3
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individual experiments. An arbitrary two-fold threshold was recognised, as this was 

deemed significant and not simply due to background noise o f the experiment.

Using these criteria, 100 genes were identified as differentially regulated in the 

hypertensive cell lines compared to the normotensive cell lines. The expression o f 50 genes 

was found to be elevated, whereas the expression o f 50 genes was down regulated in the 

hypertensive cell lines. Of these 100 genes only 4 genes were overexpressed in both 

pairings. The genes that were consistently found to be overexpressed in both hypertensive 

compared to the normotensive cell lines were I G H G 3  (an average o f  18.4 fold), N R 5 A 2  (an 

average o f 3.85 fold), P L O D 2  (an average of 3.8 fold), and T A R B P 1  (an average o f 2.7 

fold). There were no genes whose expression was repressed consistently in both 

hypertensive compared to the normotensive cell lines following EGCG. However, there 

were genes that may encode proteins with similar functions, such as T cell receptor alpha 

(TCRA) (-2.8) and T cell receptor beta (TCRB) (-2.4).

G e n e

C l 4 3  v s  H 3 0 8

D e s c r i p t i o n F o l d

c h a n g e

B A S P 1 brain abundant, membrane attached signal protein 1 2.0

I G H G 3 immunoglobulin heavy constant gamma 3 14.5

I G L immunoglobulin lambda chain 2.2

N R 5 A 2 nuclear receptor subfamily 5, group A, member 2 3.6

P L O D 2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 4.6

S C Y A 3 small inducible cytokine A3 2.4

S C Y A 3 L 1 small inducible cytokine A3-like 1 2.1

S P A R C secreted protein, acidic, cysteine-rich 3.0

T A R B P 1 TAR (HIV) RNA binding protein 1 2.4

U B D ubiquitin D 4.1

V P S 4 1 vacuolar protein sorting 41 2.0

A A R S alanyl-tRNA synthetase ' -2.1

A R P ADP-ribosylation factor related protein -2.0

C D R 2 cerebellar degeneration-related protein 2 i -2.1

1 C Y P 1 A 1 cytochrome P450, subfamily I A, polypeptide 1 -2.6

E R P 7 0 N-ethylmaleimide-sensitive factor attachment protein, beta -2.0

N A G R 1 N-acetylglucosamine receptor 1 -2.0
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N K 4 natural killer cell transcript 4 -3.4

P B X 3 pre-B-cell leukemia transcription factor 3 -2.2

P T P R C protein tyrosine phosphatase, receptor type, C -2.4

S L C 7 A 5 solute carrier family 7, member 5 -2.5

S L U 7 step II splicing factor -3.8

T C R A T cell receptor alpha locus -2.8

C l  4 9  V s  H 2 4 2

A D D 3 adducin 3 (gamma) 2.0

A G  X T alanine-glyoxylate aminotransferase 2.4

S I  A T 8 A alpha2-8-sialyltransferase 5.6

A T P 6 H ATPase, H+ transporting, lysosomal 9kDa, VO subunit e 2.2

B C H E Butyrylcholinesterase 2.1

C a p adenylyl cyclase-associated protein 3.8

C D 9 CD9 antigen 4.0

C L N 3 ceroid-lipofuscinosis, neuronal 3, juvenile 2.1

D P Y D dihydropyrimidine dehydrogenase 3.5

E P S 8 epidermal growth factor receptor pathway substrate 8 2.8

E S I chromosome 21 open reading frame 33 2.3

F 1 3 A 1 coagulation factor XIII, A l polypeptide 4.2

F Y N FYN oncogene related to SRC, FGR, YES 2.1

G P M 6 A glycoprotein M6A 2.9

GF-2A9 Growthfactor-inducible 2A9 gene 3.7

H B G 2 hemoglobin, gamma G 5.0

H o m o s a p i e n s Homosapiens incomplete cDNA for a mutated 3.2

i n c o m p l e t e  c D N A

f o r  a  m u t a t e d

H S S T N-deacetylase/N-sulfotransferase(heparan glucosaminyl) 1 2.1

H u m a n m e t a l l o t h i Human metallothionein I-B 2.0

o n e i n  I - B  g e n e

1 G H G 3 immunoglobulin heavy constant gamma 3 22.3

K R T 1 8 keratin 18 3.4

K S R kinase suppressor o f ras 2.0

L N P E P leucyl/cystinyl aminopeptidase 4.1

M T 1 B metallothionein I-B gene 2.2
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M F N G manic fringe homologue 2.2

M G S T 1 microsomal glutathione S-transferase 1 3.7

M T 1 E metallothionein IE 2.5

M T 1 L metallothionein 1L 2.3

N 3 3 Putative prostate cancer tumour suppressor 3.0

N D U F C 1 NADH dehydrogenase (ubiquinone) 1, subcomplex, 1 2.0

N R 5 A 2 nuclear receptor subfamily 5, group A, member 2 4.1

P D C D 1 0 programmed cell death 10 2.0

P F N 2 profilin 2 5.8

P L 0 D 2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3.0

S 1 0 0 A 6 SI00 calcium binding protein A6 (calcyclin) 5.5

T A B 1 TAK1-binding protein, 1 3.1

T A R B P 1 TAR (HIV) RNA binding protein 1 3.0

V E L l l LIN7A (lin-7 homolog A) 2.2

A C B P diazepam binding inhibitor (GABA receptor modulator, 

acyl-Coenzyme A binding protein)

-2.2

A P P amyloid beta precursor -3.7

B M P 4 bone morphogenetic protein 4 -8.1

C D 3 8 CD38 antigen -3.6

C H I T 1 chitinase 1 (chitotriosidase) -4.5

C M K B R 1 chemokine (C-C motif) receptor 1 -2.4

C S F 2 R B colony stimulating factor 2 receptor, beta -2.3

C S P G 2 chondroitin sulphate proteoglycan 2 -4.3

C Y P 2 C 8 cytochrome P450, subfamily IIC, polypeptide 8 -2.2

C Y P 2 J 2 cytochrome P450, subfamily IIJ polypeptide 2 -2.3

D 6 S 4 9 E leukocyte specific transcript 1 -3.2

G B P 1 guanylate binding protein 1, interferon-inducible -2.1

H L A - D Q A 1 major histocompatibility complex, class II, DQ alpha 1 -3.7

H S D 1 7 B 3 hydroxysteroid (17-beta) dehydrogenase 3 -4.2

I G L immunoglobulin lambda chain -l l . i

1 L 1 R 2 interleukin 1 receptor, type 11 -2.4

I S G 1 5 ubiquitin specific protease 18 -2.5

I T G B 1 integrin, beta 1 -2.1

M A O B monoamine oxidase B -2.0
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M H C 2 T A  MHC class II transactivator -3.2

M R F - J  modulator recognition factor I -2.2

M T M 1  myotubular myopathy 1 -2.9

N G P - 1  myelin associated glycoprotein -3.7

N R 1 H 4  nuclear receptor subfamily 1, group H, member 4 -2.3

O r p h a n  G  Orphan G protein-coupled receptor -2.0

p r o t e i n - c o u p l e d  

r e c e p t o r  ( R D C 1 )

P S P H L  phosphoserine phosphatase-like -2.6

P T H  parathyroid hormone -2.1

R A B 3 1  RAB31, member RAS oncogene family -3.2

R A R B  retinoic acid receptor, beta -2.6

R B P M S  tumour rejection antigen (gp96) pseudogene 1 -2.3

S C A 1  spinocerebellar ataxia 1 -2.0

S F R S 1 0  splicing factor, arginine/serine-rich 10 -2.1

S m o o t h m u s c l e  myosin, heavy polypeptide 11, smooth muscle -7.3

m y o s i n - h e a v y > 

c h a i n  i s o f o r m

S M P D 1  sphingomyelin phosphodiesterase 1, acid lysosomal -2.0

S P R R 2 C  small proline-rich protein 2C -2.0

S S R J  signal sequence receptor, alpha -2.0

T C R B  T cell receptor beta locus -2.4

Table 5.1 - Genes that were differentially modulated in hypertensive compared to 
normotensive B  lymphoblast cell lines. T h e  r e d  a n d  g r e e n  c o r r e s p o n d  t o  g e n e s  t w o  f o l d  o r  

g r e a t e r  u p - r e g u l a t e d  o r  ( - )  d o w n - r e g u l a t e d  i n  H 3 0 8 v s C 1 4 3  a n d  H 2 4 2 v s C 1 4 9  r e s p e c t i v e l y .  

D a t a  w e r e  t h e  r e s u l t  o f  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s  o n  e a c h  c e l l  p a i r i n g  ( n = 3 ) ,  a n d  

w e r e  a n a l y s e d  u s i n g  C o n v e r t D a t a  ( v e r s i o n  3 . 1 . 2 )  a n d  G e n e c l u s t e r  3  s o f t w a r e .
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5.4.2 Effect of EGCG on C143 ‘normotensive’ B lymphoblast gene 

expression

The gene expression profiles examining the effect o f EGCG were performed on 

three individual mRNA samples, isolated from normal dividing C l43 B lymphoblast cells 

that had been treated identically on three separate occasions. Table 5.2 lists two-fold or 

greater changes in gene expression in C l43 following treatment with 25 pM EGCG, for 4 

or 24 hours.

Again using the two-fold criterion, the expression o f 77 genes out o f  5800 showed 

a significant response to EGCG. Out o f these 77 genes, 2 were up-regulated at 4 hours 

( H M O X J  by 3.3 fold and P P I F  2.0 fold) and 7 were up-regulated at 24 hours EGCG 

treatment. Among the 7 genes elevated at 24 hours EGCG exposure, H M O X 1  (2.4 fold) 

was enhanced the most. Table 5.2 also shows the fold-decrease in the expression o f 49 

genes following a 4-hour exposure to EGCG, and 18 genes at 24 hour EGCG exposure. 

Among the genes at 4 hours, C D K N 1 A  mRNA levels decreased the most (4.4 fold) 

followed by M G S T 2  (4.2 fold) and M M P - 1  (4.2 fold). At 24 hours M M P 1  (4.7 fold) 

expression was repressed the most followed by ABCC2 (4.2 fold).

Only 8 genes were consistently altered at both 4 and 24 hours EGCG treatment. Of 

these the gene encoding HMOX-1 was found to be overexpressed at both 4 and 24 hour 

EGCG treatment. The remaining 7 genes that were found to be down-regulated at 4 and 24 

hour EGCG included R P L 1 0 ,  A B C C 2 ,  c D N A D K F Z p 4 3 4 G 0 1 1 8  ( f r o m  c l o n e  D K F Z p 4 3 4 G ) ,  

H 4 F G , M M P - 1 , T C R A  and G A P D .

Gene

4  H O U R S

Description Fold

change

H M O X 1 heme oxygenase 1 3 3

P P I F peptidylprolyl isomerase F 2.0

A A R S alanyl-tRNA synthetase -2.5

A B C B 7 ATP-binding cassette, sub-family B, member 7 -2.5

A B C C 2 ATP-binding cassette, sub-family C, member 2 -2.4

A D C Y A P 1 adenylate cyclase activating polypeptide 1 -2.2

A P E G 1 aortic preferentially expressed protein 1 -3.0
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A T P  I B  1 ATPase, Na+/K+ transporting, beta 1 polypeptide -3.4

C C 1 . 3 RNA-binding region (RNP1, RRM) containing 2 -2.3

C D 2 2 CD22 antigen -2.2

C D C 1 0 CDC10 cell division cycle 10 homolog -2.2

C D K N 1 A cyclin-dependent kinase inhibitor 1A -4.4

D K F Z p 4 3 4 G 0 1 1 8 deafness, autosomal recessive 27 -2.1

C S F J R colony stimulating factor 1 receptor -2.0

D B 1 - c o m p l e t e  c d s zinc finger protein 161 -2.5

D E D D death effector domain containing -2.2

E G F L 5 EGF-like-domain, multiple 5 -2.0

E P A S 1 endothelial PAS domain protein 1 -2.5

G A P D glyceraldehyde-3-phosphate dehydrogenase -2.8

G A T A 6 GATA binding protein 6 -2.3

H 4 F G H4 histone family, member G -3.2

H S F 1 heat shock transcription factor 1 -2.1

I L K integrin-linked kinase -2.4

J U N D jun D proto-oncogene -2.7

L R P 1 low density lipoprotein-related protein 1 -2.9

L R M P lymphoid-restricted membrane protein -3.1

L S P 1 lymphocyte-specific protein 1 -2.2

M G S T 2 microsomal glutathione S-transferase 2 -4.2

M I C A MHC class I polypeptide-related sequence A -2.2

M M P - 1 matrix metalloproteinase 1 -4.2

P I  0 0 NFKB2 -2.4

P F K L phosphofructokinase, liver -2.1

P K D 2 polycystic kidney disease 2 -3.4

P L K polo-like kinase -2.5

P M V K phosphomevalonate kinase -2.2

P P P 2 R 1 A protein phosphatase 2, regulatory subunit A, a  isoform -2.5

P R K A G J protein kinase, AMP-activated, gamma 1 subunit -3.2

R C N 1 reticulocalbin 1, EF-hand calcium binding domain -2.2

R G S 3 regulator o f G-protein signalling 3 -2.4

R P L 1 0 ribosomal protein L10 -2.4

R P S 2 4 ribosomal protein S24 -2.5
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S N R P A small nuclear ribonucleoprotein polypeptide A ~2.4

S N X 1 sorting nexin 1 -2.6

S T X 5 A syntaxin 5A -2.4

S U L T J C sulfotransferase family, cytosolic, 1C, member 2 -3.2

T A G L N 2 transgelin 2 -3.0

T A R S threonyl-tRNA synthetase -3.0

T C R A T cell receptor alpha locus -2.0

T G F B I transforming growth factor, beta 1 -2.1

U 5 - J 0 0 K N-ethylmaleimide-sensitive factor attachment protein, beta -3.3

V A S P Vasodilator-stimulated phosphoprotein -2.4

2 4  H O U R S

D L C 1 deleted in lung and oesophageal cancer 1 2.0

H M O X heme oxygenase 1 2.4

H S P A 1 0 heat shock 70kDa protein 8 2.1

M i t o c h o n d r i a l ATP synthase, H+ transporting, mitochondrial F0 complex, 2.1

A T P  s y n t h a s e subunit c (subunit 9) isoform 3

s u b u n i t  9

P D C D 5 programmed cell death 5 2.0

S N R P E small nuclear ribonucleoprotein polypeptide E 2.1

U C H L 3 ubiquitin carboxyl-terminal esterase L3 2.2

A B C C 2 ATP-binding cassette, sub-family C, member 2 -4.2

A L D O A aldolase A, fructose-bisphosphate -2.2

A T P  1  A 3 ATPase, Na+/K+ transporting, alpha 3 polypeptide -2.5

C D K L 1 cyclin-dependent kinase-like 1 -2.7

D K F Z p 4 3 4 G 0 J  1 8 deafness, autosomal recessive 27 -2.2

G A P D glyceraldehyde-3-phosphate dehydrogenase -3.85

G S T P l glutathione S-transferase pi -3.0

H 4 F G H4 histone family, member G -2.2

H L A - D Q A 1 major histocompatibility complex, class II, DQ alpha 1 -2.7

I F  I T  I interferon-induced protein with tetratricopeptide repeats 1 -4.0

M A X MAX protein -2.1

M G  A T I mannosyl-glycoprotein-P-1,2-N- 

acetylglucosaminyltransferase

-2.3

M M P - 1 matrix metalloproteinase 1 -4.7
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PAH serine (or cysteine) proteinase inhibitor, clade E, member 1 -2.6

PLAB N-ethylmaleimide-sensitive factor attachment protein, beta -3.8

RALA v-ral simian leukemia viral oncogene homolog A -2.2

RPL10 ribosomal protein L10 -3.3

TCRA T cell receptor alpha locus -2.4

Table 5,2 - Genes that were modulated in C l43 B lymphoblast cell line, following 
exposure to EGCG (25 pM). Genes at least 2 fold up- or down-regulated are represented 
in red or (-) green respectively. Data were the result o f three independent experiments 
(n=3), and were analysed using ConvertData (version 3.1.2) and Genecluster 3 software.

5.4.3 Effect of EGCG on H308 ‘hypertensive’ B lymphoblast gene 
expression

The gene expression profile examining the effect of EGCG on H308, was 

preformed on mRNA isolated from three individually treated cell cultures of normally 

dividing H308 B lymphoblast cells. Table 5.3 lists the two-fold or greater gene changes in 

H308 following exposure to EGCG (25 pM) for 4 or 24 hours.

In total the expression of 69 out of 5800 genes was significantly altered following 

treatment with EGCG. The expression of 5 genes at 4 hours and 24 genes at 24 hours was 

enhanced. At 4 hours, expression of the gene metallothionein I-B protein was enhanced the 

most by EGCG, and was found to be 2.4 fold up-regulated. Not one of these genes was 

elevated at both treatment intervals of 4 and 24 hours. The expression of 15 genes was 

decreased at 4 hours EGCG treatment, with MGST2 (4.4 fold decrease) found to be most 

effected. At 24 hours EGCG exposure, the expression of 25 genes were effected, with 

ATP1B1 expression being reduced by 3.7 fold. However there were 6 genes that were 

down-regulated at 4 and 24 hours, including MMP-1, LGALS9, MGST2, IFIT1, HMGCL 

and TDPX1. As mentioned previously MMP-1 is involved in tissue remodelling and hence 

is pertinent to atherosclerosis (see 5.6.5).
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G e n e D e s c r i p t i o n F o l d

c h a n g e

4  H O U R s

C D 6 9 CD69 antigen 2.1

K S R kinase suppressor o f ras 2.1

M T 1 B Metallothionein I-B gene 2.3

N M 1 N-myc (and STAT) interactor 2.0

R C N 2 reticulocalbin 2, EF-hand calcium binding domain 2.0

G A T M glycine amidinotransferase -2.1

G S T P 1 glutathione S-transferase pi -2.1

H M G C L 3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase -2.0

I F  I T  I interferon-induced protein with tetratricopeptide repeats 1 -3.1

L G A L S 9 lectin, galactoside-binding, soluble, 9 -2.5

M G S T 2 microsomal glutathione S-transferase 2 -4.4

M M P - 1 matrix metalloproteinase 1 -3.5

M O X 2 antigen identified by monoclonal antibody MRC OX-2 -2.1

M T H F D l methyl enetetrahydro folate dehydrogenase- 

methenyltetrahydrofolate cyclohydrolase, 

formyltetrahydrofolate synthetase

-2.6

M Y B P C 3 myosin binding protein C, cardiac -2.0

N G F B nerve growth factor, beta polypeptide -2.0

P L A B N-ethylmaleimide-sensitive factor attachment protein, beta -3.3

S H M T 1 serine hydroxymethyltransferase 1 -2.1

T D P X 1 peroxiredoxin 2 -2.0

T U B G tubulin, gamma 1 -2.0

2 4  H O U R S

A C R V 1 acrosomal vesicle protein 1 2.0

A B C B 9 ATP-binding cassette, sub-family B, member 9 2.0

A D A M  1 1 a disintegrin and metalloproteinase domain 11 2.0

A M P H amphiphysin 2.0

B M P 6 bone morphogenetic protein 6 2.0

B T F 3 basic transcription factor 3 2.0

C D C 7 L 1 CDC7 cell division cycle 7-like 1 2.1

C K S 1 CDC28 protein kinase regulatory subunit IB 2.0
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D N A H 1 7 L dynein, axonemal, heavy polypeptide 9 2.0

D L A T dihydrolipoamide S-acetyltransferase 2.0

E R B B 2 v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, 

neuro/glioblastoma derived oncogene homolog

2.0

E X T L 3 exostoses (multiple)-like 3 2.0

G A B P A GA binding protein transcription factor, alpha subunit 2.0

H X B tenascin C (hexabrachion) 2.0

I L 1 3 R A 1 interleukin 13 receptor, alpha 1 2.2

L A P 1 8 stathmin 1/oncoprotein 18 2.0

L R P 2 low density lipoprotein-related protein 2 2.0

R P L 5 ribosomal protein L5 2.0

R P S 6 K B 1 ribosomal protein S6 kinase, 70kDa, polypeptide 1 2.0

S C Y D 1 chemokine (C-X3-C motif) ligand 1 2.3

S L C 1 6 A 1 solute carrier family 16 (monocarboxylic acid transporters), 1 2.1

S M T 3 H 2 SMT3 suppressor of mif two 3 homolog 2 2.0

T B R l T-box, brain, 1 2.0

T L O C 1 translocation protein 1 2.1

A N K 2 ankyrin 2, neuronal -2.0

A T P I B 1 ATPase, Na+/K+ transporting, beta 1 polypeptide -3.7

A D S S adenylosuccinate synthase -2.4

C D 3 0 L tumour necrosis factor (ligand) superfamily, member 8 -2.0

C E T P cholesteryl ester transfer protein, plasma -2.4

C T S B cathepsin B -2.0

E D G 4 endothelial differentiation, lysophosphatidic acid G-protein- 

coupled receptor, 4

-2.0

G S T A 4 glutathione S-transferase A4 -2.4

H M G C L 3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase -2.4

I F  I T  I interferon-induced protein with tetratricopeptide repeats 1 -2.0

I T G B 3 integrin, beta 3 -2.0

L G A L S 9 lectin, galactoside-binding, soluble, 9 -2.3

M G S T 2 microsomal glutathione S-transferase 2 -2.0

M M P - 1 matrix metalloproteinase 1 -2.2

M M P - 1 4 matrix metalloproteinase 14 -2.4

N A P G N-ethylmaleimide-sensitive factor attachment protein, gamma -2.0
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N M E 1 non-metastatic cells 1, protein (NM23A) -2.0

P E P D peptidase D -2.0

P I R 1 2 1 cytoplasmic FMR1 interacting protein 2 -2.0

S C Y A 4 chemokine (C-C motif) ligand 4 -2.2

S C Y A J 8 chemokine (C-C motif) ligand 18 -2.4

T D P X 1 peroxiredoxin 2 -2.1

T K l thymidine kinase 1, soluble -2.1

T L E 4 transducin-like enhancer o f split 4 -2.1

T N N T 1 troponin T l, skeletal, slow -2.0

Table 5.3 - Genes that were modulated in H308 B lymphoblast cell line, following 
exposure to EGCG (25 pM). G e n e s  a t  l e a s t  2  f o l d  u p -  o r  d o w n - r e g u l a t e d  a r e  r e p r e s e n t e d  

i n  r e d  o r  ( - )  g r e e n  r e s p e c t i v e l y .  D a t a  w e r e  t h e  r e s u l t  o f  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s  

( n = 3 ) ,  a n d  w e r e  a n a l y s e d  u s i n g  C o n v e r t D a t a  ( v e r s i o n  3 . 1 . 2 )  a n d  G e n e c l u s t e r  3  s o f t w a r e .

5.4.4 Effect of EGCG on HUVEC gene expression

HUVEC are a potential model for less readily obtainable endothelial cells that line 

the arterial lumen. The gene expression profiles examining the effect o f  EGCG, were 

obtained from mRNA samples isolated from normally dividing HUVEC (passage 5-7) that 

had been treated identically on separate occasions. The HUVEC used were isolated from 

three different individuals, to limit subject heterogeneity. Table 5.4 represents the two-fold 

or greater changes in gene expression in HUVEC following treatment with 25 jaM EGCG, 

for 4 or 24 hours.

Treatment with EGCG induced the up-regulation o f 4 genes, and repression o f 6 

genes. Of these, 2 genes P A I 2  (2 fold) and R G S 2  (2 fold) were found elevated after 4 

hours, and H M O X 1  (2.4 fold) and A L D H 1  (2 fold) after 24 hours EGCG exposure. The 6 

down-regulated genes included 5 that were down at 4 hours (B H M T \  A B C A 6 ,  I T P K B ,  

S C Y A 2 ,  K I T )  and just 1 that was down at 24 hours ( L M 0 7 ) .  Among the 5 down-regulated 

at 4 hours, B H M T  gene was the most affected at 2.3 fold, followed by A B C A 6  (2.1 fold), 

I T K B  (2 fold), S C Y A 2  (2 fold) and K I T  ( 2  fold). LM07 mRNA was reduced by 2.2 fold, 

and was the only gene down-regulated at 24 hours EGCG exposure.
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Gene

4 HOURS

Description Fold

change

P A I 2

R G S 2

serine (or cysteine) proteinase inhibitor, clade B, member2 

regulator o f G-protein signalling 2

2.0

2.0

A B C A 6

B H M T

I T P K B

K I T

S C Y A 2

ATP-binding cassette, sub-family A (ABC1), member 6 

betaine-homocysteine methyltransferase 

inositol 1,4,5-trisphosphate 3-kinase B

v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

chemokine (C-C motif) ligand 2

-2.1

-2.3

-2.0

-2.0

-2.0

24 HOURS

A L D H 1

H M O X 1

aldehyde dehydrogenase 1 family, member A l 

heme oxygenase 1

2.0

2.4

L M 0 7 LIM domain only 7 1-2.2

Table 5.4 - Genes that were modulated in HUVEC, following exposure to (25 pM) 
EGCG. G e n e s  a t  l e a s t  2  f o l d  u p -  o r  d o w n - r e g u l a t e d  a r e  r e p r e s e n t e d  i n  r e d  o r  ( - )  g r e e n  

r e s p e c t i v e l y .  D a t a  w e r e  t h e  r e s u l t  o f  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s  ( n = 3 ) ,  a n d  w e r e  

a n a l y s e d  u s i n g  C o n v e r t D a t a  ( v e r s i o n  3 . 1 . 2 )  a n d  G e n e c l u s t e r  3  s o f t w a r e .

There were no genes consistently modified at both treatment times, using the two

fold or above criterion. However if  a lower threshold for fold change was considered, one 

gene that was consistently overexpressed following EGCG treatment was H M O X - 1  (see

5.6.5).

5.5 EGCG induces HMOX-1 protein in B lymphoblasts and HUVEC

Based on the microarray data, EGCG (25 pM) induced an increase in the mRNA of  

H M O X - 1  gene in HUVEC and C l43 B lymphoblast cells at 24 or 4 and 24 hours 

respectively. To examine whether this increase in mRNA was reflected in the level o f  

HMOX-1 protein, all cell types were exposed to EGCG (30 pM) over a time course o f  2 to 

96 hours. Whole cell lysates were prepared from treated cells and subjected to Western 

analysis as described in the materials and methods chapter.

As shown in representative Western blots (figure 5.5, A, B) the C143 and H308 B 

lymphoblast cell lines responded in a similar manner when exposed to EGCG. In both
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lines, EGCG induced an increase in a HMOX-1 immunoreactive protein, which was 

evident at 8, 12, 24, and 48 hours respectively. In some o f the untreated samples there was 

evidence o f HMOX-1 immunoreactive protein, indicating constitutive HMOX-1 

expression.

For HUVEC (figure 5.5 C) similar conditions were applied, except for a few minor 

changes in EGCG exposure times. Figure 5.5 C, is a representative Western blot 

exemplifying the effect o f EGCG in HUVEC. There was an increase in HMOX-1 protein 

at 8 hours following treatment with EGCG (30 pM). This increase peaked over the EGCG 

treatment times o f 30, 48, 54, 72 and 96 hours. Again it was evident in the untreated 

samples the presence o f a HMOX-1 immunoreactive protein, indicating that HMOX-1 

protein was expressed at basal levels. This may have been because the HUVEC were 

stressed to some extent during treatment, as they are a primary cell.

(A)
HMOX1

a-Tubulin

(B)

H M O Xl

a-Tubulin

* •

) -  +
1 1

+
l __ J

+
1 1

+
l l

+
1 1

+  -  +
1 1 1 J

+
1 1

2 4 8 12 24 48 72 96

— • —

) -  +
I 1

+
1 1

+
l l 1

+
1 1

+
• 1

+  -  +
1 I f 1

+
I 1

24 48 72 96Time (H) 2

HMOXl

a-Tubulin

Time (H) 2 4 6 10 24 30 48 54 72 96

F i g u r e  5.5 -  E G C G - i n d u c e d  H M O X - 1  e x p r e s s i o n  i n  B  l y m p h o b l a s t  a n d  H U V E C .  C l 4 3

n o r m o t e n s i v e  ( A ) ,  H 3 0 8  h y p e r t e n s i v e  ( B )  B  l y m p h o b l a s t s  a n d  H U V E C  ( C )  w e r e  u n t r e a t e d  

o r  e x p o s e d  t o  E G C G  ( 3 0 p m )  f o r  t h e  i n d i c a t e d  t i m e s .  P r o t e i n s  w e r e  s u b j e c t e d  t o  

i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  w e r e  p r o b e d  w i t h  a n  

a n t i b o d y  d i r e c t e d  a g a i n s t  H M O X - 1 .  M e m b r a n e s  w e r e  s t r i p p e d  ( a s  d e s c r i b e d  i n  c h a p t e r  2 ) ,  

a n d  r e p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  a - t u b u l i n  t o  c o n f i r m  e q u a l  p r o t e i n  

l o a d i n g .  D a t a  s h o w n  a r e  r e p r e s e n t a t i v e  o f  a t  l e a s t  t w o  i n d e p e n d e n t  e x p e r i m e n t s .
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5.5.1 Effect of inhibitors of cell signalling pathways on HMOX-1 
protein levels

To characterise the increase in HMOX-1 protein following EGCG treatment, cells 

were exposed to EGCG (30 pM) in the presence or absence of specific signalling inhibitors 

(Figure 5.6). These inhibitors included 1 pM SP600125 (an inhibitor of the JNK MAPK 

pathway), 50 pM LY294002 (an inhibitor of the PI3K pathway), 1 pM SB203580 (an 

inhibitor of the p38 MAPK pathway) and 30 pM U0126 (an inhibitor of the ERK 1/2 

MAPK pathway). Figure 5.6 contains representative Western blots indicating the effect of 

the inhibitors HMOX-1 protein induction, in normotensive C l43 (A) hypertensive H308 

(B) B lymphoblasts and HUVEC (C). Data were normalised to the EGCG positive control 

(which was 100 %). Also the HUVEC data were adjusted for loading using the a-tubulin 

immunoblot.

The DMSO treatment alone (control for EGCG) did not induce HMOX-1 protein in 

the B lymphoblasts. In HUVEC there was evidence of some HMOX-1 protein in the 

DMSO treatment alone, however this was not significantly different from the untreated 

sample. The DMSO with EGCG treatment or control for the inhibitors, did not affect 

EGCG-induced HMOX-1 protein levels in C l43, but appeared to cause a reduction in 

levels in H308. This was probably due to poor immunoblotting, as part of the DMSO band 

detected was absent. It was evident that the increase in HMOX-1 protein by EGCG was 

suppressed in B lymphoblasts following treatment with SB203580. This inhibition was 

more obvious in the C143 compared to the H308 cell line. Interestingly, SB203580 

treatment appeared to increase basal HMOX-1 levels in C l43, compared to the untreated 

control. Treatment with LY294002 completely blocked the constitutive levels and EGCG- 

induced increase in HMOX-1 protein in C l43 and H308 B lymphoblasts.

In HUVEC, there was a modest decrease in the levels of EGCG-induced HMOX-1 

protein following treatment with SB203580, LY294002, and SP600125. There was also a 

modest decrease in basal HMOX-1 protein following treatement with U0126.
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L Y 2 9 4 0 0 2  
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J L
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F i g u r e  5 . 6  -  E f f e c t  o f  i n h i b i t o r s  o n  E G C G - i n d u c e d  H M O X - 1  e x p r e s s i o n  i n  B  

l y m p h o b l a s t s  a n d  H U V E C s .  N o r m o t e n s i v e  C 1 4 3  ( A ) ,  a n d  h y p e r t e n s i v e  H 3 0 8  ( B )  B  

l y m p h o b l a s t  c e l l s  ( N = l ) ,  a n d  H U V E C  ( C )  ( N = 2 )  w e r e  e x p o s e d  t o  E G C G  ( 3 0 j u m )  i n  t h e  

p r e s e n c e  o r  a b s e n c e  o f  s p e c i f i c  s i g n a l l i n g  i n h i b i t o r s  ( f o r  3 0  m i n u t e s  p r e - t r e a t m e n t ) .  

P r o t e i n s  w e r e  s u b j e c t e d  t o  i m m u n o b l o t  a n a l y s i s  a s  d e s c r i b e d  i n  c h a p t e r  2 .  I m m u n o b l o t s  

w e r e  p r o b e d  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  H M O X - 1  a n d  w e r e  q u a n t i f i e d  u s i n g  a  

S y n g e n e  c h e m i g e n i u s  m u l t i i m a g e r .
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5.5.2 Effect of inhibitors to cell signalling pathways on nuclear 

Nrf2 protein levels

The transcription factor Nrf2 and its negative regulator Keapl play important roles 

in transcriptional induction o f phase II detoxifying enzymes, in response to reactive 

electrophiles and antioxidants. To examine the involvement o f Nrf2 in the EGCG-induced 

H M O X - 1  expression, B lymphoblasts were treated with EGCG (30pM) for 2, 4 or 8 hours, 

in the presence or absence o f LY294002 (30pM for 30 minutes pre-treatment) or 

SB203580 ( lpM for 30 minutes pre-treatment). Nuclear proteins were isolated and equal 

amounts separated by SDS-PAGE. Westerns were then immunoblotted with an antibody 

directed against Nrf2. A number o f immunoreactive bands were detected (figure 5.7), 

however the major band at around 110 kDa, which was larger than expected, is reported to 

correspond to Nrf2 (Chan e t  a l .  1993; Moi e t  a l .  1994).

C 1 4 3

H 3 0 8

E G C G  ( 3 0  p M )  

L Y 2 9 4 0 0 2  ( p M )  

S B 2 0 3 5 8 0  ( f M )  

T i m e  ( H )

+

Ml M
+ + 

5 0  -  

1

Nrf2

+

5 0

+ + +

5 0

+

F i g u r e  5 . 7  -  E f f e c t  o f  E G C G , L Y 2 9 4 0 0 2 , a n d  S B 2 0 3 5 8 0  o n  n u c l e a r  p r o t e i n  l e v e l s  o f  

N r f 2  i n  B  l y m p h o b l a s t s .  C 1 4 3  a n d  H 3 0 8  B  l y m p h o b l a s t s  w e r e  t r e a t e d  w i t h  E G C G  ( 3 0  p M )  

i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  L Y 2 9 4 0 0 2  ( 5 0 p M / 3 0  m i n u t e s  p r e t r e a t m e n t )  o r  S B 2 0 3 5 8 0  

( l j u M / 3 0  m i n u t e s  p r e t r e a t m e n t ) .  N u c l e a r  p r o t e i n s  w e r e  i s o l a t e d  a n d  e q u a l  a m o u n t s  

s e p a r a t e d  b y  S D S - P A G E ,  b e f o r e  i m m u n o b l o t t i n g  w i t h  a n  a n t i b o d y  d i r e c t e d  a g a i n s t  N r f2 . 

D a t a  a r e  a  p r e l i m i n a r y  s t u d y  a n d  a r e  t h e  r e s u l t  o f  o n e  i n d e p e n d e n t  e x p e r i m e n t  o n  e a c h  

c e l l  l i n e .

It was noted that this major band appeared as a doublet, and it may be that the Nrf2 

antibody cross-reacts with Nrfl protein, which has a similar migratory distance. It was 

evident that constitutive levels o f Nrf2 were present in the untreated samples, which may 

explain the constitutive levels o f HMOX-1 protein. In both C l43 and H308 B 

lymphoblasts, EGCG treatment caused an increase in the nuclear levels o f Nrf2 compared
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to the untreated samples. This increase in protein levels was evident at 2 hours, and peaked 

at 4 hours EGCG treatment, a time point preceding the increase in HMOX-1 protein. Pre- 

treatment with LY294002 and SB203580 attenuated the EGCG-induced increase in nuclear 

Nrf2. The PI3K inhibitor LY294002 was more effective at reducing nuclear Nrf2, 

compared to the p38 inhibitor SB203580.

5.6 Discussion

5.6.1 Gene changes in the hypertensive cell lines

More than 70 million people display blood pressures that are outside normal 

physiological parameters, typically systolic 120 mmHg and diastolic 80mmHg for healthy 

adults. For many of these hypertensive subjects the precise molecular mechanisms behind 

the disease are undefined. This is due to the abnormal expression of many genes, which in 

part is due to genetic background and also the interplay of environmental factors. 

Microarray analysis was performed to identify genes that may give rise to the hypertensive 

disease state, thus attempting to gain an insight into the underlying molecular basis of the 

disease. Of the 5800 genes that were present on the array chip, only the expression 102 

genes were different in pairs of normotensive and hypertensive cell lines. Of these changes 

only the expression of 5 genes were different in both groups (C143vsH308 and 

C149vsH242). None of the genes overexpressed in both hypertensive cell types are 

currently recognised to be germane to the disease of hypertension. However some of the 

known functions of these gene products may infer an association with the homeostasis of 

blood pressure.

The IGHG3 gene was overexpressed by the greatest amount and codes for the 

protein immunoglobulin heavy chain G. IGHG3 is part of the immunoglobulin heavy chain 

that constitutes antibody molecules and also the B lymphocyte receptor. IGHG3 has 

recently been recognised to be involved in immune disorders such as ulcerative colitis 

(Lawrance et al. 2001) and also asthma (Oxelius et al 1998), hence may play a role in 

immune type reactions involved in arterial disease.

There is a suggestion in the literature that tissue remodelling in the arterial vessels 

can have an effect on systemic blood pressure (Mulvany et al. 1987). The expression of 

PLOD2, which codes for the protein lysyl hydroxylase 2 was increased, and is reported to 

be involved in tissue remodelling (Uzawa et al. 1999).
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The up-regulated gene NR5A2 codes for nuclear receptor subfamily 5, group A and 

is part of the orphan nuclear receptor family, indicating that its physiological ligand has not 

been clearly identified. The protein regulates the expression of a number of genes involved 

in the bile acid biosynthesis pathway (Goodwin et al. 2000; Lu et al. 2000). In particular 

the regulation of cholesterol lip-hydroxylase (CYP11B1), cholesterol lla-hydroxylase 

(CYP11A1), 3p hydroxysteroid dehydrogenase type II (HSD3B2) and cholesterol 7a- 

hydroxylase (CYP7A1) has been demonstrated (Zhang et al. 2001; Wang et al. 2001; 

Sirianni et al. 2002). The conversion of cholesterol to bile acids is the most significant 

pathway for cholesterol disposal (Russell et al. 1992a, 1992b). Clearly high serum 

cholesterol contributes to atherosclerosis and other forms of cardiovascular disease (Brown 

et al. 1986) and thus gene up-regulation would be beneficial. Interestingly, other members 

of the cytochrome p450 (CYP) family of enzymes have been implicated in the regulation 

of blood pressure. In the kidney, CYPs generate two major classes of arachidonic acid 

(AA) metabolites, namely epoxyeicosatetraenoic acids (EETs) and 

hydroxyeicosatetraenoic acids (HETE) (Makita et al. 1996; Capdevila et al. 2000). Both 

EETs and HETEs contribute to the regulation of renal vascular tone and tubular sodium 

and water transport (Zeldin et al. 2001; McGiff et al. 1999; Roman et al. 2000). Impaired 

renal hemodynamics and increased salt retention was associated with altered EET- and 

HETE-generating P450 expression in a number of hypertensive rat and mouse models 

(Makita et al. 1994; Roman et al. 1997; Su et al. 1998; Honeck et al. 2000). Considering 

the above evidence, if validated by Western analysis, regulation of these enzymes possibly 

through EGCG-induced modulation of NR5A2 could provide a novel target for regulating 

blood pressure.

Other genes noteworthy of mention include immune/inflammatory genes such as 

SCYA3, SCYA3L1, and CD9, which code for small inducible cytokine A3, small inducible 

cytokine A3-like 1, and CD9 antigen respectively. SCYA3 and SCYA3L1 are monokines 

with inflammatory and chemokinetic properties. CD9 antigen is involved in platelet 

activation and aggregation and hence may well be involved in plaque formation. MGST1 

was overexpressed in H242 compared with the C l49 cell line. MGST1 codes for the 

protein microsomal glutathione S-transferase and functions to provide protection of 

intracellular membranes from oxidative modification as a result of oxidative stress 

(Mosialou et al. 1993), which is pro-atherogenic. Also the gene HSD17B3, which was 

underexpressed in H242 cell line, codes for the protein hydroxysteroid (17-p) 

dehydrogenase 3 and may be important with respect to hypertension. This notion is based
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on evidence in the literature, where defects in other members of the hydroxysteroid family 

such as HSD11B2 have been implicated in various forms of hypertension (As reviewed in 

Garbers ef al. 1999).

Several reports have suggested that both familial primary pulmonary hypertension 

and sporadic primary pulmonary hypertension may have a common aetiology that is 

associated with deficiencies in bone morphogenetic protein receptors (Thompson et al. 

2000; Deng et al. 2000). These findings suggest that bone morphogenetic proteins play an 

important role in the maintenance of normal pulmonary blood pressure through the 

modification of vascular biology. The gene BMP4, which codes for bone morphogenetic 

protein 4 was underexpressed in H242 compared to the C l49 cell line. Potentially this in 

part may explain the hypertensive disease status of the cell line.

Intriguingly, the gene RGS2, appeared to be repressed in both the hypertensive cell 

lines, compared to the normotensive cell lines. In the pairing H308 vs C143, RGS2 was 

underexpressed 4 fold and by 3.5 fold in the H242 vs C l49 pairing. However, this gene 

was omitted from the final selection of genes as only one of the three replicates in each 

experiment gave a reading. The other two replicates in each case, gave a value of zero, for 

which there could be several explanations. However, on closer inspection, it was clear that 

these values of zero were common to the same array slide prints, for both pairings of 

hypertensive vs normotensive. The array slide prints from which values of zero were 

given, were earlier print runs and in actual fact contained a lower number of spotted 

oligonucleotides or gene sequences, and did not contain the RGS2 sequence. Later array 

slides or prints contained additional genes of which RGS2 was included. Although only 

one observation was noted from each pairing, it was deemed to be significant (p<0.1) by 

the statistical test performed when analysing the data in the convertData (3.1.2) software.

RGS2 has been implicated to play a significant role in the maintenance of blood 

pressure, with an absence being linked to hypertension Oliveira-Dos-Santos et al. (2000), 

(see section 5.6.5). Although this response was noted in B lymphoblasts, it may in fact be 

indicative of a phenomenon in other more disease-relevant cells including vascular 

endothelial cells, and nephron cells of the kidney. It would be of interest in future studies 

in examine if this difference in fold expression in hypertensive cells was ubiquitous or 

specific to certain cells.
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5.6.2 EGCG-induced gene changes in C143

Of the genes that were down-regulated at 4 and 24 hours following exposure to 

EGCG, one of the more relevant in terms of atherosclerosis is matrix metalloproteinase 1 

(MMP-1). Elevated activity of MMP proteins has been implicated in a number of stages 

involved in plaque formation (Faia et al. 2002) (see 5.6.5), thus down-regulation may be 

beneficial in the prevention of atherosclerosis. H4FG encodes for a protein known as H4 

histone family member G. The acetylation status of this protein is important to the 

regulation of expression of a plethora of genes, as acetylation makes the DNA less 

accessible to transcriptional apparatus. Histone deacetylation also plays a role in cell cycle 

progression (Attwood et al. 2002). GAPD, glyceraldehyde-3-phosphate dehydrogenase, 

has an important role in the glycolytic pathway (Liaud et al. 2000). It is a multifunctional 

protein with a number of other diverse activities such as protein kinase activity (Kawamoto 

et al. 1986), a role in RNA transport (Singh et al. 1993), ADP-ribosylation activity in 

humans (Kots et al. 1992; Dimmeler et al. 1992) and also a potential role in regulating cell 

growth of human cells (Mansur et al. 1993).

TCRA or T-cell receptor a  polymorphisms have been associated with certain 

immunological disease states including rheumatoid arthritis (Comelis et al. 1997), T cell 

leukaemias (Rabbitts et al. 1985), and ankylosing spondylitis (Brown et al. 1998).

Other interesting genes with altered expression at either 4 or 24 hours EGCG 

treatment, include those that code for cell growth regulatory proteins DEDD (-2.2), 

PDCD5 (2.0), CDKN1A (-4.4), CDC10 (-2.2), CDKL1 (-2.7), APEG1 (-3.0), PLK (-2.5), 

PLAB (-3.8), also cell signalling intermediates such as ILK (-2.4), junD (-2.7), EPAS1 (-

2.5), VASP (-2.4), PPP2R1A (-2.5) and finally genes that may be associated with heart 

disease GSTP1 (-3.0), PRKAG1 (-3.2), and LRP1 (-2.9). DEDD or death effector domain 

containing molecule and PDCD5 or programmed cell death 5 may function in the process 

of apoptosis (Stegh et al. 1998; Liu et al. 1999). CDKN1A cyclin-dependent kinase 

inhibitor 1A and CDKL1 cyclin-dependent kinase-like 1 (CDC2 related kinase) are 

important regulators of the cell cycle with CDKN1A interacting with p53, which itself acts 

as an inhibitor to cellular proliferation (Harper et al. 1993). APEG1 codes for the protein 

aortic preferentially expressed protein 1 and may have a role in regulating the growth and 

differentiation of arterial smooth muscle cells (Hsieh et al. 1996), an important stage in 

plaque formation. Given that APEG1 has been implicated in regulating cell growth in 

smooth muscle cells it remains feasible that it may affect B lymphoblast cell growth in the
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same way. PLK or polo-like kinase is a serine/threonine protein kinase and may function to 

promote progression of the cell cycle. It has been found to accumulate to a maximum 

during the G2 and M phases, declining to nearly undetectable levels following mitosis and 

throughout G1 phase (Holtrich et al. 1994). PLAB is part of the TGF(3 superfamily and 

hence there is a possibility that it is involved in proliferation and differentiation or 

apoptosis (See 5.6.5). Decreasing the expression of these growth regulatory genes may 

help to prevent the proliferative phases of atherosclerosis.

The signalling proteins include ILK or integrin-linked kinase, which is part of the 

ILK-pinch complex and is considered to be one of the convergence points of integrin and 

growth factor signalling pathways. It phosphorylates pi and p3 integrin subunit on 

serine/threonine residues, but also Aktl and GSK3 (as reviewed in Dedhar S, 2000). The 

gene junD codes for transcriptional protein jun D, which can bind to c-fos to make up the 

AP-1 transcription factor. The AP-1 transcription factor can modulate the expression of 

genes that regulate cell proliferation. EPAS1 or endothelial PAS domain protein 1 

functions as a transcription factor involved in the induction of oxygen-regulated genes. It is 

pertinent to atherosclerosis affecting vascular plasticity and endothelial cell growth through 

the regulation of VEGF expression. Thus repression of this gene may be beneficial to the 

prevention of plaque formation. The VASP gene codes for a protein known as vasodilator- 

stimulated phosphoprotein. This protein acts in concert with profilin to convey signal 

transduction to actin filament production (Reinhard et al. 1995), hence may be pertinent to 

atherosclerosis as it is involved in cellular proliferation and also tissue remodelling. The 

importance of phosphatases are often overlooked with respect to signal transduction. 

PPP2R1A or protein phosphatase 2 (formerly 2A), regulatory subunit A (PR 65), alpha 

isoform is a serine/threonine protein phosphatase that serves to coordinate assembly of the 

catalytic subunit of the phosphatase complex.

The genes GSTP1, PRKAG1, and LRP, which were down-regulated by EGCG, may 

be involved in atherosclerosis. GSTP1 or glutathione s-transferase is a phase II drug 

metabolising enzyme (Hayes et al. 1995) and can buffer cells from attack by reactive 

oxygen species, thus preventing the initial causes of cellular damage leading to the early 

stages of plaque formation. However, GSTP1 can also deplete a cell of its substrate 

glutathione (an antioxidant), and as a consequence could be detrimental. The gene 

PRKAG1 codes for a protein known as protein kinase, AMP-activated, gamma 1 (non- 

catalytic subunit) and is responsible for the regulation of fatty acid synthesis by 

phosphorylation of acetyl-coA carboxylase. It also regulates cholesterol synthesis via
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phosphorylation and inactivation of hydroxymethylglutaryl-coA reductase and hormone- 

sensitive lipase. Repression of this protein may be help to prevent plaque formation by 

reducing cholesterol-like proteins. The protein low density lipoprotein-related protein 1 is 

involved in the plasma clearance of chylomicron remnants and activated a-macroglobulin, 

as well as the local metabolism of complexes between plasminogen activators and their 

endogenous inhibitors. Repression of LRP1 may prevent chylomicron clearance and thus 

be deleterious in the prevention and therapy of atherosclerosis.

5.6.3 EGCG-induced gene changes in H308

LGALS9 codes for the protein lectin, galactoside-binding soluble 9. This protein 

binds galactosides and may play a role in thymocyte-epithelial interactions relevant to the 

thymus. Also, one isoform acts as an eosinophil chemoattractant thus demonstrating its 

role in immune type reactions. MGST2 codes for the microsomal glutathione s-transferase 

2 protein which may act to protect the cell from the pro-atherosclerotic damage caused by 

reactive oxygen species (Townsend et al. 1998).

Genes that are germane to atherosclerosis included those that code for proteins 

which effect cell growth, enhance the inflammatory/immune response or aid in the tissue 

remodelling that occurs during the disease progression. The growth regulatory genes 

included CKS1 (2.0), CDC7L1 (2.1), CD69 (2.1), EXTL3 (2.0), and KSR (2.1). CKS1 or 

CDC28 protein kinase 1 and CDC7-like homologue were both up-regulated after 24 hours 

EGCG exposure. CD69 is involved in lymphocyte proliferation and also functions as a 

signal transmitting receptor in lymphocytes, natural killer cells and platelets (Ziegler et al. 

1994). Both EXTL or exostoses and KSR or kinase suppressor of ras, are putative tumour 

suppressor genes and hence possibly cause a reduction of cell growth by direct or indirect 

signalling mechanisms (Xing et al. 2000). Thus up-regulation of these two genes may be 

beneficial in preventing the proliferative stages during plaque formation.

The genes that are important for immunological functions included SCYA4 (-2.2), 

SCYA18 (-2.4), SCYD1 (2.3), TNFSF8 (-2.0), and IL13RA1 (2.2). SCYA4 or small 

inducible cytokine A4, is a monokine with inflammatory and chemokinetic properties. 

SCYA18 or small inducible cytokine subfamily A, member 18 functions as a chemotactic 

factor acting on lymphocytes but not monocytes. SCYD1 or small inducible cytokine 

subfamily D member 1 acts as a chemotactic factor for lymphocytes and also monocytes 

but not neutrophils. TNFSF8 or tumour necrosis factor superfamily member 8 (CD30L)
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binds to the CD30 receptor and induces proliferation of immune cells. IL13RA1 codes for 

the EL-13 receptor and hence is involved in the activation of immune cells but also 

endothelial cells (Murata et al. 1997). It is thought that suppression in the levels of some of 

the above gene products would be beneficial in the prevention and therapy of 

atherosclerosis, by suppressing the immunological and inflammatory responses associated 

with atherosclerosis.

Other interesting genes which might be relevant to atherosclerosis include those 

which code for proteins involved in tissue remodelling such as MMP-14 (-2.4), ADAM 11

(2.0), CTSB (-2.0), and ITGB3 (-2.0). MMP-14, CTSB (cathepsin b) and AD AMI 1 

(disintegrin and metalloproteinase domain 11) are proteinases and hence may aid in the 

infiltration of circulating monocytes but also in the removal of old and laying down of new 

extracellular matrix proteins during plaque formation. ITGB3 or integrin (3 3-glycoprotein 

acts as a receptor for a number of extracellular matrix proteins but also for MMP-2 and 

plasminogen, which may be involved in plaque formation (see 5.6.5). Also ITGB3 through 

its binding of fibrinogen brings about platelet/platelet interaction and thus aggregation 

which is thought to play a role in the early stages of atherosclerosis.

Cholesterol and LDL are thought to play significant roles in the development of 

atherosclerosis (Ross R et al. 1993). Interestingly two genes involved in cholesterol and 

lipid movement were modulated by EGCG in H308 cell line. CETP codes for a protein 

known as cholesteryl ester transfer protein, and is involved in the transfer of insoluble 

cholesteryl esters in the reverse transport of cholesterol (BolanosGarcia et al. 1997). LRP2 

or low-density lipoprotein-related protein 2 functions to bind clusterin but also with less 

affinity, matrix proteins, plasminogen activator inhibitor type 1 complex and also 

apolipoprotein e-enriched p-vLDL.

Also worthy of mention is the gene ATP1B1, which codes for the protein ATPase 

(Na+/K+) transporting pi peptide, and is important in the maintenance of cation 

homeostasis across cellular membranes (see 5.6.5).

5.6.4 EGCG-induced gene changes in HUVEC

The expression of the HMOX-1 gene was significantly altered following EGCG 

treatment (see 5.6.5). This gene was up-regulated by 2.4 fold at 24 hours, and 1.3 fold at 4 

hours EGCG. At 4 hours this gene was excluded from table 5.2 as it was below the 2.0 fold 

or above criterion. Other genes of interest that were modulated by EGCG in this cell type
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included PAI2 or plasminogen activator inhibitor 2. PAI2 was found to be up-regulated

(2.0) following treatment with EGCG at 4 hours. PAI2 inhibits the activity of 

plasminogens, which are enzymes pivotal in the tissue remodelling that occurs in arterial 

disease (see 5.6.5). Also of interest to cardiovascular disease are the genes BHMT coding 

for betaine-homocysteine methyltransferase, regulator of G protein signalling (RGS2) and 

SCYA2 small inducible cytokine A2 (SCYA2). The modulation of these genes could be 

either, detrimental or beneficial to cardiovascular disease. BHMT functions to regulate the 

conversion of betaine and homocysteine to dimethylglycine and methionine, respectively. 

In theory, repression of the BHMT gene or defects in the function of this enzyme could 

lead to hyperhomocystinemia, an independent risk factor for the development of 

atherosclerotic vascular disease (Clarke et al. 1991, Duell et a l 1997). However, such a 

defect in this enzyme has not been reported in the literature.

The gene RGS2 codes for the protein regulator of G protein signalling, and is a 

member of the family of proteins with GAP activity. RGS2 has been implicated to be 

involved in regulation of blood pressure though a number of mechanisms such as 

maintenance of vascular homeostasis (see section 5.6.5). Thus the two-fold induction in 

HUVEC following treatment with EGCG (4 hours) may be beneficial in the prevention 

and/or treatment of hypertension.

SCYA2 (down-regulated at 24 hours) is a chemotactic factor that attracts monocytes 

and basophils but not neutrophils or eosinophils to the site of injury. SCYA2 has been 

detected in human atherosclerotic samples (Takeya et al 1993; Economou et al. 2001) and 

has been implicated in the recruitment of monocytes into the arterial wall during 

atherosclerotic plaque formation (Rollins et al. 1990; Nelken et al. 1991). Interestingly it 

has been suggested that NF-kB regulates the expression of SCYA2 (Collins et al. 1995; 

Marumo et al. 1999; Wang et al. 2000). Both NF-kB and the expression of SCYA2 were 

reported to be reduced by antioxidants in cultured endothelial cells (Satriano et al. 1993; 

Ishikawa et al. 1999). As discussed in chapter 3, EGCG was found in this study to inhibit 

basal NF-kB nuclear translocation in HUVEC. This may suggest that the observed 

decrease in SCYA2 gene expression (in HUVEC) was due to the EGCG-induced inhibition 

of NF-kB nuclear translocation.
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5.6.5 Gene changes common to B lymphoblasts and HUVEC

To date there are two reports in the literature that examine the effect of EGCG on 

the expression of genes using microarray analysis (Okabe et al. 2001; Wang SI et al. 

2002). In the report by Okabe et al. (2001), the authors examined the effects of EGCG on 

the expression of 558 genes in the human lung cancer cell line PC-9. Following treatment, 

down-regulation of 12 genes (under 0.5 fold) and up-regulation of 4 genes (at least 2 fold) 

was noted. The down-regulated genes included NF-kB inducing kinase (NIK), which was 

also found to be down-regulated in the C l43 cell line (1.4 fold at 4 hours; 1.1 fold at 24 

hours) H308 (1.2 fold at 4 hours; 1.1 at 24 hours) and HUVEC (1.3 fold at 24 hours) 

following EGCG treatment. These data were excluded from the tables, as the fold change 

did not meet the two-fold or greater cut-off point. Given that Okabe et al. disclose that NIK 

was only down-regulated by what appeared to be 0.2 fold, it may mean that the observed 

fold decreases (1.1 minimum) were in fact physiologically relevant. Using RT-PCR the 

group confirmed the EGCG-induced inhibition of NIK. However, the authors did not reveal 

if they had attempted to examine the effect of EGCG on NIK protein levels, to examine if 

the changes in mRNA were reflected by changes in protein. Hence it remains problematic 

to conclude if 0.2 fold decrease was physiologically relevant.

The second report by Wang SI et al. (2002) investigated the effect of a 12-hour 

exposure of EGCG (12 pM) on the expression of 250 kinases and phosphatases in human 

prostate LNCaP cancer cells. A total of 25 genes showed a significant response to EGCG. 

Of these, 16 genes had increased expression and 9 genes had reduced expression. Out of 

the genes with increased expression, were the genes that encode for the ribosomal protein 

kinase B RPSKB and mevalonate kinase and PMVK. The gene RPS6KB1 which encodes 

for the protein ribosomal protein S6 kinase polypeptide B1 was also up-regulated in the 

H308 cell line (2.0). However PMVK which encodes for phosphomevalonate kinase, was 

down-regulated in the C l43 (-2.2), and thus differed from the LNCaP cells. These data 

indicate that some of the changes in gene expression in LNCaP were consistent with 

changes in B lymphoblast cells, but also shows a possible cell type specific response.

Another important gene with an altered expression following treatment with EGCG 

is RGS2. RGS2 was up-regulated at 4 hours EGCG treatment in HUVEC (2 fold), and in 

the C l43 and H308 (1.2 fold in each cell). The role of G protein coupled receptors in 

hypertension and cardiovascular disease is well established (Rockman et al. 2002). As 

mentioned previously, RGS2 protein is a member of the family of proteins with GAP
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activity. GAP proteins accelerate the hydrolysis of Ga-bound GTP of G proteins, returning 

the Ga subunit to an inactive state. Recent studies have assigned physiological roles to 

some of the RGS family members. RGS2 has been shown to be involved in immune and 

neurological responses (Heximer et al. 1997; Ingi et al. 1998; Burchett et al. 1998). Using 

an RGS2-deficent murine model, Oliveira-Dos-Santos et al. (2000) showed a striking 

relationship between RGS2 deficiency and blood pressure, demonstrating that the absence 

of RGS2 caused hypertension. RGS2 impacts on a number of important processes involved 

in blood pressure maintenance including the angiotensin II system (via Angll receptor), 

regulating water and sodium homeostasis, and also vascular homeostasis. Thus the two

fold induction in HUVEC (and to a lesser extent in the B lymphoblasts) following 

treatment with EGCG (4 hours) may be beneficial in the prevention and/or treatment of 

hypertension. Interestingly, it appears that RGS2 expression is repressed in hypertensive 

lymphoblasts (see section 5.6.1). Although the RGS2 protein in B cell lineages may not 

contribute to hypertension per se, it may be indicative of a ubiquitous cellular effect.

Many types of cardiovascular disease such as atherosclerosis, involve a significant 

modification of the extracellular matrix. Alteration of the extracellular matrix is most 

likely to occur through the action of two families of matrix degrading proteinases, the 

plasminogen activator (PA) and the matrix metalloproteinase (MMP) system. The 

plasminogen system is composed of an inactive pro-enzyme plasminogen (Pig) that can be 

converted to plasmin by either of two PAs, tissue-type PA (t-PA) or urokinase-type PA (u- 

PA). This system is controlled at the level of the PAs by plasminogen activator inhibitors 

(PAIs) (Wiman et al. 1995; Schneiderman et a l 1991). As t-PA has fibrin specificity it is 

primarily involved in clot dissolution, while u-PA has been implicated in cell migration 

and tissue remodelling. Plasmin is able to degrade fibrin and extracellular matrix proteins 

directly or indirectly, via activation of other proteinases including MMPs (Saksela et al. 

1988; Carmeliet et al. 1997) and also activate or liberate growth factors from the 

extracellular matrix (Ferrara et al. 1997; Keyt et al. 1996). The MMPs consist of a family 

of proteinases able to degrade most extracellular matrix components in the vessel wall (as 

reviewed in Galis et al. 2002; Dollery et al. 1995). Control of MMP activity is mediated 

by tissue inhibitors of MMPs (TIMPs) in a tissue- and substrate specific manner. MMPs 

are secreted as zymogens and hence they require extracellular activation, which can occur 

through the u-PA generated plasmin.

Microarray analysis has shown that, in C l43 and H308, a number of MMP genes 

were down-regulated following exposure to EGCG. MMP-1 mRNA was found to be
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reduced following 4 and 24 hours of EGCG treatment in both the B lymphoblast cell lines. 

MMP-14 mRNA was also shown to decrease after 24 hours of EGCG, but only in H308. 

Interestingly an inhibitor of PAs, PAI-2 mRNA, was found to increase following EGCG 

treatment, but in HUVEC only. It must also be noted that PAI-1 was down-regulated in 

C l43 after 24 hour EGCG treatment. Given that MMP-1 gene expression was down- 

regulated in both B lymphoblast cell lines (and at both time points) this would suggest that 

EGCG-induced inhibition was a valid result. However, in HUVEC MMP-1 gene 

expression was not significantly changed using the 2 fold and above cut off. If a laxer 

criterion was applied (as noted above for HMOXl) then MMP-1 gene expression increases 

by approximately 1.4 fold at both 4 and 24 hours respectively. This difference may simply 

be due to the fact that HUVEC are different cell types. Alternatively it may be due to the 

heterogeneity of subjects from which the endothelial cells were derived. With this in mind, 

it would be beneficial to perform more replicates and pool endothelial cells from a number 

of different subjects. This would give a more representative population of cells and hence a 

more typical response for HUVEC.

Hitherto, this is the only report that demonstrates EGCG causes a decrease in the 

mRNA levels of these tissue-remodelling proteins, using cDNA microarray. There have 

been several other reports that have investigated the effects of tea polyphenols on the 

expression and activity of MMPs (Liu et al. 2001; Maeda-Yamamoto et a l 1999; Annabi 

et al. 2002). In these reports the authors demonstrate that EGCG inhibited the activity of 

MMP-2 and MMP-9 using gelatin zymography assays. However only the report by Annabi 

et al. (2002) demonstrated that EGCG caused a reduction in the expression of an activator 

to proMMP-2 (inactive preform of MMP-2) referred to as MT1-MMP. Although MMP-2 

was not present on the array used in these experiments, MMP-9 was present and data 

indicated that there was a reduction (-1.7) in gene expression. However these data were 

excluded as they were below the two-fold or greater cut-off point in gene expression.

Expression of various MMPs and/or their inhibitors is enhanced in injured or 

atherosclerotic arteries (as reviewed in Galis et al. 2002; George SJ, 2000; Pasterkamp et 

al. 2000). Regulation of PAIs and MMPs by EGCG may be beneficial in terms of 

cardiovascular chemoprevention. The growth of atherosclerotic plaque occurs through 

structural changes that lead to the accumulation of cells, extracellular matrix and lipids 

within the intimal layer of the disease artery. Increases in MMP expression and activity 

were associated with development of neonatal arterial lesions and smooth muscle cell 

(SMC) migration after arterial balloon injury in experimental models, whereas MMP
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inhibition decreases SMC migration in vitro and in vivo (Zempo et al. 1994; Bendeck et al. 

1994; Forough et al. 1996; Southgate et al. 1996). Cell migration, including endothelial 

and monocytic infiltration are also significant early stages in plaque formation during 

atherosclerosis. Recent experiments suggest the involvement of MMP action may facilitate 

this step. Cellular interaction between in vitro between T lymphocytes and EC monolayers 

was shown to trigger T cell secretion of MMP-2 (Romanic et al. 1994). Direct interaction 

of monocytic cells with paraformaldehyde-fixed monolayer of human endothelial cells 

(EC) was shown to increase monocyte MMP-9 production severalfold (Amorino et al. 

1998). Furthermore macrophage foam cells derived from experimental atherosclerotic 

plaques have been found to produce matrix-degrading proteinases and migration of these 

cells is dependent on plasmin-induced proteolysis (Galis et al. 1995). Proteinases also 

participate in proliferation of certain cell types including SMCs (as reviewed in Galis et al. 

2002; Dollery et al. 1995).

The above evidence would suggest that proteinases play a vital role in 

cardiovascular biology. Not only do they aid in cell migration i.e. leukocytes, endothelial 

and SMCs during the initial stages of disease, they also have a prevalent function in the 

intermediate stage as macrophages release proteinases to remove necrotic cellular debris. 

Proteinases also play important roles in the later stages of disease. The demise of 

atherosclerotic plaque occurs through structural disruption of the arterial wall, which 

triggers thrombosis, the cause of occlusion and the majority of acute vascular events (Falk 

et al. 1995). Plaque disruption takes one of two forms, frank rupture and superficial 

erosion (Falk et al. 1995; Burke et al. 1997). Rupture is associated with fracture of the 

fibrous cap with exposure of the prothrombotic core (Davies et al. 1984). MMP 

overexpression and in situ matrix degrading activity has been discovered in the vulnerable 

shoulder regions of human atheroma (Galis et al. 1994). The majority of MMPs released 

are from the resident macrophages and also to a certain extent T cells. B cells make up 

only a small proportion of cells present in the plaque, and thus their contribution to plaque 

stability is only minor. However, if the EGCG response is evident in both macrophages 

and T cells, then by reducing MMP expression or by enhancing levels of PAIs following 

EGCG treatment, in theory it is possible that this would slow down or regress 

atherosclerosis.

Interestingly, another polyphenolic antioxidant curcumin, examined by microarray, 

has also been shown bring about a decrease in gene expression of some of these MMPs (M 

Squires, PhD Thesis, University of Leicester, 2001). There is a possibility that EGCG and

-221 -



Chapter FIVE

curcumin may alter the expression of MMP genes through a common mechanism. In the B 

lymphoblast cells, EGCG and curcumin inhibited nuclear translocation of NF-kB, with 

EGCG also inhibiting NF-kB DNA binding (chapter 3). Inhibition of the transactivation 

potential of NF-kB by curcumin has also been confirmed by number of independent 

groups (Plummer et al. 1999; Singh et al. 1995; Pendurthi et al. 1997). NF-kB activation 

has been correlated with MMP expression in a number of independent studies. There is 

strong evidence to suggest MMP-1 expression is dependent on NF-kB activity (Sakai et al. 

2001; Bond et al. 1999; Bond et al. 2001), and the study by Chase et al. (2002) 

demonstrated that NF-kB was necessary for the pathology-related upregulation of MMP-1 

and MMP-3 in foam cells elicited during atherosclerosis formation in vivo. Thus 

considering this evidence, the possibility that NF-kB regulates the expression of MMP-1 in 

the B lymphoblast cell lines remains likely.

The exact mechanisms by which NF-kB regulates the expression of many of these 

MMPs has not been clearly defined. Although there is no evidence of an NF-kB binding 

element in the promoter region of MMP-1 in the human B lymphoblasts or HUVEC, in 

cells of some species such as rabbit fibroblasts, there is evidence of an atypical NF-kB 

binding Drosophila dorsal-like element in the distal MMP-1 promoter (Vincenti et al. 

1998). However, in the human breast cancer cell line BC-8701, MMP-1 is regulated by 

NF-kB, with no evidence of a distal NF-kB binding element (Rutter et al. 1997). This 

suggests that NF-kB acts on another signalling intermediate, which in turn regulates the 

expression of MMP-1. In fact, both MMP-1 and MMP-3 have been found to be up- 

regulated by NF-KB-dependent induction of IL-1 in a number of cell types (Lee et al. 

1995a, 1995b). Also Liacini et al. (2002) demonstrated that NF-kB can potentiate 

transcription of MMP-3 that lacks an NF-kB binding element, via interactions with an AP- 

1 transcription factor.

Another gene, whose expression was modulated by EGCG in C l43 (reduced at 24 

hours) and H308 (reduced at 4 hours) was PLAB. It should be noted that in one HUVEC 

sample, PLAB mRNA increased by 1.2 fold at 4 hours and 1.5 fold at 24 hours. Again as 

discussed above, this difference may be due to the heterogeneity of individual subjects, as 

two experiments out of the three suggested that PLAB mRNA was reduced at 4 and 24 

hour EGCG. Therefore there is a need for experimental replicates to help determine the 

typical result for HUVEC.
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PLAB is a member of the TGFp superfamily and is also known as prostate 

differentiation factor. PLAB mRNA as determined by microarray, was also reduced in 

MDA 468 cells following treatment with curcumin (at 3 hours) (M Squires, personal 

communications). As PLAB is part of the TGFp superfamily, it may play a role in cellular 

proliferation or apoptosis. In addition, PLAB may also be involved in macrophage 

activation (Bootcov et al. 1997). Therefore it is conceivable that inhibition of PLAB may 

be beneficial with respect to atherosclerotic chemoprevention through cell growth 

regulation and macrophage inhibition.

Precisely how both EGCG and curcumin act to induce a decrease in the levels of 

PLAB mRNA is open to suggestion. It has been shown that the PLAB gene is regulated by 

wild type p53 protein (Li et al 2000; Tan MJ et al 2000). Data from this chapter and also 

chapter 4 show that p53 mRNA and protein respectively, are not obviously affected in the 

B lymphoblast cell types, following EGCG treatment. This suggests that p53 is not 

involved in PLAB gene regulation in these cell lines.

One gene from these series of experiments that was particularly interesting was a 

gene {HMOX-1) that encodes for a protein known as heme-oxygenase 1. This protein is the 

rate-limiting enzyme responsible for the breakdown of heme. Through its actions, HMOX- 

1 possesses potent anti-atherogenic qualities, by enhancing the antioxidant status of a cell, 

and also modulating the plasticity of the arterial lumen (Gonzalez et al. 2000). The 

expression of HMOX-1 mRNA was enhanced more than 2 fold in HUVEC at 24 hours and 

in C l43 at 4 and 24 hours. Referring to the original microarray data, HMOXl gene 

expression was also elevated at 4 hours for both HUVEC (1.3 fold increase) and H308 (1.3 

fold increase). Although these data were not included in the results, they may be 

physiologically relevant, since a 0.2 fold change detected by microarray was confirmed by 

RT-PCR, as reported in Okabe et al (2001).

It was decided to investigate whether altered levels of HMOX-1 protein, following 

exposure to EGCG, reflected changes in HMOX-1 expression. This gene was selected as 

HMOX-1 expression was enhanced in all cell types (to some degree) following treatment 

with EGCG. Moreover, there is accumulating evidence in the literature that suggests a 

cytoprotective function, which may be beneficial in the prevention and/or therapy of 

atherosclerosis.

The increase in HMOX-1 mRNA following EGCG treatment, was translated to the 

level of HMOX-1 protein. This was demonstrated in both the B lymphoblast cell lines 

(Cl43 and H308) and HUVEC, where HMOX-1 protein was enhanced following treatment
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with 30 pM EGCG, a slightly higher dose than used in the microarray. It was interesting 

that the HUVEC appeared to have higher levels of constitutive HMOX-1 compared to the 

B lymphoblasts, thus making the increase by EGCG less striking. It may be that the 

HUVECs, being a primary cell line are more stressed by the culture conditions than the B 

lymphoblast cell lines during treatment, which may result in an increase of the stress- 

response protein HMOX-1. In addition, HUVEC being a different cell type may in fact 

have higher constitutive expression and thus higher levels of HMOX-1 protein than B cell 

lineages. However it is inappropriate to make unequivocal comparisons, as there is a need 

for more experimental replicates, and also slightly different protein levels were loaded on 

to the SDS-gel, with different film exposure times between experiments were used to 

detect the proteins.

To date, the precise signalling mechanisms behind this induction have not been 

described. However there are reports in the literature, on the effects of different 

antioxidants on the regulation of HMOX-1 gene expression. Using microarray analysis, one 

such study by Li et al. (2002) demonstrated the induction of HMOX-1 mRNA following 

treatment with the synthetic antioxidant, tBHQ. The group implicate the involvement of 

the Nrf2/ARE in the regulatory mechanisms behind the tBHQ-induced HMOX-1 gene 

regulation, through the PI3K signalling pathway. Curcumin has also been shown to up- 

regulate HMOX-1 gene expression (Hill-kapturczak et al. 2001; Motterlini et al. 2000; M. 

Squires, PhD Thesis, 2001). Motterlini et al. failed to elucidate the exact mechanisms 

controlling HMOX-1 gene expression. However, the report by Hill-kapturczak et al. 

suggested the involvement of the NF-kB transcription factor. This was deduced as an 

inhibitor to IkB phosphorylation abolished curcumin-mediated induction of HMOX-1 

mRNA. The group further disclosed that HMOX-1 gene regulation was not dependent on 

tyrosine phosphorylation, as demonstrated with the use of tyrosine kinase inhibitors 

(genistein and herbamycin A). In addition to this study, it has been reported that the 

HMOX-1 contains NF-kB binding domains in the promoter regions of the gene 

(Lavrovosky et al. 1994, 2000). With this in mind, it is possible that NF-kB may play a 

role in the regulation of HMOX-1 gene transcription in our cell types. However, data from 

chapter 3 demonstrate that EGCG inhibited the nuclear translocation and DNA binding 

activities of NF-kB at times preceding the observed increase in HMOX-1 mRNA. This was 

suggestive that the EGCG-mediated increase in HMOX-1 mRNA did not require positive 

regulation by NF-kB. This supposition is consistent with other independent reports in the 

literature (Stuhlmeier et al. 2000), which demonstrate the activation of HMOX-1 through a
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NF-kB independent mechanism. However, although unlikely, it does not rule out the 

possibility that NF-kB may regulate HMOX-1 gene expression in a negative manner. In 

fact, there is evidence that may substantiate this conjecture. Hartsfield et al. (1998) 

reported a dramatic induction of NO-mediated HMOX-1 with pyrrolidine dithiocarbamate 

(PDTC), an inhibitor of NF-kB. This finding has also been corroborated by other 

independent sources (Stuhlmeier et al. 2000; deMeester et al. 1998). Interestingly, the 

report by Stuhlmeier et al. (2000) found that this inhibitor did not completely block NF-kB 

translocation. However by over-expressing IkB oc, the group demonstrated that HMOX-1 

induction was again independent of NF-kB activation. Therefore due to the contradictory 

evidence further studies appraising the involvement of N F-kB in the regulation of HMOX- 

1 would be of interest.

Other possible regulatory pathways behind induction of HMOX-1 are fairly 

diverse. Given the complexity of the HMOX-1 promoter (Muller et al. 1987; Lavrovsky et 

al. 1994), it is likely that several signalling mechanisms and/or transcription factors are 

involved in its regulation. Reports by several groups have suggested that ERK1/2 and/or 

p38 and/or PI3K are positive regulators of the ARE in several cell lines (Yu et al. 1999, 

2000a; Wild et al. 1999). P38 can also negatively regulate the induction of ARE (Yu et al. 

2000b). Dissection of the signalling pathways involved in the EGCG-induced response was 

approached using various known signal-transduction pathway inhibitors. From these series 

of experiments it was apparent that HMOX-1 protein induction in B lymphoblasts was 

dependent on the PI3K pathway and partially dependent on the p38 pathway. This was 

concluded as HMOX-1 protein levels decreased in cells which had been pre-treated with 

LY294002 (an inhibitor to PI3K) and SB203580 (an inhibitor to p38). There were no 

observed decreases in HMOX-1 protein levels following pre-treatment with SP600125 (a 

SAPK/JNK inhibitor) or U0126 (an inhibitor of MEK, an upstream kinase of ERK1/2) in 

C143, but maybe a small decrease in H308 following U0126 treatment, indicating the 

specificity of this response. In HUVEC SB203580 showed some inhibition of EGCG- 

induced HMOX-1 protein, while U0126, LY294002 and SP600125 were not effective. The 

ERK inhibitor U0126 did reduce basal levels of HMOX-1 protein.

Until now the induction of HMOX-1 by EGCG, involving the p38 pathway has not 

been reported. There are reports demonstrating regulation of Nrf2 (a positive regulator of 

HMOX-1) independently of p38 signalling (Huang et al. 2000). However other similar 

studies concur with the data presented here, and thus have shown that HMOX-1 regulation 

was dependent on the p38 pathway, following a stress insult (Luss et al. 2002; Kacimi et
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al. 2000; Chen K et al. 2000). In one such report by Kacimi et al. hypoxia induced in 

cardiac myocytes resulted in an increase a HMOX-1 protein level, which was abrogated 

following treatment with SB203580. The group also show that hypoxic conditions brought 

about the activation of the p38 pathway as detected by in vitro kinase assays. An 

independent report by Chen K et al. (2000) also demonstrated that p38 activation was 

required for HMOX-1 induction, following exposure to sodium nitroprusside (SNP), a 

nitric oxide donor.

Although SB203580 partially inhibited HMOX-1 protein levels, there were no 

significant changes in phosphorylated p38 between untreated and EGCG-treated cells, as 

detected using a phospho-specific p38 antibody (data not shown). It may be that any 

potential phosphorylation of p38 by EGCG was transient and occurred at time points 

earlier than those examined (2 hours), and thus were not detected.

In the EGCG-induced response, U0126 or SP600125 did not significantly affect the 

levels of HMOX-1 protein in B lymphoblasts, but reduced levels in HUVEC. This suggests 

that the ERK and SAPK/JNK pathways are not involved in the regulation of HMOX-1 

levels in B lymphoblasts. This is supported by Kacimi et al. (2000) and also Chen K et al. 

(2000), who exclude the involvement of the ERK pathway and SAPK/JNK pathway in 

stress-induced HMOX-1 induction. The hypoxic response described by Kacimi et al. 

(2000) was also partially blocked by the PKC inhibitor chelerythrine. Intriguingly, it has 

been reported that pre-treatment of HeLa cells with PD98059 (an inhibitor of MEK) 

suppressed induction of HMOX-1 following SNP insult (Chen K et al. 2000), which is 

consistent with the HUVEC data. Although conflicting, these findings are not surprising as 

different cell types were examined in each investigation. Further differences may be 

explained in some instances due to the different stimulants used to induce HMOX-1 

protein. It is thus clear from these studies that the involvement of specific signalling 

pathways in the regulation of HMOX-1 is dependent on the nature of the inducing signal, 

and also on the cell type under investigation. At present there have been no reports that 

demonstrate the involvement of the JNK pathway (although API binding sites have been 

found in the HMOX-1 promoter (Alam et al. 1995, Choi et al. 1996).

As previously mentioned, it is unlikely that the NF-kB transcription factor regulates 

the positive transcription of HMOX-1. However, with respect to other transcription factors, 

HMOX-1 promoter contains specific binding sites for AP-1 (Zwacka et al. 1998), Nrf2 

(Alam et al. 2000; Li et al. 2002; Yu et al. 1999; Kang et al. 2000) and hypoxia-inducible 

factor-la (HIF-1) (Hoetzel et al. 2001; Lee PJ et al. 1997; Gong et al. 2001).
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Lee PJ et al. (1997) reported that hypoxia treatment of rat aortic vascular smooth 

muscle cells resulted in the expression of HMOX-1 by a HIF-1-dependent mechanism. 

However, in contrast to these findings, Wood et al. (1998) using Chinese hamster ovary 

cells deficient in the HIF-1 a  subunit demonstrated that, although activation of certain 

hypoxic-responsive genes such as glutl was attenuated in these cells, induction of HMOX- 

1 by hypoxia and cobalt was not impaired. Taken together, these studies imply that 

HMOX-1 regulation can be HIF-dependent or HIF-independent following hypoxia and 

hypoxia mimetics. Interestingly a report by Gong et al. (2001) has indicated that induction 

of HMOX-1 by hypoxia is HIF-1 dependent, while induction by cobalt is mediated by 

Nr£2.

In fact it is commonly accepted that the transcription factor Nr£2 and its negative 

regulator Keapl play important roles in transcriptional induction of phase II detoxifying 

enzymes, in response to reactive electrophiles and antioxidants. The PI3K inhibitor 

LY294002 had a pronounced effect on HMOX-1 induction by EGCG in B lymphoblasts. 

To date with respect to ARE, there has only been one other report in the literature that 

investigates the effect of LY294002 on the induction of a plethora of genes including 

HMOX-1 (Li et al. 2002). In this report, the authors suggest the involvement of the PI3K 

pathway in the tBHQ-induced increase in HMOX-1 gene expression. In addition, tBHQ 

was found to mediate nuclear translocation of Nrf2 and activation of the ARE, which led to 

the induction of HMOX-1. Treatment with LY294002 abolished this response. This would 

suggest that tBHQ activates HMOX-1 via the PI3K pathway, which occurs through an 

Nrf2/ARE dependent regulatory mechanism.

The data from a preliminary study examining the nuclear levels of Nr£2, suggest the 

involvement of this transcription factor in the EGCG-induction of HMOX-1. Using an 

antibody directed against Nrf2, the presence of a band of llOkDa, was identified. A 

number of other less intense, non-specific bands were also visible. Nrf2 is reported to be 

66kDa. The larger than expected protein may however correspond to Nrf2. Interestingly, 

there are reports in the literature which demonstrate a higher than expected molecular 

weight of both Nrfl and Nrf2 proteins (Venugopal et al. 1998; Chan et al. 1993; Moi et al. 

1994). In Venugopal et al. (1998), detection of a 1 lOkDa and a 66kDa band were detected 

in both cases using an Nrfl and an Nrf2 antibody. It is reported that the two different sized 

Nrfl or Nrf2 proteins are coded for by the same gene and are thus a result of different post- 

translational processing (Chan et al. 1993; Moi et al. 1994).
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The presence of the higher mobility band detected using Nr£2 was approximately 

1 lOkDa, and thus based on the above evidence is likely to be Nrf2. This immunoreactive 

band appears to increase following treatment with EGCG, reaching a maximum at 4 hours, 

that is at time points preceding the EGCG-induced increase in HMOX-1 protein levels. At 

time points after 4 hours, levels of nuclear Nr£2 remain elevated, but progressively 

decrease at longer treatment times up to 96 hours (data not shown). In B lymphoblasts both 

LY294002 and SB203580, appear to reduce nuclear levels of Nrf2, which match the 

observed decrease in HMOX-1 protein levels with these inhibitors.

Figure 5.7 represents the proposed mechanisms regulating HMOX-1 protein levels 

in B lymphoblasts. It is important to mention that the experimental evidence, 

demonstrating that p38 and PI3K regulate the translocation of Nrf2, and thus may in part 

regulate the expression of HMOX-1, is an initial result of one experiment performed in two 

B lymphoblast cell lines. However the notion that p38 and PI3K regulate Nrf2 is supported 

by several other reports in the literature (Alam et al. 2000; Li et al 2002; Yu et al. 1999; 

Kang et al. 2000). One thing that is apparent from the literature, is that regulation of Nr£2 

is complex and involves various signalling pathways that are likely to be inducer- and cell- 

specific. Thus, although these data implicates the involvement of the Nrf2 transcription 

factor in EGCG-induced induction of HMOX-1 in B lymphoblasts, it does not rule out the 

involvement of either AP-1 or HIF-1, which would be of interest to examine in future 

studies.

In conclusion these studies have provided an insight to the underlying molecular 

mechanisms, which may contribute to the atherosclerotic predisposing condition of 

hypertension. These experiments identified RGS2 which was down-regulated in the 

hypertensives, providing further support to (Oliveira-Dos-Santos et al. 2000) to the 

involvement of this gene in hypertension. In addition these studies provided information to 

the downstream consequences of EGCG treatment on the gene expression profiles of two 

types of cells. From these experiments, identification of a potential novel therapeutic target 

gene were identified, namely HMOX-1.
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The chemopreventive benefit of dietary constituents has been recognised for a 

number of years, but only more recently have the mechanisms of action at a cellular level 

been investigated. There is a need for a better understanding of these mechanisms as 

emphasised by a number of intervention studies. The Alpha-Tocopherol, Beta Carotene 

Cancer Prevention (ATBC) study in Finland (Heinonen et al. 1994), and the Carotene and 

Retinal Efficacy Trial (CARET) study in the USA (Omenn et al. 1996), were conducted 

among high-risk subjects (smokers and asbestos-exposed workers, respectively) and found 

significantly higher cancer incidence rates in groups receiving relatively high levels of 

beta-carotene. In the ATBC study, subjects receiving high doses of vitamin E showed no 

significant decrease in cardiovascular disease morbidity but did experience significantly 

more hemorrhagic strokes than did controls. Those assigned to receive beta-carotene 

experienced an 11 % increase in ischemic heart disease deaths. In the CARET trial, a 

nonsignificant 26 % increase in cardiovascular disease mortality was reported in the treated 

group. Conversely, the Cambridge Heart Antioxidant Study (CHAOS) prevention 

controlled trial conducted on heart disease patients with angiographically proven coronary 

artherosclerosis (Stephens et al. 1996), found that vitamin E supplementation significantly 

reduced by 77 % the risk of recurrent nonfatal myocardial infarction. The apparent 

discrepancies in results among the different intervention trials may be explained by the 

types of populations recruited (general population or high risk subjects), the 

supplementation levels employed (nutritional or higher doses) and the form of 

administration (alone or in combination with other constituents).

Therefore, one of the aims of this thesis was to investigate the mechanisms behind 

the chemopreventive properties of four dietary constituents, namely curcumin, indole-3- 

carbinol, resveratrol and epigallocatechin 3 gallate. These constituents are seen as simple, 

accessible, and cost-effective preventive measures that can generally improve the public’s 

health, as evidenced by epidemiological studies. This investigation was performed in a 

number of cell types, which included a panel of B lymphoblast cell lines derived from 

normotensive subjects and hypertensive subjects as a surrogate for vascular endothelial 

cells, and also HUVEC, as a model for the endothelial cells that line the arterial lumen. A 

comparison between the normotensive and hypertensive B lymphoblasts may identify 

potential differences that contribute to the disease state. This would give an idea of the 

chemopreventive efficacy of the agents in subjects with a high risk, compared to subjects 

with a low risk of developing heart disease.
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A further aim was to evaluate if the more readily available B lymphoblasts, would 

make a suitable surrogate biomarker cell for vascular endothelial cells, using the 

endothelial cell model, HUVEC, as a comparison. Biomarkers are an extremely useful 

prognostic tool in identifying the existence of disease but also in predicting the likely 

efficacy of chemopreventive agents. It is acknowledged that in vitro cell systems have their 

limitations. However they provide a valuable basis for further studies in vivo.

The effect of the four chemopreventive agents on the NF-kB signalling pathway 

was examined. Curcumin, resveratrol, and EGCG inhibited activation of this pathway in B 

lymphoblasts and HUVEC at low micromolar concentrations. EGCG also blocked NF-kB 

DNA binding in B cells and HUVEC. The blockade of NF-kB translocation in HUVEC 

appeared to be mediated through inhibition of IKKa activity, and subsequent 

phosphorylation and degradation of IkBa. Although EGCG blocked activation of NF-kB 

in B lymphoblasts, it did not affect phosphorylation or degradation of IkBcc, suggesting an 

alternate mechanism.

There was a noted difference between the normotensive and hypertensive cell line 

following treatment with I3C. In C l43 cell line, I3C appeared to enhance PMA-induced 

translocation of NF-kB p65, whereas in the H308 cell line, I3C (50 pM) decreased PMA- 

stimulated but enhanced constitutive nuclear NF-kB p65. However I3C blocked TNFa- 

induced translocation of NF-kB p65 in HUVEC. This may indicate that the I3C response 

was cell type specific.

It was evident from these experiments that the B cells had a higher constitutive 

nuclear NF-kB p65 compared to the HUVEC, which was due to a number of putative 

mechanisms including transformations with EBV (as discussed in chapter 3).

From the initial studies in chapter 3, it was resolved to focus on one of the 

chemopreventive agents with the most potential. EGCG was selected due to a number of 

considerations. Firstly, out of the four agents, EGCG was one of the more efficacious at 

blocking activation of NF-kB. Also EGCG being the major polyphenolic component of 

green tea, next to water, is the most widely consumed beverage in the world, already 

demonstrating human acquiescence. The in vivo bioavailabilty of EGCG is good, with 

biological effects having been observed at physiologically relevant concentrations (refer to 

chapter 1).

EGCG was found to inhibit cell growth of normotensive and hypertensive B 

lymphoblasts, and also HUVEC, at low micromolar concentrations. These data are in 

agreement with more recent reports in the literature (Locher et al. 2002; Liang et al. 1999;
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Yang GY et al. 2000). This growth inhibition appeared to be in part due to blockade of the 

cell cycle, but more notably due to induction of apoptosis. There were no significant 

differences in the growth, cell cycle and apoptotic responses between normotensive and 

hypertensive B lymphoblasts. HUVEC differed only in the effect of EGCG on the cell 

cycle, where there was a suggestion of a G2/M phase arrest in addition to the G0/G1 arrest 

observed in the B lymphoblasts. This inhibition of proliferation and induction of apoptosis 

correlated with changesiin some important cell cycle and apoptotic regulators. Cyclin D1 

protein levels were unaffected by EGCG in B lymphoblast cells, and although not 

statistically significant, appeared to decrease in HUVEC at treatment times preceding cell 

cycle inhibition and induction of apoptosis. The p53 protein was found to increase in 

HUVECs, but was unchanged in B lymphoblasts, at EGCG treatment times preceding and 

during the observed cell cycle inhibition and induction of apoptosis. There was no 

significant change in Pinl or XIAP in either B lymphoblasts or HUVEC following 

treatment with EGCG. The protein levels of CDK1 were reduced in HUVEC following 

EGCG treatment, which may have contributed to the G2/M phase arrest of the cell cycle. 

Interestingly, HMOX-1 protein has recently been implicated in cell growth regulation by 

inhibiting cell cycle phase progression (Duckers et al. 2001), and was increased in both the 

B lymphoblasts and HUVEC following treatment with EGCG (chapter 5).

Thus it was concluded that in HUVEC, inhibition of cell cycle progression and 

induction of apoptosis appeared to involve an increase in p53 and HMOX-1, but a decrease 

in cyclin D1 and CDK1 protein and a loss of NF-kB activity. In B lymphoblasts inhibition 

of the cell cycle and induction of apoptosis appeared to be independent of changes in p53, 

cyclin Dl, Pinl, CDK1, and XIAP proteins, but may involve blockade of the NF-kB 

pathway, which protects the cells from apoptosis. Feuillard et al. (2000) showed that a loss 

of NF-kB activity in EBV transformed B cells resulted in an increase in apoptosis.

It was next decided to examine the effect of EGCG on potential down-stream gene 

targets of NF-kB using the technique of microarray. Also of particular interest was the 

comparison between normotensive and hypertensive B lymphoblast cell lines, to identify 

potential differences in the gene expression profile that may explain the hypertensive 

disease status of the cells and thus attempt to gain an insight into the underlying molecular 

basis of the disease. It was apparent from the analysis that only a few genes were 

consistently overexpressed in the hypertensive lymphoblasts compared to the normotensive 

lymphoblasts. Interestingly one gene whose expression was repressed in both hypertensive 

comparisons was RGS2. A recent report by Oliveira-Dos-Santos et al. (2000) has
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implicated RGS2 to play a significant role in the maintenance of blood pressure, with an 

absence being linked to hypertension.

Evaluating the gene changes in both the B lymphoblasts and HUVEC following 

EGCG treatment identified a number of interesting genes that potentially could be 

beneficial in the prevention or suppression of atherosclerosis. One of these was the 

suppression of MMP1 expression. The involvement of MMP family members in the 

initiation and later phases of the atheroslerotic disease process has been documented (Faia 

et al. 2002). Therefore suppression of MMP 1 by EGCG may prevent either the onset of, or 

problems associated with the progressive disease. Another gene change following EGCG 

treatment, which was particularly interesting was the induction of HMOX-1 expression. 

This was evident to some degree in both B lymphoblasts and also HUVEC. There is 

accumulating evidence in the literature that HMOX-1 provides a cytoprotective function, 

which may be beneficial in the prevention and/or therapy of atherosclerosis (Platt et al. 

1998; Schwartz et al. 2001; Luss et al. 2002). The induction of HMOX-1 by EGCG was 

further examined to see if this effect was observed at the levels of the protein. HMOX-1 

protein was also upregulated in B lymphoblasts and HUVEC, albeit at slightly different 

EGCG treatment times. However, the pathways leading to induction of HMOX-1 and thus 

increase in HMOX-1 protein appear to be different between the B lymphoblasts and 

HUVEC. In the B lymphoblasts the increase in HMOX-1 protein appeared to be dependent 

partly on the p38 MAPK pathway, but more so on the PI3K pathway, whereas in HUVEC, 

inhibitors to the PI3K and p38 pathway did not significantly change the protein levels of 

HMOX-1 following EGCG treatment. When evaluating the overall effectiveness of the 

microarray experiments it was encouraging to note some patterns, which were revealing as 

to biological processes and were also found in independent studies. It was also pleasing to 

demonstrate that changes in the gene expression of HMOX-1, corresponded to changes in 

HMOX-1 protein.

In conclusion, it was apparent that the B lymphoblasts reflected certain changes and 

thus responded in a similar manner to HUVEC in some of the experiments. However, this 

investigation highlighted important differences between the two cell types. One of the 

fundamental problems when comparisons were made was that the B lymphoblasts were a 

transformed cell line, and hence many of the noted differences may have been attributable 

to this phenomenon. As evidenced in the literature, EBV transformation can potentially 

impinge on a number of signalling pathways and thus orchestrate a number of important 

cellular responses. On the basis of work presented here and using the endothelial cell
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model HUVEC, it was concluded that the B lymphoblasts would not make an appropriate 

surrogate cell for vascular endothelial cells.

In future it would be of interest to compare the HUVEC or B lymphoblasts, with a 

human aortic endothelial cell line, to see if the later responded in a similar manner to either 

cell type. Alternatively, perhaps examining the responses to EGCG in a primary B cell, 

would indicate if they behaved similarly to the B lymphoblast cell lines. This may then be 

a better comparison and allow for a final decision to be made regarding the suitability of 

the B lymphoblast cells as a surrogate for vascular endothelial cells.

Reviewing the data in this thesis indicated that the hypertensive cell lines usually 

responded in a similar manner to the two normotensive cell lines. This implies that there 

were no differences between them, at least with the endpoints examined here, such as the 

NF-kB pathway. However, it should be pointed out that only two normotensive and two 

hypertensive B lymphoblasts were used in these series of experiments. Therefore in the 

future it would be prudent to compare cellular responses in a greater number of 

normotensive and hypertensive cell lines, which may increase the validity and statistical 

significance of the data.

This investigation provided information on how these chemopreventive agents act 

and thus may be beneficial when attempting to design preventive dietary intervention 

studies in healthy volunteers or groups of at risk patients.
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