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ABSTRACT

Ageing and smoking have both been identified as important risk factors for 

cardiovascular morbidity and mortality. The aim of these studies was to investigate the 

effects of ageing and smoking on autonomic and endothelial function. Both factors have 

been associated with oxidative stress. Consequently, the influence o f moderate-dose 

antioxidant supplementation on several autonomic and endothelial parameters was 

examined. Methods used include the assessment of cardiovascular responses to sustained 

isometric handgrip exercise, mental stress, cold pressor testing and reactive hyperaemia 

and the analysis of plasma levels o f thrombomodulin, von Willebrand Factor, C-reactive 

protein, endothelin-1 and circulating endothelial cells.

Acute cigarette smoking increased heart rate but not blood pressure as has previously 

been reported. Neither acute nor chronic effects of smoking on cardiovascular reactivity 

to mental stress were apparent in young subjects. In older individuals however, smoking 

was associated with an exaggerated pressor response to sustained isometric handgrip 

exercise.

Neither endothelial vasodilator function nor resting endothelial integrity was chronically 

impaired in young or older smokers. Furthermore, the extent o f exercise-induced 

endothelial injury was not different between smokers and non-smokers. In contrast, acute 

cigarette smoking appeared to cause endothelial activation as evidenced by elevated vWF 

levels and this was associated with decreased endothelium-dependent vasodilation. 

Elevated vWF levels may be important for those individuals already at increased risk of 

inappropriate thrombogenesis.

When normal smoking habits were maintained plasma CRP levels were higher in 

smokers than in non-smokers, presumably reflecting low-grade inflammation. This 

inflammation was probably induced by increased oxidative stress as CRP levels were 

reduced following antioxidant supplementation. Since elevated CRP levels have been
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associated with increased risk o f cardiovascular disease, these results support the use o f 

antioxidant supplementation, even in young, heahhy individuals.

Resting blood pressure was increased and cardiovascular reactivity to mental stress 

attenuated with age. Endothelium-dependent vasodilation was lower in older individuals 

and this was associated with increased vWF concentration and decreased TM  levels. 

These haemostatic changes may help to explain the increased incidence o f  inappropriate 

throm bosis in the elderly. The results reported here are also com patible with an age- 

related increase in plasma CRP concentration.

Exercise-induced endothelial damage was absent in older individuals but this may reflect 

a lower capacity for exercise rather than reduced susceptibility to endothelial injury. 

Plasma CRP levels increased with exercise in older smokers but not in older non-smokers 

or younger individuals. Firstly, this suggests that ageing and smoking might interact to 

enhance certain aspects o f the inflammatory response. Secondly, it implies that short

term exercise can activate the acute phase response and that this can occur w ithin 10 

m inutes o f  com pleting a short bout o f exercise. Increased plasm a CRP concentration 

following acute exercise may be brought about by release from activated immune cells or 

by CRP cleavage from damaged endothelium.

The markers o f endothelial integrity discussed in this thesis may describe different aspects 

o f endothelial status. CEC numbers appeared to increase with chronic loss o f endothelial 

integrity rather than acute perturbation. Increased plasm a levels o f  vWF reflected both 

chronic and acute endothelial activation or injury. Plasma TM increased following acute 

injury (exercise and cardiac surgery). However, lower resting levels were associated with 

ageing and with cardiac disease.
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Chapter 1

General Introduction



G eneral Introduction

1.1 Smoking, ageing and cardiovascular health

According to the World Health Organisation (WHO, 2002) cardiovascular disease is 

the leading cause of global mortality, accounting for approximately 29% of all deaths 

in 2001. This worldwide prevalence is reflected in Irish statistics (Irish Department of 

Heath and Children, 2000). Several epidemiological studies, notably Framingham 

(Wilson et a i ,  1987), have clearly identified both cigarette smoking and ageing as 

major risk factors for the development of cardiovascular disease. Indeed, as many as 

20-30% of all cardiovascular-related deaths each year are attributable to cigarette 

smoking (Ockene et al., 1997). A lthough the m echanisms by which ageing and 

smoking might contribute to cardiovascular pathogenesis are poorly understood, 

mounting evidence indicates that many of their destructive effects may be due to 

dysfunction of the autonomic nervous system and/or the endothelium. However, to 

understand the pathological changes associated with both smoking and ageing, it is 

first necessary to outline normal autonomic and endothelial physiology.

1.2 Autonomic control of the cardiovascular system

Control o f cardiovascular function is to a large extent under the auspices o f  the 

autonomic nervous system, which is in turn directed by the cardiovascular control 

centres in the medulla oblongata. The autonomic nervous system is composed o f  two 

antagonistic branches, which often act reciprocally to m aintain cardiovascular 

homeostasis. General activation o f the sympathetic nervous system causes increases 

in heart rate and myocardial contractility, venoconstriction and translocation o f blood 

to priority tissues by selective vasoconstriction, prim arily w ithin the viscera. 

Sympathetic stim ulation also induces secretion o f  catecholamines from the adrenal 

m edullae, w hich can further increase heart rate and alter vessel tone. The 

parasympathetic system on the other hand reduces heart rate via the vagal nerve but 

has little role to play in the function o f the vasculature. A utonom ic activity is 

controlled by a number o f mechanisms, notably the baroreflex, a negative feedback 

control pathway that serves to buffer blood pressure against acute and excessive 

changes. In brief, when stretch receptors (baroreceptors) in the major arteries detect 

blood pressure changes, they signal the cardiovascular control centres o f  the medulla 

oblongata, which then direct the normalisation o f  blood pressure via the autonomic
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nervous system. Impairment of the baroreflex results in the loss of buffering ability 

with consequent wide excursions of pressure and heart rate.

1.3 Normal vascular endothelial physiology

First discovered by Friedrich Daniel von Recklinghausen (Majno, 1992), the vascular 

endothelium is a cellular sheet that lines the blood vessels (see Figure 1.1 below). 

Initially regarded as a tapestry with few if any functional properties the endothelium is 

now known to play an integral role in the maintenance of vascular homeostasis. 

Specifically, it is actively involved in the control o f vascular tone and 

thrombogenicity. Furthermore, the endothelium contributes to the regulation of cell 

growth within the vascular wall and helps to orchestrate inflammatory responses.

Figure 1.1: The vascular endothelium. The endothelium is a layer o f cells that 
lines the luminal surface of blood vessels. This strategic position allows it to play an 
integral role in the maintenance o f vascular homeostasis. Pictures taken from: 
www.probes.com/lit/bioprobes36/coverl.html and www.gen.umn.edu/.../ epithelial 
images.html

1.3.1 Endothelial regulation of vascular tone

Endothelial involvement in the regulation of vessel tone and blood flow is especially 

well established (Vallance et a l,  1989) and is achieved largely through the release of 

several endothelium-derived vasodilating and vasoconstricting substances. One such 

substance, endothelium-derived relaxing factor, has been the focus of considerable

2



G eneral Introduction

interest since its discovery in 1980 by Furchgott and Zawedski. It has since been 

identified as nitric oxide (NO), a ubiquitous, lipophilic m olecule o f  molecular weight 

30Da (Palmer et a i ,  1987). NO is synthesised within the endothelial cells from L- 

arginine through the activity o f  the NADPH -dependent enzym e, endothelial nitric 

oxide synthase (eNOS). The co-product o f  the reaction is L-citrulline (see equation 

below).

eNOS
L-argmme + O2 ^  NO + L-citrulline

Once formed, NO readily diffuses into the underlying vascular smooth muscle where 

it interacts with the haem group o f  the cytosolic enzym e, guanylyl cyclase, thus 

activating it. Guanylyl cyclase catalyses the conversion o f  guanosine triphosphate 

into cyc lic  guanosine monophosphate, w hich in turn activates a protein kinase 

(probably PKG). Subsequent phosphorylation o f  key proteins leads to vasodilation  

through prevention o f  the calcium  influx necessary for constriction. NO also  

performs many o f  the anti-atherosclerotic functions o f  the endothelium , including  

anti-inflam matory and anti-proliferative effects as w ell as inhibition o f  platelet 

adhesion. The high affinity o f  NO for haem proteins (other than guanylyl cyclase) 

results in a relatively short half-life (2-30 seconds).

Endothelial cells also release several vasoconstricting agents, the m ost potent o f  

which is endothelin, first characterised in 1988 (Yanagisawa et al., 1988; Inoue et al., 

1989). O f the three isoform s identified to date (endothelin-1, endothelin-2 and 

endothelin-3), endothelin-1 (ET-1), a 21-amino acid peptide, is the most concentrated 

and influential within the circulation. In addition to its role in the regulation o f  

vascular tone, ET-1 promotes the proliferation o f  sm ooth m uscle cells  and the 

secretion o f  extracellular matrix and is a pro-inflamm atory mediator, known to 

activate m onocytes and stimulate the release o f  chemotactic factors including tissue 

necrosis factor alpha (TN Fa), monocyte chemotactic protein-1 (M CP-1), interleukin-
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1 beta (IL-1(3), interleukin - 6  (IL-6 ) and interleukin - 8  (IL-8 ). This may ultimately 

result in leucocytosis, neutrophil activation, reactive species generation and 

endothelial expression o f adhesion molecules.

The synthesis o f  ET-1 begins within vascular endothelial cells with the removal o f a 

signal peptide from preproendothelin-1 to form proendothelin-1. Through the action 

o f  an endopeptidase (possibly Furin), proendothelin-1 is converted to the 38-amino 

acid peptide big endothelin-1, the direct precursor o f  ET-1. Big endothelin-1 is 

converted to ET-1 by the membrane-bound endothelin converting enzyme (ECE-1).

ET-1 acts on two distinct types o f receptors viz. endothelin type A (ETa) and type B 

(ETb) receptors. These G -pro tein-linked  recep tors are thought to activate 

phospholipase C, which in turn elicits a rise in intracellular calcium concentration 

through increased phosphoinositide turnover, membrane diacylglycerol and protein 

kinase C. An initial increase in intracellular calcium  is due to release from IP 3 - 

sensitive intracellular stores. This is followed by a more sustained increase in 

intracellular calcium  due to activation o f  calcium -dependent calcium , potassium , 

chloride and non-selective cation channels in the cell membrane. By regulating 

m em brane potential, these channels are responsible for the activity o f  voltage- 

dependent calcium entry (Neylon, 1999).

The ETa receptor is located on the smooth muscle and when activated, mediates 

vasoconstriction. Two subtypes o f the ETb receptor have been described, one (ETb2 ) 

expressed on sm ooth muscle and causing vasoconstriction and the other (ETbi) 

present on endothelial cells and mediating the release o f vasodilating factors including 

NO and prostacyclin (PGI2 ; Tsukahara et a l ,  1994; Cardillo et a i ,  2000), which offset 

the vasoconstrictive effects o f  the ETa receptor. The biological effects o f  ET-1 are 

therefore determ ined by the relative densities o f  the two receptor types. In the 

forearm circulation o f healthy humans, ET-1 and NO are continuously released from 

endothelial cells and are thought to reciprocally interact to maintain basal vascular 

tone. For example, NO antagonises ET-1 release from the endothelium and facilitates 

its displacement from its receptors (Goligorsky et al., 1994; Cardillo et al., 2000). In 

turn, ET-1 acting through the ETa receptor is thought to directly decrease smooth 

muscle sensitivity to NO. Disruption o f the balance between NO and ET-1 or changes
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in target receptor densities, may lead to endothelial dysfunction and subsequent 

d isease. C ertain ly  there are m any disease states including  hypertension , 

atherosclerosis, congestive heart disease and ischaem ia/reperfusion injury that are 

characterised by increased circulating levels o f ET-1.

1.3.2 Endothelial regulation o f haemostasis

Inappropriate thrombus formation may result in the occlusion o f  a blood vessel with 

consequent downstream ischaemia and tissue necrosis. Under normal conditions, the 

endothelium  counteracts this by interfering with the pathw ays involved in the 

coagulation cascade and platelet aggregation and by stim ulating fibrinolysis (Van 

Hinsbergh, 2001). The coagulation cascade is a series o f  reactions, which results in 

the formation o f  thrombin and ultimately fibrin. The endothelium harbours factors 

that sabotage this pathway. Thus it produces heparan sulfate proteoglycans that bind 

antithrombin III, an inhibitor o f thrombin. It also expresses thrombomodulin (TM), a 

cellular receptor that catalyses the activation o f protein C by thrombin. Thrombin is 

neutralised in the process. Activated protein C proteolytically degrades factors Va 

and V illa, two key components o f  the coagulation pathway. Similarly, tissue factor 

pathw ay inhib itor (TFPI) produced by the endothelium  binds the activated 

coagulation factors V ila and Xa to form a complex, which subsequently inhibits the 

activity o f  tissue factor. In doing so, TFPI prevents reactivation o f  the extrinsic arm 

o f the coagulation pathway at its source.

Endothelial throm boresistance is further mediated by release o f  PGI2 , prostaglandin 

E 2 and NO in response to thrombin, with consequent inhibition o f  platelet adhesion 

and activation. Endothelial cells produce and bind ectonucleotidases that convert the 

platelet-stimulating ADP to adenosine. Finally negatively charged proteoglycans, in 

particular heparan sulfate proteoglycans, repel platelets from the endothelial surface, 

thereby preventing adhesion.

A third mechanism contributes to endothelial maintenance o f blood fluidity viz. the 

initiation and control o f fibrinolysis. On exposure to thrombin and vasoactive agents, 

endothelial cells release tissue-type plasm inogen activator (tPA), which becomes 

potent upon binding to fibrin. TPA converts plasminogen to plasm in, a proteolytic
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enzym e that brings about blood clot lysis and the destruction o f several clotting 

factors.

Both cigarette smoking and ageing may convey an increased risk o f  cardiovascular 

disease through detrimental effects on both the autonomic nervous system and the 

endothelial layer.

1.4 Cigarette smoking and autonomic control of the cardiovascular system

Acute cigarette smoking is reportedly accompanied by a pronounced and persistent 

increase in heart rate (Cellina et a l ,  1975; Groppelli et al., 1992; N iederm aier et al., 

1993; Grassi et al., 1994; Gerhardt et al., 1999), which elevates cardiac output. It is 

generally accepted that acute smoking also elevates arterial blood pressure (Cellina et 

al., 1975; Groppelli et al., 1992; N iederm aier et al., 1993; Grassi et ah, 1994; 

Gerhardt et al., 1999) although cross-sectional studies have failed to dem onstrate 

higher blood pressure levels among chronic smokers (Seltzer, 1974; Trap-Jensen, 

1988). The pressor and tachycardic effects o f smoking have been attributed primarily 

to general sym pathetic activation. In support o f  this notion, sm oking-related 

cardiovascular changes are associated w ith an increase in circulating plasm a 

catecholamines (Cryer et al., 1976; Grassi et al., 1994) and smoking-induced changes 

in vessel tone are m arkedly attenuated by catecholam ine depletion, though not 

com pletely abolished (Coffm an, 1967). Furtherm ore, direct m easurem ent o f 

sympathetic nerve activity by m icroneurography has revealed sm oking-associated 

increases in sympathetic nerve traffic to the skin (Grassi et al., 1991; Niederm aier et 

al., 1993) and consequent cutaneous vasoconstriction. Smoking also increases 

coronary sinus noradrenaline spillover, an indirect index o f sympathetic nerve traffic 

to the heart (M eredith et al., 1990). In contrast, a m arked reduction in muscle 

sympathetic nerve activity has been observed during cigarette smoking (Grassi et al., 

1991; N iederm aier et al., 1993), although this appears to be due to inhibhion by the 

baroreflex, which is triggered by smoking-related arterial pressure elevations. This 

was elegantly dem onstrated by N arkiew icz et al. (1998), who norm alised blood 

pressure by infusion o f sodium nitroprusside, thereby disengageing the baroreflex. 

Under these circum stances, cigarette sm oking w as accom panied by increased 

sympathetic nerve traffic to the muscle. Because the skin is relatively independent o f
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baroreflex function (Hagbarth et al., 1972), sympathetic traffic to this vascular bed 

increases during smoking regardless o f blood pressure changes.

Although most o f  the cardiovascular effects o f acute cigarette smoking are thought to 

be mediated by sympathetic activation, the failure o f catecholamine-depleting agents 

(Coffm an, 1967) and p-adrenergic receptor inhibitors (D ietz et al., 1984) to 

completely abolish cardio-acceleration after smoking supports the idea that smoking 

increases heart rate not only by increasing sympathetic cardiac tone (M eredith et al., 

1990) but also, in part, by reducing parasympathetic drive. In support o f this idea 

N iederm aier and colleagues (1993) dem onstrated that acute smoking substantially 

reduces baseline cardiac vagal nerve activity as measured by spectral analysis. A 

smoking-related disruption o f  cardiovascular autonomic control is further evidenced 

by reports o f  blunted blood pressure and heart rate responses to the V alsalva 

manoeuvre in smokers (Piha, 1994). A potential impairment o f the baroreflex arc has 

received particular attention. In this regard, Grassi et al. (1994) found that an increase 

in blood pressure associated with cigarette smoking is accompanied by less reflex 

bradycardia and less inhibition o f muscle sympathetic nerve activity than similar 

blood pressure increases induced by intravenous infusion o f  phenylephrine. 

Subsequent research has validated these findings (Mancia et al., 1997; Gerhardt et al., 

1999). Several mechanisms by which smoking might interfere with the baroreflex 

have been proposed. Acute smoking is associated w ith a reduction in arterial 

com pliance (Kool et al., 1993; Stefanadis et al., 1997), which may im pair stretch 

receptor sensitivity. This arterial stiffening has been attributed to increased muscular 

tone, possibly secondary to smoking-related endothelial dysfunction or to elevated 

sym pathetic activity. Indeed, Boutouyrie et al. (1994) dem onstrated reduced 

compliance o f conduit arteries during sympathetic activation induced by mental stress 

and cold pressor tests. It is also possible that sm oking directly  affects the 

cardiovascular control centres in the brainstem, where baroreceptor input is translated 

into an autonom ic response. A lternatively, direct interference w ith effector 

responsiveness to autonomic instruction may occur. Finally, it has been suggested 

that stimulation o f  arterial chemoreceptors might impede baroreflex function (Grassi 

et al., 1994). The arterial chemoreceptors mediate an excitatory reflex that enables 

the cardiovascular system to respond positively to stresses such as exercise and 

hypoxia. When triggered in response to hypoxia, hypercapnia, or nicotine (Zapata et
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al., 1976), this reflex elicits sym pathetically-m ediated vasoconstric tion . The 

chem oreceptor reflex may therefore exacerbate blood pressure changes during 

smoking and undermine the baroreflex.

1.5 Ageing and autonomic control of the cardiovascular system

Ageing, a well-documented cardiovascular risk factor, is associated with a general rise 

in resting blood pressure (Burt et al., 1995). This has been in part attributed to an 

increase in resting sym pathetic drive w hich is evidenced by elevated muscle 

sympathetic nerve activity (W allin and Fagius., 1988; Ng et al., 1993; Ng et al., 

1994), increased plasm a noradrenaline (Ziegler et al., 1976; Barnes et al., 1982; 

Goldstein et al., 1983; Shimada et al., 1985), and greater noradrenaline spillover rates 

coupled with impaired noradrenaline reuptake (Hoeldtke and Cilmi, 1985; Esler et al., 

1995; Seals and Esler, 2000). The age-related increase in sympathetic nervous system 

activity may be due to impaired baroreflex control o f “normal” central sympathetic 

nervous system outflow or to a primary increase in CNS-generated sympathetic nerve 

discharge.

Results derived from animal studies indicate that the age-related increase in resting 

sympathetic nervous system activity is due to impaired baroreflex function (Tanabe 

and Bunag, 1989; Hajduczok et al., 1991a; Hajduczok et al., 1991b). W hether this 

occurs in humans is debatable (Laitinen et al., 1998; Davy et a l,  1998; Tanake et al., 

1999). Certainly, baroreflex control o f muscle sympathetic nerve activity is unaltered 

by ageing (Matsukawa et al., 1996; Davy et al., 1998; Tanake et al., 1999). However, 

baroreflex-m ediated vagal control o f  the heart is reportedly attenuated in older 

individuals (Gribbin et al., 1971; Dauchot and Gravenstein, 1971; Shannon et al., 

1987; Ebert et al., 1992; Lakatta, 1993; M atsukawa et al., 1996; M onahan et al., 

2001). There is also an age-related reduction in baroreflex-evoked peripheral 

vasoconstriction (Cleroux et al., 1989; Davy et al., 1998) though this appears to be 

due to a decrease in peripheral vascular responsiveness to sympathetic stim ulation 

(Davy et al., 1998). A reduction in baroreflex function may be due to a loss o f large 

artery com pliance and distensibility, which is known to occur with advancing age. 

Thus, a two-fold increase in collagen content is usually observed in vessels with age 

w hile the elastin becom es fragmented, possibly due to increased elastase activity
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(Robert, 1996; Yu and Chung, 2001; Lakatta and Sollott, 2002). It has been 

hypothesised that stiffening of the large vessels that contain the baroreceptors would 

significantly affect autonomic circulatory control and reduce cardiovagal baroreflex 

gain (Bonyhay et al., 1996; Monahan et ah, 2001).

It has also been proposed that the age-associated increase in sympathetic drive may be 

centrally mediated (Hajduczok et al., 1991c; Lambert et al., 1997). According to 

Seals and Esler (2000), sub-cortical noradrenaline turnover is at least two times higher 

in healthy older compared with young men. Furthermore, this elevation in forebrain 

noradrenaline turnover was positively and significantly related to age-associated 

elevations in cardiac noradrenaline spillover. Noradrenergic neurons in subcortical 

areas o f the brain are known to modulate medullary pre-ganglionic sympathetic 

discharge.

1.6 Impaired autonomic function and cardiovascular disease

The autonomic nervous system is one o f the major regulators o f normal 

cardiovascular function and sympathovagal balance may therefore be an important 

determinant o f cardiovascular health. Indeed, both heart rate variability and 

baroreflex sensitivity are believed to be independent predictors o f cardiovascular 

mortality (Tsuji et al., 1994; Tsuji et al., 1996; LaRovere et al., 1998). Autonomic 

dysfunction may be particularly important in the development and/or exacerbation of 

essential hypertension (Brook and Julius, 2000; Kobayashi et al., 2001), which is 

associated with increased cardiac and vascular sympathetic drive (Rahn et al., 1999; 

Esler, 2000; Corti et al., 2000) as well as reduced vagal tone (Bristow et al., 1969; 

Gribbin et al., 1971; Guzzetti et al., 1988; Pagani et al., 1988; Singh et al., 1998; 

Grassi et al., 1998; Greenwood et al., 1999; Kobayashi et al., 2001). Baroreflex 

sensitivity is also impaired in hypertensive individuals (Sevre et al., 2001). As well as 

hypertension, autonomic dysfunction has been associated with congestive heart failure 

(Saul et al., 1988; van de Borne et al., 1997; Corti et al., 2000; Guzzetti et al., 2001), 

idiopathic and hypertrophic cardiomyopathy (Ajiki et al., 1993), insulin resistance and 

diabetes (Bernardi et al., 1992; Liao et al., 1998; Festa et al., 2000) and obesity (Esler 

et al., 2001). Indeed, inappropriate sympathetic activation provides a potential 

mechanism for obesity-related hypertension. Because acute cigarette smoking
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stimulates the sympathetic nervous system (Lucini et al., 1998; Grassi et a l ,  1994) 

w hile depressing vagal tone (Coffman, 1967; Dietz et al., 1984), chronic smoking 

may cause autonomic dysfunction, and adversely affect cardiovascular health. It is 

possible that the increased risk o f cardiovascular morbidity associated with ageing is 

also due to impaired autonomic behaviour.

1.7 Smoking and endothelial dysfunction

As detailed above, the endothelium plays a pivotal role in the maintenance o f vascular 

homeostasis. Altered endothelial function may result in the loss o f proper control 

over vascular tone and blood throm bogenicity, thereby creating an intravascular 

environm ent conducive to the developm ent o f cardiovascular disease. Recent 

research indicates that smoking may be associated with endothelial dysfunction (Lehr, 

2000). Exactly how smoking might alter endothelial behaviour is not known although 

several potential mechanisms have been described. These m echanisms invariably 

originate with exposure o f  the vasculature to oxidative stress

1.8 Oxidative stress and endothelial function 

1.8.1 Direct oxidative damage to the vasculature

H ighly reactive oxidants, constantly form ed as side products in many norm al 

physiological reactions, can attack cellular m acrom olecules causing injury and 

potentially cell death. Consequently, num erous protective strategies involving 

antioxidant enzymes and scavenger molecules have evolved to limit oxidative injury 

(see Figure 1.2). However, if  oxidant load exceeds antioxidant capacity, oxidative 

stress and cell damage will ensue. Since cigarette smoke is known to contain a vast 

num ber o f oxidants (Pryor, 1997) it has been proposed that many o f  the adverse 

effects o f cigarette smoking may result from oxidative damage to critical biological 

molecules. Increased damage to respiratory tract epithelial cells and subsequent 

increased permeability may enhance exposure o f  the circulatory system to oxidants 

derived from cigarette smoke (Eiserich et al., 1995). That oxidants gain entry to the 

circulation is evidenced by a diminished plasma antioxidant status in smokers (Frei et 

al., 1991; Eiserich et al., 1995; Lykkesfeldt et al., 2000; Liu et al., 2000) as well as 

increased antibodies against oxidised low-density lipoprotein (Ox-LDL) and increased
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circulating products o f oxidation such as F2 -isoprostanes (Morrow et al., 1995; Reilly 

et al., 1996). Furthermore, a study by Park et al. (1998), in which rats were exposed 

to cigarette smoke for 30 days revealed smoke-induced protein and DNA damage not 

only to the lungs but also to the heart, kidney and liver. Several other studies have 

also demonstrated damage to lipids, proteins and DNA on exposure to cigarette smoke 

(Eiserich et al., 1995; Ballinger et al., 2000). The net result o f this non-specific free 

radical attack is loss o f  cell integrity, enzym e function and genom ic stability. 

Coupled with the increased shear stress that accompanies smoking, this may result in 

endothelial cell death and desquamation with potential loss o f  endothelial function. 

Certainly, increased circulating endothelial cells have been detected in smokers 

(B lache et al., 1992; Dignat-George and Sampol, 2000; Tansey and Bell, 2003) 

although some o f this increase may be attributable to apoptosis o f endothelial cells 

exposed to cigarette smoke rather than oxidant-mediated mechanical damage (Harada- 

Shiba et al., 1998; Siow et al., 1999). Oxidative damage o f cell components probably 

results from both a direct reaction with toxins in cigarette smoke and from the 

consequent activation o f inflammatory immune processes (discussed in detail later). 

In addition to direct endothelial damage, oxidants may interfere with the vasodilatory 

and anti-atherosclerotic NO.

1.8.2 Inactivation of NO by superoxide

Superoxide anion (02’) is a negatively charged free radical, formed by univalent 

reduction o f molecular oxygen. It is abundant in cigarette smoke and is also a major 

product o f inflammation. Under physiological conditions, O2’ can directly inactivate 

NO by reacting with it to form the highly cytotoxic peroxynitrite ( 0 N 0 0 ‘; Rubanyi 

and Vanhoutte, 1986; Gryglewski et al., 1986). This results in a reduction in the 

bioavailability o f  NO and contributes to oxidative stress and consequent cellular 

damage. Furtherm ore, 0 N 0 0 ‘ may interfere with specific pathways im portant to 

vascular function. Landino et al. (1996) dem onstrated that ONOO" can activate 

prostaglandin H2 (PGH2 ) synthase with a resultant increase in eicanosoid synthesis. 

Peroxynitrite can also nitrate and inactivate PGI2 synthase, leaving unm etabolised 

PGH 2 , which may then cause vasospasm  via the throm boxane A 2 (TxA 2)/PGH 2 

receptor (Zou and Bachschmid, 1999). Normally, the reaction o f  NO with O 2’ is 

lim ited by antioxidant defences, notably superoxide dism utase (SOD ), w hich
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catalyses the conversion o f  O2 ' to the less reactive hydrogen peroxide (H 2 O2). The 

relatively high abundance o f SOD ensures that conversion o f O 2 ' to H 2 O2 occurs 

preferentially, even though the reaction o f NO with O 2’ occurs approximately three 

times more rapidly (Harrison, 1997). However, under conditions o f oxidative stress, 

SOD is overwhelm ed and the reaction o f O2 ’ with NO readily proceeds. That this 

might occur during cigarette smoke exposure is supported by a study by Raij et al. 

(2001), where administration o f SOD significantly reversed cigarette smoke-induced 

endothelial dysfunction o f rat aortic rings.

The high affinity of NO for haem proteins leads to a decrease in its biological activity. 

Interaction of NO with thiols to form S-nitrosothiols with similar biological activity as 

NO, increases its stability and bioavailability and extends the range over which NO 

can exert its effects beyond the distance it can diffuse as an unstable molecule. Thiols 

may also directly stim ulate eNOS activity and protect it and its cofactors from 

inactivation by 0 2 ' or ONOO (Carre and Frei, 2000). Normally, ascorbic acid spares 

thiols from oxidation. However, ascorbic acid is readily depleted under conditions of 

oxidative stress and thiols are then vulnerable to oxidation. Smoking may therefore 

cause a reduction in NO bioavailability secondary to thiol depletion (Park et al., 

1998).

1.8.3 Reduced eNOS activity

Sm oking-related endothelial dysfunction may be attributed, at least in part, to 

impaired NO formation. Recent research has focussed on tetrahydrobiopterin (BH 4 ), 

a critical cofactor in the eNOS-catalysed synthesis o f NO. Although this reaction is 

poorly understood, BH 4 is believed to play a redox role (Bee et al., 2000), coupling 

oxygen reduction to the oxidation o f L-arginine guanidinonitrogens to yield NO and 

L-citrulline. A facilitatory role for BH 4  in the binding o f  L-arginine to eNOS has also 

been proposed (Kurz and Harrison, 1997; Stroes et al., 1997). Furthermore, BH 4 may 

also promote dimerisation o f eNOS, a process considered necessary for eNOS activity 

although this seem s unlikely since Ram an et al. (1998) have dem onstrated 

crystallographically that eNOS can dimerise in BH4 -free solution.
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Under conditions o f insufficient BH4 availability, the L-arginine-NO pathway is 

uncoupled, formation o f NO is reduced (Gross and Levi, 1992; W erner-Felmayer et 

a l ,  1993; Cosentino and Katusic, 1995) and superoxide anions are generated (W ever 

et al., 1998). Subsequent formation o f H2O2 may then occur through the actions o f 

SOD. H 2O2 is a potent vasodilator in coronary arteries (Rubanyi and Vanhoutte, 

1986) and its production might temporarily compensate for the loss o f NO. However, 

as a powerful oxidant (Rubanyi and Vanhoutte, 1986), H2O2 is a poor substitute for 

NO since prolonged intracellular production may induce vascular damage (Cosentino 

and Katusic, 1995). Indeed, eNOS dysfunction due to BH4 insufficiency has been 

shown to increase H202-induced endothelial cell death in vitro (Ishii et al., 1997). 

This effect was abolished by pre-treatm ent with sepiapterin, a precursor o f BH4 

synthesis via the salvage pathway.

Accumulating evidence indicates that under conditions o f  oxidative stress, BH4 is 

depleted and eNOS becom es dysfunctional. Huang et al. (2000) investigated the 

effect o f ascorbic acid on the NO system in a porcine aortic endothelial cell culture. 

EN O S-m ediated cGM P accum ulation was enhanced as a function o f  increasing 

intracellular ascorbic acid. This was believed to reflect an absolute increase in the 

am ount o f  NO produced by the endothelial cells since cells supplem ented with 

ascorbic acid contained more L-citrulline, nitrite (NO 2’) and nitrate (NOs') than 

unsupplem ented cells. The stimulatory effect o f  ascorbic acid was lost with BH4 

concentrations exceeding lOmM and in endothelial cells treated with sepiapterin. 

These results are corroborated by Heller and colleagues (1999) who, in a similar 

study, investigated the effects o f ascorbic acid on NO synthesis in human endothelial 

cells. Although ascorbic acid clearly enhanced agonist-induced NO production, it had 

no effect on either eNOS levels or on the cellular uptake o f L-arginine. The authors 

suggested that ascorbic acid might instead enhance eNOS activity by increasing the 

availability o f BH4 or by enhancing its affinity for the enzyme. Finally, endothelial 

dysfunction that can be reversed by increased bioavailability o f  BH4 has been 

described in the saphenous vein (Higman et al., 1996), in the brachial artery (Ueda et 

al., 2000) and in forearm resistance vessels o f smokers (Heitzer et al., 2000).

How might BH4 bioavailability be decreased in smokers? Toxic free radicals are 

abundant under the conditions o f oxidative stress that prevail in the vasculature of
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smokers. These toxins may inhibit the biosynthesis o f  BH4 via depletion o f  NADPH  

(Tiefenbacher, 2001) or may inactivate it once formed. ONOO' in particular has been 

shown to readily oxidise BH4 to form dihydrobiopterin (7,8-BH2), an inactive pterin 

without the concomitant oxidation o f  L-arginine and consequent formation o f  NO. It 

has also been postulated that recycling o f  BH 2 by flavin nucleotides (Scott-Burden,

1995) or by dihydrobiopterin reductase (Gross and Levi, 1992) might be impaired due 

to the abnormal intracellular redox state. N ot only m ight this reduce BH4 

bioavailability but oxidised BH4 derivatives such as BH2 might also enhance O2' 

production by the dysfunctional eNOS (Heitzer et al., 2000). Thus a vicious circle is 

established whereby reactive species oxidise BH4 and oxidised derivatives o f  BH4 

may enhance the production o f  reactive species. Alternatively, it has been speculated 

that aromatic amines absorbed into the circulation from the combustion o f  tobacco 

could act as potent inhibitors o f  the enzym es involved in the biosynthesis o f  BH4 

(Higman et al., 1996). Additionally, a decreased expression o f  GTP cyclohydrolase I 

may be involved in the pathology o f  reduced BH4 in atherosclerosis as has been 

show n in coronary endothelial ce lls  o f  diabetic rats (M eininger et al.,  2000; 

Tiefenbacher, 2001).

1.9 Lipid Modification

1.9.1 Oxidation of Low Density Lipoprotein (LDL)

O xidative m odification o f  low -density lipoprotein (LDL) is thought to be a key 

process in the development o f  endothelial dysfunction (Mangin et al., 1993; Heitzer et  

al., 1996; Hein and Kuo, 1998) and atherosclerosis (Steinberg, 1997) and may be 

especially important in smokers. LDL from smokers is more susceptible to oxidation 

in cell culture than LDL from non-smokers (Harats et al., 1989; Pech-Am sellem  et al.,

1996). In addition, several in vivo  studies have dem onstrated increased auto

antibodies against Ox-LDL in smokers (Morrow et al., 1995; Heitzer et al., 1996; Liu 

et al., 2000) as well as increased circulating products o f  lipid peroxidation (Morrow et  

fl/.,1995; M iller et  a / .,1997). This enhanced LDL oxidation has been attributed to 

increased oxidant load imposed on the vasculature by cigarette smoking, coupled with 

a deficiency o f  a-tocopherol within the LDL particles (Sekher Pannala et al., 2002), 

as w ell as decreased plasma ascorbic acid concentration (Frei et al., 1991; Siow  et al..
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1999). A scorbic acid and a-tocopherol deficiency is probably due to increased 

utilisation although there are reports o f lower dietary antioxidant intake in smokers 

than non-smokers (Lykkesfeldt et al., 2000).

Impairment o f endothelial function by Ox-LDL may occur by several mechanisms. 

Ox-LDL induces vascular cell apoptosis (H arada-Shiba et al., 1998; Siow et al., 

1999). It is capable o f  inactivating NO directly (Galle et al., 1991) or indirectly 

through the generation o f 0 2 ’ and may also inhibit the production o f vasodilating PGI2 

(Hein and Kuo, 1998). Ox-LDL has also been found to reduce eNOS activity 

(M ukherjee et al., 2001) possibly due to the decreased transcription and increased 

breakdow n o f eNOS transcrip ts w hich have been associated w ith increasing 

concentration o f Ox-LDL (W ever et al., 1998). An Ox-LDL-mediated reduction in 

eNOS activity may also be secondary to protein kinase C (PKC) activation (Keaney et 

al., 1996; Mukherjee et al., 2001). PKC is known to directly phosphorylate the brain 

isoform o f NOS resulting in a substantial decrease in activity (Bredt et al., 1992). 

W hether this occurs in the endothelium is unknown though inhibition o f PKC in 

Bovine Aortic Endothelial Cells is associated with increased eNOS transcription 

(O hara et al., 1995). PKC may also phosphorylate endothelial cell m uscarinic 

receptors, interrupting G -protein-dependent signal transduction and im pairing 

receptor mediated NO production (Flavahan et al., 1991; Richardson et al., 1992). 

A lpha-tocopherol inhibits PKC in sm ooth m uscle cells by activating protein 

phosphatase PP2A, which results in dephosphorylation o f PKC (Ricciarelli et al., 

1998). A smoking-related depletion o f a-tocopherol may therefore facilitate PKC- 

induced damage.

Ox-LDL induces inflammation by stimulating monocyte adhesion and influencing the 

release o f pro-inflammatory cytokines by almost all vascular cells. The inflammatory 

response is associated with the generation o f  reactive oxygen species, contributing to 

the vascular oxidant load. Interactions between Ox-LDL and m onocyte-derived 

macrophages may play a role in the initiation o f  smooth muscle cell proliferation, an 

important event in atherogenesis (Nakanu et al., 1994).
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Finally, O x-LD L alters haem ostasis by dow n-regulating TM  expression  on 

endothelial cells, thereby inhibiting the thrombin-TM -protein C pathway (Ishii et a i,  

1996). This is thought to occur by inhibition o f TM transcription. A decrease in TM 

expression on the surface o f endothelial cells may contribute to the prom otion o f 

thrombosis in atherosclerotic lesions.

1.9.2 Phospholipid modification

Oxidation o f arachidonic acid, a common fatty acid in phospholipids, gives rise in a 

cyclooxygenase (CO X )-independent m anner to prostaglandin F2 -like com pounds 

term ed  p 2 -isoprostanes. F2 -isoprostanes activate  TxA 2 recep to rs  causing  

vasoconstriction (M orrow et al., 1995). They are formed in situ  on the phospholipid 

and later released, probably by the actions o f phospholipases. This process contrasts 

with enzymic production o f  prostaglandins, which requires release o f arachidonic acid 

prior to catalysis by COX. p 2 -isoprostane levels are higher in smokers than non- 

smokers and are normalised after 2-4 weeks o f abstention (Morrow et al., 1995; Reilly 

et al., 1996; Pilz et al., 2000). Additionally, ONOO' has been shown to activate 

prostaglandin endoperoxide synthase (PGHS), further increasing eicanosoid synthesis. 

NO does not produce similar results (Tsai et al., 1994). As well as non-COX-derived 

vasoconstricting eicanosoids such as p 2 -isoprostanes, COX-derived eicanosoids may 

contribute to smoking-induced endothelial dysfunction. In a study by Raij et al. 

(2001), indom ethacin, a COX inhibitor, partially reverted the vascular effects o f 

cigarette smoke in rat aortic rings while addition o f the TXA2/PGH 2 receptor blocker, 

ifetroban, completely reversed the effects o f cigarette smoke exposure.

Oxidative stress may impair endothelial dysfunction by several direct m echanisms 

including reduced synthesis or increased inactivation o f NO, disruption o f  the balance 

between NO and opposing factors such as ET-1, altered eicanosoid production and 

direct damage to the vasculature, resulting in endothelial death and desquamation with 

complete loss o f endothelial function at the focus. Activation o f  the inflammatory 

response secondary to oxidative damage may further impair endothelial function.
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1.10 Inflammation, C-reactive protein and endothelial dysfunction

Low grade but persistent inflammation is probably generated in response to smoking- 

related endothelial and/or bronchopulmonary injury (de Maat et al., 1996). In support 

o f this concept, increased levels o f the pro-inflammatory cytokines IL -lp , IL-6, lL-8 

and T N Fa as well as the hepatic acute phase proteins, fibrinogen and C-reactive 

protein (CRP) have been demonstrated in smokers (Das, 1985; Kuschner et al., 1996; 

Tappia et al., 1995; de Maat et al., 1996; Danesh et al., 1999; Koenig et al., 1999; 

Bermudez et al., 2002). CRP is a major acute phase protein, the synthesis and release 

o f which are regulated by circulating cytokines, notably lL-6, 1L-1|3 and T N F a 

(Heinrich et al., 1990; Baumann and Gauldie, 1994; Steel and W hitehead, 1994; Yu 

and Rifai, 2000; Liuzzo and Rizzello, 2001). A lthough it is predominantly secreted 

by hepatocytes lym phocytes, K uppfer cells and blood m onocytes have also been 

shown to produce the protein (Volanakis, 2001). Plasma CRP concentration is used 

clinically as an index o f acute systemic inflammation since under such circumstances, 

it may increase 1000-fold above normal plasm a levels. More recently however, 

slightly elevated but conventionally normal CRP levels have been used to identify 

low-grade chronic inflammation. Interestingly, elevated levels o f CRP are associated 

with a number o f  cardiovascular disorders and may predict future cardiovascular 

disease in otherwise healthy individuals (Ridker et al., 1997; Danesh and Pepys, 2000; 

Yu and Rifai, 2000; Fichtlscherer et al., 2000).

Recent research has outlined a potential role for chronic inflam m ation in the 

developm ent o f endothelial dysfunction. Cleland et al. (2000) reported a negative 

association between CRP concentration w ithin the norm al range and basal NO 

generation in the brachial artery o f  healthy men. Furthermore, elevated serum CRP 

concentrations are significantly associated with decreased endothelial vasodilator 

function (Fichtlscherer et al., 2000; Jarvisalo et al., 2002). These results complement 

previous work by Bhagat et al. (1996), who found that infusion o f  endotoxin into 

superficial hand veins o f healthy subjects (provoking a local acute inflamm atory 

response) caused a selective im pairm ent or “stunning” o f  endothelium -dependent 

relaxation. In a similar study, Hingorani et al. (2000) administered Salmonella typhi 

vaccine to young, healthy subjects to test the hypothesis that a m ild system ic 

inflamm atory response impairs endothelium -dependent dilation. Vaccination was
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associated with profound, but tem porary, suppression o f  endothelium -dependent 

relaxation in both conduit (brachial artery) and resistance vessels o f  the forearm 

circulation in response to flow-mediated dilation and/or pharmacological stimuli. A 

recent study by Sharma et al. (2001) revealed trends towards decreased flow-mediated 

and GTN-induced brachial artery vasodilation in subjects with IgA antibodies to 

C hlam ydia pneum oniae  or evidence o f  inflam m ation reflected by CRP levels. 

Similarly, Prasad and colleagues (2002) found that pathogen burden, as measured by 

serum IgG antibodies to cytomegalovirus, hepatitis A virus. Chlamydia pneum oniae  

and Helicobacter pylori, was an independent risk factor for the presence and severity 

o f coronary artery disease and for the presence o f coronary vascular endothelial 

dysfunction. Increasing pathogen burden was also associated with higher CRP 

levels. This research  suggests that increased m arkers o f  in fection  and/or 

inflammation are associated with functional abnormalities.

Several possible m echanism s by which the inflam m atory response m ight impair 

endothelial function have been suggested. Firstly, the accumulation o f activated white 

blood cells during inflammation is accompanied by the production o f reactive species, 

which are likely to exacerbate conditions o f oxidative stress already imposed on the 

vasculature by cigarette smoke. Thus oxidants from  cigarette sm oke induce 

inflammation and activation o f leucocytes and initiate oxidant cycles and pathways 

resulting in increased oxidants and oxidative stress.

Secondly, pro-inflammatory cytokines may inhibit the generation o f NO and certain 

anti-aggregatory prostanoids. TN Fa in particular, is known to destabilise mRNA 

encoding eNOS (Y oshizum i et al., 1993) and dow n-regulate COX-1. T h u s  

adm inistration o f recom binant T N Fa was found to depress endothelium -dependent 

relaxation in rat aortic rings (W ang et al., 1994). Conversely, adm inistration o f 

etanercept (a TN Fa-binding protein) and consequent inactivation o f T N Fa, reportedly 

improves forearm resistance vessel vasodilator capacity in patients with advanced 

heart failure (Fichtlscherer et al., 2001). Interestingly, increased T N Fa receptor 

levels are associated with the presence o f carotid atherosclerosis (Elkind et al., 2002). 

T N F a as well as IL-1(3 and thrombin have also been shown to increase the expression
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o f tissue factor, the cellular trigger for the coagulation cascade, further enhancing the 

prothrombotic properties o f endothelial cells (Archipoff et a l ,  1991).

Thirdly, prolonged elevations in circulating throm bin levels are thought to alter 

endothelial function. Increased throm bin levels may be brought about by pro- 

inflam m atory cytokines such as T N F a , which inhibits TM gene transcription 

(A rchipoff et al., 1991; Ishii et al., 1996) and IL-1(3. Elevated throm bin levels have 

been shown to up-regulate the activity and expression o f ECE-1 and down-regulate 

eNOS (Eto et al., 2001). Thrombin may enhance inflammatory responses. Both in 

vivo  and in vitro  studies have dem onstrated that throm bin is chem otactic for 

monocytes and neutrophils (Bar-Shavit et al., 1983; Drake and Issekutz, 1992). There 

is also some evidence that throm bin is capable o f inducing cytokine expression, 

specifically IL-6 in fibroblasts and epithelial cells and IL-8 in endothelial cells and 

monocytes (Sower et al., 1995; Ueno et al., 1996).

Finally, it is thought that CRP may directly contribute to endothelial dysfunction and 

disease and may therefore be more than a coincidental marker. Certainly, CRP is 

known to activate the classical component o f the complement cascade (Wolbink et al., 

1996), thereby com pounding existing inflam m ation, by enhancing neutrophil 

recruitm ent and inducing throm bosis. CRP may also prom ote throm bosis by 

stimulating human monocytes to synthesise tissue factor, a potent coagulant (Yu and 

Rifai, 2000). Furthermore, CRP has been shown to mediate the uptake o f native LDL 

into macrophages, a novel mechanism for foam cell formation, independent o f LDL 

modification (Zwaka et al., 2001). A recent study indicates that CRP may directly 

impair NO production (Verma et al., 2002). Thus incubation o f endothelial cells with 

CRP at concentrations known to predict adverse vascular events, resulted in marked 

reductions in basal and stimulated NO release, cGMP production and eNOS mRNA 

and protein expression.

1.11 Antioxidant Defence Mechanisms

As stated previously, reactive oxidants are continuously created as by-products o f 

normal metabolism. The mitochondrial electron transport chain, in particular, is now
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recognised as a major physiological source o f  oxidants since it involves sequential 

univalent redox reactions, an inherently perilous process. Additional physiological 

sources o f  reactive species include m onoam ine oxidase and xanthine oxidase, 

prostanoid metabolism and the oxidative burst o f  macrophages. To m inim ise any 

consequential oxidative damage, an array o f  antioxidant enzym es and scavenger 

m olecules have evolved (see Figure 1.2). O f the antioxidant enzym es, SOD, catalase 

(CAT) and glutathione peroxidase (GPX) are probably the m ost important. The 

primary antioxidant scavengers, water-soluble ascorbic acid and lipid-soluble a -  

tocopherol, are discussed in detail in Chapter 8.

1,12 Nicotine

Research concerning nicotine, a major constituent o f  cigarette sm oke, has primarily 

em phasised  its m odulation o f  nervous system  behaviour. N ico tin e  binds 

stereospecifically to nicotinic cholinergic receptors, located in the brain, autonomic 

ganglia, the adrenals and neuromuscular junction, thereby increasing sympathetic 

drive (Benowitz, 1988). Nicotine therefore appears to be responsible for the transient 

elevations in blood pressure and heart rate that have been reported follow ing acute 

cigarette smoking. However, several recent studies have suggested that nicotine may 

also  alter endothelial function. N icotine exposure has been found to impair 

endothelium-dependent vasodilation in the hand veins o f  non-smokers (Sabha et al., 

2000; Chalon et al., 2000) and in the brachial artery (Neunteufl et al., 2002) and 

resistance vessels o f  smokers (Sarabi and Lind, 2000). Mayhan and Patel (1997) 

demonstrated that intravenous infusion o f  nicotine, producing a plasma concentration 

o f  nicotine similar to that observed in smokers, impaired agonist-induced, eNO S- 

dependent dilation o f  resistance vessels in the hamster cheek pouch. In a subsequent 

study, nicotine infusion was found to markedly impair NO release by the hamster 

cheek pouch m icrocirculation. This was attributed to increased production o f  

superoxide radicals since co-in fusion  o f  SO D reversed the nicotine-induced  

endothelial dysfunction (Mayhan et al., 1999).

N icotine has been shown to inhibit the release o f  NO and PGI2 (Nadler et al., 1983; 

Mayhan et al., 1999) and stimulate ET-1 release (Letizia et al., 1997; Lee and Wright, 

1999) although the latter has been disputed (Goerre et al., 1995). H ow ever the
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pressor effects o f  nicotine were attenuated in rats fo llow ing antagonism  o f  ETa 

receptors (Tanus-Santos et al., 2000). Increased ET-1 is probably secondary to rises 

in plasma vasopressin (Letizia et al., 1997), which has been shown to stimulate the 

expression o f  pre-pro-ET-1 m RNA and the release o f  ET-1 from cultured bovine 

carotid endothelial cells (Imai et al., 1992).

N icotine, at concentrations found in the plasm a o f  smokers, may also alter the 

expression o f  a number o f  endothelial genes w hose products are involved in the 

maintenance o f  vessel tone (angiotensin converting enzym e, ACE and eN O S) and 

thrombogenicity (PAI, tPA, vWF; Zhang et al., 2001). Whether these are specific, 

purposeful actions o f  nicotine or whether they merely represent a general effect on 

mRNA transcription is not known.

Finally, nicotine may have direct, deleterious effects on endothelial integrity. 

According to Tithof et al. (2001), the nicotine derivative, 4-(m ethylnitrosam ino)-l-(3- 

pyridyl)-l-butanone (N N K ) induces apoptosis o f  endothelial cells. This occurs 

through binding o f  NNK  to (31- and p2-adrenergic receptors, which in turn causes 

arachidonic acid release and cellular injury.

1.13 Ageing and endothelial function

In both animal and human studies, ageing has been shown to be associated with 

decreased vasodilator function in response to endothelium -dependent, but not 

endothelium-independent dilators (Zeiher et al., 1993; Taddei et al., 1995; Gerhard et 

al.,  1996; Taddei et al., 2001; M uller-Delp et al., 2002). Age-related endothelial 

dysfunction has been demonstrated in large conduit arteries as w ell as in resistance 

arteries and coronary vessels and is thought to be due to alterations in the equilibrium  

between endothelium-derived relaxing and constricting factors (Ibarra et al., 1995; 

M atz et al., 2000). Certainly, eNOS activity is known to be decreased in older 

animals (Challah et al., 1997), and a continual decline in NO production with ageing  

has also been demonstrated in humans (Taddei et al., 2001). These findings have 

been corroborated by R eckelhoff and colleagues (1994) who found that the urinary 

excretion o f  the NO metabolites, N O 2' and NOs' decreased progressively with age in
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male Sprague-Dawley rats. Reduced NO bioavailability may underlie the elevations 

in ET-1 observed with increasing age.

Dysfunction o f the NO system may be due to increased oxidative stress which is 

known to accompany ageing (Harman, 1956; Cadenas and Davies, 2000). In support 

of this notion, ascorbic acid supplementation in subjects older than 60 years has been 

shown to restore vasodilator capacity. The precise mechanisms are likely to be 

similar to those discussed above, in terms of smoking. However, in normotensive 

subjects up to the age o f 60 years, a primary alteration in the L-arginine pathway 

appears to be primarily responsible for endothelial dysfunction. Derangement o f the 

L-arginine-NO pathway could be related to decreased substrate availability or to the 

presence of an endogenous eNOS inhibitor such as asymmetric dimethyl-L-arginine. 

As well as decreased synthesis of NO, age-related impairment of endothelial function 

may be due to an inhibition of NO access to smooth muscle cells caused by thickening 

of endothelial and smooth muscle layers with age (Dinenno et a l,  2000; Homma et 

al., 2001; Tanaka et al., 2001).

1.14 Objectives

The objectives o f work presented in this thesis were to investigate the effects of 

ageing and smoking on autonomic and endothelial function. Since both factors have 

been associated with oxidative stress, the influence o f short-term antioxidant 

supplementation on autonomic and endothelial parameters were also assessed. 

Methods used include the assessment of cardiovascular responses to sustained 

isometric handgrip exercise, mental stress, cold pressor testing and reactive 

hyperaemia as well as the analysis o f plasma levels o f thrombomodulin, von 

Willebrand Factor, C-reactive protein, endothelin-1 and circulating endothelial cells 

(CECs). CECs are endothelial cells that have become detached from the 

subendothelium and subsequently float free in the circulation. The number o f 

endothelial cells detectable in circulation is thought to reflect endothelial integrity in 

vivo. However, virtually nothing is known about the viability or movements of these 

cells in circulation. The relationship between CECs and more established markers of 

endothelial damage such as TM or vWF also remains to be established. These issues
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w ere addressed in a separate study, involving endothelial integrity follow ing 

cardiopulmonary bypass.
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General Materials and Methods

2.1 Subject recruitment

Subjects were recruited from the student body at Trinity College Dublin as well as by 

national radio and newspaper advertisem ent. Each participant was screened by 

clinical history, physical examination and routine blood cell analysis to identify those 

individuals unsuitable for inclusion. Exclusion criteria differed slightly between 

studies but in general, individuals with diabetes, those on |3-adrenergic receptor 

blockers and those with physical disabilities preventing maximal exercise, or with 

other contraindications to maximal exercise such as severe asthma or aortic murm ur 

were not adm itted to the study. See Appendix I for a full list o f medical exclusion 

criteria.

Blood cell analysis was carried out using a Coulter counter (Coulter Ac.T diff, Coulter 

Electronics Ltd., Bedfordshire, U.K.) and included quantification o f  haem oglobin, 

haematocrit and white and red blood cells. In older subjects, blood cholesterol levels 

were m easured using an A ccutrend G lucose-C holestero l M eter (B oehringer 

M annheim, Germany) and Accutrend cholesterol strips (Roche diagnostics, U.K.). 

This enabled detection o f total blood cholesterol in the range o f 3.88-7.75m m ol.L’' 

and involved taking a finger prick blood sample. Following the medical examination, 

subject height and body mass were recorded. These variables were used to calculate 

body mass index (BMI) and body surface area (BSA). Body mass index (kg.m ) was 

calculated as body mass (kg) multiplied by height squared (m^). Body surface area 

was calculated according to the equation o f Dubois and Dubois (1916), shown below.

BSA (m') = 0.20247 x (Height x (W eight (kg))°’̂ ^̂

Informed, written consent was obtained from all participants prior to inclusion (see 

Appendix II) and ethical approval was granted by the Federated Dublin Voluntary 

Hospitals and St. Jam es’s Hospital Research Ethics Committee.
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2.2 Fitness testing

Prior to fitness testing, all subjects underwent a medical examination to confirm their 

suitability for maximal exercise. Fitness testing was by means o f  incremental cycle 

exercise to volitional exhaustion and was carried out in a temperature- and humidity- 

controlled climate chamber (17-19°C, 45%-55% humidity) using a cycle ergometer 

(Monark 824E cycle ergometer or Excalibur Lode Bike, Excalibur Sport, Groningen, 

the Netherlands). Subjects were instructed to wear non-constricting sports wear. The 

subject’s height and weight were recorded and the subject was then asked to adjust the 

saddle o f the cycle ergometer so that the knee was slightly bent when the pedal was at 

its lowest point. Handlebars were also adjusted to suit the subject. Heart rate was 

m onitored using a Polar Favour Heart Rate m onitor (Polar Electro, Kem pele, 

Finland), which consisted o f a chest-band and a watch. Electrode gel was applied to 

the band to improve conductivity before it was strapped to the subject’s chest at the 

level o f the xiphisternum. For older subjects, a 12-lead ECG was established and this 

was monitored throughout exercise. All subjects were required to wear a moulded 

silicone face-m ask (one o f  3 available sizes), which was held in place by a Hans 

Rudolph skullcap. This was fitted tightly and seal integrity was checked by 

obstructing the air hole and asking the subject to draw in breath. A tube feeding into a 

M etalyser gas analysis system (CORTEX Biophysik GmbH, G ermany) was then 

connected to the mask, enabling continuous measurement o f metabolic parameters by 

open-circu it spirom etry. This system  was calibrated  daily according to the 

m anufacturer’s instructions. Three minutes o f resting values were recorded initially 

and the subject was then asked to start cycling at a rate o f  60rpm to achieve an initial 

workload o f  60 Watts. Every three minutes, the pedal resistance was increased either 

automatically (Excalibur Lode Bike) or with the addition o f 0.5kg to the weight pan 

(M onark ergom eter), thereby increasing workload by 30 Watts. The subject was 

instructed to keep cycling for as long as possible and verbal encouragement was given 

throughout the test. Following term ination o f the test, the subject was instructed to 

w arm -down at low workload for several minutes in order to facilitate muscle lactate 

removal and m aintain muscle pump-mediated venous return. For each subject, the 

test yielded a peak oxygen consumption (V02peak) value. This is the maximum value 

obtained during the test, expressed in ml.min'Vkg"' bodyweight.
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2.3 Tests o f autonomic and endothelial function

To assess autonomic function, several cardiovascular param eters were measured at 

rest and in response to sustained isometric handgrip exercise, mental arithmetic and 

cold pressor testing. Subjects also underwent a forearm reactive hyperaemia protocol 

to investigate endothelial behaviour within the resistance vessels. These tests are 

described in detail below. All testing took place between 0900hrs and ISOOhrs and 

subjects were seated com fortably in a quiet environm ent throughout, with a room 

temperature o f approximately 20°C.

2.4 Cardiovascular parameters

During each o f these tests, beat-to-beat blood pressure, heart rate, stroke volume, and 

forearm blood flow were measured. Data were recorded using a PowerLab 8-channel 

data acquisition system with Chart software (AD Instruments Pty Ltd., New South 

Wales, Australia). This equipment detects, amplifies, filters and displays information 

gathered by transducers. A screenshot o f  the PowerLab display is shown in Appendix 

III along with hardware details.

2.4.1 M easurement of blood pressure

Blood pressure was measured tonometrically using a non-invasive, beat-to-beat blood 

pressure m onitor (CBM -7000, Colin Corp., Japan). A pneumatic cuff was wrapped 

around the upper arm so that the inflatable rubber bladder was located medially over 

the brachial artery at the level o f the heart. A brace was fitted to immobilise the wrist 

and hand and the radial artery was located by palpation. The tonometry sensor was 

then positioned where the strongest pulse am plitude was detected, generally about 

20mm from the wrist line. The cuff was inflated autom atically and oscillometric 

m easurem ent o f  blood pressure enabled calibration o f the tonom etry sensor. The 

sensor was then able to detect the blood pressure waveform , which was passed 

through an isolated blood pressure amplifier, displayed and recorded using PowerLab 

Chart software. For further details, see Appendix IV.

Mean arterial pressure (mmHg) was later calculated as diastolic pressure plus one- 

third pulse pressure (systolic pressure minus diastolic pressure).
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Arterial pulse reflection index (APRI, sec), a measure o f arterial stiffness, was also 

derived from the blood pressure waveform.

2.4.2 Measurement of heart rate

Three self-adhesive electrodes (RedDot pre-gelled AgCl Surface Electrodes, 3M 

Healthcare, Germany) were positioned on the chest and abdomen in order to establish 

a lead II electrocardiographic trace. A rate-meter was then used to derive heart rate 

(beats.min"') from the time interval between consecutive ECG R waves and this was 

recorded by the PowerLab system.

Rate pressure product (RPP, m m H g.(beats.m in '')''), an index o f cardiac work was 

calculated by multiplying heart rate by mean arterial pressure.

2.4.3 Measurement of stroke volume

Stroke volum e (ml) was determ ined by impedance cardiography. This technique 

relies on the altered electrical impedance o f the thorax arising from the caudorostral 

ejection o f blood from the heart into the major arteries during systole.

Self-adhesive recording electrodes were positioned on either side o f  the base o f  the 

neck and on the midaxillary lines o f the thorax, one right and one left, at the level of 

the xiphisternal junction (see Figure 2.1 below). A low -am plitude (1mA), high 

frequency (lOkHz) AC current passed through a second set o f  electrodes, placed 

approximately 3 cm outside the first pair. This current was monitored by the recording 

electrodes and an impedance waveform was charted by the PowerLab data acquisition 

system. The Kubicek equation was used to derive stroke volume from the impedance 

trace. See Appendix V.

Stroke index (ml.m )̂ was calculated by dividing stroke volume by body surface area. 

Cardiac output was calculated by multiplying stroke volume by heart rate (L.min ‘). 

Cardiac index was calculated by dividing cardiac output by body surface area (L.min' 

‘.m^). Total peripheral resistance (mmHg.(L.min ’) ‘) was calculated by dividing 

mean arterial pressure by cardiac output.
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Figure 2.1: Self-adhesive electrodes 
were positioned in the tetra-polar 
con figu ra tion  show n, for the  
measurement of stroke volume by 
impedance cardiography. Recording 
electrodes ( ®) were positioned on either 
side of the base of the neck and on the 
midaxillary lines of the thorax, one right 
and one left. A low-amplitude, high 
frequency current flowed through second 
set of electrodes (®), placed outside the 
recording electrodes.

2.4.4 Measurement of forearm blood flow
Forearm blood flow was determined by means of venous occlusion plethysmography 

as described previously (Whitney, 1953; Higashi et al., 2001). A gallium-indium- 

filled silastic strain gauge band (Medasonics, Newark, USA) was placed around the 

thickest part of the forearm. A pneumatic cuff was then wrapped around the upper 
arm and was inflated every 5 seconds for 4 seconds in duration to a pressure of 

approximately 40mmHg using a rapid cuff inflator. This pressure was sufficient to 

momentarily arrest venous return from the forearm without interfering with arterial 

flow. The consequent increase in forearm girth during venous occlusion was detected 

by the strain gauge. As limb circumference increased, the gallium-indium column 

was stretched and narrowed, and its electrical resistance increased. This was 

measured with a Wheatstone bridge circuit, converted to a change in forearm 

circumference by a calibration factor and recorded by the PowerLab data acquisition 

system. A simple equation then enabled calculation of forearm blood flow, expressed 

in ml.min*.(100ml tissue)’*.

Forearm vascular resistance (ml.min*’.(100ml tissue)'\mmHg'') was calculated by 

dividing forearm blood flow by mean arterial pressure.
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2.5 Sustained isometric handgrip exercise

Sustained handgrip  exercise shifts autonom ic balance tow ards sym pathetic 

predominance (Pagani et al., 1991b), eliciting both tachycardic and pressor responses. 

As in dynamic exercise, the increase in heart rate associated with handgrip exercise is 

thought to be initially m ediated by a rapid w ithdraw al o f  the parasym pathetic 

influence, followed by marked sympathetic activation (Maciel et al., 1987; Kluess et 

al., 2000). The increase in blood pressure results in part from an increase in total 

peripheral resistance brought about by p-adrenergic stimulation. These autonomic 

changes are thought to be initiated centrally and later m ediated by the muscle 

chemoreflex (Lind et al., 1964). The baroreflex is modified during static exercise so 

that it operates at a higher pressure range with markedly increased gain (Kamiya et 

a/., 2001).

Increased vasom otor sympathetic activity during sustained handgrip exercise is 

evidenced by increased calf resistance (Rusch et al., 1981; Jacobsen et al., 1994) and 

increased sympathetic nerve traffic to non-exercising skeletal muscle (M ark et al., 

1985; Seals & Enoka, 1989). Despite activation o f  sympathetic vasoconstrictor 

reflexes however, static handgrip is known to elicit bilateral forearm  vasodilation 

(Jessup, 1973; Reed et al., 2000) and decreased forearm vascular resistance (Rusch et 

al., 1981). As w ith mental stress, forearm vasodilation accom panying handgrip 

exercise is now believed to be mediated prim arily by local m etabolic vasodilator 

forces and suggestions o f neural involvement are controversial (Joyner and Halliwill, 

2000). Vasodilation in the contralateral, non-exercising forearm however, is thought 

to be due to unintended contractions (Cotzias and Marshall, 1993).

Sustained handgrip exercise was carried out using a handgrip dynamometer (Stocking 

Co., Illinois, U.S.A.). This hand-held instrum ent was connected through a bridge 

am plifier to the PowerLab data acquisition system  and Chart softw are. The 

dynam om eter handle was first adjusted to fit the grip length o f  the hand and the 

subject was then instructed to perform an initial maximal voluntary handgrip. I f  the 

subject was satisfied with this effort, they were asked to sustain the handgrip at 50% 

o f their maximal contraction until volitional fatigue. The force generated was visually 

displayed so that each subject could gauge their own effort against the required force.
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2.6 Mental stress

Mental stress is an active coping task that elicits a pattern o f  cardiovascular activation 

similar to that observed during the classic defence or alerting reaction. Spectral 

analysis o f  heart rate indicates that this is due to sympathetic activation primarily with 

som e concom itant vagal withdrawal (Pagani et al . ,  1991a). M ental stress is 

consequently accom panied by elevations in heart rate, cardiac output and blood  

pressure as w ell as strong adrenomedullary stimulation and a redistribution o f  blood 

to organs involved in “fight or flight” (Roddie, 1977; Cryer, 1980; Freychuss et al., 

1988; Hjemdahl, 1989). In general however, these effects are less pronounced during 

mental stress than during sustained handgrip (W allin et al., 1992). Nevertheless, such 

a response is indicative o f  altered baroreflex functioning and indeed, baroreflex 

sensitivity is significantly reduced during mental stress (Sleight et al., 1978; Steptoe 

and Sawada, 1989; Nosaka, 1996). Impaired stretch receptor function secondary to 

reduced arterial compliance is thought to contribute (Boutouyrie et al., 1994).

Bilateral forearm vasodilation during cerebral arousal is well documented (Blair et al., 

1959; Dietz et al., 1994) though the mechanisms involved remain unclear (Joyner and 

H alliw ill, 2000). Forearm vasodilation was initially thought to be mediated by 

sym pathetic cholinergic fibres (Barcroft et al., 1960; Abboud & Eckstein, 1966) 

though a number o f  studies have since disputed this (Lindqvist et al., 1996; Halliwill 

et al. ,  1997; Reed et al. 2000). The popular v iew  at present is that forearm  

vasodilation during mental stress is due to a com bination o f  passive vasodilation  

fo llow ing  sym pathetic withdrawal, local release o f  NO and stim ulation o f  P2- 

adrenergic receptors on vascular smooth m uscle and endothelial cells (Barcroft et al., 

1960; Freyschuss et al. 1988; Dawes et al., 1997; Halliwill et al., 1997; Dietz et al., 

1997; Reed et al., 2000).

Subjects were required to subtract the number 7 sequentially from an arbitrarily 

selected  3-digit number for two minutes. Subjects were instructed to perform the 

arithmetic aloud as quickly but as accurately as possible and were corrected in the 

case o f  wrong answers.
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2.7 Cold pressor test

The cold pressor test, a passive coping task first described by Hines and Brown 

(1936), is commonly used to assess cardiovascular reactivity. Immersion of the foot 

in iced water causes strong sympathetic stimulation with consequent a-adrenergic 

vasoconstriction (Victor et a i,  1987; Frank and Raja, 1994; Velasco et al., 1997) and 

concomitant blood pressure increases (Victor et al., 1987). Heart rate may also 

increase on initial exposure but quickly normalises (Victor et al., 1987). Baroreflex 

function is altered during the cold pressor test (Cui et al., 2002), possibly due to a 

reduction in arterial compliance (Boutouyrie et al., 1994). The cold pressor test has 

been used to identify normotensive individuals at future risk of hypertension (Menkes 

et al., 1989; Kasagi et al., 1995).

Subjects were asked to immerse their right foot in a basin of iced water (0 -  4°C) for 

two minutes.

2.8 Reactive hyperaemia

The vasodilator response to intra-arterial infusion o f acetylcholine is generally 

considered to be the “gold standard” technique in the assessment of resistance vessel 

endothelial function. However, this method is time-consuming and invasive and 

consequently unsuitable for widespread use. Evaluating reactive hyperaemia 

responses appears to be a simple, cost-effective and non-invasive alternative. 

Furthermore, recent work has demonstrated a strong correlation between peak forearm 

blood flow responses to reactive hyperaemia and the forearm blood flow responses to 

intra-arterial infusion of acetylcholine in both normotensive and hypertensive subjects 

(Higashi et al., 2001).

Reactive hyperaemia describes the dramatic but transient increase in blood flow that 

follows temporary ischaemia (see Figure 2.2). Because it is not affected by 

sympathectomy or somatic nerve block, a neural basis for the response has been 

largely discarded (Shepherd, 1963). Instead, reactive hyperaemia is believed to result 

from vasodilation, initially induced by a fall in transmural pressure distal to the site of 

occlusion. This myogenic response is then thought to be modified by endothelium- 

derived factors (Koller and Kaley, 1990). The identities o f these factors remain
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unclear but are believed to include NO (Tagawa et al., 1994; Meredith et a l,  1996; 

Dakak et al., 1998; Nugent et al., 1999) and endothelium-derived vasodilating 

prostanoids, of which prostacyclin is probably the most important (Wennmalm, 1979; 

Carlsson et al., 1987; Engelke et al., 1996).

2 secs

Release of 
arterial occlusion

Figure 2.2: Plethysmographic trace of forearm blood flow following the removal 
of a brachial arterial occlusion. Following removal of arterial occlusion, blood 
flow is initially significantly higher as evidenced by the steeper tangent, but gradually 
returns to resting levels.

To induce reactive hyperaemia, forearm arterial flow was retarded by manual inflation 

o f an upper arm cuff to 180mmHg, with consequent occlusion of the brachial artery. 

Arterial occlusion was maintained for 3 minutes after which, the cuff was deflated. 

Blood flow, measured by venous occlusion plethysmography, was recorded before 

cuff inflation and for at least 2 minutes following cuff deflation.

2.9 Blood sampling

Venous blood samples were drawn from the median cubital vein in the antecubital 

fossa into anticoagulant-coated vacutainers, for quantification of circulating 

endothelial cells (CECs) and for the analysis o f plasma thrombomodulin (TM), von
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W illebrand Factor (vW F), endothelin-1 (ET-1) and C-reactive protein (CRP). Full 

blood cell counts were also carried out for each subject using a Coulter counter 

(Coulter AC.T diff, Beckm an Coulter Inc., California, USA). A sample Coulter 

counter report is shown in Appendix VI. A tourniquet was used during phlebotomy. 

It is possible that the associated venous stasis may have affected some o f the 

endothelial markers measured. However, m inimal tourniquet pressure was applied 

and the tourniquet was released as soon as the needle entered the vein.

2.10 Circulating endothelial cells and endothelial integrity

As discussed in Chapter 1, the endothelium is actively involved in the control o f  

vascular tone and blood thrombogenicity, contributes to the regulation o f cell growth 

w ith in  the vascular w all and helps to orchestra te  inflam m atory  responses. 

C onsequently , endothelial cell injury or death, leading to altered endothelial 

behaviour is thought to prom ote the developm ent o f card iovascular disease. 

However, because the vascular endothelium is relatively inaccessible in vivo, this 

prem ise has proved difficult to substantiate. The problem can be circum vented 

through the study o f  circulating endothelial cells (CEC), which may provide an 

indirect means o f assessing endothelial status and integrity. CECs are endothelial 

cells that have become detached from the subendothelium and subsequently float free 

in the circulation. It has been proposed that the num ber o f endothelial cells in 

circulation may act as an ex vivo marker o f endothelial damage. However, they may 

also reflect normal turnover o f  the endothelial layer. Complete turnover o f the 

endothelial layer has been estimated to occur anywhere between 47 and 23000 days 

(Hobson and Denekamp, 1984) and although little evidence is available concerning 

CEC half-life, Mutin et al. (1999) have suggested that this may be at least 24 hours.

A lthough the causes o f  unwanted endothelial desquam ation are at present unclear, 

several possible mechanisms have been proferred. M utin et al. (1999) suggest that 

m echanical dislodgm ent o f endothelial cells may occur in some cases, as during 

atherosclerotic plaque rupture. Activation o f  the apoptotic pathway in endothelial 

cells has been shown to occur following chem ically-induced hypoxia-ischaem ia as 

well as oxygen-glucose deprivation (Zhang et al., 2000; Xu et al., 2000). Exposure to 

oxidative stress, in particular Ox-LDL, has been also shown to trigger apoptosis in
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endothelial cells (Harada-Shiba et al., 1998; Burlacu et al., 2001) though as the stress 

becomes more severe, necrosis gradually becomes the prevalent process o f cell death 

(Burlacu et al., 2001). Apoptosis o f endothelial cells follows LPS exposure both in 

vivo and in vitro (Haimovitz-Friedman et al., 1997; Bannerman et al., 1998; Choi et 

al., 1998; Frey and Finlay, 1998). This is thought to occur through activation o f 

caspases, cleavage o f adherens junction proteins, reduced endothelial cell monolayer 

integrity and consequent cell detachment (Bannerman et al., 1998). Loss o f survival 

signals associated with cell anchorage may also be mediated by cytokines. A recent 

study dem onstrated that exposure o f endothelial cells to T N Fa and interferon (IFNy) 

lead to reduced activation o f  integrin av ^ S , resulting in decreased avpS-dependent 

endothelial cell adhesion and survival (Ruegg et al., 1998). Insufficient vascular 

endothelium growth factor (VEGF) is also likely to predispose to cell death through 

apoptosis (Toi et al., 2001). VEGF inhibits endothelial cell apoptosis induced by 

T N F a , possibly through induction o f fibronectin and (33 integrin expression in 

endothelial cells (Spyridopoulos et al., 1997).

CEC m orphology appears to vary according to the pathological circum stances, 

possibly reflecting different modes o f endothelial damage or the intrinsic difference in 

cell morphology between different vascular beds (Dignat-George and Sampol, 2000). 

For exam ple, relatively intact sheets o f cells, thought to have detached from the 

endocardium, have been isolated from patients with acute coronary syndromes. In 

contrast, inflam m atory disorders have been associated w ith severely dam aged, 

necrotic cells, m em brane fragm ents and sm aller particles. In norm al adults, 

circulating endothelial cells are easily identifiable being approximately 30-50[im in 

diameter with a distinctive tissue paper-like texture (see Figure 2.3). They are mostly 

flat and rounded although some are furled and thus appear spindle-shaped. Whether a 

nucleus is present depends on the length o f time that the cell has been in circulation. 

In healthy adults, most CECs appear to be anucleate. It is not known whether these 

cells are m icrovascular or m acrovascular in origin and their ultim ate fate is also 

unclear.

3 4



General Materials and M ethods

Figure 2.3: C irculating endothelial cells. In normal adults, CECs are
approximately 30-50 ^m in diameter with a distinctive tissue paper-like texture. They 
are mostly flat and rounded although some are furled and therefore appear spindle- 
shaped. Most are anucleate.

2.11 Quantification of circulating endothelial cells (CEC)

CECs were isolated by centrifugation of a 6ml venous blood sample, collected in a 

heparinised tube, as previously described (Hladovec and Rossman, 1973). Initially, a 

platelet-rich plasma was prepared by centrifugation at 500rpm and at 4°C for 10 

minutes. The supernatant was then aspirated, mixed with 200|il of adenosine-5- 

diphosphate (ADP, Boehringer Mannheim, Germany) and mechanically shaken for 10 

minutes to induce platelet aggregation. The sample was then centrifuged again at 

SOOrpm for 10 minutes to remove platelet aggregates. After a final centrifugation at 

2000rpm for 20 minutes, the supernatant was discarded and the endothelial cell pellet 

re-suspended in phosphate buffer saline (PBS). This was then transferred to 3-6 

gelatine-subbed slides in lOfxl aliquots and smears were prepared. Slides were left to 

dry overnight at 37°C. They were then fixed in 4% paraformaldehyde and stained 

using cresyl fast violet dye (Difco Laboratories, Surrey, U.K.). Following fixation, 

slides were dehydrated though increasing concentrations of alcohol, mounted in DPX 

(BDH Laboratory Supplies, England) and examined by light microscopy. Endothelial 

cells on each slide were counted manually and a mean number o f cells per ml whole 

blood calculated.
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2.12 Identification of circulating endothelial cells

CECs are easily identifiable, being approximately 40nm in diameter and mostly flat, 

with a tissue paper-like texture (see Figure 2.3). However, there are some exceptions 

where the cells are furled and so appear spindle-shaped. Previous work has 

comprehensively identified these cells as endothelial. Thus, the cells stain positive 

for the endothelial marker, vWF and are morphologically similar to cells removed 

from rat aorta by en face  methods (O’Sullivan, 2001).

2.13 Assessment of circulating endothelial cell viability

CEC viability was assessed using the trypan blue dye exclusion test, as described 

elsewhere (Naor et a l,  2001). The test is based on the impermeability of the cell 

membrane, at physiological pH, to the multivalently charged trypan blue. This dye 

seeps across damaged plasma membranes, swelling non-viable cells and staining them 

blue. Conversely, viable cells with intact membranes exclude the dye and appear 

clear and unstained. Typical staining patterns for viable and unviable cells are shown 

in Figure 9.1.

CECs were isolated by differential centrifugation and uniformly suspended in 20j.il 

PBS (pH 7.2). lO^il o f 0.4% trypan blue solution was added to an equal volume of 

cell suspension and this was left to sit for 1-2 minutes. Viable and non-viable cells 

were then counted by haemocytometry (see Appendix VII). The two haemocytometer 

chambers were loaded with the cell solution. Viable and non-viable cells in the 

central square and in the four corner squares of each grid were counted manually and 

the number o f cells per ml o f whole blood was determined. The percentage viability 

was then calculated.

2.14 Plasma von W illebrand factor and endothelial integrity

CEC number and plasma levels o f vWF and TM are commonly-used experimental 

indices of endothelial integrity. Von Willebrand factor is a large glycoprotein that is 

produced and released by both endothelial cells and megakaryocytes although the 

major source o f plasma vWF is believed to be the endothelial layer (Blann and 

Taberner, 1995; Van Mourik et al., 1999). VWF acts as a stabilising carrier protein
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for clotting factor VIII and mediates the aggregation and adhesion o f  platelets to the 

subendothelium. Its release from endothelial cells is by a constitutive pathway as well 

as by stimulus-induced exocytosis o f specialised secretory vesicles (W eibel-Palade 

bodies). Release o f vWF from Weibel-Palade bodies can be stimulated by thrombin, 

which m ight be increased in both sm okers and older individuals due to down- 

regulation o f throm bom odulin (Birch et al., 1992; Ishii et al., 1996). Histam ine, 

complement proteins C5a -  9 and cytokines IL-1 and T N Fa (Schorer al., 1987; 

van der Poll et al., 1992) also cause release o f vWF from the W eibel-Palade bodies o f 

endothelial cells. These substances are m ediators o f  the inflam m atory response, 

w hich is thought to occur in response to sm oking-related endothelial and/or 

bronchopulmonary damage. In this respect, it is im portant to note that vWF levels 

may increase as a result o f  endothelial activation, in the absence o f  endothelial 

dam age (Blann and Taberner, 1995). Endothelial activation is the term  used to 

describe the cytokine-induced morphological and functional alterations o f  endothelial 

cells that occur during the course o f inflammation. These changes are reversible and 

do not necessarily imply endothelial injury. Release o f  vWF may be also stimulated 

by shear stress in the absence o f  endothelial dam age and vWF mRNA levels are 

elevated in endothelial cells treated with nicotine (Zhang et al., 2001).

Several clinical and experimental reports have suggested that elevated plasma vWF 

levels reflect endothelial injury or activation. Indeed, high plasma vWF levels have 

been reported in a variety o f  conditions that are associated with vascular damage, 

including hypercholesterolaemia (Blann et al., 1995; Davi et al., 1998), diabetes (Lip 

and Blann, 1997), hypertension (Blann and Waite, 1996; Ouvina et al., 2001) and 

atherosclerosis (Blann and McCollum, 1994; Blann et al., 1995). Furthermore, vWF 

is a strong predictor o f cardiovascular disease in the general population (Borawski et 

al., 2001) and is associated with adverse clinical outcome in ischaemic heart disease 

(Jansson et al., 1991; Cortellaro et al., 1992; M eade et al., 1994; Thom pson et al., 

1995) and increased risk o f  throm boem bolism  in inflam m atory vascular disease. 

Elevated plasma or endothelial levels o f  vWF have also been dem onstrated in deep 

vein throm bosis (K oster et al., 1995), m itral stenosis (Yam am oto et al., 1995) 

pulmonary hypertension, congestive heart failure, and chronic atrial fibrillation (Lip et 

al., 1995; Fukuchi et al., 2001) implying a possible role for vWF in the thrombotic 

predilection o f these disorders.
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2.15 Plasma von W illebrand Factor analysis

Venous blood samples were collected in heparinised vacutainers (BD Vacutainer 

Systems, Plymouth, UK). These were immediately placed on ice and later centrifuged 

at 2500rpm for 10 minutes to isolate the plasma. This was stored at -80°C in 0.5ml 

aliquots until needed for assay.

VWF was detected in plasma samples by ELISA (Kordia Laboratory Supplies, the 

Netherlands). The capture antibody (goat anti-vWF IgG) was diluted (1/100) in 

coating buffer (50mM carbonate: 1.59g of Na2 C 0 3  and 2.93g NaHCOs, diluted up to 

1 litre with distilled water, pH 9.6) and 100 ,̂1 o f this solution were added to each well 

in a 96-well microplate (Corning, U.S.A.). The plate was then incubated overnight at 

4°C. The contents o f the plate were emptied, 150[j,l o f blocking buffer (2.0g NaCl, 

0.29g Na2 HP0 4  anhydrous, 0.05g o f KH2 PO4 , 0.05g KCl and 5g Bovine Serum 

Albumin (BSA, RIA grade) diluted up to 250ml with distilled water, pH 7.4) were 

added to each well and the plate was incubated at room temperature for 60 minutes. 

The plate was then washed four times with PBS-Tween (S.Og NaCl, 1.15g Na2 HP0 4  

anhydrous, 0.2g KH 2 PO4 , 0.2g KCl, 1.0ml Tween-20 diluted up to 1 litre with 

purified water, pH 7.4). The standard plasma (Haemostasis Reference Plasma, 

Biopool International, California, U.S.A.) was diluted 1/100 in HBS-BSA-Tween 

(5.95g HEPES, 1.46g NaCl, 2.5g BSA and 0.25ml Tween-20, diluted up to 250ml 

with distilled water, pH 7.2). Serial dilutions were then carried out to give vWF 

standard dilutions ranging from 1/100 tol/3200. Wells G l, G2, HI and H2 contained 

lOOfxl of standard diluent acted as blanks. Plasma samples were thawed and diluted 

1/200 in HBS-BSA-Tween. 100[o.l o f each sample were added to the wells in 

duplicate. The plate was then incubated for 90 minutes at room temperature. 

Following this, the plate was washed, 100|a,l of the detecting antibody (goat anti-vWF 

conjugated to horseradish peroxidase, diluted 1/100 in HBS-BSA-Tween) were added 

to each well and the plate was incubated for 90 minutes at room temperature. Ortho- 

phenylenediamine substrate was prepared by dissolving one OPD tablet (5mg OPD 

tablets. Sigma Chemicals Ltd., Dorset, UK) in 12ml substrate buffer (2.6g citric acid, 

6.9g Na2 PH0 4 , diluted up to 500ml with purified water, pH 5.0) and adding 12^1 30% 

H2 O2  immediately before use. Again, the plate was washed and 100[xl o f freshly- 

prepared OPD substrate were added to each well. The plate was protected from direct
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light and colour was allowed to develop for 15 minutes at which point, the reaction 

was stopped with SO îl o f  2.5M  H2SO4 (13.9m l stock 18M H2SO4 diluted in 86ml 

H2O) added to each w ell. Absorbances were read at 490nm  and plasm a vW F  

concentrations calculated from a standard curve constructed by plotting the mean 

absorbance for each standard against the standard’s concentration.

2.16 Plasma thrombomodulin and endothelial integrity

Thrombomodulin (TM) is an endothelial membrane protein with a pivotal role in the 

regulation o f  intravascular coagulation. TM binds to the circulating procoagulant, 

thrombin, which converts fibrinogen to clot-form ing fibrin. On binding to TM, 

thrombin loses its procoagulant abilities. A dditionally, the new ly-form ed TM- 

thrombin com plex activates protein C. Activated protein C proteolytically degrades 

factors Va and V illa , two key components o f  the coagulation pathway.

Plasma TM levels are thought to reflect endothelial integrity with elevated levels  

indicative o f  endothelial injury. Unlike vW F, TM release is believed  to be 

independent o f  cytokine activity (Hirokawa and Aoki, 1990; Seigneur et a i ,  1993). 

Plasma concentrations o f  TM are elevated in a number o f  pathologies associated with 

endothelial lesion, including peripheral vascular disease (Blann et al., 1997; Blann et  

al .,  1998), atheromatous arterial disease, dissem inated intravascular coagulation  

syndrome and also in system ic lupus erythematosus where the levels o f  plasma TM 

are related to the severity o f  the pathology. H owever, it has been suggested that 

plasma TM levels may reflect endothelial TM expression and according to a study by 

Salomaa and colleagues (1999) high plasma TM may be a potentially healthy trait, 

conferring increased protection against inappropriate coagulation. This study (ARIC, 

A therosclerosis Risk in Communities) involved over 14,000 subjects initially free 

from cardiovascular disease, who were fo llow ed up for 6 years. A m ong those 

subjects who developed coronary artery disease, plasma TM was significantly lower  

than controls. At increasing levels o f  TM the risk o f  coronary artery disease gradually 

decreased.

A number o f  factors in addition to endothelial damage may modulate plasma TM  

levels. A  recent study by Ishii and colleagues (1996) demonstrated an O x-LDL-
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induced down-regulation o f thrombomodulin expression. This was due to inhibition 

o f TM transcription, involving lysosomal degradation o f  Ox-LDL with the potential 

involvement o f a lipid component in the LDL as the active species. In vitro studies 

have also demonstrated down-regulation o f TM by the inflammatory mediators T N Fa 

and IL-1 through inhibition o f  transcrip tion  and eventual in ternalisation and 

degradation o f TM by lysosomes (Conway and Rosenberg, 1988; Moore et a i ,  1989; 

Hirokawa and Aoki, 1991). However, this is not thought to occur to the same extent 

in vivo. Proteolytic cleavage o f TM from the endothelium  may also occur during 

inflammation, following the accumulation o f neutrophils.

2.17 Plasma thrombomodulin analysis

Venous blood sam ples were collected in heparinised vacutainers. These were 

immediately placed on ice and later centrifuged at 2500rpm for 10 minutes to isolate 

the plasma. This was stored at -80°C in 0.5ml aliquots until needed for assay.

Throm bomodulin (sCD141 protein) was detected in the heparinised plasma samples 

by ELISA (Diaclone Research, France). The standard supplied was reconstituted with 

the standard buffer diluent supplied to produce a stock solution o f 20ng.m l'' sCD141. 

100|j,l o f  standard diluent were added to well numbers B1 to HI and B2 to H2 o f  a 

microtitre plate, pre-coated with a monoclonal antibody specific for sCD141. 200|j,l 

o f the reconstituted standard were then added to wells A l and A2. lOOpil o f the 

standard solution were then transferred from wells A l and A2 to wells B1 and B2, 

and the contents mixed thoroughly by repeated aspirations and ejections. This 

procedure was repeated from wells B1 and B2 to wells C l and C2 and down through 

columns 1 and 2 to wells FI and F2. lOOfxl o f  the contents o f  wells FI and F2 were 

discarded. This created two parallel rows o f  sCD141 standard dilutions ranging from 

20ng.m l'' to 0.62ng.m l''. Wells G l, G2, HI and H2 contained only standard diluent 

(100^x1) and acted as blanks. The biotinylated detection anti-sCD141 antibody was 

diluted in the biotinylated antibody diluent provided to form a 1/200 dilution. 50[.il o f 

this were added to all wells and the plate was covered and incubated for 60 minutes at 

room temperature. 0.5ml o f H R? diluent was added to the 5 |j-1 vial o f streptavidin- 

HRP and 150jxl o f this solution were then diluted in 10ml o f streptavidin-HRP diluent.
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The plate was washed four times using the washing buffer supplied and lOOfxl o f  the 

streptavidin-HRP solution were distributed to each well. The plate was then covered 

and incubated at room temperature for 30 minutes. After washing, lOOfil o f ready-to 

use TMB (3,3’,5,5’-Tetramethyl-benzidine) chromagen solution were added to each 

well. The plate was then incubated in the dark at room temperature for 15 minutes. 

The colour reaction was stopped by addition o f  100|a1 o f the stop reagent supplied 

(1.8M  H2SO4) to each well. Absorbances were read at 450nm and a standard curve 

was constructed by plotting mean absorbance for each standard against the standards 

concentration.

2.18 Plasma endothelin-1 and endothelial function

As discussed in Chapter 1, ET-1 is a potent endothelium -derived vasoconstricting 

protein, with additional roles in the regulation o f  vascular tone, inflammation and cell 

growth within the vessel wall. Intravascular homeostasis is thought to depend upon a 

dynamic balance between the endothelin and NO systems, the disruption o f  which 

m ight lead to endothelial dysfunction and subsequent disease. Indeed, ET-1 is 

thought to play a role in the pathophysiology o f a number o f cardiovascular diseases 

including essential hypertension, (Baldys-W aligorska and Szybinski, 1993; Krum et 

al., 1998; Goddard and Webb, 2000; Cardillo et al., 2002; Iglarz and Schiffrin, 2003) 

congestive heart failure (De G roote et al., 1995; Best and Lerm an, 2000), 

atherosclerosis and myocardial infarction (Lerman et al., 1995; Halcox et al.; 2001; 

Clozel et al., 2002; Bohm et al., 2002). Elevated plasm a ET-1 levels have also been 

dem onstrated in individuals with risk factors for cardiovascular disease, including 

hyperlipidaemia, diabetes mellitus, hypertension and cigarette smoking (Haak et al., 

1994a; Haak et al., 1994b; Best and Lerman, 2000).

2.19 Plasma endothelin analysis

In order to quantify plasm a endothelin levels, a 6ml venous blood sample was 

collected in an ED TA -coated tube. This was im m ediately placed on ice and 

centrifuged within 30 minutes to extract the plasma. Samples were then frozen and 

stored in 0.5ml aliquots at -80°C  until analysed.
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Plasma endothelin was detected by ELISA (Biomedica Gruppe, Vienna, Austria). 

The antibodies included in this kit react with all three endothelin isoforms (see Table 

2.1). The six standards and two controls provided were reconstituted in 1.5ml of the 

supplied assay buffer and left at room temperature for 30 minutes. The detection 

antibody, a monoclonal mouse anti-endothelin antibody, was reconstituted in 5.5ml of 

assay buffer and left at room temperature for 30 minutes. Samples were thawed and 

left at room temperature for 30 minutes. 200|al of standards, controls and plasma 

samples were added in duplicate to the appropriate wells of a microtitre plate, pre

coated with an immunoaffinity-purified polyclonal rabbit anti-endothelin capture 

antibody. 50ja.l of the reconstituted detection antibody were then immediately added 

to each well and the well contents were mixed thoroughly by repeated pipette 

aspirations and ejections. The plate was then covered and incubated overnight (16-24 

hours) at room temperature. The well contents were discarded and the plate washed 

five times using the washing buffer provided. 200[j,1 of the conjugate (anti-mouse IgG 

antibody conjugated to horseradish peroxidase) were then added to each well and the 

plate was incubated for 3 hours at 37°C. Again, the well contents were discarded and 

the plate washed. 200(^1 o f TMB solution were added to each well and the plate was 

incubated at room temperature for 30 minutes in the dark. To stop the colour reaction, 

50[j,l of the stop solution provided were added to each well and the contents shaken 

well. Absorption was determined immediately using a plate reader at 405nm. A 

calibration curve was constructed by plotting the standard absorbances against their 

concentrations and the endothelin immunoreactivity for each sample was derived. 

The curve is non-linear and so a 4PL algorithm (Prism Statistics Package) was used. 

The accuracy of the curve was tested using the two controls supplied.

Endothelin isoform Cross-reactivity Plasma Concentration (% [ET-1])

ET-1 100%

ET-2 100% < 20%

ET-3 <5% < 50%

Table 2.1: ELISA cross reactivities of the three endothelin isoforms antibodies 
and plasma concentrations relative to ET-1 levels. Although the assay recognises 
all ET-1 and ET-2 present in the sample, ET-2 concentrations are relatively low and 
we have therefore attributed endothelin immunoreactivity primarily to ET-1.
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2.20 Inflammation, C-reactive protein and endothelial function

CRP is an inflam m atory protein that is synthesised and secreted by the liver in 

response to circulating cytokines. Elevated plasm a CRP concentrations w ithin the 

normal range are associated with reduced basal NO generation in the brachial artery 

o f healthy men (Cleland et a i ,  2000) and w ith im paired endothelial vasodilator 

function (Fichtlscherer et a i ,  2000; Jarvisalo et al., 2002). Furthermore, circulating 

markers o f endothelial activation (vWF, VCAM-1 and cellular fibronectin) have been 

correlated with CRP concentrations (Schalkwijk et al., 1999; Yudkin et al., 1999). It 

is not surprising therefore that elevated levels o f  CRP have also been associated with 

a num ber o f  cardiovascular disorders, including coronary artery disease and 

myocardial infarction, diabetes and hypertension (Dodson and Shine, 1984; Haverkate 

et al., 1997; Ford, 1999; Schalkwijk et ah, 1999; Yu and Rifai, 2000; Fichtlscherer et 

al., 2000; Lindahl et al., 2000; Retterstol et al., 2002;). Importantly, increased plasma 

CRP concentration may also predict future cardiovascular disease in otherw ise 

healthy individuals. This has been dem onstrated both cross-sectionally (M endall et 

al., 1996) and longitudinally in a number o f  large studies (Kuller et al., 1996; Ridker 

et al., 1997; Koenig et al., 1999). The increased risk o f  disease with higher plasma 

CRP levels is not gender-specific (Ridker et al., 1997; Danesh and Pepys., 2000).

Plasm a CRP concentrations are associated with a num ber of risk factors for 

cardiovascular disease. Plasma CRP levels increase with age. Indeed, median CRP 

levels have been shown to double from the second to the sixth or seventh decade of 

life (Hutchinson et al., 2000) and in a study by Haverkate and colleagues (1997) CRP 

concentrations were 2% higher for each year older in subjects aged 45-69 years. CRP 

levels are associated with both high BMI (Haverkate et al., 1997) and measures of 

central obesity (Yudkin et al., 1999; Cleland et al., 2000), possibly due to higher 

circulating IL-6 (M ohamed-Ali et a i ,  1997). CRP is also reportedly increased in 

smokers (Das, 1985; Palosuo et at., 1986; Haverkate et al., 1997; Koenig et al., 1999; 

Zevin et al., 2001) and in women undergoing hormone replacement therapy (Folsom 

et al., 2001).

43



General Materials and Methods

2.21 Plasma analysis of C-reactive protein (CRP)

Venous blood samples were collected in heparinised vacutainers. These were 

immediately placed on ice and later centrifuged at 2500rpm for 10 minutes to isolate 

the plasma. Plasma was stored at -80°C in 0.5ml aliquots. When required for assay, 

samples were thawed, vortexed and spun at 3000rpm for 5 minutes to remove 

precipitate.

C-reactive protein was analysed by ultrasensitive immunoturbidimetric assay (Roche 

Tina-quant CRP US assay) using a Roche/Hitachi 917 analyser. This assay uses anti- 

CRP mouse monoclonal antibodies coupled to latex microparticles which react with 

antigen in the sample to form antigen/antibody complex. This is then measured 

turbidimetrically. A two-point standard curve was used to determine concentration 

from optical density as advised by the manufacturers. The lower detection limit of 

this method is O.OSmg.L"' and intra-assay CV is 0.43% at 4.27mg.L’' and 0.41% at 

11.62mg.L''. CRP levels were determined at the Department of Clinical Chemistry, 

AMNCH, Dublin.

2.22 Analysis of expired carbon monoxide

In order to verify nicotine abstinence in smokers, the concentration of carbon 

monoxide (CO) in expired air was analysed. This was achieved with the use of the 

MicroCO Meter, a hand-held breathalyser device, based upon an electrochemical fuel 

cell sensor incorporating two electrodes (Micro Medical Ltd., Kent, England). 

Expired CO reacts with an electrolyte at one electrode and oxygen (from ambient air) 

reacts with an electrolyte at the second electrode. This reaction generates an electrical 

current that is proportional to the concentration o f expired CO. Output from the 

sensor is monitored by a microprocessor, and results in parts per million (ppm) are 

displayed on an LCD screen. This may then be converted to percentage 

carboxyhaemoglobin using the mathematical relationships described by Jarvis et al, 

(1986) for concentrations below 90ppm, and by Stewart et al. (1976), for higher 

levels. The Micro CO Meter has a stable calibration and a low cross-sensitivity to 

other exhaled gases.
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The meter was used in accordance with the manufacturer’s instructions. Prior to CO 

testing, subjects were provided with water and asked to rinse their mouths out. The 

mouthpiece adaptor and a disposable cardboard mouthpiece were then inserted into 

the meter and the monitor was switched on. A 20 second countdown was displayed 

on the monitor. At 20 seconds, subjects were instructed to take a deep breath and to 

hold it until the meter had completed its countdown. At 0 seconds, subjects were told 

to seal their lips around the mouthpiece and to blow out slowly and fully. If  unable to 

hold their breath for the full 20 seconds, subjects were asked to hold it for as long as 

possible before exhaling. The 20 second period is recommended to allow time for 

equilibration of alveolar gas.

An individual consuming approximately 20 cigarettes per day may have a blood 

carbon monoxide level 5-10 times that o f a non-smoker. Carbon monoxide binds 

tenaciously to hemoglobin at the oxygen binding sites, reducing the oxygen-carrying 

capacity o f blood. Hypoxaemia reduces the oxygen available to the heart and brain 

and is also associated with increased thrombotic tendency (Yan et al., 1999). CO 

exposure also promotes uptake of cholesterol by arteries and causes endothelial 

damage (Sarma et al., 1975). It is therefore not surprising that high CO exposure is 

associated with an increased risk of cardiovascular morbidity and mortality (Koskela, 

1994).

2.23 Analysis of blood cholesterol levels

Cholesterol levels were measured in older subjects using a hand-held Accutrend 

Glucose-Cholesterol M eter (Boehringer Mannheim, Germany) and Accutrend 

cholesterol strips (Roche Diagnostics, U.K.). The meter was calibrated using a 

calibration strip supplied by the manufacturer and a fresh testing strip was then 

inserted. The subject’s finger was cleaned using an alcohol swab, dried with cotton 

wool and pierced using a glucolet lance. Because it was potentially contaminated 

with alcohol, dirt or sweat, initial bleeding was wiped away. A drop o f blood was 

subsequently placed on the end of the cholesterol strip, initiating a 2-minute 

countdown. Results within the range o f 3.88-7.75mmol.L'' were then displayed on 

the meter’s screen.
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2.24 Supplement preparation and administration

Two dietary supplements were prepared, one containing vitamins E (a-tocopherol) 

and C (ascorbic acid) and the other a placebo. Aliquots of both vitamin C (600 mg; 

BDH Laboratory Supplies, England) and lactose (600mg; BDH Laboratory Supplies, 

England) were weighed out and transferred to white, generic gelatine capsules. The 

vitamin C capsules were partnered with gold-coloured vitamin E capsules (400IU; 

Seven Seas Health Care, Hull, England) and the lactose capsules were partnered with 

gold-coloured cod liver oil capsules (Seven Seas Health Care, Hull, England). The 

latter contained 0.2mg vitamin E and 60mg omega-3 oil per capsule. Fish oils are 

thought to have antioxidant abilities. However, in these doses, human research 

indicates that they do not affect cardiovascular risk (Egeland et al., 2001). The two 

supplement combinations, which were visually indistinguishable, were assigned a 

code of A or B, independently o f the primary investigator. Thus administration of 

supplements was carried out in a double blind fashion.

Participants received a one week supply o f either supplement A or supplement B (7 

white capsules and 7 gold capsules) and were instructed to take one o f each capsule (2 

capsules in total) daily. The capsules were to be taken together, with food and at 

roughly the same time each day. An instruction leaflet was given to each subject and 

to aid compliance, subjects were asked to tick boxes to indicate that they had taken 

the capsules and to record the time at which the capsules were taken each day. A 

copy o f this instruction leaflet is given in Appendix VIIL Unfortunately, HPLC 

facilities were not available for measurement o f plasma ascorbic acid and a -  

tocopherol.

Supplements were administered in a randomised crossover fashion with a washout 

period of 3-6 weeks separating each arm.

2.25 Statistical analysis

Resting blood pressure, heart rate, stroke volume and forearm blood flow values were 

obtained by averaging three sets of three individual measurements (a total of nine 

readings) taken during the resting period. During the sympathetic activation tests.
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values were obtained by averaging three individual measurements taken at each of the 

four time points. Inter-group results were compared using two-tailed unpaired 

Student /-tests and where variances differed between groups, Mann-Whitney non- 

parametric tests. Intra-group comparisons were carried out using two-tailed paired 

Student /-tests and Wilcoxon non-parametric tests where appropriate. Possible 

correlations were examined using Pearson’s correlation analysis. A P value o f less 

than 0.05 was considered to be statistically significant.

To display group mean data, X-Y plots and bar graphs were generally employed. 

However, where the data showed a large degree of variability, scatter graphs were 

used.
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Chapter 3

3.1 Introduction

3.1.1 Cigarette smoking and cardiovascular health

As discussed in Chapter 1, cigarette smoking is a major risk factor for cardiovascular 

pathogenesis and is thought to convey this increased disease risk in part by altering 

autonomic control o f  cardiovascular function.

3.1.2 Cigarette smoking and the autonomic nervous system

Acute cigarette smoking is accompanied by pronounced but transient heart rate and 

arterial pressure elevations (Cellina et a i ,  1975; Gerhardt et al., 1999). These effects 

have been attributed to general sym pathetic activation following stereospecific 

binding o f nicotine to nicotinic cholinergic receptors, located in the brain, autonomic 

ganglia, the adrenals and neurom uscular junction  (Benow itz, 1988). C igarette 

smoking has also been associated with an impairment o f the baroreflex arc (Grassi et 

al., 1994; M ancia et al., 1997; Gerhardt et al., 1999) although it is unclear whether 

this is an acute or a chronic effect. D ysfunction o f  the baroreceptor reflex is 

potentially due to reduced arterial compliance and stretch receptor sensitivity, a direct 

effect on cardiovascular control centres in the brainstem, interference with effector 

responsiveness to autonomic instruction or stim ulation o f  arterial chem oreceptors. 

For a full discussion o f sm oking-related im pairm ent o f  autonom ic function, see 

Chapter 2.

The tendency to show exaggerated cardiovascular responses to mental stress is 

considered to be a potential risk factor for the development o f cardiovascular disease 

(Kamarck et al., 1997; Krai et al., 1997). Several possible m echanisms by which 

excessive sym pathoadrenal activation m ight contribute to the pathogenesis o f  

cardiovascular disease have been described. Adrenaline, noradrenaline, and cortisol 

responses to stress may contribute over tim e to lipid m obilisation or platelet 

aggregation, both o f  which may exacerbate vascular injury or plaque developm ent 

(Troxler et al., 1977; O 'Donnell et al., 1988; Larsson et al., 1989; M arkovitz and 

Matthews, 1991). Frequent and prolonged periods o f hyperdynamic cardiovascular 

activity may also promote mechanical injury to the endothelial layer (Pettersson et al..
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1990; Strawn et al., 1991; Skantze et a l ,  1998). Sympathetic activation and 

endothelial damage is discussed further, in the context o f exercise, in Chapter 7.

It is possible that cigarette smoking alters autonomic function so that cardiovascular 

reactivity to stress is exaggerated. The creation o f “hot responders” may account for 

the increased risk of disease associated with smoking.

3.1.3 Study aim

The aim o f this study was to assess the acute and chronic effects of cigarette smoking 

on autonomic control o f the cardiovascular system in young, healthy men. 

Specifically, this study posed the following questions:

• Do smokers have an elevated resting sympathetic drive? If so, is this due to 

acute or to chronic smoking?

• Does cigarette smoking alter sympathetic activation in response to mental 

stress? If  so, is any alteration in sympathetic activity due to acute or to 

chronic smoking?

To address these questions, young healthy smoking and non-smoking men underwent 

mental stress testing before and after acute cigarette smoking.
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3.2 Materials and methods

3.2.1 Subject characteristics

A total o f 24 men between the ages of 18 and 30yrs were recruited from the student 

body at Trinity College, Dublin. O f these, 14 were long-term non-smokers (12 life

long non-smokers) and the remaining 10 were smokers. The two ex-smokers had not 

smoked for at least 3yrs and consumption had never exceeded 5 cigarettes per day. 

Results were similar to those of the never-smokers. Smokers were admitted to the 

study if they consumed a minimum of 10 cigarettes per day and had been smoking for 

at least one year. Subject characteristics are shown in Table 3.1 (see page 50). Each 

participant was screened by clinical history, physical examination and routine blood 

cell analysis to exclude those subjects with any evidence of cardiovascular or 

haematological disorders, current infection or those on cardioactive, vasoactive or 

anti-inflammatory medication. A detailed list o f exclusion criteria is given in 

Appendix I.

3.2.2 Experimental protocol

Subjects attended the laboratory twice for testing between 0900hrs and 1300hrs, 

having abstained from cigarettes, caffeine and strenuous exercise for 12 hours prior to 

the visit. The initial session involved medical and fitness assessment. On arrival, 

subjects underwent a medical examination and anthropometric measurements were 

recorded. Body mass index (BMI) was later calculated as body mass (kg) divided by 

height (m) squared. Subjects then underwent an incremental fitness test as described 

in Chapter 2.

On the second occasion, subjects were seated comfortably in a quiet environment at 

an ambient temperature o f 20°C. Stroke volume was determined by impedance 

cardiography, a lead II ECG trace was established for the measurement of heart rate 

and to aid analysis o f the cardiac impedance trace, beat-to-beat blood pressure was 

measured tonometrically and forearm blood flow was measured by venous occlusion 

plethysmography. All parameters were recorded using a PowerLab data acquisition 

system (see Appendix III). Forearm vascular resistance, mean arterial pressure, 

cardiac index, stroke index, total peripheral resistance, rate pressure product and
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arterial stiffness were later calculated. Subjects were rested for at least 10 minutes 

and until blood pressure and heart rate readings were steady after which, a two minute 

mental arithmetic test was completed. Smokers were then given and asked to smoke 

one medium-strength cigarette (Benson and Hedges, tar 1 Img, nicotine 0.9mg) over a 

5-10 minute period. Non-smokers were allowed a resting period of similar duration. 

The cardiovascular traces were re-established and the mental stress test was repeated.

3.2.3 Mental stress testing

Subjects were required to subtract the number 7 sequentially from an arbitrarily 

selected 3-digit number for two minutes. Subjects were instructed to perform the 

arithmetic aloud as quickly but as accurately as possible and were corrected in the 

case o f wrong answers. Mental stress testing is discussed in greater detail in Chapter 

2 .

3.2.4 Statistical analysis

Resting blood pressure, heart rate and forearm blood flow values were obtained by 

averaging three sets of three individual measurements (a total o f nine readings) taken 

during the resting period. During the mental stress test, values were obtained by 

averaging three individual measurements taken at each of the four time points. Data 

are expressed as mean ± SEM. Inter-group results were compared using two-tailed 

unpaired Student Mests and where variances differed between groups, Mann-Whitney 

non-parametric tests. Intra-group comparisons were carried out using two-tailed 

paired Student ?-tests and Wilcoxon non-parametric tests where appropriate. Possible 

correlations were analysed using Pearson’s correlation test. A P  value less than 0.05 

was considered to be statistically significant.
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3.3 Results

3.3.1 Subject characteristics

The physical and resting cardiovascular characteristics of the smoking and non

smoking groups are summarised in Table 3.1. The two subject groups did not differ 

significantly in age, height, body mass or body mass index (BMI). The smoking 

group had a significantly higher self-reported weekly alcohol intake (24 ± 3 c /  14 ± 2 

alcohol units.week'', P < 0.05). However, their alcohol intake was not related to the 

degree of their tobacco consumption (r = -0.3811). Initial resting heart rate was not 

significantly different between the two groups. However, following acute cigarette 

smoking, heart rate was significantly higher amongst the smokers (67.00 ± 2.03 cf. 

80.56 ± 2.09, P < 0.01). Resting blood pressure was not significantly different 

between the two groups and was not significantly altered by acute cigarette smoking.

Non-smokers
(n =  14)

Smokers
(n = 1 0 )

No. Cigs . Day ’’ N/A 21 ± 5

Years Smoking N/A 5 ± 1

Pack years N/A 4.96 ±  0.80

A lcohol (units . week ') 1 4 ± 2 24 ± 3

Age (years) 21 ± 1 22 ± 1

Height (cm) 180.9 ± 1.3 178.6± 1.9

B ody M ass (kg) 77.3 ±2 .1 76.7 ± 2 .6

BM I (kg . m  ‘̂ ) 24 ± 1 24 ± 1

Pre-intervention HR ( b e a t s . min ‘) 71.43 ± 3 .34 67.00 ± 2.03

Post-intervention HR ( b e a t s . min ') 68.29 ± 2 .70 80.56 ±2 .09

Pre-intervention M A P (m m Hg) 80.19 ± 1.69 81.25 ± 3 .08

Post-intervention M A P (m m Hg) 81.35 ± 1.99 83.62 ±4 .49

Table 3.1: Physical and resting cardiovascular parameters of smoking and non
sm oking subject groups. Data are expressed as mean ± SEM. Significant 
differences between groups are denoted by ^ < 0.05, P < 0.01.
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3.3.2 Cardiovascular parameters before acute smoking.

There was no significant difference in pre-cigarette resting heart rate between the two 

groups. During mental arithmetic, heart rate rose significantly in both groups, 

peaking at 30 and remaining elevated throughout the test {P < 0.001; see Figure 3.1). 

Heart rate was significantly greater in non-smokers than smokers at 60 and 90 seconds 

of mental arithmetic {P < 0.05). Stroke index did not differ between the smoking and 

non-smoking groups at rest or during mental stress testing (see Figure 3.2). A 

significant decrease in stroke index occurred during mental stress in both the smoking 

(P <0.01) and non-smoking {P < 0.05) groups though this response was more gradual 

in the non-smokers. Cardiac index did not differ between the two subject groups at 

rest (see Figure 3.3). During mental stress testing, cardiac index remained unchanged 

in the smoking group but rose significantly in the non-smoking group (P < 0.05) so 

that cardiac index was significantly higher in this group at 30 seconds of mental stress 

testing (P < 0.05). During mental stress testing rate pressure product rose 

significantly in both the smoking {P < 0.01) and non-smoking {P < 0.001) subject 

groups (see Figure 3.4). Rate pressure product did not differ between the subject 

groups at rest or during mental arithmetic. Total peripheral resistance was not 

significantly different between the two subject groups either at rest or during mental 

stress testing (see Figure 3.5). Significant TPR increases during mental stress were 

seen in both the smoking (P < 0.01) and non-smoking (P < 0.05) groups. Resting 

blood pressure did not differ significantly between the two subject groups (see Figure 

3.6). Diastolic (DBF) and systolic (SBP) blood pressure rose significantly in both 

groups during pre-cigarette mental arithmetic and remained elevated throughout the 

test {P < 0.001). There were no significant differences between the two groups in 

their blood pressure responses to pre-cigarette mental stress. Forearm vascular 

resistance did not differ between the groups at rest or during pre-cigarette mental 

stress. Trends towards increased forearm vascular resistance in both groups during 

mental arithmetic were not significant. Arterial pulse reflection index was not 

significantly different between the two subject groups either at rest or during mental 

stress testing. While a trend to increase was apparent in the smoking group, the 

reflection index remained unaltered in the non-smoking group. Results are 

summarised in Table 3.2.
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3.3.3 Cardiovascular parameters after acute smoking

Post-cigarette resting heart rate was significantly greater in the smoking group than in 

the non-smokers (P < 0.01; see Figure 3.7). The heart rate responses o f the two 

groups to mental arithmetic were similar to those observed during pre-cigarette 

arithmetic. Heart rate rose significantly in both groups (P < 0.001, non-smokers; P < 

0.01, smokers). Heart rate remained higher in smokers than non-smokers during 

mental arithmetic, significantly so at 60 and 90 seconds (P < 0.05). Stroke index was 

not significantly different between the subject groups either at rest or during mental 

stress following the acute smoking period (see Figure 3.8). Neither group exhibited 

significant stroke index changes during mental stress testing. Cardiac index did not 

differ between the two groups at rest or during mental stress (see Figure 3.9). 

Tendencies to increase in both groups reached statistical significance in the non- 

smokers only. Rate pressure product was significantly higher in the smoking group 

than in the non-smoking group at rest {P < 0.05) but did not differ between the groups 

during mental stress testing (see Figure 3.10). Significant rate pressure product 

increases accompanied mental arithmetic in both subject groups {P <  0.001). As 

shown in Figure 3.11, total peripheral resistance did not differ between the smoking 

and non-smoking groups at rest or during mental stress and was not altered during 

mental stress in either group. Blood pressure was not significantly different between 

the subject groups either at rest or during mental stress testing (see Figure 3.12). 

Diastolic and systolic pressure rose significantly during mental stress in both subject 

groups (P < 0.001, non-smokers; /* < 0.01, smokers). Arterial pulse reflection index 

was not significantly different between the two subject groups either at rest or during 

mental stress testing and remained unchanged in both groups during mental stress. 

Results are summarised in Table 3.3.
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Non-smokers
(n = 1 4 )

Smokers
(n = 1 0 )

Rest MST Rest MST

HR (beats.min'') 71.43 ± 3 .34 87.57 ±3.81 
***

67.00 ± 2 .03 79.10 ±3 .36
§§§

SI (ml.m'^) 43.4 ±3.23 39.12 ± 2 .84  
*

43 .19±  1.67 35.56 ± 2 .54
§§

Cl (L.min'’.(kgm^)‘‘) 3.00 ± 0 .19 3.66 ±0 .2 9  
*

2.86 ± 0 .08 2.88 ± 0.23 
§

114.00 ±9.23
§§

RPP (mmHg.(beats.min'')) 84.89 ± 4 .90 127.10 ±9 .35  
* ♦ ♦

79.08 ±3.21

TPR (mmHg.(L.min'')'' 14.47 ± 1.196 17.21 ± 1.244 
*

14.40 ±0.53 19.48 ± 2 .10
§§

MAP (mmHg) 80.20 ± 1.69 101.00 ±4 .44
9|(% 9 |C

81.25 ± 3 .08 101.70±4.71
§§§

SBP (mmHg) 118.30 ± 1.94 143.40 ± 5 .36  
* **

118.00 ± 3 .09 143.20 ±5 .50
§§§

DBP (mmHg) 61.14± 1.89 80.07 ± 3 .5 4  
♦ * *

62.86 ± 3 .22 81.02 ±4.53
§§§

APRI (secs) 0.183 ±0 .006 0.195 ±0 .008 0.185 ±0.005 0.186 ±0 .007

Table 3.2: Resting cardiovascular and maximum responses to mental stress testing 
in the smoking and non-smoking groups, before the acute smoking period.



Non-smokers
(n = 1 4 )

Smokers
(n = 1 0 )

Rest MST Rest MST

HR (beats.min’') 68.29 ±2.70 79.29 ±3.46
S t :* *

80.56 ±2.09 88.00 ±2.63
§§

SI (ml.m’̂ ) 42.84 ±3.21 40.74 ± 5.79 38.41 ± 1.88 33.23 ±4.47

Cl (L.min‘'.(kgm^)'’) 2.89 ± 1.91 3.44 ±0.19 
*

3.07±0.19 3.38 ±0.28

RPP (mmHg.(beats.min‘')) 80.67 ±3.98 106.70 ±7.38
H 'H '*

98.33 ±5.21 117.60±6.19
§§§

TPR (mmHg.(L.min‘')'' 14.96 ±0.95 15.68 ± 1.52 14.44± 1.16 15.89 ± 1.67

MAP (mmHg) 81.35 ± 1.99 96.65 ± 4.27 83.62 ±4.49 95.01 ±5.26 
§§

SBP (mmHg) 117.70 ± 1.93 136.80 ±5.54 121.60 ±4.27 135.40 ±5.28
§§

DBP (mmHg) 63.19 ±2.26 76.55 ±3.92 64.61 ±4.74 74.80 ±5.64
§§

APRI (secs) 0.185 ±0.005 0.185 ±0.006 0.179 ±0.007 0.187 ±0.005

Table 3.3: Resting cardiovascular and maximum responses to mental stress testing 
in the smoking and non-smoking groups, after the acute smoking period.



Figure 3.1: Heart rate responses to mental stress testing before 

the acute smoking period.

Values are expressed as mean ± SEM.  A . Resting heart rate did not differ between the 

smoking (B  n = 10) and non-smoking ( •  n = 14) groups. Heart rate rose significantly in 

both groups during mental stress, reaching a peak at 30 seconds into testing (§§§ P  < 

0.01, smokers; *** P <  0.01, non-smokers). Heart rate was significantly higher in the 

non-smoking group at 60 seconds and 90 seconds into mental stress testing (J  /* < 0.05). 

B. The maximum heart rate change did not differ significantly between the two groups.



60 -I

Rest
~ I -------------- 1-------------- 1---------------1
30 60 90 120

Time (seconds)

Non-smokers Smokers



Figure 3.2: Stroke index at rest and during mental stress, 

before the acute smoking period.

Values are expressed as mean ± SEM. A . Stroke index was not significantly different 

between the smoking (■  n = 10) and non-smoking ( •  n = 14) groups either at rest or 

during mental stress testing. Stroke index decreased significantly during mental stress in 

both groups (§§ P  <  0.01, § /* < 0.05, smokers; * P  < 0.05, non-smokers) though this 

response was more gradual in the non-smokers. B . The maximum change in stroke 

index was not significantly different between subject groups.
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Figure 3.3: Cardiac index at rest and during mental stress 

before the acute smoking period.

Values are expressed as mean ± SEM. A . Cardiac index did not differ between the two 

subject groups at rest. During mental stress testing, cardiac index increased significantly 

in the non-smoking group ( •  n = 14; * P  < 0.05) but remained unaltered amongst the 

smokers (■  n = 10). Consequently, cardiac index was significantly higher in the non

smoking group than in the smoking group at 30 seconds and at 60 seconds o f mental 

stress testing (^ , P < 0.05). B . The maximum cardiac index response to mental stress 

testing appeared to be greater in the non-smokers than in the smokers but this difference 

did not quite reach statistical significance.
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Figure 3.4: Rate pressure product at rest and during mental stress 

testing before the acute smoking period.

Values are expressed as mean ± SEM. A. Rate pressure product rose significantly during 

mental stress testing in both the smoking (■  n = 9; §§ P  < 0.01) and the non-smoking ( •  

n = 14; *** P < 0.001) groups. The two subject groups did not differ at rest or during 

mental arithmetic.
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Figure 3.5: Total peripheral resistance at rest and during mental stress 

before the acute smoking period.

Values are expressed as mean ± SEM.  A. Total peripheral resistance increased 

significantly during mental stress testing in both the smoking group ( ■ n = 1 0 ; § / ’ < 

0.05, §§ P  < 0.01) and the non-smoking group ( • n = 1 4 ; * P <  0.05). Total peripheral 

resistance did not differ between the two groups either at rest or during mental stress. B. 

The maximum responses of the two subject groups did not differ significantly.
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Figure 3.6: Systolic and diastolic blood pressures at rest and 

during mental stress before the acute smoking period.

Values are expressed as mean ± SEM. During mental stress, diastolic (DBP) and systolic 

(SBP) blood pressures rose significantly in both the smoking ( B n ^ l O ,  § P <  0.05, §§ P 

< 0.01, §§§ P < 0.001) and non-smoking ( •  n = 14, *** P < 0.001) groups. However, no 

blood pressure differences between the two groups at rest or during mental stress were 

observed.



DB
P 

SB
P

(m
m

Hg
) 

(m
m

H
g)

160-1 

150 -  

140 -  

130 -  

120 -  

110 -

90 - |  

80 -  

70 -  

6 0 -  

50 -

•  Non-smokers 
■ Smokers

*  *  *
*  *  *

*
*

§ § §
§ §

Rest
“ I---------------1---------------1--------------- 1
30 60 90 120

Time (seconds)



Figure 3.7: Heart rate at rest and during mental stress after 

the acute smoking period.

Values are expressed as mean ± SEM. A . Resting heart rate was significantly higher in 

the smoking group (■ , n = 9) than in the non-smoking group (# , n = 14 ;:t4^P < 0.01). 

Heart rate rose significantly in both subject groups during mental stress (** P < 0.01, *** 

P  <  0.001, non-smokers; § P  <  0.05, §§ P  <0.01, smokers), but remained higher in the 

smoking group than in the non-smoking group throughout mental stress, significantly so 

at 60 and 90 seconds ($ P < 0.05). B . Maximum heart rate response to mental stress 

testing did not differ significantly between the two subject groups.
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Figure 3.8: Stroke index at rest and during mental stress after 

the acute smoking period.

Values are expressed as mean ± SEM. No significant stroke index differences between 

the two groups were observed and neither the smoking (■, n = 9) nor the non-smoking 

( • ,  n = 14) group exhibited stroke index changes during mental stress testing.
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Figure 3.9: Cardiac index at rest and during mental stress 

after the acute smoking period.

Values are expressed as mean ± SEM. Cardiac index was not significantly different 

between the smoking (■ , n = 9) and non-smoking ( • ,  n = 14) groups either at rest or 

during mental stress testing. Cardiac index rose significantly during mental arithmetic in 

the non-smoking group {* P < 0.05) only. A tendency to increase in the smoking group 

was not statistically significant.
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Figure 3.10: Rate pressure product at rest and during mental stress 

testing after the acute smoking period.

Values are expressed as mean ± SEM. A. Rate pressure product rose significantly during 

mental stress testing in both the smoking (■, n = 9; § /* < 0.05, §§ /* < 0.01, §§§ P < 

0.001) and the non-smoking ( • ,  n = 14; *** P < 0.001) groups. Rate pressure product 

was significantly higher in the smoking group at rest (J P  < 0.05) but was not different 

between the two groups during mental arithmetic.
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Figure 3.11: Total Peripheral resistance at rest and during 

mental stress after the acute smoking period.

Values are expressed as mean ± SEM. Total peripheral resistance did not differ between 

the smokers (■, n = 9) and non-smokers ( • ,  n = 14) either at rest or during mental stress 

and did not change significantly in either group during mental stress.



Figure 3.12: Systolic and diastolic blood pressures at rest and 

during mental stress following the acute smoking period.

Values are expressed as mean ± SEM. During mental stress testing, diastolic (DBP) and 

systolic (SBP) blood pressures rose significantly in both the smoking {M, n -  9; § P < 

0.05, §§ P < 0.01) and non-smoking ( • ,  n = 14; ** /* < 0.01, *** P < 0.001) groups. 

SBP and DBP were not significantly different between the two subject groups either at 

rest or during mental stress.
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Chapter 3

3.4 Discussion

3.4.1 Study aim

The aim o f this study was to assess the acute and chronic effects o f cigarette smoking 

on autonomic function in young, heahhy men.

3.4.2 Effects of smoking on autonomic behaviour

Inappropriate sympathetic hyperactivity coupled with reduced vagal tone is associated 

with an increased risk o f cardiovascular m orbidity and m ortality. It has been 

suggested that such sympathovagal imbalance may contribute to the development o f 

smoking-related cardiovascular disease (Niederm aier et a l ,  1993; G erhardt et a l ,  

1999). In this study, resting cardiovascular parameters and cardiovascular responses 

to mental arithmetic were measured in non-smokers and in smokers before and after 

acute cigarette smoking.

3.4.3 Resting cardiovascular parameters before acute smoking

Resting values o f the cardiovascular parameters measured were not different between 

the two groups before the acute smoking period. Notably, non-smokers and abstinent 

smokers had sim ilar resting blood pressures. This is consistent with several large 

epidemiological studies that have reported similar or lower blood pressure levels in 

smokers compared to non-smokers (Berglund and W ilhelmsen, 1975; Green et al., 

1986). However, other more recent studies indicate that smokers have higher blood 

pressures though differences are thought to be small and clinically insignificant 

(Fogari et al., 1996; Primatesta et ah, 2001). Such disparity may be due simply to 

different levels o f tobacco consumption amongst the smoking subjects. In the present 

study, smokers consumed a mean o f 21 ± 5  cigarettes per day (4.96 ± 0.80 pack 

years), a relatively modest amount. Alternatively, apparently conflicting reports may 

reflect a more complex relationship between blood pressure and cigarette smoking, 

possibly involving nicotine-withdrawal effects.
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3.4.4 Cardiovascular responses to mental stress testing before acute smoking

A reduced sympathetic response to stress in smokers relative to non-smokers could be 

due to altered baroreflex behaviour or to poorer sensitivity o f cardiacadrenergic 

receptors, perhaps resulting from persistent elevations in circulating catecholamines 

(Cryer et al., 1976). In the present study however, the blood pressure responses to 

mental stress testing and their underlying haemodynamics, were similar between 

abstinent smokers and non-smokers. Thus heart rate rose significantly during mental 

arithmetic and to a similar extent in both groups. Mirroring this stress-induced 

tachycardia, stroke index was significantly reduced, probably due to a reduction in 

ventricular filling time. The stroke index response was more gradual in the non

smoking group and the absolute response non-significantly smaller than that seen 

amongst the smokers. Cardiac index was unchanged in the smoking group but rose 

significantly in the non-smoking group during mental stress, presumably driven by 

increasing heart rate and a compensated stroke volume. Total peripheral resistance 

rose significantly during mental stress in both subject groups. The magnitude o f this 

response was non-significantly higher in the smokers. Blood pressure responses to 

mental arithmetic did not differ between the two subject groups, rising significantly 

and remaining elevated throughout the test.

Thus, chronic smoking appears not to alter cardiovascular reactivity to mental stress 

in young men. These results confirm previous findings (McKinney et al., 1987; 

Hasenfratz and Battig, 1993). There were some differences in the heart rate, stroke 

index, cardiac index and total peripheral resistance responses to mental stress between 

the smoking and non-smoking groups that may reflect a different haemodynamic basis 

for blood pressure increases. For example cardiac index rose in the non-smoking 

group only while total peripheral resistance responses appeared to be greater in the 

smoking group. However, these differences were extremely subtle and probably of 

little importance.

3.4.5 Resting cardiovascular parameters following acute smoking

Following the acute smoking period, resting blood pressure did not differ between the 

two subject groups and within the smoking group resting blood pressure was not 

altered by acute smoking. This appears to contradict previous work demonstrating
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significant blood pressure increases following acute cigarette smoking (Niedermaier 

et al., 1993; Grassi et al., 1994; Narkiewicz et al., 1998; Gerhardt et al., 1999). 

However, one o f these studies assessed the cardiovascular responses to smoking more 

than one cigarette (Gerhardt et al., 1999) and this seeming discrepancy may therefore 

be due to differences in nicotine dosage. The other two studies included subjects of 

widely varying ages (Niedermaier et al., 1993; Grassi et al., 1994). Age may 

influence blood pressure responses to acute cigarette smoking. Indeed, greater blood 

pressure elevations in response to acute smoking in elderly compared to middle-aged 

subjects have been previously demonstrated (Hashimoto et al., 1993). This has been 

attributed in part to arterial stiffening, a well-established consequence of ageing (Van 

Bortel and Spek, 1998). However, age-related loss of large artery compliance may 

also lead to a reduction in baroreflex function (Bonyhay et al., 1996; Monahan et al., 

2001).

In the present study, there was a large degree of variability in individual responses to 

acute smoking following 12 hours of abstinence. Thus, some smokers responded with 

an elevation in blood pressure while others displayed a pressure fall or no change. It 

is possible that in some subjects, smoking abstinence resulted in blood pressure 

elevations, a symptom of withdrawal (Sommese and Patterson, 1995) that may have 

been alleviated upon smoking the first cigarette o f the day. Others may have been 

less affected by withdrawal, possibly because o f differences in smoking habits, 

tobacco dependency, genetic/constitutional factors or personality-related coping 

mechanisms.

Resting heart rate rose significantly in the smoking group following acute cigarette 

smoking and was significantly greater than resting heart rate in the non-smoking 

group. This confirms previous reports of smoking-induced tachycardia (Cellina et al., 

1975; Rabinowitz et al., 1979; Niedermaier et al., 1993; Grassi et al., 1994; Gerhardt 

et al., 1999). Cardio-acceleration after smoking is thought to be due at least in part to 

vagal withdrawal (Coffman, 1967; Dietz et al., 1984; Niedermaier et al., 1993). 

Resting stroke index was slightly, though not significantly lower in the smoking 

group following acute cigarette smoking, probably reflecting reduced ventricular 

filling time. Resting cardiac index was slightly but not significantly higher in the 

smoking group compared with the non-smoking group, presumably driven by the
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increased heart rate. Resting total peripheral resistance was not significantly different 

between the two groups.

3.4.6 Cardiovascular responses to mental stress testing following acute smoking

Following the acute smoking period, the heart rate responses o f the two groups to 

mental arithmetic were similar to those observed during the initial mental stress test. 

H eart rate rose significantly in both groups and reached a peak by 30 seconds. 

Because resting heart rate was significantly higher in the smoking group and the 

responses o f the two groups to mental stress were similar, heart rate remained higher 

in the smoking group throughout the test. N either subject group exhibited stroke 

index changes during mental stress. Trends towards increased cardiac index during 

mental stress reached significance in the non-sm okers only. Total peripheral 

resistance did not differ significantly between the subject groups either at rest or 

during mental stress. Diastolic and systolic blood pressures increased significantly 

during mental stress in both subject groups. Absolute blood pressure responses to 

mental stress were somewhat lower following the acute smoking period than during 

initial testing. This is due to habituation to the mental arithmetic test and occurred to 

the same extent in smokers and non-smokers. No significant difference between the 

two groups in forearm vascular resistance was observed at rest or throughout mental 

arithmetic. Trends towards increases in forearm vascular resistance in both groups 

during mental arithmetic after the acute smoking period were not significant.

These results suggest that following twelve hours o f abstinence, young, healthy, male 

smokers have normal resting sympathovagal balance and do not respond differently to 

mental stress than their non-smoking counterparts. In this study, acute cigarette 

sm oking induced tachycardia, probably by reducing vagal tone and increasing 

sympathetic drive. However in line with previous work, acute smoking did not alter 

the cardiovascular responses to mental stress (Tsuda et a i ,  1996).

3.4.7 Conclusions

Acute cigarette smoking elevates resting heart rate and increases the variability o f 

resting blood pressure but does not alter cardiovascular reactivity to stress. Adverse
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chronic effects of cigarette smoking on autonomic function were not apparent in this 

population of young, heaUhy men. However, chronic smokers consuming more than 

10 cigarettes per day may be constantly subject to the acute effects of smoking.

A limitation o f this study is the absence o f some concrete control o f smoking 

abstinence. In later studies, expired CO was measured in an attempt to assess (and 

ensure) compliance.
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Chapter 4

4.1 Introduction

As discussed in Chapter 1, smoking has been identified as a major risk factor for the 

development of cardiovascular disease and is thought to convey this increased disease 

risk through effects on the autonomic nervous system. Adverse chronic effects of 

smoking on autonomic function were not apparent in the population o f young, healthy 

men described in Chapter 3. Thus neither resting cardiovascular parameters nor 

cardiovascular responses to mental stress differed between abstinent smokers and 

non-smokers. However, it is not clear whether the same is true for older individuals. 

Published data suggest that the autonomic nervous system may be altered by ageing. 

Certainly, ageing is associated with a general rise in resting blood pressure (Burt et 

al., 1995) that has been attributed to an increase in resting sympathetic drive (Ng et 

al., 1994; Wallin and Fagius, 1988), impaired baroreflex functioning (Tanabe and 

Bunag, 1989; Hajduczok et ah, 1991a) and arterial stiffening (Robert, 1996; Yu and 

Chung, 2001; Lakatta and Sollott, 2002). See Chapter 1 for a more detailed 

discussion.

The aim of this study was to assess the effects of chronic smoking and ageing on 

autonomic behaviour. To this end, middle-aged smoking and non-smoking men 

underwent sustained isometric handgrip exercise and mental stress testing. Since the 

smokers had abstained for 12 hours prior to testing, any observed effects, were due to 

chronic smoking. Results were compared with those obtained for younger individuals 

in Chapter 3.
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4.2 M aterials and methods

4.2.1 Subject characteristics

A total o f 14 men were recruited by radio and newspaper advertisement. O f these, 8 

were non-smokers (5 never-smokers) and the remaining 6 were smokers. The three 

ex-smokers had been abstinent for at least 13yrs. Smoking habits varied greatly and 

tobacco consumption is consequently expressed in cigarette equivalents. Subject 

characteristics are shown in Table 4.1 (see page 61). Each participant was screened 

by clinical history, physical examination and routine blood cell analysis. Individuals 

with current infection or diabetes, those currently taking |3-adrenergic receptor 

antagonists or those unable through physical disability or injury to perform cycle 

exercise were excluded. See Appendix I for full list o f medical exclusion criteria. 

Small expenses pertaining to involvement in the study were covered.

4.2.2 Experimental protocol

Subjects attended the laboratory on two separate occasions between 0900hrs and 

ISOOhrs, having abstained from caffeine, strenuous exercise and cigarettes for 12 

hours. The initial session involved medical assessment and fitness testing. Expired 

carbon monoxide was measured on arrival to confirm smoking abstinence and blood 

cholesterol levels and anthropometric measurements were recorded. Subjects then 

underwent a medical examination. Following the medical examination, subjects 

underwent a standard incremental cycle test to ascertain peak oxygen consumption. 

The fitness testing protocol is detailed in Chapter 2.

Subjects attended the laboratory a second time, between 0900hrs and 1300hrs, having 

abstained from caffeine, strenuous exercise and tobacco consumption for 12 hours 

prior to the visit. Expired carbon monoxide was monitored to assess compliance. 

Subjects were seated comfortably in a quiet environment at an ambient temperature of 

approximately 20°C. A lead II ECG trace was established for measurement of heart 

rate, beat-to-beat blood pressure was measured tonometrically and forearm blood flow 

was measured by venous occlusion plethysmography. These parameters were 

recorded using the PowerLab data acquisition system (See Appendix III). Mean
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arterial pressure, rate pressure product, arterial pulse reflection index and forearm 

vascular resistance were later calculated. Subjects were rested for at least 10 minutes 

and until blood pressure and heart rate readings were steady after which, a sustained 

handgrip test was performed. After a resting period, a mental arithmetic test was 

completed. All cardiovascular parameter measurements and test protocols are 

detailed in Chapter 2.

4.2.3 Sustained isometric handgrip testing

Subjects were asked to sustain a handgrip at 50% of their maximal contraction force 

until volitional fatigue. Sustained handgrip testing is discussed in detail in Chapter 2.

4.2.4 Mental stress testing

Subjects were required to subtract the number 7 sequentially from an arbitrarily 

selected 3-digit number for two minutes. Subjects were instructed to perform the 

arithmetic aloud as quickly but as accurately as possible and were corrected in the 

case of wrong answers. Mental stress testing is discussed in greater detail in Chapter 

2 .

4.2.5 Statistical analysis
Resting blood pressure, heart rate and forearm blood flow values were obtained by 

averaging three sets o f three individual measurements (a total o f nine readings) taken 

during the resting period. During the mental stress and sustained handgrip tests, 

values were obtained by averaging three individual measurements taken at each of 

four time points. Data are expressed as mean ± SEM.  Inter-group results were 

compared using two-tailed unpaired Student ^tests and where variances differed 

between groups, Mann-Whitney non-parametric tests. Intra-group comparisons were 

carried out using two-tailed paired Student Mests and Wilcoxon non-parametric tests 

where appropriate. Possible correlations were examined using Pearson’s rank 

correlation analysis. A P  value less than 0.05 was considered to be statistically 

significant.
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4.3 Results

4.3.1 Subject characteristics

The characteristics of the smoking and non-smoking groups are presented below in 

Table 4.1. The two subject groups did not differ significantly in age, height, body 

mass, body mass index or total blood cholesterol and were of similar physical fitness. 

The smoking group had a significantly higher self-reported alcohol intake (25 ± 3 c / 

11 ± 4 alcohol units.week'*, P < 0.05). However, alcohol intake was unrelated to 

tobacco consumption in this group (r = 0.4559). Neither resting heart rate nor resting 

blood pressure differed significantly between the two groups. Expired carbon 

monoxide did not differ significantly between smokers and non-smokers, indicating 

that smokers had complied with the instructions to abstain.

Non-smokers
(n = 8)

Smokers
(n = 6)

Cigarette equivalents.day' N/A 8.17 ±2.76

Pack years N/A 10.45 ±3.09

Age (years) 59.88 ±3.56 57.33 ±4.14

Height (cm) 175.95 ± 1.54 171.58 ± 1.90

Body Mass (kg) 78.56 ±4.60 75.42 ±5.85

BMl (kg.m'^) 25.48 ± 1.67 25.62 ± 1.96

Peak VO2 (ml.min'’.kg'') 32.12 ±4.06 30.40 ± 2.96

Resting HR (beats.min'') 64.12 ±2.87 70.17 ±2.98

Resting MAP (mmHg) 91.35 ±4.7 93.82 ±2.81

Total blood cholesterol (mmol.L'') 4.85 ±0.23 4.95 ±0.34

Expired CO (ppm) 4.62 ±0.8 6,17± 1.4

Alcohol (units.week'*) 10.62 ±3.58 24.83 ±2.49 t

Table 4.1: Physical and resting cardiovascular parameters of the smoking and 
non-smoking subject groups. Data are expressed as mean ± SEM. Of the 
parameters measured, only self-reported alcohol intake differed significantly between 
the subject groups with alcohol consumption in the smoking group roughly double 
that of the non-smokers {X P < 0.05).

63



I
Chapter 4

i
Two non-smokers and one smoker were taking statins (HMG CoA reductase 

inhibitors) coupled with aspirin at the time o f the study. The former reduce 

cholesterol synthesis within the liver. Aspirin is an anti-inflammatory drug that 

inhibits cyclooxygenase, thereby inhibiting prostanoid synthesis.

4.3.2 Sustained handgrip exercise

Smokers and non-smokers did not differ significantly in either handgrip force (43.33 

±  2.74 and 37.75 ±  2.43 kg respectively) or duration of handgrip exercise (101.83 ±  

19.70 and 131.00 ±  18.66 seconds respectively). As shown in Figure 4.1, heart rate 

was not significantly different between the smoking and non-smoking groups either at 

rest or during sustained handgrip exercise. Heart rate rose significantly during 

handgrip exercise in both the smoking {P < 0.01) and the non-smoking {P < 0.001) 

groups. Systolic blood pressures rose significantly during sustained handgrip exercise 

in both the smoking (P < 0.01) and non-smoking (P < 0.05) groups (see Figure 4.2). 

However, the maximum absolute systolic blood pressure changes during handgrip 

exercise were significantly greater in the smoking group (P < 0.01; see Figure 4.3). 

Consequently, systolic blood pressure was significantly higher in the smoking group 

at 50% and 100% of total exercise duration {P < 0.05). Significant diastolic blood 

pressure increases during sustained handgrip exercise were observed in the smoking 

group only (P < 0.05) and diastolic blood pressure was therefore significantly higher 

in this group at 50% (P < 0.05), 75% (P < 0.05) and 100% (P <0.01) of total exercise 

duration (see Figure 4.2). As shown in Figure 4.3, the maximum absolute diastolic 

pressure change during handgrip exercise was significantly greater in the smoking 

group than in the non-smoking group {P < 0.01). Resting mean arterial pressure was 

not significantly different between the subject groups (see Figure 4.4). During 

handgrip exercise, mean arterial pressure rose significantly in both subject groups (P 
< 0.05). However, because this increase was considerably greater in the smoking 

group, mean arterial pressure was significantly higher in this group at 50% {P < 0.05), 

75% (P < 0.05) and 100% (P < 0.01) of total exercise duration. Rate pressure product 

did not differ between the subject groups at rest (see Figure 4.5). A significant rate 

pressure product increase accompanied handgrip exercise in both the smoking (P < 
0.01) and non-smoking groups (P < 0.001). This response was significantly greater in 

the smoking group than in the non-smoking group (P < 0.05) and as a result, rate
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pressure product was significantly higher in the smoking group during handgrip 

exercise at 25%, 50% and 100% of total exercise duration (P < 0.05). Arterial pulse 

reflection index did not change significantly during handgrip exercise although a trend 

to decrease in the smoking group was apparent. Pulse reflection index did not differ 

significantly between the two groups at rest or during exercise. Results are 

summarised in Table 4.2.

4.3.3 Mental stress testing

Heart rate did not differ significantly between subject groups either at rest or during 

mental stress testing. Significant heart rate increases accompanied mental stress in 

both the smoking (P < 0.05) and non-smoking (P < 0.01) groups (see Figure 4.6). 

Modest increases in systolic and diastolic blood pressures in both subject groups 

during mental stress testing proved non-significant (see Figure 4.7). Mean arterial 

pressures were similarly unchanged during mental stress (see Figure 4.8). Rate 

pressure product responses to mental arithmetic are shown in Figure 4.9. Rate 

pressure product rose significantly during mental stress testing in both the smoking {P 

< 0.05) and non-smoking {P < 0.01) groups. There were no significant differences 

between the subject groups at rest or during testing. Arterial pulse reflection index 

did not differ significantly between groups at rest or during mental stress testing and 

remained unchanged in both groups during testing. Forearm vascular resistance was 

not significantly different between the two subject groups and did not change 

significantly during mental stress in either group. Results are summarised in Table 

4.3.

Mean arterial pressure responses to mental stress were significantly lower in older 

smokers when compared with the young smokers described in Chapter 3 (P < 0.05; 

see Figure 4.10). A trend towards lower absolute responses in older non-smokers than 

in young non-smokers was not quite statistically significant. Neither rate pressure 

product nor heart rate responses differed significantly between younger and older 

individuals (see Figure 4.11).
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Non-smokers
(n = 8)

Smokers
(n = 6)

Rest SHG Rest SHG

HR (beats.min'') 64.12 ±2 .87 73.62 ±3.13 70.17 ± 2 .98 85.17 ± 4 .38
§§

RPP (mmHg.(beats.min'')) 83.25 ±6.81 106.50 ± 6 .47 93.26 ± 5 .79 166.51 ± 18.51
§§

MAP (mmHg) 91.41 ± 4 .66 102.57 ±5.71 
*

93.82 ±2.81 149.41 ± 12.60
§

SBP (mmHg) 128.45 ± 6 .00 144.99 ±7 .49  
*

132.99 ± 6 .62 198.54 ± 17.92
§§

DBP (mmHg) 72.89 ±4.41 81.36±5 .66 74.22 ± 1.22 124.84 ± 10.44
§

APRI (secs) 0.191 ±0.005 0.198 ±0 .009 0.190 ±0 .006 0.175 ±0.014

Table 4.2: Cardiovascular parameters at rest and during sustained handgrip
exercise in older smoking and non-smoking men.



Non-smokers
(n = 8)

Smokers
(n = 6)

Rest M ST Rest M ST

HR (beats.min’') 64.38 ±2 .56 78.12 ± 4 .44  
**

68.50 ±3 .25 78.50 ± 3 .99  
§

RPP (mmHg.(beats.min'')) 86.58 ±6.15 111.56±8.59
**

94.07 ± 5.06 114.20 ±6 .68
§

MAP (mmHg) 95.56 ±3.81 103.27 ±7 .33 101.23 ±2 .26 106.90 ±2 .17

SBP (mmHg) 133.74 ±5 .87 145.45 ± 8 .60 137.25 ± 3 .07 147.07 ± 4 .74

DBP (mmHg) 76.47 ± 3 .69 82.18 ±7.41 83.22 ± 2 .64 86.81 ±3.03

FVR (ml.min'.(100ml 
tissue)''.mmHg'')

22.82 ±4 .82 26.03 ±7.01 20.60 ±5.23 15.19±2.18

APRI (secs) 0.197 ±0.005 0,201 ± 0.006 0.186 ±0 .006 0.196 ±0 .009

Table 4.3: Cardiovascular parameters at rest and during mental stress testing in 
older smoking and non-smoking men.



Figure 4.1: Heart rate responses to sustained handgrip exercise in older 

men.

Data are expressed as mean ± SEM. A. Resting heart rate was slightly higher in the 

smoking group (■  n = 6) than the non-smoking ( •  n = 8) group though this was not 

statistically significant. Heart rate rose significantly during sustained handgrip exercise 

in both the non-smoking {* P < 0.05, **/><o.01 ,***P< 0.001) and the smoking (§ P < 

0.05, §§ P  < 0.01) groups. B. The maximum heart rate response to sustained handgrip 

exercise did not differ significantly between the two subject groups.
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Figure 4.2: Systolic and diastolic blood pressures at rest and during 

sustained handgrip exercise in older men.

Data are expressed as mean ± SEM. Neither systolic (SBP) nor diastolic (DBP) blood 

pressures were significantly different between the smoking (■ n = 6) and non-smoking 

( •  n = 8) groups at rest. SBP rose significantly during sustained handgrip exercise in 

both the smoking (§ P < 0.05, §§ P < 0.01) and non-smoking (* P < 0.05) groups. DBP 

also rose significantly in the smoking group (§ P < 0.05) but remained unchanged 

amongst the non-smokers. Consequently, DBP was significantly greater in the smoking 

group than in the non-smoking group at 50% ( t  /* < 0.05), 75% ( t  P < 0.05) and 100% 

( t t P  < 0.01) of total exercise duration. Similarly, SBP was significantly higher in the 

smoking group at 50% and at 100% of total exercise duration (t P  ̂0.05).
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Figure 4.3: Maximum systolic and diastolic blood pressure changes 

during sustained handgrip exercise in older men.

Data are expressed as mean ± SEM. A. The maximum systolic blood pressure response 

to sustained handgrip exercise was significantly larger in the smoking group (n = 6) than 

in the non-smoking group (n = 8; P  < 0.01). B. Similarly, the maximum diastolic 

blood pressure response was significantly greater amongst the smokers P < 0.01).
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Figure 4.4: Mean arterial pressure at rest and during sustained

handgrip exercise in older men.

Data for the smoking (■  n = 6) and non-smoking ( •  n = 8) groups are expressed as mean 

± SEM. A . Mean arterial pressure did not differ between the two subject groups at rest. 

During sustained handgrip exercise, mean arterial pressure rose significantly in both the 

smoking group (§ P  < 0.05) and the non-smoking group P < 0.05). Mean arterial 

pressure was significantly higher in the smoking group at 50% ( t  P < 0.05), 75% ( t  /* < 

0.05) and 100% P < 0.01) of total exercise duration. B. The maximum mean arterial 

pressure response to sustained handgrip was significantly greater in the smoking group 

than in the non-smoking group ( t  P < 0.05).
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Figure 4.5: Rate pressure product at rest and during sustained

handgrip exercise in older men.

Data are expressed as mean ± SEM. A. During sustained handgrip exercise, rate pressure 

product rose significantly in both the smoking ( ■ n  = 6; § P  < 0.05, §§ P < 0.01) and 

non-smoking groups ( # n  = 8, ** /*< 0 .01 , *** P  <0.001). Rate pressure product was 

similar between the two groups at rest but was higher in the smoking group during 

handgrip exercise, significantly so at 25%, 50% and 100% of total handgrip duration ( t  P  

<0.05). B. The maximum rate pressure product response to handgrip exercise was 

significantly larger in the smoking group than in the non-smoking group ( t  P < 0.05).



A

o 

^  £
Q> (/>
3
(/)tf)0>
0.
o
CQcc

(00
d)
X
E
E

200

160

120

80

40
r

Rest

§

25% 50% 75% 100%

Duration of Handgrip
(% Total Duration)

B

0)O)c
(0£
O
0.
Q.

Q>

o
tf)

<

100

1 80-c
E
(/) 60-
ro0)

40-d)
X
E
E 20-

0-

Non-smokers Smokers



o
(B
QC

c  
E

tr wCO (0
0  (D1 a.

90 n

8 0 -

w 7 0 -

6 0 -

5 0 ^

*

Rest
i—

30
— i—  

60
— i—

90 120

Time (secs)

Figure 4.6: Heart rate responses to mental stress testing in older men.

Data are expressed as mean ± SEM. Resting heart rate was shghtly higher in the smoking 

group (■  n = 6) than the non-smoking ( •  n = 8) group though this difference was not 

statistically significant. Heart rate rose significantly during mental stress testing in both 

subject groups {* P <  0.05, ** p <  0.01, non-smokers; § P  < 0.05, smokers).



Figure 4.7: Systolic and diastolic blood pressures at rest and during 

mental stress testing in older men.

Data are expressed as mean ± SEM. Systolic (SBP) and diastolic (DBP) blood pressures 

were not significantly different between the smoking (■  n = 6) and non-smoking ( •  n = 

8) groups at rest or during mental stress. No significant pressure changes during mental 

stress were observed in either subject group.
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i
! Data for the smoking (■  n = 6) and non-smoking ( •  n = 8) groups are expressed as mean

' ± SEM. Mean arterial pressure did not differ between the two subject groups at rest or 

during mental stress. A slight increase observed in both groups during mental stress was 

not statistically significant.
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Figure 4.9: Rate pressure product at rest and during mental stress 

testing in older men.

Data are expressed as mean ± SEM. During mental stress testing, rate pressure product 

increased significantly in both the smoking (■ n  = 6 ; § P <  0.05) and the non-smoking ( •  

n = 8, * P  < 0.05, ** /* < 0.01) subject groups. Rate pressure product did not differ 

between the two groups at rest or during mental stress.
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Figure 4.10: Absolute mean arterial pressure changes during mental 

stress testing in young and older smoking and non-smoking men.

Data are expressed as mean ± SEM. Older smoking men had significantly lower mean 

arterial pressure responses to mental stress testing than did young smokers ( t  P  < 0.05). 

A trend towards lower arterial pressure responses in older non-smokers compared with 

young non-smokers did not quite reach statistical significance.



Figure 4.11: Absolute heart rate (A) and rate pressure product (B) 

changes during mental stress in young and older smokers and non- 

smokers.

Data are expressed as mean ± SEM. A. Trends towards smaller heart rate responses in 

the smoking groups compared with the non-smoking groups were not statistically 

significant. Heart rate responses to mental stress did not differ with age. B. Trends 

towards lower rate pressure product responses to mental stress in the smoking groups 

compared with the non-smoking groups were not significant. Similarly, absolute rate 

pressure product changes were somewhat smaller in older smokers and non-smokers than 

their younger counterparts. However, these differences were not statistically significant.
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4.4 Discussion

4.4.1 Study aim

As discussed in Chapter 3, chronic smoking does not appear to alter autonomic 

behaviour in young healthy men. The aim of this study was to assess the effects of 

chronic smoking on autonomic function in an older population. To this end, middle- 

aged smoking and non-smoking men underwent sustained isometric handgrip exercise 

and mental stress testing. Results were compared with those obtained for younger 

individuals in Chapter 3.

4.4.2 Resting cardiovascular parameters

None of the cardiovascular parameters measured differed between the smoking and 

non-smoking groups at rest. Heart rate was slightly higher amongst the smokers but 

this difference was not statistically significant. Interestingly, smokers and non- 

smokers had similar resting blood pressures. This result mirrors that found in younger 

smokers and non-smokers (see Chapter 3) and is consistent with previous 

epidemiological research (Berglund and Wilhelmsen, 1975; Green et a i ,  1986). 

Other more recent studies indicate that smokers do have higher blood pressures 

though differences are thought to be small and clinically insignificant (Fogari et al., 

1996; Primatesta et al., 2001). Discrepancies may be due to differences in subject 

smoking habits between studies. Importantly, the smokers participating in the present 

study had extremely low levels o f tobacco consumption (8.17 ± 2.76 cigarette 

equivalents.day"'; 10.45 ± 3.09 pack years).

In accordance with published data, the older men participating in this study had 

significantly higher blood pressures than younger men (Burt et al., 1995; see Chapter 

3). This was probably not due to differences in body mass since young and older 

subjects had similar body mass indices. Age-related increases in blood pressure are 

potentially due to changes in arterial compliance. In aged vessels, the elastin is 

believed to fragment and collagen content is thought to increase two-fold (Robert, 

1996; Yu and Chung, 2001; Lakatta and Sollott, 2002). However, since arterial pulse 

reflection indices were not different between young and older individuals, this does
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not seem likely. Ageing is also associated with elevated resting sympathetic drive 

(Zeigler et al., 1976; Ng et al., 1993; Burt et al., 1995).

4.4.3 Smoking and cardiovascular responses to stress testing

The tendency to show exaggerated cardiovascular responses to mental and physical 

stress is considered to be a potential risk factor for the development of cardiovascular 

disease and may help to explain ageing- and/or smoking-associated increases in 

cardiovascular risk (Everson et al., 1996; Kamarck et al., 1997; Krai et al., 1997). In 

the present study, smokers and non-smokers differed in their responses to sustained 

isometric handgrip exercise, but not to mental stress.

Isometric handgrip exercise is generally accompanied by increases in heart rate and 

blood pressure. In the present study, heart rate rose significantly and similarly during 

handgrip exercise in both the smoking and the non-smoking groups. Rate pressure 

product, an index of cardiac work also rose in both groups during handgrip exercise 

but the absolute change was significantly greater in the smoking group than in the 

non-smoking group. Although resting blood pressures were similar between the two 

subject groups, the responses to sustained handgrip exercise were not. Systolic 

pressure rose in both groups but to a significantly greater degree in the smoking 

group. Diastolic pressure increased during handgrip exercise in the smoking group 

only and remained unchanged amongst the non-smokers. These differences are 

reflected in the mean arterial pressure responses. The pressor response to isometric 

exercise is due to stimulation of both cardiac and vasomotor sympathetic activity, 

thought to be initiated centrally and later mediated by the muscle chemoreflex (Lind 

et al., 1964; Coote et al., 1971). The chemoreflex-mediated pressor response is 

normally opposed by the barorefiex. Such opposition may have been inadequate 

amongst the older smokers due to impairment o f barorefiex sensitivity or resetting of 

the baroreflex set-point (Piha, 1994; Grassi et al., 1991). Interestingly, heart rate 

responses did not differ between the smoking and non-smoking groups in the present 

study. Exercise-induced tachycardia is brought about by centrally-mediated vagal 

withdrawal and is relatively independent of muscle chemoreflex activity. It therefore 

seems possible that the exaggerated pressor responses reported here were due to over-
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activation of the muscle chemoreflex, a phenomenon that has been demonstrated 

previously in individuals with heart failure (Scott et a i, 2002).

In contrast, cardiovascular responses to mental stress testing were similar between the 

smoking and non-smoking groups. Mental stress testing, an active coping task, is 

accompanied by a pressor response that is primarily o f cardiac origin (Freyschuss et 

al., 1988). In this study, significant heart rate and rate pressure product increases 

accompanied mental stress in both groups while modest increases in systolic, diastolic 

and mean blood pressures proved non-significant. Forearm vascular resistance was 

not significantly different between the smokers and non-smokers and did not change 

significantly during mental stress in either group. Differences in responses to 

exercise-related and unrelated stimuli have been observed elsewhere (O’Sullivan and 

Bell, 2001).

Published data concerning the effects of smoking on cardiovascular reactivity are 

inconsistent. Smoking has previously been associated with elevated diastolic 

responses to mental stress (Tsuda et al., 1996) a phenomenon that disappears upon 

smoking cessation (Ward et al., 1994). However several other studies have failed to 

identify any differences between smokers and non-smokers in cardiovascular 

reactivity to either mental stress or isometric handgrip (McKinney et al., 1987; 

Girdler et al., 1997; Benet-Rodriguez et al., 2003).

4.4.4 Ageing and cardiovascular responses to stress testing

The discovery of increased plasma noradrenaline responses to stress in older subjects 

indicated that as well as increased sympathetic drive at rest, ageing might lead to 

exaggerated sympathetic activity during stress (Barnes et al., 1982; Palmer et al., 

1978). The results of the present study however suggest that cardiovascular reactivity 

to stress is lower in older individuals. Thus, absolute blood pressure responses to 

mental stress testing were significantly lower in older smokers than in young smokers 

and a trend towards lower responses in the older non-smoking group compared with 

young non-smokers was obvious. With greater subject numbers, this trend is likely to 

have proved statistically significant. Since absolute blood pressure changes were 

similar between young smokers and non-smokers and old smokers and non-smokers.

68



f
I

Chapter 4

this can be interpreted as an age-related phenomenon. Importantly, resting blood 

pressure levels were significantly higher in the older subjects than in the young 

individuals and the absolute blood pressure change might be expected to be less under
i

such circumstances. Certainly, peak mean arterial pressures during mental stress were 

similar in younger and older men. Nevertheless, these results are consistent with 

recent work suggesting that the ageing cardiovascular system may be less reactive to 

both mental challenge and isometric exercise (Boutcher and Stocker, 1996; Boutcher 

and Stocker, 1999). Furthermore, lower percentage increases in muscle sympathetic 

nerve activity during stress in an older population have been previously demonstrated 

(Ng et a i,  1994).

Blunted cardiovascular reactivity may be due in part to decreased P-adrenergic 

responsiveness with age (Lakatta et a i ,  1993; Johansson and Hjalmarson, 1988; Seals 

et a i, 1994). This has been observed a variety o f tissue including the brain, the 

vascular smooth muscle and the heart (Weiss et al., 1980; Duckies and Banner, 1984; 

Xiao and Lakatta, 1992). In the heart, both inotropic and chronotropic responses to (3- 

adrenergic stimulation deteriorate with age (Lakatta and Yin, 1982). Age-related 

decreases in (3-adrenergic receptor responsiveness may be due to lower receptor 

density (Scarpace et al., 1991; Lakatta et al., 1993). However, an age-related defect in 

the (3-receptor-linked adenylyl cyclase complex has also been identified (Narayanan 

and Derby., 1982; Ebstein et al., 1985; Werstiuk and Lee, 2000). Ageing is also 

associated with reduced a-adrenergic responsiveness (Hogikyan and Supiano, 1994; 

Dinenno et al., 2002). Reduced a-adrenergic responsiveness has been attributed to 

elevated resting sympathetic drive since a-adrenergic responsiveness is up-regulated 

when sympathetic activity is suppressed. Alternatively a general decline in 

sympathetic receptor sensitivity may cause, rather than result from, the age-related 

increase in sympathetic drive. Indeed, the latter may be necessary to maintain 

cardiovascular function despite reduced sympathetic receptor sensitivity (Ng et al., 

1994).
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4.4.5 Conclusions

The aim o f this study was to identify the effects o f chronic smoking and o f ageing on 

autonomic function.

None o f  the resting cardiovascular parameters differed between the smoking and non

smoking groups. Blood pressure responses to sustained isometric handgrip were 

significantly greater in the smoking group. In contrast, cardiovascular responses to 

mental stress testing were similar between the smoking and non-sm oking groups. 

These results indicate that chronic smoking disturbs the autonomic control o f the 

cardiovascular system  possibly through effects on m uscle chem oreceptors or 

baroreflex impairment.

The older men participating in this study had significantly higher resting blood 

pressures than did the young men discussed in Chapter 3. This is due to age-related 

arterial stiffening or alternatively to heightened sympathetic drive. In addition to 

altered resting cardiovascular status, ageing was associated with lower blood pressure 

responses to mental stress testing. However, this may be due to elevated resting blood 

pressure levels.
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Chapter 5

5.1 Introduction

5.1.1 Cigarette smoking and the endothelial layer

As detailed in Chapter 2, the endothelium plays a pivotal role in the maintenance of 

vascular homeostasis and endothelial dysfunction may result in the loss of proper 

control over vascular tone and blood throm bogenicity, thereby creating an 

intravascular environment conducive to the development o f CVD. It has been 

suggested that cigarette smoking may contribute to cardiovascular pathogenesis in 

part by disrupting endothelial function (Lehr, 2000). Indeed, a number of studies 

have described impaired endothelium-dependent vasodilation in the conduit arteries of 

chronic smokers (Celermajer et al., 1993; Gaenzer et al., 2001). These studies have 

mainly used high-resolution ultrasound to assess brachial and femoral artery function 

in response to reactive hyperaemia and/or various pharmacological stimuli. However, 

it is unclear whether smoking also affects the behaviour of the endothelium that lines 

the resistance vessels. Several studies have addressed this question but results have 

been inconsistent, with blunted, unchanged and even enhanced endothelium- 

dependent vasodilation reported in the resistance vessels o f smokers (Rangemark and 

Wennmalm, 1992; Jacobs et al., 1993; Heitzer et al., 1996; McVeigh et al., 1996).

Circulating endothelial cells, a marker of endothelial integrity, have been found to be 

elevated following acute cigarette smoking (Prerovsky and Hladovec, 1979; Davis et 

al., 1987; Blache et al., 1992). However, no information concerning the chronic 

effects o f smoking on endothelial desquamation in healthy individuals is currently 

available. Other indices of endothelial integrity have also been investigated but the 

literature is similarly patchy. Thus while some investigators have reported elevated 

vWF levels in smokers (Prisco et al, 1999), others have been unable to find any 

association between smoking and plasma vWF concentrations (Conlan et al., 1993; 

Borawski et al., 2001). Analyses o f plasma TM levels have also yielded inconsistent 

results (Nilson et al., 1993; Markuljak et al., 1995; Blann et al., 1997).

Exactly how smoking might impair endothelial function is not known although 

several potential mechanisms have been described. O f particular importance is the 

fate of NO, a molecule that mediates many of the anti-atherosclerotic properties of the
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endothelium. Decreased synthesis or increased inactivation of this molecule appears 

to compromise endothelial function. Alternatively, disruption of the balance between 

NO and opposing factors such as ET-1 may be more important than the state of either 

system alone (Vanhoutte, 2000). Smoking may also result in direct oxidative damage 

with consequent endothelial death, desquamation and complete loss of function at the 

focus. Finally, activation of the inflammatory response secondary to this damage may 

further impair endothelial function.

5.1.2 Study aim

The aim of this study was to assess the acute and chronic effects of cigarette smoking 

on several markers o f endothelial function and integrity in young, healthy men. To 

achieve this, young healthy smoking and non-smoking men underwent forearm 

reactive hyperaemia before and after acute cigarette smoking. Venous blood samples 

were also taken before and after smoking for the quantification of CECs and for the 

analysis of plasma TM, vWF, CRP and ET-1.
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5.2 Materials and methods

5.2.1 Subject characteristics

A total of 24 men between the ages of 18 and 30 yrs were recruited from the student 

body at Trinity College, Dublin. O f these, 14 were long-term non-smokers (12 life

long non-smokers) and the remaining 10 were smokers. The two ex-smokers had not 

smoked for at least 3yrs and consumption had never exceeded 5 cigarettes per day. 

Results were similar to those of the never-smokers. Smokers were admitted to the 

study if they consumed a minimum of 10 cigarettes per day and had been smoking for 

at least one year. Subject characteristics are shown in Table 5.2 (see page 74). Each 

participant was screened by clinical history, physical examination and routine blood 

cell analysis to exclude those subjects with any evidence o f cardiovascular or 

haematological disorders, current infection or those on cardioactive, vasoactive or 

anti-inflammatory medication. A detailed list o f exclusion criteria is given in 

Appendix I.

5.2.2 Experimental protocol

Subjects attended the laboratory twice for testing between 0900 and 1300hrs, having 

abstained from cigarettes, caffeine and strenuous exercise for 12 hours prior to the 

visit. The initial session involved medical and fitness screening. On arrival, subjects 

underwent a medical examination and anthropometric measurements were recorded. 

Body mass index (BMI) was later calculated as body mass (kg) divided by height (m) 

squared. Subjects then underwent an incremental fitness test to volitional exhaustion. 

The fitness test protocol is detailed in Chapter 2.

On a second occasion, subjects were seated comfortably in a quiet environment at an 

ambient temperature of 20°C. A lead II ECG trace was established for measurement 

o f heart rate, beat-to-beat blood pressure was measured tonometrically and forearm 

blood flow was measured by venous occlusion plethysmography. All parameters 

were recorded using a PowerLab data acquisition system (see Appendix III). Subjects 

were rested for at least 10 minutes and until blood pressure and heart rate readings 

were steady after which, subjects underwent the reactive hyperaemia protocol.
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Smokers were then given and asked to smoke one medium-strength cigarette (Benson 

and Hedges, tar 1 Img, nicotine 0.9mg) over a 5-10 minute period. Non-smokers were 

allowed a resting period of similar duration. After this, the cardiovascular traces were 

re-established and the reactive hyperaemia test was repeated. Small venous blood 

samples were drawn before testing and after testing, approximately 30 minutes after 

the acute smoking period.

5.2.3 Reactive hyperaemia

To generate reactive hyperaemia, a pneumatic cuff was placed around the upper arm 

and inflated to ISOmmHg with consequent occlusion of the brachial artery. Arterial 

occlusion was maintained for 3 minutes after which, the cuff was deflated. Forearm 

blood flow was measured by venous occlusion plethysmography at rest and for at 

least 2 minutes after cuff deflation. The reactive hyperaemia protocol is described in 

detail in Chapter 2.

5.2.4 Blood studies

Pre-testing (18ml) and post-testing (15ml) venous blood samples were drawn for 

quantification of CECs and for the analysis of plasma TM, vWF, ET-1 and CRP. Full 

blood cell counts were also carried out before testing for each subject. The various 

blood samples were drawn in a specific order (see Table 5.1 below). This minimised 

the time period between the collection and centrifugation of the ET-1 sample and 

reduced the risk of venopuncture-related contamination of the CEC sample.

5.2.5 Full blood cell counts

Full blood cell counts were carried out for each subject using a Coulter counter 

(Coulter AC.T diff, Beckman Coulter, Illinois, USA). Parameters measured include 

red blood cell number, haematocrit, haemoglobin, platelet number, mean packed 

volume and white blood cell number. Lymphocytes, granulocytes and monocytes 

were also individually quantified.
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Sequence no. Purpose of sample Anticoagulant Volume Timepoint

1 Full blood cell count EDTA 3ml Pre

2 Plasma TM, vWF, CRP Li/H 6ml Pre + Post

3 CEC quantification Li/H 6ml Pre + Post

4 Plasma ET-1 EDTA 3ml Pre + Post

Table 5.1: Four separate blood samples were taken before and three after acute 
cigarette smoking/rest period. A specific sequence o f blood sample collection, 
shown above, was adopted. This minimised the time period between the collection 
and centrifugation of the ET-1 sample and ensured that the sample to be used for CEC 
quantification was not contaminated by the venopuncture.

5.2.6 Quantification of circulating endothelial cells

CECs were isolated by differential centrifugation and smears were prepared, fixed and 

stained with fast cresyl violet. CECs were then counted manually under light 

microscopy and the number of cells per ml of whole blood was calculated.

5.2.7 Analysis of plasma vWF, TM, ET-1 and CRP

Plasma levels of vWF, TM and ET-1 were detected by ELISA (Kordia Laboratory 

Supplies, the Netherlands; Diaclone Research, France; Biomedica Gruppe, Vienna, 

Austria) and plasma CRP was analysed by ultrasensitive immunoturbidimetric assay 

(Roche Tina-quant CRP US assay) using a Roche/Hitachi 917 analyser.

Methods used for the analysis of these blood markers are detailed in Chapter 2.

5.2.8 Statistical analysis

Resting blood pressure, heart rate and forearm blood flow values were obtained by 

averaging three sets o f three individual measurements (a total o f nine readings) taken 

during the resting period. Data are expressed as mean ± SEM. Inter-group results 

were compared using two-tailed unpaired Student /-tests and where variances differed

75



Chapter 5

between groups, Mann-Whitney non-parametric tests. Intra-group comparisons were 

carried out using two-tailed paired Student /-tests and Wilcoxon non-parametric tests 

where appropriate. Possible correlations were analysed using Pearson’s correlation 

test. A P value less than 0.05 was considered to be statistically significant.
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5.3 Results

5.3.1 Subject characteristics

The physical and resting cardiovascular characteristics o f the smoking and non

smoking groups are summarised in Table 5.2 below. The two subject groups did not 

differ significantly in age, height, body mass, body mass index (BMI) or 

haematological profile (see Table 5.3 overleaf). The smoking group had a 

significantly higher self-reported weekly alcohol intake (24 ± 3 c /  14 ± 2 alcohol 

units.week"', P < 0.05). However, their alcohol intake was not related to the degree of 

their tobacco consumption (r = -0.3811). Initial resting heart rate was not 

significantly different between the two groups. However, following acute cigarette 

smoking, heart rate was significantly higher amongst the smokers (67.00 ± 2.03 cf. 

80.56 ± 2.09, P < 0.01). Resting blood pressure was not significantly different 

between the two groups and was not significantly altered by acute cigarette smoking.

Non-smokers
(n = 14)

Smokers
(n = 10)

No. C igs.D ay '' N /A 21 ± 5

Years Smoking N /A 5 ±  1

Pack years N /A 5 ±  1

Alcohol (units.week ■') 1 4 ± 2 24 ± 3 t
Age (years) 21 ±  1 22 ±  1

Height (cm) 1 8 0 . 9 ±  1.3 178.6 ±  1.9

Body Mass (kg) 77.3 ± 2 . 1 76.7 ± 2 . 6

BMI (kg.m '^) 24 ±  1 24 ±  1

Pre-intervention HR (beats.min ') 71.43 ± 3 . 3 4 67.00 ± 2 . 0 3

Post-intervention HR (beats.min ') 68.29 ± 2 . 7 0 80.56 ± 2 . 0 9 tt
Pre-intervention MAP (mmHg) 8 0 . 1 9 ±  1.69 81.25 ± 3 . 0 8

Post-intervention MAP (mmHg) 81.35 ±  1.99 83.62 ± 4 . 4 9

Table 5.2; Physical and resting cardiovascular parameters of smoking and non
sm oking subject groups. Data are expressed as mean ± SEM. Significant 
differences between groups are denoted by ^ P  < 0.05, ^4: P  < 0.01.
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5.3.2 Full blood cell counts

Full blood cell counts were carried out for each subject using a Coulter counter. 

Results are shown below in Table 5.3. None of the haematological parameters 

measured differed significantly between the smoking and non-smoking groups.

Non-smokers
(n = 1 4 )

Smokers
(n = 1 0 )

White Blood Cells (x lO^L"') 5.46 ±0.29 5.52 ±0.40

Lymphocytes (x 10^.L"') 1.74 ±0.07 1.93 ±0.15

Monocytes (x 10^.L"') 0.31 ±0.04 0.37 ±0.05

Granulocytes (x 10^.L"') 3.40 ± 0.26 3.21 ±0.28

Red Blood Cells (x IO'IL"') 4.39 ±0.14 4.50 ±0.12

Haemoglobin (g.dL"') 13.93 ±0.43 14.36 ±0.31

Platelets (x lO^L"') 215.8 ±  13.4 217.4 ± 19.8

Haematocrit (%) 40.12 ± 1.26 41.42 ± 1.04

Mean Packed Volume (fL) 7.64 ±0.18 7.70 ± 0.27

Table 5.3: Haematological profiles of the smoking and non-smoking subject 
groups. Data are expressed as mean ± SEM. None of the parameters measured 
differed significantly between the two groups.

5.3.3 Reactive hyperaemia

Resting forearm blood flows were not significantly different between the two groups 

either before (3.69 ± 0.38, smokers cf. 3.20 ± 0.34ml.min"'.(100ml tissue)'', non- 

smokers) or after (2.65 ± 0.27, smokers cf. 3.00 ± 0.37ml.min“'.(100ml tissue)"', non- 

smokers) acute smoking (see Figure 5.1). Resting blood flow was however 

significantly lower following acute cigarette smoking within the smoking group (3.69 

± 0.38 cf. 2.65 ± 0.27ml.min“'.(100ml tissue)"', P < 0.05). A slightly lower peak 

blood flow in the smoking group before acute smoking (14.15 ± 0.91 c f  15.25 ± 

0.64ml.min“'.(100ml tissue)"') was not significant. In contrast, the magnitude of 

hyperaemia was modestly but significantly lower in the smokers post-cigarette
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compared with the non-smoking group (11.10 ± 0.76 cf. 14.33 ± 0.62ml.min“‘.(100ml 

tissue)"', P < 0.01). The half-recovery times were similar between the subject groups 

both before (7.55 ± 1.33, smokers cf. 9.26 ± 0.79 seconds, non-smokers) and after 

acute cigarette smoking (10.80 ± 1.35, smokers cf. 9.44 ± 0.82 seconds, non- 

smokers).

5.3.4 Circulating endothelial cells

The number of CECs in smoking and non-smoking subjects before and after the acute 

smoking period are illustrated in Figure 5.2. A trend towards increased CEC numbers 

in the smoking group compared with the non-smokers proved to be non-significant 

(146.29 ± 32.29 cf. 113.2 ± 25.62 cells.ml''). CEC numbers were not altered by acute 

cigarette smoking.

5.3.5 Plasma von W illebrand factor

Initial vWF levels did not differ significantly between the two subject groups (43.44 ± 

5.56 cf. 53.71 ± 5.36). Plasma vWF levels rose significantly following acute smoking 

in the smoking group (43.44 ± 5.56 c f  73.85 ± 7.89 vWF units, P < 0.01) and 

following the rest period in the non-smoking group (53.71 ± 5.36 cf. 65.32 ± 3.52 

vWF units, P < 0.05). However, the absolute increase was significantly greater in the 

smoking group {P < 0.05). Post-cigarette plasma vWF levels did not differ 

significantly between the smokers and non-smokers. See Figure 5.3.

5.3.6 Plasma thrombomodulin

As illustrated in Figure 5.4, plasma levels of TM did not differ significantly between 

the smokers and the non-smokers, either before (8.01 ± 1.10 c /  8.46 ± 0.69 ng.m f') 

or after (8.11 ± 1.03 c f  8.25 ± 0.62 ng.ml'') acute cigarette smoking. Within the 

smoking group, acute cigarette smoking did not significantly alter plasma TM levels.
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5.3.7 Plasma endothelin-1

Two samples, one from each group, were excluded because their plasma ET-1 

concentrations were greater than the upper concentration limit of the assay and could 

not be accurately extrapolated from the standard curve. Unusually, mean plasma 

endothelin levels appeared to be higher in the non-smoking group than in the smoking 

group and the scatter of data greater. However, statistically, the two groups did not 

differ either before (0.733 ± 0.218, smokers cf. 2.470 ± 0.948, non-smokers) or after 

(0.905 ± 0.230, smokers cf. 3.068 ± 1.189, non-smokers) the acute smoking period 

(see Figure 5.5).

5.3.8 Plasma C-reactive protein

Plasma CRP levels did not differ significantly between the smoking and non-smoking 

groups either before or after the acute smoking period and acute smoking did not 

affect CRP levels in the smoking group (see Figure 5.6).

8 0



Figure 5.1: Forearm blood flow at rest and following arterial 

occlusion before (A) and after (B) the acute smoking period.

Values for the smoking (■  n = 9) and non-smoking (O n = 14) groups are expressed as 

mean ± SEM. Resting forearm blood flow was not significantly different between the two 

subject groups either before or after the acute smoking period. However, acute smoking 

led to a slight but significant reduction in resting blood flow in the smoking group {P < 

0.05). Forearm blood flow rose dramatically in both groups following the removal of 

arterial occlusion (*** P < 0.001, non-smokers; §§ P < 0.001). Peak flow was similar in 

the two groups before the acute smoking period (A) but was significantly lower in the 

smoking group compared with the non-smoking group after the acute smoking period (B, 

/ ’ <0 .0I) .
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Figure 5.2: Circulating endothelial cell numbers in non-smoking 

subjects and in smoking subjects before and after the acute smoking 

period.

Values are expressed as mean ± SEM. A trend towards increased CEC numbers in the 

smoking group (n = 10) compared with the non-smoking group (n = 14) was not 

statistically significant. Acute cigarette smoking did not affect CEC numbers in the 

smoking group.



Figure 5.3: Plasma concentration of vWF in non-smokers and 

smokers before and after the acute smoking period.

Plasma levels of vWF were measured using a commercially available ELISA (standard 

curve: X = (Y-0.25)/0.02, r̂  = 0.9727). Values are expressed as mean ± SEM. A. Plasma 

vWF concentrations did not differ significantly between the two groups either before or 

after the acute smoking period. Plasma vWF concentration rose significantly in both the 

smoking group after acute cigarette smoking (n = 9; §§ P  < 0.01) and the non-smoking 

group (n = 14; * P  < 0.05). B . However, the absolute change in vWF concentration was 

significantly greater in the smoking group than in the non-smoking group ( t  /* < 0.05).
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Figure 5.4: Plasma concentrations of TM in non-smokers and 

smokers before and after the acute smoking period.

Plasma TM concentrations were measured by ELISA (standard curve: Y = 0.14X-0.01, r̂  

= 0.9827). Values are expressed as mean ± SEM. No significant differences were 

observed between the smoking (n = 9) and the non-smoking (n = 14) groups either before 

or after the acute smoking period and plasma TM concentrations were unchanged in both 

groups following the acute smoking period.



Pre Post 

Non-smokers

Pre Post 

Smokers

Figure 5.5: Plasma concentrations of endothelin-1 in non- 

smokers and smokers before and after the acute smoking 

period.

Plasma ET-1 concentrations were measured by ELISA (std. curve tested using controls A 

and B supplied). Each marker represents the ET-1 level for an individual subject and the 

horizontal bars represent group means. Mean plasma ET-levels were not significantly 

different between the smoking (n = 8) and non-smoking (n = 10) groups, either before or 

after the acute smoking period. Acute smoking did not alter mean plasma ET-1 

concentrations in either subject group.
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Figure 5.6: Plasma levels of C-reactive protein in young non-smoking 

men and in young smoking men, before and after acute cigarette 

smoking.

Each symbol represents the CRP concentration for a single individiial and the horizontal 

bars represent group means. There were no significant differences between non-smokers 

(n = 14) and smokers (n = 9) either before (0.657 ±0.111 cf. 0.878 ± 0.279 mg.L'^) or 

after (0.650 ± 0.110 c /  0.910 ± 0.295 mg.L’’) acute cigarette smoking and acute smoking 

did not alter CRP levels in the smoking group.
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5.4 Discussion

5.4.1 Study aim

Substantial evidence indicates that smoking-related impairment o f endothelial 

function may result in the generation o f an intravascular environment that is 

conducive to the development of cardiovascular disease. The aim of this study was to 

assess the acute and chronic effects of cigarette smoking on several markers of 

endothelial integrity and function in young, healthy men.

5.4.2 Forearm reactive hyperaemia

Forearm blood flow responses to temporary arterial occlusion were measured using 

venous occlusion plethysmography, as described in Chapter 2. Before the acute 

smoking period, neither resting nor peak forearm blood flows were different between 

the two subject groups. In contrast, peak flow was significantly blunted in the 

smokers following acute cigarette smoking compared with the non-smoking group, 

indicating a smoking-induced impairment o f endothelium-dependent vasodilation.

A number o f studies have investigated the effects of smoking on endothelial 

behaviour within the resistance vessels and the data presented are largely confirmed in 

the present study. Thus endothelium-dependent vasodilation does not differ between 

smokers and non-smoking controls following smoking abstention for 12-24 hours 

(McVeigh et a l ,  1996; Jacobs et a l, 1993). Acute cigarette smoking on the other 

hand has been found to impair endothelium-dependent vasodilator function in 

resistance vessels (Carlsson and Wennmalm, 1983; Butler et al., 2001; Ijzerman et al., 

2003). Improved endothelial function following smoking cessation has also been 

reported (Montgomery and Williams, 1994).

In this study, acute smoking also caused a modest but significant reduction in resting 

blood flow within the smoking group, consistent with previous reports o f reduced 

basal NO bioavailability (Kiowski et al., 1994; McVeigh et al., 1996; Butler et al., 

2001).
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Several mechanisms potentially responsible for this smoking-induced impairment of 

endothelium-dependent vasodilation have been described (see Chapter 1). These 

include oxidative damage and subsequent desquamation of the endothelium. To 

investigate this possibility, several blood markers o f endothelial integrity were 

examined.

5.4.3 Smoking and endothelial integrity

CECs are endothelial cells that have become detached from the basal lamina and are 

subsequently detectable in the circulation. The number o f these cells is thought to 

reflect endothelial integrity. In this study, CECs were quantified before and after the 

acute smoking period to determine whether cell sloughing had occurred. A trend 

towards increased CEC numbers in abstinent smokers compared with non-smokers 

proved non-significant (146.29 ± 32.29 cf. 113.2 ± 25.62 cells.ml''). It is possible that 

some clearance of CECs occurred within the 12-hour tobacco abstinence period. 

Certainly, others have reported considerably higher CEC numbers in smokers than in 

non-smokers (Tansey and Bell, 2003). However, these data were collected in women, 

following only 2 hours of tobacco abstinence and differences in results are probably 

related to gender or more probably to the kinetics of cell survival in circulation. This 

topic has been investigated and is discussed further in Chapter 9.

Published data concerning CEC numbers in healthy individuals are somewhat 

inconsistent. However, this may be due to differences in the techniques employed to 

isolate and quantify CECs. For example, using a method similar to that described in 

this thesis, Sinzinger et al. (1996) found normal CEC counts to be less than 5 cells.jj.1'' 

o f plasma (500 cells.(ml plasma)"', approximately 100 cells.(ml whole blood)''). 

These compare well with normal CEC levels reported in the present study. More 

recent work has involved immunohistochemical techniques, based upon a monoclonal 

antibody raised against endothelial cells. This method appears to detect considerably 

fewer cells. Thus Solovey and colleagues (1997) found CEC levels of 2.6 ± 1.6 

cells.(ml whole b l o o d ) i n  normal blood donors. It is possible that this technique 

overlooks cell carcasses and cell fragments that do not react with antibodies. The 

endothelium comprises approximately lO'^ endothelial cells (Cines et al., 1998) and
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resting CEC numbers reported in this study therefore represent approximately I’Vo of 

total cell numbers.

In the present study, CEC numbers were not altered by acute cigarette smoking. 

These results are in contrast to prior reports (Prerovsky and Hladovec, 1979; Davis et 

al., 1987; Blache et a l ,  1992). However, one medium-strength cigarette may not 

have been a stimulus o f sufficient strength to overwhelm protective mechanisms and 

bring about endothelial damage. Furthermore, blood samples were taken only 25-30 

minutes after acute cigarette smoking and this may not have been enough time for 

injury to develop and desquamation to occur. As all subjects abstained from 

strenuous exercise for 12 hours prior to testing, differences in exercise-related 

endothelial desquamation seem unlikely.

Plasma concentrations o f vWF, a commonly-cited index of endothelial damage and/or 

activation, were also determined. Non-smokers and abstinent smokers were found to 

have similar plasma vWF levels. A trend towards lower vWF levels in smokers may 

be attributed to higher alcohol consumption in this group, which has previously been 

shown to be negatively associated with vWF levels (Conlan et al., 1993). However, 

vWF concentrations increased significantly following acute cigarette smoking. These 

results confirm those o f Blann and colleagues (1997) who also found that vWF in the 

plasma o f smokers was not significantly different from controls following overnight 

abstinence from cigarette smoking but rose immediately after smoking two cigarettes 

in succession. This difference between the acute and chronic effects o f cigarette 

smoking on plasma vWF concentrations, explains seeming inconsistencies in 

published data. Thus while some investigators have reported elevated vWF levels in 

smokers (Prisco et al, 1999), others have been unable to find any association between 

smoking and plasma vWF concentrations (Conlan et al., 1993; Borawski et al., 2001). 

Kumari et al. (2000) described a threshold effect o f smoking on vWF levels where 

only men who smoked more than 21 cigarettes per day had significantly higher vWF 

levels. This is probably due to a shorter time period between bouts o f smoking in 

heavier smokers and therefore a greater likelihood of blood sampling soon after 

tobacco consumption.
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Plasma vWF levels were also raised in non-smokers but to a significantly lesser extent 

than amongst the smokers. This may be attributed to the venous and arterial occlusion 

that occurred during reactive hyperaemia. The reactive hyperaemia protocol was 

performed twice between the two blood sampling times.

As stated in Chapter 2, plasma levels o f vWF may be elevated in response to both 

endothelial activation and injury. In an attempt to differentiate between these two 

phenomena, plasma TM levels were measured in the non-smoking group and in the 

smoking group, before and after acute cigarette smoking. Plasma levels o f this 

endothelium-specific protein are thought to reflect endothelial integrity and release is 

believed to be cytokine-independent (Seigneur et al., 1993). In this study, plasma 

levels o f TM did not differ significantly between non-smokers and smokers either 

before or after acute cigarette smoking. Within the smoking group, acute cigarette 

smoking did not significantly alter plasma TM levels. These results suggest that 

neither acute nor chronic cigarette smoking cause endothelial injury in young healthy 

men. However, the extent of tobacco use may not be great enough in this young 

population and one medium-strength cigarette may not be a sufficiently strong 

stimulus to effect any alteration in TM levels at least within 25-30 minutes of 

smoking. Certainly, Remkova and colleagues (2000) maintain that a certain degree of 

endothelial damage is required before any change in plasma TM levels is observed.

Previous research concerning the effects o f cigarette smoking on plasma TM 

concentrations has yielded apparently contradictory results. Markuljak and colleagues 

(1995) reported higher basal levels of plasma TM in smokers compared with non

smoking controls and no immediate change in plasma TM concentration following 

acute smoking (two filter cigarettes in succession). Lower plasma TM levels in 

smokers compared with non-smokers have also been reported (Nilson et al., 1993; 

Blann et al., 1997). Furthermore, plasma TM reportedly rose significantly following 

a 6-week period of smoking cessation (Blann et al., 1997). It is important to note that 

plasma TM levels may represent not only endothelial injury but also TM expression 

and this may complicate the interpretation of results. As discussed in Chapter 1, TM 

expression is potentially down-regulated in smokers due to elevated levels of Ox-LDL 

and of the pro-inflammatory cytokines TN Fa and IL-1 (Conway and Rosenberg, 

1988; Moore et al., 1989; Hirokawa and Aoki, 1991; Morrow a/., 1995; Ishii et al..
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1996). Down-regulation o f TM expression may lead to lower or unchanged levels of 

plasma TM despite greater endothelial damage. In fact, a lower plasma concentration 

o f TM might actually contribute to the increased risk o f  cardiovascular disease 

associated with smoking (Salomaa et al., 1999). Nevertheless, our results do not 

support any modulation o f plasma TM concentrations by either chronic or acute 

smoking in young men. It appears therefore that elevated vWF levels following acute 

smoking are due to endothelial activation rather than cell injury.

5.4.4 Plasma ET-1 levels

Smoking-related endothelial dysfunction may be promoted by disruption o f  the 

normal balance between NO and ET-1, two endothelium-derived factors integral to 

the maintenance o f  normal intravascular homeostasis. The fate o f NO in smokers is 

thought to be o f particular importance and is the focus o f  much research. Reduced 

bioavailability o f this molecule, known to compromise endothelial function, may be 

brought about by inactivation o f  NO by superoxide, by reduced stability o f  NO 

secondary to oxidant-mediated thiol depletion or by impaired NO formation perhaps 

secondary to disabling o f tetrahydrobiopterin (BH 4), an essential eNOS cofactor. ET- 

1 on the other hand has received scant attention and it is only in recent years that its 

potential importance in the development o f  cardiovascular disease has been 

recognised. In this study, plasma ET-1 levels were measured in non-smokers, and in 

smokers before and approximately 25-30 minutes after acute cigarette smoking, in an 

attempt to assess the role o f ET-1 in smoking-induced endothelial dysfunction. No 

significant differences in plasma ET-1 between the two subject groups were observed 

either before or after the acute smoking period and acute smoking did not alter mean 

plasma ET-1 levels in the smoking group.

Baseline levels o f  ET-1 have been previously found to be comparable in young 

smokers and non-smokers (Goerre et al., 1995). Reports concerning the effect o f 

acute smoking on ET-1 levels however are a little inconsistent. Thus Ahlborg and 

Lundberg, (2001) observed no change in the systemic or pulmonary arterial plasma 

levels o f  ET-1 in young male smokers either during or 20 minutes after consuming 

two cigarettes over 10 minutes. In contrast, others found ET-1 levels to be elevated 

10 minutes following acute smoking but not 4 hours or 8 hours after smoking (Haak et
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al., 1994a; Goerre et al., 1995). ET-1 release is thought to be mediated by nicotine 

(Letizia et al., 1997; Lee and Wright, 1999), although this position has been disputed 

(Goerre et al., 1995). In the present study, ET-1 levels were measured at 

approximately 25-30 minutes after acute smoking and were found to be unchanged. 

Thus any increase in plasma ET-1 levels following smoking is likely to be a transient 

one. This might be explained by its relatively short half-life (4-7 minutes) as well as 

enhanced pulmonary elimination, reported to occur in smokers (Ahlborg and 

Lundberg, 2001).

5.4.5 Plasma C-reactive protein

Elevated plasma CRP concentrations within the normal range have been associated 

with endothelial activation and dysfunction as well as a number of cardiovascular 

disorders and their risk factors. In the present study, plasma CRP levels did not differ 

significantly between the smoking and non-smoking groups either before or after the 

acute smoking period and acute smoking did not affect CRP levels in the smoking 

group. This result is not consistent with previous studies in which smoking was 

associated with elevated levels of CRP (Das, 1985; Palosuo et al., 1986; Haverkate et 

al., 1997; Koenig et al., 1999; Zevin et al., 2001). Importantly, CRP data within 

normal populations appears to be quite variable, presumably because plasma levels 

increase during current infection and following intensive exercise. In the present 

study, participants were asked to refrain from strenuous exercise for 12 hours prior to 

testing. However following intense exercise, CRP levels may remain elevated for up 

to 48 hours and an exercise-related blurring o f results cannot therefore be excluded. 

Previous studies concerning the effects of smoking on CRP levels have involved 

considerably greater subject numbers.

5.4.6 Conclusions

Acute smoking reduces the peak blood flow response to arterial occlusion in the 

forearm resistance vessels and increases plasma vWF concentration. The lack of 

change in CEC number and plasma TM levels indicates that the elevation in plasma 

vWF concentration is probably initially due to endothelial activation rather than injury 

although endothelial damage may later ensue. Importantly, elevated vWF following
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acute cigarette smoking may have consequences for those at increased risk of 

inappropriate thrombosis. If ET-1 levels are increased following acute smoking, this 

is no longer detectable at 25-30 minutes after smoking. However, because ET-1 is 

known to have prolonged vasoconstricting effects, it is possible that any transient 

increase in plasma ET-1 may still be influential. Plasma CRP concentration, a 

sensitive marker of low-grade inflammation was not different between smokers and 

non-smokers and was not altered by acute smoking.

Adverse chronic effects o f cigarette on endothelial integrity and function were not 

apparent in this population of young, healthy men. However, chronic smokers 

consuming more than 10 cigarettes per day may be constantly subjected to the acute 

effects o f smoking.

A limitation o f this study is the absence of concrete control of smoking abstinence. In 

later studies, expired CO was measured in an attempt to assess (and ensure) 

compliance.
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6.1 Introduction

6.1.1 Ageing, smoking and the endothelial layer

As discussed in Chapter 1, smoking has been identified as a major risk factor for the 

development of cardiovascular disease and is thought to convey this increased disease 

risk through effects on the endothelial layer. Adverse chronic effects of smoking on 

endothelial integrity and function were not apparent in the population o f young, 

healthy men described in Chapter 5. However, it is not clear whether the same is true 

for older individuals. Published data suggest that the endothelium may be altered by 

ageing and it is possible that ageing and smoking produce additive detrimental effects.

Ageing has been shown to be associated with impaired endothelium-dependent 

vasodilation in large conduit arteries as well as in resistance arteries and coronary 

vessels (Zeiher et al., 1993; Taddei et al., 1995; Gerhard et al., 1996; Taddei et a i,  

2001; Muller-Delp et al., 2002). This is thought to be due to alterations in the balance 

between endothelium-derived relaxing and constricting factors (Ibarra et al., 1995; 

Matz el al., 2000). Disturbances of the NO system have received particular attention. 

Thus, eNOS activity is known to be decreased in older animals (Challah et al., 1997), 

and a continual decline in NO production with ageing has also been demonstrated 

(Reckelhoff et al., 1994; Taddei et al., 2001). As detailed in Chapter 1, dysfunction 

of the NO system occurs under conditions o f oxidative stress. Such conditions 

increasingly prevail with age (Harman, 1956). Alternatively, age-related impairment 

of endothelial function may be due to an inhibition o f NO access to smooth muscle 

cells caused by thickening of endothelial and smooth muscle layers with age (Dinenno 

et al., 2000; Homma et al., 2001; Tanaka et al., 2001).

6.1.2 Study aim

The aim o f this study was to assess the effects of chronic smoking and ageing on 

markers of endothelial function. To this end, middle-aged smoking and non-smoking 

men underwent forearm reactive hyperaemia. Since the smokers had abstained for 12 

hours prior to testing, any observed effects, were due to chronic smoking. Venous 

blood samples were also collected prior to testing for the quantification o f CECs and

88



Chapter 6

the analysis o f  plasm a levels o f TM, vW F and CRP. Results were compared with 

those obtained for younger individuals in Chapter 5.
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6.2 Materials and methods

6.2.1 Subject characteristics

A total of 14 men were recruited by radio and newspaper advertisement. Of these, 8 

were non-smokers (5 never-smokers) and the remaining 6 were smokers. The three 

ex-smokers had been abstinent for at least 13yrs. Smoking habits varied greatly and 

tobacco consumption is therefore expressed in cigarette equivalents. Subject 

characteristics are shown in Table 6.2 (see page 91). Each participant was screened 

by clinical history, physical examination and routine blood cell analysis. Individuals 

with current infection or diabetes, those currently taking (3-adrenergic receptor 

antagonists or those unable through physical disability or injury to perform cycle 

exercise were excluded. See Appendix I for full list o f medical exclusion criteria. 

Small expenses pertaining to involvement in the study were covered.

6.2.2 Experimental protocol

Subjects attended the laboratory on two separate occasions between 0900hrs and 

ISOOhrs, having abstained from caffeine, strenuous exercise and cigarettes for 12 

hours. The initial session involved medical assessment and fitness testing. Expired 

carbon monoxide was measured on arrival to confirm smoking abstinence and blood 

cholesterol levels and anthropometric measurements were recorded. Subjects then 

underwent a medical examination. Venous blood samples were taken at this stage, for 

the quantification of circulating endothelial cells and for the analysis of plasma TM, 

vWF, and CRP. Full blood cell counts were also performed using a Coulter counter 

(Coulter AC.T diff, Beckman Coulter, Illinois, USA). Following the medical 

examination, subjects underwent a standard incremental cycle test to ascertain peak 

ox>'gen consumption. The fitness testing protocol is detailed in Chapter 2.

Subjects attended the laboratory a second time, between 0900hrs and 1300hrs, having 

abstained from caffeine, strenuous exercise and tobacco consumption for 12 hours 

prior to the visit. Expired carbon monoxide was monitored to assess compliance. 

Subjects were seated comfortably in a quiet environment at an ambient temperature of 

approximately 20°C. A lead II ECG trace was established for measurement o f heart
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rate, beat-to-beat blood pressure was measured tonometrically and forearm blood flow 

was measured by venous occlusion plethysmography. These parameters were 

recorded using the PowerLab data acquisition system (See Appendix III). Subjects 

were rested for at least 10 minutes and until blood pressure and heart rate readings 

were steady after which, forearm reactive hyperaemia was induced.

6.2.3 Reactive hyperaemia

To generate reactive hyperaemia, a pneumatic cuff was placed around the upper arm 

and inflated to ISOmmHg with consequent occlusion of the brachial artery. Arterial 

occlusion was maintained for 3 minutes after which, the cuff was deflated. Forearm 

blood flow was measured by venous occlusion plethysmography at rest and for at 

least 2 minutes after cuff deflation. This protocol is described in detail in Chapter 2.

6.2.4 Blood studies

Prior to testing venous blood samples were drawn for quantification o f CECs and for 

the analysis o f plasma TM, vWF and CRP. Full blood cell counts were also carried 

out for each subject. The various blood samples were drawn in a specific order (see 

Table 6.1 below). This minimised the risk of venopuncture-related contamination of 

the CEC sample.

Sequence no. Purpose of sample Anticoagulant Volume

1 Full blood cell count EDTA 3ml

2 Plasma TM, vWF, CRP Li/H 6ml

3 CEC quantification Li/H 6ml

Table 6.1: Three separate blood samples were taken. A specific sequence of 
blood sample collection, shown above, was adopted. This ensured that the sample to 
be used for CEC quantification was not contaminated by the venopuncture.
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6.2.5 Full blood cell counts

Full blood cell counts were carried out for each subject using a Coulter counter 

(Coulter AC.T diff, Beckman Coulter, Illinois, USA). Parameters measured include 

red blood cell number, haematocrit, haemoglobin, platelet number, mean packed 

volume and white blood cell number. Lymphocytes, granulocytes and monocytes 

were also individually quantified.

6.2.6 Quantification o f circulating endothelial cells
CECs were isolated by differential centrifugation and smears were prepared, fixed and 

stained with fast cresyl violet. CECs were then counted manually under light 

microscopy and the number of cells per ml of whole blood was calculated.

6.2.7 Analysis o f plasma vWF, TM and CRP

Plasma levels of vWF, and TM were detected by ELISA (Kordia Laboratory Supplies, 

the Netherlands; Diaclone Research, France) and plasma CRP was analysed by 

ultrasensitive immunoturbidimetric assay (Roche Tina-quant CRP US assay) using a 

Roche/Hitachi 917 analyser.

Methods used for the analysis of these blood markers are detailed in Chapter 2.

6.2.8 Statistical analysis

Resting blood pressure, heart rate and forearm blood flow values were obtained by 

averaging three sets of three individual measurements (a total o f nine readings) taken 

during the resting period. Data are expressed as mean ± SEM.  Inter-group results 

were compared using two-tailed unpaired Student /-tests and where variances differed 

between groups, Mann-Whitney non-parametric tests. Intra-group comparisons were 

carried out using two-tailed paired Student /-tests and Wilcoxon non-parametric tests 

where appropriate. Possible correlations were examined using Pearson’s rank
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correlation analysis. A P  value less than 0.05 was considered to be statistically 

significant.
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6.3 Results

6.3.1 Subject characteristics

The characteristics o f the smoking and non-smoking groups are presented in Table 6.2 

below. The two subject groups did not differ significantly in age, height, body mass, 

body mass index, total blood cholesterol or haem atological profile (see Table 6.3 

overleaf) and were o f  similar physical fitness. The smoking group had a significantly 

higher self-reported alcohol intake (25 ± 3 c /  11 ± 4 alcohol units.w eek'', P < 0.05). 

H owever, alcohol intake was unrelated to tobacco consum ption in this group (r = 

0.4559). N either resting heart rate nor resting blood pressure differed significantly 

between the two groups.

Non-smokers
(n = 8)

Smokers
(n = 6)

Cigarette equivalents.day' N/A 8.17 ± 2 .7 6

Pack years N/A 10.45 ± 3 .0 9

Age (years) 59.88 ± 3 .56 57.33 ± 4 .14

Height (cm) 175.95 ± 1.54 171.58 ± 1.90

Body Mass (kg) 78.56 ±4.60 75.42 ±5.85

BMI (kg.m '') 25.48 ± 1.67 25.62 ± 1.96

Peak VO 2 (ml.min''.kg'*) 32.12 ±4 .06 30.40 ± 2.96

Resting HR (beats.m in'') 64.12 ±2 .87 70.17 ± 2.98

Resting MAP (mmHg) 91.35 ± 4 .7 93.82 ±2.81

Total blood cholesterol (m m ol.L '') 4.85 ±0 .23 4.95 ± 0.34

Expired CO (ppm) 4.62 ± 0 .8 6 .17±  1.4

Alcohol (units.week'') 10.62 ±3 .58 24.83 ± 2 .4 9  t

Table 6.2: Physical and resting cardiovascular parameters o f the sm oking and 
non-sm oking subject groups. D ata are expressed as mean ± SEM.  O f the 
parameters measured, only self-reported alcohol intake differed significantly between 
the subject groups with alcohol consum ption in the smoking group roughly double 
that o f  the non-smokers ( t  /* < 0.05).
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Expired carbon monoxide was slightly higher in the smoking group than in the non

smoking group though this did not quite reach statistical significance. Two non- 

smokers and one smoker were taking statins (HMG CoA reductase inhibitors) coupled 

with aspirin at the time of the study. The former reduce cholesterol synthesis within 

the liver. Aspirin is an anti-inflammatory drug that inhibits cyclooxygenase, thereby 

inhibiting prostanoid synthesis.

Non-smokers
(n = 8)

Smokers
( n - 6 )

White Blood Cells (x 10^L’‘) 5.28 ± 0.48 5.64 ±0.38

Lymphocytes (x 10^.L '') 1.7±0.13 1.45 ±0.09

Monocytes (x lO’.L'') 0.49 ± 0.08 0.35 ±0.08

Granulocytes (x 10^.L '') 3.11 ±0.37 3.82 ±0.88

Red Blood Cells (x lO’̂ L '') 4.25 ±0.16 3.95 ±0.16

Haemoglobin (g.dL'*) 14.36 ±0.31 13.93 ±0.43

Platelets (x lO^.L"') 254.44 ± 42.33 194.92 ± 18.36

Haematocrit (%) 39.00 ± 1.54 37.85 ± 1.90

Mean Packed Volume (fL) 7.50 ± 0.26 7.83 ±0.41

Table 6.3: Haematological profiles of the smoking and non-smoking subject 
groups. Data are expressed as mean ± SEM. None of the haematological parameters 
measured differed significantly between subject groups.

6.3.2 Reactive hyperaemia

As shown in Figure 6.1, forearm blood flow rose significantly in both the smoking 

and non-smoking groups following release o f the arterial occlusion (P < 0.001, non- 

smokers; P < 0.01, smokers). Neither resting nor peak blood flow differed 

significantly between the two groups although a trend towards lower blood flows was 

observed in the smoking group. The percentage increase in forearm blood flow
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during reactive hyperaemia was significantly lower in older non-smokers than in the 

young non-smokers described in Chapter 5 (P < 0.01; see Figure 6.2). A trend 

towards lower blood flow responses in the older smokers compared with the young 

smokers was not significant. In older individuals as a whole, reactive hyperaemia was 

significantly blunted when compared with young subjects {P < 0.05).

6.3.3 Quantification of circulating endothelial cells

CEC numbers did not differ significantly between older smokers and non-smokers 

(69.85 ± 14.12 c /  104.60 ± 20.51 cells.ml’'; see Figure 6.3) and were similar between 

older non-smokers and younger non-smokers (104.60 ± 20.51 cf. 113.20 ± 25.62 

cells.ml"'). A trend towards lower CEC numbers in older smokers compared with 

young smokers was not statistically significant (69.85 ± 14.12 cf. 146.30 ± 32.29 

cell.ml”').

6.3.4 Plasma analysis of von W illebrand factor

Plasma vWF levels were not significantly different between the smoking and non

smoking subject groups (see Figure 6.4). Older subjects had significantly higher vWF 

concentrations than did young individuals {P < 0.001).

6.3.5 Plasma analysis of thrombomodulin

As shown in Figure 6.5, plasma TM concentration did not differ significantly between 

the smoking and non-smoking groups. However, TM levels were significantly lower 

in older subjects than in the young subjects (P < 0.001).

6.3.6 Plasma analysis of C-reactive protein

Plasma CRP levels did not differ significantly between the smoking and non-smoking 

groups (1.188 ± 0.283 cf. 1.367 ± 0.609 mg.L"' respectively; see Figure 6.6). CRP 

concentrations were not different between older non-smokers and younger non-

96



Chapter 6

smokers (1.188 ± 0.283 cf. 0.657 ± 0.111) or between older smokers and younger 

smokers (1.367 ± 0.609 cf. 0.878 ± 0.279).
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Figure 6.1: Forearm blood flow at rest and following temporary

arterial occlusion in older smoking and non-smoking men.

Data are expressed as mean ± SEM. Following removal o f the arterial occlusion, forearm 

blood flow rose significantly in both the smoking (■  n = 6; §§ P  < 0.01) and non

smoking (O n = 8; *** P  < 0.001, ** p  < 0.01) groups. Neither resting nor peak blood 

forearm flows were significantly different between the two subject groups despite a trend 

towards lower blood flow amongst the smokers.



Figure 6.2: Percentage forearm blood flow changes during reactive 

hyperaemia in young and older smoking and non-smoking men.

Data are expressed as mean ± SEM. A. Trends tow ards higher percentage FBF 

increases in younger individuals were significant in the non-smoking group /* < 0.01) 

but not in the smoking group. B. W hen grouped together, younger individuals had 

significantly higher percentage FBF increases during reactive hyperaemia than their older 

counterparts P < 0.001).
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Figure 6.3: CEC numbers in young and older smokers and non-

smokers.

Data are expressed as mean ± SEM. There were no significant differences between 

smokers and non-smokers of either age group and CEC numbers were not altered with 

age.
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Figure 6.4: Plasma von Willebrand factor concentrations in older and 

young smoking and non-smoking men.

Plasma vWF levels were determined by ELISA (standard curve; y = 105.33x + 2.02, r̂  = 

0.9936). Data are expressed as mean ± SEM. Levels of vWF did not differ significantly 

between the older smoking and non-smoking groups. However, vWF levels were 

significantly higher in older smokers than in younger smokers P  <0.001) and in 

older non-smokers than in younger non-smokers /* < 0.001).
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Figure 6.5: Plasma TM concentrations in younger and older smoking 

and non-smoking men.

Plasma TM levels were determined by ELISA (standard curve: y = (3.53)x + 0.14, r̂  = 

0.9987). Data are expressed as mean ± SEM. Levels o f TM did not differ significantly 

between the older smoking and non-smoking groups. However, TM concentrations were 

significantly lower in the older smokers ($ /* < 0.05) and non-smokers ( W t  F < 0.001) 

than in their younger counterparts
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Figure 6.6: Plasma levels of C-reactive protein in young and middle- 

aged smoking and non-smoking men.

Each symbol represents the CRP concentration of a single individual. Mean CRP levels 

did not differ significantly between the non-smoking and smoking subject groups (1.188 

± 0.283 cf. 1.367 ± 0.609) and trend towards higher CRP levels in older individuals were 

not statistically significant.
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6.4 Discussion

6.4.1 Study aim

As discussed in Chapter 5, chronic smoking does not appear to alter either endothelial 

behaviour or integrity in young healthy men. However, whether the same is true for 

older individuals is unclear. The aim of this study was to assess the effects of ageing 

and o f chronic smoking in an older population, on markers of endothelial function. 

To this end, middle-aged smoking and non-smoking men underwent forearm reactive 

hyperaemia. Venous blood samples were also collected prior to testing for the 

quantification o f CECs and the analysis o f plasma levels o f TM, vWF and CRP. 

Results were compared with those obtained for younger individuals in Chapter 5.

6.4.2 Effects of ageing and smoking on endothelial function

Substantial evidence indicates that impairment of endothelial function may result in 

the generation of an intravascular environment that is conducive to the development 

of cardiovascular disease. In this study, several markers o f endothelial integrity and 

function were examined in an attempt to assess the effects o f both ageing and 

smoking on the endothelium in middle-aged men.

Forearm blood flow responses to temporary arterial occlusion were measured using 

venous occlusion plethysmography, as described in Chapter 2. Forearm blood flow 

rose significantly in both the older smoking and older non-smoking groups following 

release o f the arterial occlusion. Neither resting nor peak blood flow differed 

significantly between the two groups although a trend towards lower blood flows was 

observed in the smoking group. A number o f studies have investigated the effects of 

smoking on endothelial behaviour within the resistance vessels and the data presented 

are largely confirmed in the present study. Thus endothelium-dependent vasodilation 

does not differ between smokers and non-smoking controls following smoking 

abstention for 12-24 hours (Jacobs et al., 1993; McVeigh et a l,  1996).

Circulating endothelial cells, a marker o f endothelial integrity, were isolated from 

venous samples and quantified as described in Chapter 2. Although patients with
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peripheral arterial disease who smoked were reported to have higher CEC counts than 

non-smoking patients (Sinzinger et al., 1986), the effects o f chronic smoking on 

endothelial desquamation in healthy individuals have not yet been assessed. In the 

present study, CEC numbers did not differ between the older smoking and non

smoking groups. It is possible that normal day-to-day levels are indeed higher in 

smokers but that, in this study, some clearance o f CECs occurred within the 12-hour 

tobacco abstinence period. Alternatively, tobacco consumption within the smoking 

group may not have been sufficient to induce endothelial damage and desquamation. 

In support of this idea, plasma levels of TM, vWF and CRP were also similar between 

subject groups. However, it should be noted that in heavier smokers, vWF levels are 

thought to change following acute smoking only (see Chapter 5). Furthermore, 

research concerning the effects of heavier smoking on plasma TM concentrations has 

yielded inconclusive results, with reports of both higher (Markuljak et al., 1995) and 

lower levels (Nilson et al., 1993; Blann et al., 1997) in smokers compared with non- 

smokers. This disparity may be explained by the potential smoking-related down- 

regulation of TM expression which might mask possible effects of smoking on TM 

release secondary to endothelial damage.

Percentage increases in forearm blood flow were significantly greater in young than in 

older subjects as a whole and amongst the non-smokers. However, because 

percentage blood flow increases were lower, albeit non-significantly, in the young 

smokers than in the young non-smokers, blood flow responses to temporary arterial 

occlusion did not differ between young and older smokers. However had subject 

numbers been greater, a statistically significant difference between the two groups 

would no doubt have been observed. An age-related impairment o f endothelial 

vasodilator function has been reported previously (Zeiher et al., 1993; Taddei et al., 

1995; Gerhard et al., 1996; Taddei et al., 2001; Muller-Delp et al., 2002). Decreased 

function has been demonstrated in large conduit arteries as well as in resistance 

arteries and coronary vessels and is thought to be due to disturbances of the NO 

system (Reckelhoff et al., 1994; Challah et al., 1997; Taddei et al., 2001).

CEC numbers were similar between young and older subjects, both smokers and non- 

smokers and were comparable with normal levels reported by Sinzinger and 

colleagues (1996). There is little information available concerning the effects of
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ageing on endothelial desquamation in humans. In rats however, CEC numbers are 

increased in older animals possibly reflecting an increase in endothelial cell turnover 

with ageing (Challah et al., 1997). This could be due to a decrease in endothelial cell 

adherence or alternatively to an increase in endothelial cell proliferation. Indeed, a 

recent study by Phillips et al. (1994) demonstrated increased proliferation of cultured 

endothelial cells derived from older rats compared with cells from young animals.

In the present study, vWF levels were found to be significantly higher in older 

individuals and TM levels significantly lower. That plasma levels o f vWF are 

elevated with age is well-established (Conlan et al., 1993; Coppola et al., 2003) and 

may be due to ‘senescent activation’ o f endothelial cells (W est et al., 1996). 

However, elevated rather than decreased plasma TM concentrations with age have 

previously been reported (Abbate et al., 1993; Komatsumoto et al., 1996). 

Nevertheless, the haemostatic changes observed in the present study may help to 

explain the increased incidence of thrombotic disorders observed in the elderly 

(Javorschi et al., 1998).

CRP levels were similar between young and older subjects in this study, in seeming 

contrast with published data. Thus median CRP levels have been shown to double 

from the second to the sixth or seventh decade of life (Hutchinson et al., 2000) and in 

a study by Haverkate and colleagues (1997) CRP concentrations were 2% higher for 

each year older in subjects aged 45-69 years. However, as discussed in Chapter 7, 

actual figures reported here compare well with the literature. That differences were 

not significant is probably due to the small subject numbers involved in the present 

study.

6.4.3 Conclusions

The aim of this study was to identify the effects of ageing and of chronic smoking on 

several markers o f endothelial integrity and function.

Chronic smoking does not appear to have altered endothelial function in middle-aged 

men since neither resting nor peak forearm blood flow differed significantly between 

the two groups. Plasma markers of endothelial integrity and inflammation were also
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unaffected by chronic smoking. It should be noted that tobacco consumption in this 

study was extremely low. However, recent work by Barua et al. (2002) suggests that 

light smoking may have similar detrimental effects on endothelium-dependent 

vasodilation and on the NO biosynthetic pathway as does heavy smoking.

Percentage increases in forearm blood flow were significantly greater in young than in 

older subjects as a whole and amongst the non-smokers. However, a trend towards 

blunted reactive hyperaemia in older smokers compared with younger smokers was 

not significant. Plasma vWF levels were found to be significantly higher in older 

individuals and TM levels significantly lower. However, CEC numbers and plasma 

CRP levels were similar between young and older subjects in this study. In line with 

published research, these results suggest that ageing is associated with impaired 

endothelium-dependent vasodilation. This is accompanied by haemostatic changes 

that may predispose older individuals to thrombotic disorders.

The effects o f ageing on the endothelium are discussed further in Chapter 7.
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exercise-induced endothelial damage



Chapter 7

7.1 Introduction

7.1.1 Exercise and endothelial stress

Acute, intensive exercise is associated with a number o f haemodynamic and 

biochemical changes that impact upon the endothelial layer causing endothelial 

activation and damage, and potentially endothelial desquamation.

7.1.2 Exercise and shear stress

Vascular endothelial cells, serving as a barrier between the circulating blood and the 

body tissues, are constantly exposed to fluid shear stress. The shear stress exerted on 

the endothelium is elevated during acute exercise due to increased blood pressure, 

flow rates and plasma viscosity. This causes a number of structural and humoral 

changes within the endothelial cell, that are thought to contribute to the 

haemodynamic alterations required during exercise. Although the mechanisms by 

which endothelial cells are able to detect and transduce the shear stress stimulus are 

unclear, possible cell-surface flow sensing structures have been identified (Barakat, 

2001) and several candidate mechanotransducers have been proposed. These include 

integrins (Chen et a i,  1999), ion-channels (Barakat et al., 1999) and caveloae, 

specialised membrane microdomains, rich in cholesterol (Rizzo et al., 2003).

One of the most widely documented effects of acute shear stress is a rapid increase in 

NO production, which is due to posttranslational activation of eNOS (Bode-Boger et 

al., 1994; Shen et al., 1995; Jungersten et al., 1997). This was initially attributed to 

shear-mediated increases in intracellular calcium, an important cofactor for eNOS 

(Hutcheson and Griffith, 1997). However, there is a greater release of NO in response 

to increased shear stress than to agonists which elevate intracellular free calcium 

concentration. Indeed, a number of calcium-independent signalling pathways have 

now been identified involving phosphorylation of serine residues on eNOS by Akt 

(protein kinase B; Corson et al., 1996; Dimmeler et al., 1999; Fisslthaler et al., 2000) 

and activation of eNOS by tyrosine kinase pathways (Ungvari et al., 2001).

NO production is thought to contribute to the regulation o f haemodynamic changes 

during exercise. However, elevated NO levels may have inflammatory implications.
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especially under the conditions o f  oxidative stress that accompany acute exercise. As 

discussed in Chapter 1, superoxide anion reacts with NO to form the very reactive 

intermediate, peroxynitrite ( 0 N 0 0 - ) .  Peroxynitrite may be protonated to form  

peroxynitrous acid which can in turn yield the highly destructive hydroxyl radical.

Additional endothelial responses to acute shear stress include increased PGI2 (Hanada 

et al., 2000) and ET-1 (Kuchan and Frangos, 1993) release, increased leucocytic  

transendothelial migration (Cinamon et al., 2001), up-regulation o f  a variety o f  

endothelial receptors (Chen et al., 1999), an increase in intracellular calcium  ion 

concentration (Jen et al., 2000), potassium ion channel opening (Olesen et al., 1988) 

and activation o f  NADPH oxidase with consequent generation o f  superoxide anions 

(Yeh et al., 2001).

Shear stress is thought to inhibit apoptosis o f  endothelial cells, probably through the 

increased release o f  NO (Dim m eler et al., 1996). However, increased endothelial 

activation  under shear conditions, w ith augm ented leu cocyte  adhesion and 

transmigration, as well as activation o f  NADPH oxidase, might exacerbate conditions 

o f  oxidative stress observed during exercise, putting endothelial cells at risk o f  

necrosis. Furthermore, shear stress drags at endothelial cells and large-scale, shear- 

induced endothelial desquamation in a rat m odel o f  aortic stenosis has previously  

been reported (Joris et al., 1982).

7.1.3 Inflammatory responses to exercise

Exercise is often accompanied by tissue damage thought to result from mechanical 

strain and the build-up o f  oxidants (N iess et al., 1999; Ajmani et al., 2003). The latter 

is an unavoidable consequence o f  increased oxygen  utilisation. The resulting 

inflam m ation, aimed at optim al injury repair paradoxically contributes to an 

increasingly noxious intravascular environment.

That acute exercise, and commensurate tissue damage, induces inflam m ation is 

evidenced by elevated levels o f  the pro-inflammatory cytokines IL-6, IL-1|3 and 

T N F a (W eight et al., 1991; Fielding et al., 1993; Shek and Shepard, 1998; Pederson 

and H offm an-G oetz, 2000; Kimura et al., 2001; Meyer et al., 2001) as w ell as by 

increased levels o f  CRP (Irving et al., 1986; Weight e /a / .,  1991; Gleeson er a/., 1995;
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Fallon, 2001; Meyer et al., 2001; Peters et al., 2001; Akimoto et al., 2002). Exercise- 

induced leucocytosis has also been observed, driven by increased neutrophil 

mobilisation (W eight et al., 1991; Shinkai et al., 1992; Pyne, 1994; Suzuki et al., 

1995; Gabriel and Kindermann, 1997). Leucocytosis during exercise may occur in 

response to increased plasma catecholamines or to elevated levels o f  circulating pro- 

inflam m atory  cytokines (Field et al., 1991; Suzuki et al., 1995; G abriel and 

Kindermann, 1997).

The inflammatory response to exercise involves accum ulation o f polymorphonuclear 

neutrophils at the site o f injury, neutrophil adhesion to the endothelial layer and 

transendothelial migration. Degranulation o f  neutrophils designed to smooth passage 

through the tissue, results in the release o f oxygen free radicals and proteases which 

potentiate injury. Tissue injury by inflam m atory cells has been exam ined most 

thoroughly in experimental models o f muscle ischaem ia followed by reperfusion, in 

which neutrophils have been clearly shown to prom ote muscle fibre damage during 

the reperfusion phase (W eselcouch et al., 1991; Hansen and Stawski, 1994; Hirose et 

al., 2001). Ischaemia-reperfusion is discussed in greater detail in Chapter 9.

7.1.4 Sympathetic activation and endothelial integrity

General activation o f the sympathetic nervous system during exercise causes increases 

in heart rate and myocardial contractility, venoconstriction and redistribution o f blood 

to priority tissues, including active muscles, by selective vasoconstriction. One o f  the 

most important consequences o f sympathetic activation is an increase in arterial blood 

pressure, w hich increases tissue perfusion pressure. Sym pathetic stim ulation is 

accom panied by elevated plasm a levels o f  adrenaline, released from the adrenal 

m edulla and noradrenaline, released from the sympathetic nerve terminals. Arterial 

plasm a concentrations o f adrenaline and noradrenaline increase almost linearly with 

duration o f  dynamic exercise and exponentially w ith intensity (Jezova et al., 1985; 

Leuenberger et al., 1993).

There is some evidence that sympathetic activation may mediate cellular injury. In a 

study by Pettersson and colleagues (1990), endothelial cell injury in rabbit aortas was 

significantly  increased following sym pathetic activation induced by chloralose
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anaesthesia. This effect was completely inhibited by pre-treatment with the Pi- 

adrenergic receptor inhibitor, metoprolol. Similarly, aortic endothelial injury was 

intensified in monkeys exposed to psychosocial stress, an effect that could be 

inhibited by Pi-adrenergic receptor blockade (Strawn et al., 1991; Skantze et al., 

1998). Such endothelial injury may be due to sympathetic effects on immune cells, 

many of which express (3-adrenergic receptors. Importantly, neutrophils are believed 

to be targets for catecholamine signalling (McCarthy and Dale, 1988; Madden and 

Felten, 1995). Thus selective administration o f adrenaline to obtain plasma 

concentrations comparable to those obtained during intense cycle exercise, elevated 

neutrophil numbers. This increase was smaller than that observed after exercise but 

this was probably due to the absence of exercise-related tissue damage and oxidative 

stress which further stimulates neutrophil mobilisation (Pedersen and Hoffman-Goetz, 

2000). The mechanisms by which neutrophils may mediate endothelial damage 

involve the release o f proteolytic enzymes and highly reactive oxidants and are 

detailed in Chapter 9.

7.1.5 Cigarette smoking, endothelial integrity and exercise

As discussed in Chapter 1, the endothelium plays a pivotal role in the maintenance of 

vascular homeostasis and altered endothelial function may result in the loss o f proper 

control over vascular tone and blood throm bogenicity, thereby creating an 

intravascular environment conducive to the development of cardiovascular disease. 

Recent research indicates that smoking, a w ell-established risk factor for 

cardiovascular pathogenesis, is associated with endothelial dysfunction (Lehr, 2000). 

Exactly how smoking might alter endothelial behaviour is not known although several 

potential mechanisms have been described. These mechanisms invariably originate 

with exposure of the vasculature to oxidative stress although nicotine may also play a 

role. For a full discussion, see Chapter 1.

The literature concerning the effects of cigarette smoking on exercise-responses is 

scant. Acute smoking has been found to reduce subsequent exercise capacity 

(Rotstein and Sagiv, 1986) and smokers are also thought to be more dependent on 

blood glucose as fuel during exercise than non-smokers (Colberg et al., 1994; Huie et
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al., 1996). However, it is not clear whether smoking-related endothelial perturbation 

renders the endothelial layer more susceptible to exercise-induced damage.

7.1.6 Ageing, endothelial integrity and acute exercise

Ageing is also considered to be a major risk factor for the development of 

cardiovascular disease and is thought to convey this risk in part by impairing 

endothelial function. This may be mediated by the age-related decline in eNOS 

activity (Challah et al., 1997) and NO production (Taddei et al., 2001). Dysfunction 

of the NO system may be due to increased mitochondrial damage and oxidative stress 

which is known to accompany ageing (Harman, 1956). In support o f this notion, 

vascular ONOO- formation has been shown to increase with age (van der Loo et al., 

2000) suggesting increased inactivation of NO by superoxide anion. Furthermore, 

ascorbic acid supplementation in subjects older than 60 years has been shown to 

restore vasodilator capacity. However, in normotensive subjects up to the age o f 60 

years, a primary alteration in the L-arginine pathway may be responsible. 

Derangement of the L-arginine-NO pathway could be related to decreased substrate 

availability or to the presence of an endogenous eNOS inhibitor such as asymmetric 

dimethyl-L-arginine. Ageing has also been associated with the reduced expression of 

Akt protein, necessary for eNOS activation (Dimmeler et al., 1999). Reduced NO 

bioavailability may underlie elevations in ET-1 that have been observed in older 

individuals (Battistelli et al., 1996).

As discussed above acute, intensive exercise is accompanied by sympathetic 

activation, increased shear stress, oxidative stress and inflammation. These 

haemodynamic and biochemical changes contribute to an inhospitable intravascular 

environm ent that may result in endothelial activation, injury and ultimately 

desquamation. Ageing is associated with a number o f changes that might alter the 

physiological response to acute exercise. For example, the inflammatory response to 

exercise, specifically neutrophil mobilisation, has been shown to be blunted in elderly 

people (Cannon et al., 1994). Furthermore, animal studies have indicated that in 

addition to elevated resting levels of oxidative stress in older individuals, oxidant 

production in response to strenuous exercise is increased in the skeletal muscle and 

myocardium with age. The mitochondrial respiratory chain and NADPH oxidase
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have both been identified as potential sources (Bejma and Ji, 1999; Bejma et al., 

2000), though it is also possible that the delicate balance between oxidants and 

antioxidants during exercise is altered with ageing (Ji et al., 1998). Whether these 

changes are associated with greater susceptibility to exercise-related endothelial injury 

remains to be established.

7.1,7 Study aim

Both ageing and cigarette smoking are considered to be strong risk factors for the 

development of cardiovascular disease and both are thought to be associated with 

impaired endothelial function. Acute intensive exercise elicits haemodynamic and 

inflammatory responses that create an intravascular milieu stressful to the endothelial 

layer. The aim of this study was to identify age- and smoking-related differences in 

the endothelial response to this ordeal. To this end, haematological parameters, 

plasma TM and vWF levels, CEC numbers and plasma CRP concentration were 

measured before and after acute, exhaustive exercise in young and middle-aged 

smokers and non-smokers.

107



Chapter 7

7.2 Methods

7.2.1 Subject recruitment

Eighteen young subjects were recruited from the student body at Trinity College, 

Dublin. All were healthy males and between the ages o f 18 and 30 years. O f these, 8 

subjects were non-smokers and 10 were smokers. Subject characteristics are shown in 

Table 7.1 (see page 107). A total o f 23 older individuals, 8 smokers and 15 non- 

smokers, were recruited by newspaper and radio advertisement. All subjects were 

male and between the ages o f 36 and 71 years old. Subject characteristics are shown 

in Table 7.2 (see pagel08).

Each participant was screened by clinical history, physical examination and routine 

blood cell analysis to exclude those subjects unsuitable for maximal exercise. Other 

exclusion criteria included haematological disorder, current infection, diabetes and 

current use o f (3-adrenergic receptor blockers. See Appendix I for full list of medical 

exclusion criteria. Small expenses pertaining to involvem ent in the study were 

covered.

7.2.2 Study protocol

Subjects attended the laboratory once between 0900hrs and 1300hrs having abstained 

from caffeine, strenuous exercise and cigarettes for 12 hours. Expired carbon 

monoxide was measured on arrival to confirm smoking abstinence. All subjects then 

underwent a medical examination to exclude those unsuitable for maximal exercise. 

A nthropom etric measurements were recorded at this stage and pre-exercise venous 

blood samples were taken for quantification o f CECs and for the analysis o f  plasma 

TM, vW F and CRP. Full blood cell counts were also carried out and blood 

cholesterol levels were recorded in older participants. All subjects then performed an 

acute bout o f  cycle exercise, in the form o f an incremental fitness test to volitional 

exhaustion. W ithin 10 minutes o f com pletion, a post-exercise blood sample was 

taken and full blood cell counts were repeated.
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7.2.3 Exercise protocol

The acute bout o f exercise in this study took the form of an incremental fitness test. 

This was performed on a cycle ergometer (Excalibur Lode Bike, Excalibur Sport, 

Groningen, the Netherlands) in a temperature- and humidity-controlled chamber 

(18°C, 45%-55% humidity). In the older subjects, a 12-lead ECG trace was 

established and monitored throughout the test. Heart rate was monitored using a Polar 

Favour Heart Rate monitor (Polar Electro, Finland) and metabolic parameters were 

measured by open-circuit spirometry. This protocol is described in greater detail in 

Chapter 2.

7.2.4 Blood studies

Pre-exercise (18ml) and post-exercise (18ml) venous blood samples were drawn for 

quantification of CECs and for the analysis of plasma TM, vWF, and CRP. Full blood 

cell counts were also carried out before and after exercise. The various blood samples 

were drawn in a specific order to minimise the risk o f venopuncture-related 

contamination of the CEC sample (see Table 6.1).

7.2.5 Full blood cell counts

Full blood cell counts were carried out using a Coulter counter (Coulter AC.T diff, 

Beckman Coulter, Illinois, USA). Parameters measured include red blood cell 

number, haematocrit, haemoglobin, platelet number, mean packed volume and white 

blood cell number. Lymphocytes, granulocytes and monocytes were also individually 

quantified.

7.2.6 CEC quantification

CECs were isolated by differential centrifugation and smears were prepared, fixed and 

stained with fast cresyl violet. CECs were counted manually under light microscopy 

and the number of cells per ml of whole blood was then calculated.
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7.2.7 Plasma analysis of TM, vW F and CRP

Plasma levels of vWF and TM were detected by ELISA (Kordia Laboratory Supplies, 

the Netherlands; Diaclone Research, France) and plasma CRP was analysed by 

ultrasensitive immunoturbidimetric assay (Roche Tina-quant CRP US assay) using a 

Roche/Hitachi 917 analyser.

Methods used for the analysis of these blood markers are detailed in Chapter 2.

7.2.8 Statistical analysis

Data are expressed as mean ± SEM. Inter-group results were compared using two- 

tailed unpaired Student /-tests and where variances differed between groups, Mann- 

Whitney non-parametric tests. Intra-group comparisons were carried out using two- 

tailed paired Student /-tests and Wilcoxon non-parametric tests where appropriate. A 

P value of less than 0.05 was considered to be statistically significant.
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7.3 Results

7.3.1 Physical characteristics of the young subject groups

The characteristics of the young smoking and non-smoking groups are presented 

below in Table 7.1. Self-reported alcohol intake was significantly higher amongst the 

smokers {P < 0.05) though this was unrelated to tobacco consumption (r = 0.4398). 

The two groups did not differ significantly in age, height, body mass, body mass 

index or physical fitness. Peak heart rate during fitness testing was however 

significantly lower in the smoking group compared with the non-smokers {P < 0.05). 

Resting heart rate and resting blood pressure were similar between the two younger 

subject groups.

Non-smokers
(n = 8)

Smokers
(n=10)

Cigarettes.day"' N/A 14.9 ±2.1

Years smoking N/A 9.1 ± 1.8

Age (years) 22.25 ± 1.22 25.00 ± 1.55

Height (cm) 181.58 ± 1.34 180.76 ± 1.80

Body Mass (kg) 78.28 ±2.77 81.81 ±5.46

BMI (kg.m’̂ ) 23.81 ± 1.00 24.92 ± 1.34

Expired CO (ppm) 3.75 ± 0.44 4.80 ±0.95

Alcohol (units.week'*) 14.59 ±3.06 22.45 ± 5.58 t

Resting HR (beats.min*') 78.50 ±4.24 74.80 ±2.16

Resting SEP (mmHg) 125.67 ±8.80 123.80 ±4.99

Resting DBP (mmHg) 78.67 ± 7.42 82.90 ± 4.39

Resting MAP (mmHg) 94.33 ± 7.74 96.53 ±4.17

Peak VO2 (ml.min'*.kg"') 50.05 ±2.57 43.64 ±2.53

Peak HR (beats.min'*) 194.75 ±3.09 183.67 ±2.65 t
Time to exhaustion (mins) 23.54 ± 1.30 22.22 ±0.71

Table 7.1; Physical and resting cardiovascular parameters of young smoking 
and non-smoking subject groups. Data is expressed as mean ± SEM. Significant 
differences between groups are denoted by t  P < 0.05.
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Expired carbon monoxide levels were not significantly different between smokers and 

non-smokers, indicating that the smokers had complied with instructions to abstain for 

12 hours prior to testing.

7.3.2 Physical characteristics of the older subject groups

The characteristics of the older smoking and non-smoking groups are presented in 

Table 7.2. The two subject groups did not differ significantly in age, height, body 

mass, body mass index or haematological profile (see Table 7.4 below).

Non-smokers

(n -1 3 )

Smokers
(n = 8)

Cigarette equivalents.day' N/A 8.44 ±2.03

Pack years N/A 11.21 ±2.41

Age (years) 57.38 ±2.67 54.50 ±4.03

Height (cm) 176.83 ± 1.55 174.66 ±3.14

Body Mass (kg) 83.38 ±3.71 79.37 ±5.39

BMI (kg.m'^) 26.77 ± 1.31 25.94 ± 1.45

Total blood cholesterol (mmol.L’') 4.85 ±0.20 5.36 ±0.36

Expired CO (ppm) 4.08 ±0.56 6.50 ± 1.05

Alcohol (units.week'') 10.54 ±2.40 25.50 ±2.35 t
Resting HR (beats.min'') 73.27 ±3.17 73.00 ± 4.00

Resting SB? (mmHg) 139.00 ±7.19 136.00 ±8.19

Resting DBP (mmHg) 84.38 ±3.59 85.33 ±5.46

Resting MAP (mmHg) 101.90 ±4.29 100.32 ±4.99

Peak VO2 (ml.min''.kg'*) 32.30 ±3.49 31.46 ±2.32

Peak HR (beats.min'') 158.82 ±5.57 156.25 ±6.70

Time to exhaustion (mins) 16.61 ±2.27 15.06 ±2.06

Table 7.2: Physical and resting cardiovascular parameters of the older smoking 
and non-smoking subject groups. Data is expressed as mean ± SEM. Significant 
differences between groups are denoted by ^ P < 0.05).

1 1 2



Chapter 7

The smoking group had a significantly higher self-reported alcohol intake than did the 

non-smokers (26 ± 2 cf. 11 ± 2 alcohol units.week'*, P < 0.05). However, alcohol 

intake was unrelated to tobacco consumption in this group (r = 0.4559). Neither 

resting heart rate nor resting blood pressure differed significantly between the two 

groups. Time to exhaustion, peak oxygen consumption and peak heart rate during 

exercise were also similar amongst older smokers and non-smokers. Expired CO was 

slightly higher in the smoking group compared to the non-smoking group. This 

difference was not significant, indicating that the smokers did comply with 

instructions to abstain for 12 hours prior to testing. Non-significant differences in CO 

levels may be due to exposure to high ambient CO, perhaps due to others smoking at 

home or emission from traffic. Two non-smokers and one smoker were taking statins 

(HMG CoA reductase inhibitors) coupled with aspirin at the time of the study. The 

former reduce cholesterol synthesis within the liver. Aspirin is an anti-inflammatory 

drug that inhibits cyclooxygenase, thereby inhibiting prostanoid synthesis.

7.3.3 Effects of acute exercise on haematological parameters

Full blood cell counts were carried out using a Coulter counter before and after acute 

exercise. The haematological parameters measured include white blood cell numbers, 

red blood cell numbers, haemoglobin concentration, haematocrit, platelet numbers 

and mean packed volume. Lymphocytes, monocytes and granulocytes were also 

quantified.

The haematological profile of the young subjects is shown below in Table 7.3. None 

o f  the parameters measured differed significantly between the young smoking and 

non-smoking groups either before or after exercise. Acute exercise caused increases 

in white blood cell numbers {P < 0.01, non-smokers; P < 0.05, smokers) and 

lymphocyte numbers {P < 0.01, non-smokers; P < 0.05, smokers) in both subject 

groups. Granulocytes also increased during exercise although this was statistically 

significant in the smoking group only. In the non-smoking group, significant 

increases in haemoglobin concentration and haematocrit were also observed.
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Non-smokers
(n =  8)

Smokers
(n = 1 0 )

Pre-exercise Post-exercise Pre-exercise Post-exercise

WBC (X 10^L-') 6.44 ± 0.62 9.82 ± 0.85 ** 6.77 ±0.55 9.60 ± 1.08 §

Ly (x l O l u ' ) 1.64 ±0.08 3.35 ± 0.34 * * 2.08 ± 0.21 3.09 ±0.37 1

Mo (x lO’ .L '') 0.31 ±0.06 0.46 ± 0.08 0.60 ±0.18 0.54 ± 0.07

Gr (x 10^L■') 4.49 ± 0.59 5.95 ±0.73 4.13 ±0.38 5.98 ±0.72 §

RBC (x l o ' l L ' ' ) 4.70 ± 0.09 4.94 ±0.10 4.70 ±0.17 4.92 ± 0.27

Hgb (g .dL-‘) 14.50 ±0.17 15.29 ±0.17*h= 14.26 ± 0.47 14.87 ±0.67

Pit (x lO^L"') 291.38 ±27.97 362.12 ±38.20 227.30 ± 16.66 268.78 ± 18.61

Hct (%) 42.97 ± 0.49 45.46 ±0.47** 42.12 ±  1.45 43.67 ±2.11

MPV (fL) 7.24 ±  0.30 7.39 ±0.30 7.73 ±0.30 7.67 ± 0.28

Table 7.3: Haematological profiles of the young smoking and non-smoking 
subject groups before and after acute exercise. Data is expressed as mean ± SEM. 
Significant differences within groups are denoted by ** P  < 0.01 (non-smokers), § P 
< 0.05 (smokers).

The haematological profile of the older subjects is shown in Table 7.4. Baseline 

lymphocyte numbers were significantly higher in the non-smoking group compared 

with the smoking group {P < 0.05). Increases in white blood cell numbers (5.47 ± 

0.30 pre-exercise cf. 6.86 ± 0.34 x 10^.L’' post-exercise; P < 0.01) and lymphocyte 

numbers (1.51 ±0.10 pre-exercise cf. 2.09 ± 0.17 x 10^.L‘* post-exercise) during acute 

exercise were significant in the smoking group only.
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Smokers
(n = 8 )

Non-smokers
(n = 1 3 )

Pre-exercise Post-exercise Pre-exercise Post-exercise

WBC (x lO^L-') 5.47 ±0.30 6.86 ± 0.34 §§ 5.75 ±0.39 6.82 ±0.50

Ly (x lO’ .L-') 1.51 ±0.10 2.09 ±0.17 § 1.97 ±0.1 2.36 ±0.21 t

Mo (x lO^L'') 0.36 ± 0.06 0.41 ±0.07 0.43 ± 0.06 0.43 ± 0.05

Gr (x lO^L-‘) 3.62 ±0.31 4.31 ±0.34 3.32 ±0.29 3.92 ±0.39

RBC (x 3.92 ±0.18 3.99 ±0.21 4.24 ±0.14 4.44 ±0.17

Hgb (g.dL-') 12.92 ±0.52 13.39 ±0.59 13.45 ±0.37 14.09 ±0.42

Pk (x lO^.L-') 182.88 ± 16.44 200.06 ± 16.41 229.77 ± 27.68 256.67 ± 36.22

Hct (%) 37.00 ± 1.91 38.51 ±2.12 39.28 ± 1.19 41.30± 1.34

MPV (fL) 7.88 ±0.30 7.96 ± 0.30 7.64 ± 0.22 7.76 ± 0.22

Table 7.4: Haematological profiles of the older smoking and non-smoking 
subject groups before and after acute exercise. Data is expressed as mean ± SEM. 
Significant differences within the smoking group are denoted by § P < 0.05, §§ Z’ < 
0.01. Differences between groups are denoted by ^  P < 0.05.

7.3.4 Effects of acute exercise on circulating endothelial cells

As shown in Figure 7.1, cell number did not differ between the younger smoking and 

the non-smoking groups either before (73.67 ± 24.10 cf. 112.50 ± 52.01 cells.ml'*) or 

after (88.65 ± 28.16 cf. 106.40 ± 34.16 ceUs.ml"') acute exercise. Circulating cell 

numbers were not altered by acute exercise in either subject group.

Figure 7.2 shows CEC numbers in older subjects before and after acute exercise. 

Again, there were no differences between the smoking and non-smoking group either 

before (72.70 ± 12.51 cf. 100.50 ± 12.04 cells.m r') or after (83.10 ± 20.47 cf 107.4 ± 

20.96 cells.m r') acute exercise and CEC numbers were not altered by acute exercise 

in either group.

115



Chapter 7

CEC numbers were similar between younger and older smokers and non-smokers, 

both before and after acute exercise.

7.3.5 Effects of acute exercise on plasma vWF concentration

As shown in Figure 7.3, vWF levels did not differ between the young smoking and 

non-smoking groups either before or after acute exercise. During exercise, vWF 

levels rose significantly and similarly in both groups (P < 0.01).

In the older subjects, plasma vWF concentrations were similar between the smoking 

and non-smoking groups both before and after exercise and were not significantly 

altered by acute exercise in either group (see Figure 7.4).

Figure 7.5 shows plasma concentrations of vWF before and after acute exercise in 

young and older smokers and non-smokers. Pre-exercise levels o f vWF were 

significantly higher in older non-smokers than in their younger counterparts (P < 

0.05). A trend towards higher vWF concentration in older smokers than in young 

smokers was not statistically significant.

7.3.6 Effects of acute exercise on plasma TM concentration

Plasma concentrations o f TM before and after acute exercise in the young smoking 

and non-smoking groups are illustrated in Figure 7.6. TM levels did not differ 

between groups either before or after exercise. Significant rises in TM concentration 

following acute exercise were observed in both subject groups (P < 0.05, non- 

smokers; /* < 0.01, smokers).

Plasma TM concentrations in the older smokers and non-smokers, before and after 

acute exercise are illustrated in Figure 7.7. TM levels did not differ significantly 

between the smoking and non-smoking groups either before or after exercise and were 

not altered during exercise in either subject group.
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As can be seen in Figure 7.8, resting plasma TM levels did not change significantly 

with age. Post-exercise levels were however significantly higher in younger smokers 

{P < 0.001) and non-smokers {P <0.01) than in older smokers and non-smokers.

7.3.7 Effects of acute exercise on plasma CRP concentration

Figure 7.9 shows plasma CRP levels in young smokers and non-smokers, before and 

after acute exercise. Although there was a trend towards higher plasma CRP levels in 

the smoking group, this difference was not statistically significant. Acute exercise did 

not alter mean CRP concentration in either subject group.

Plasma levels of CRP were not significantly different between the older smoking and 

non-smoking groups either before or after acute exercise. CRP concentration rose 

significantly during exercise in the smoking group {P < 0.05), but remained 

unchanged amongst the non-smokers (see Figure 7.10). The increase observed in the 

smoking group remained significant after correction for exercise-associated 

haemoconcentration. A trend towards increased CRP levels in the older subjects 

compared with the younger subjects was not statistically significant.
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Figure 7.1: Circulating endothelial cell numbers before and after acute 

exercise in young smoking and non-smoking men.

Each marker represents results for one individual and the horizontal bars represent the 

group mean. There were no significant differences between the smoking and non

smoking groups before (mean± SEM, 73.67 ± 2A.XQ cf. 112.50 ± 52.01 cells.ml’') or after 

acute (88.65 ± 28.16 cf. 106.40 ± 34.16 ceUs.mf') exercise and CEC numbers were 

unchanged following exercise in both subject groups.
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Figure 7.2: Circulating endothelial cell numbers before and after acute 

exercise in older smoking and non-smoking men.

Data are expressed as mean ± SEM. There were no significant differences between the 

smoking and non-smoking groups before (72.70 ± 12.51 cf. 100.50 ± 12.04 ceUs.mK') or 

after acute (83.10 ± 20.47 cf. 107.40 ± 20.96 ceUs.mf') exercise and CEC numbers were 

unchanged following exercise in both subject groups.



Figure 7.3: Plasma concentrations of vWF in young smokers and non- 

smokers, before and after acute exercise.

Plasma vWF concentrations were measured by ELISA (standard curve: y = (105.33)x + 

2.02, r̂  = 0.9936. Data are expressed as mean ± SEM. A. Plasma vWF levels did not 

differ between the two subject groups either before or after acute exercise. During acute 

exercise, plasma vWF concentrations rose significantly in both the smoking (§§ P  < 0.01) 

and non-smoking (** P  < 0.01) groups. B . The absolute changes in vWF concentrations 

did not differ between the two subject groups.
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Figure 7.4: Plasma vW F concentrations in older smoking and non

smoking men, before and after acute exercise.

Plasma vWF levels were determined by ELISA (standard curve: y = 105.33x + 2.02, r  ̂= 

0.9936). Data are expressed as mean ± SEM. A. Levels o f vWF did not differ 

significantly between the smoking and non-smoking groups either before or after 

exercise. Trends towards increased vWF concentrations following acute exercise in both 

groups were not statistically significant. B. The maximum absolute vWF response to 

acute exercise did not differ significantly between the smoking and non-smoking groups.
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Figure 7.5: Plasma vWF concentrations before and after acute exercise, 

in young and old smokers and non-smokers.

Data are expressed as mean ± SEM. Pre-exercise vWF levels were not significantly 

different between smokers and non-smokers o f either age group. Plasma vWF 

concentrations were significantly higher in older non-smokers than in young non-smokers 

( t t  P < 0.01). A trend towards increased vWF concentrations in older smokers was not 

significant. Post-exercise vWF levels did not differ significantly between older smokers 

or non-smokers and their younger counterparts



Figure 7.6: Plasma concentrations of TM in young smokers and non- 

smokers, before and after acute exercise.

Plasma TM concentrations were measured by ELISA (standard curve; y = (3.53)x + 0.14, 

r̂  = 0.9987). Data are expressed as mean ± SEM. A. Levels o f TM did not differ 

between the two subject groups before or after acute exercise. During acute exercise, 

plasma TM concentrations rose significantly in both the smoking (§ § /* <  0.01) and non

smoking {* P < 0.01) groups. B. The absolute change in TM concentration was not 

different between the two subject groups.
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Figure 7.7: Plasma TM concentrations in older sm oking and non

smoking men, before and after acute exercise.

Plasma TM levels were determined by ELISA (standard curve: y = (3.53)x + 0.14, r̂  = 

0.9987). Data are expressed as mean ± SEM. A .  Levels o f TM did not differ 

significantly between the smoking and non-smoking groups either before or after exercise 

and were not significantly altered following acute exercise in either subject group. B. A 

trend towards decreased TM levels was observed in both subject groups following 

exercise. The magnitude of this response appeared to be greater amongst the smokers but 

this difference was not statistically significant.
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Figure 7.8: Plasma TM concentrations before and after acute exercise, 

in young and old smokers and non-smokers.

Data are expressed as mean ± SEM. Pre-exercise TM levels did not differ between 

smokers and non-smokers in either age group. A trend towards lower TM concentrations 

in older men compared with younger men was not significant. Post-exercise TM 

concentrations did not differ between smokers and non-smokers in either age group. 

However, TM concentrations following acute exercise were significantly lower in the 

older smokers (tttP < 0.001) and non-smokers < 0.01) than in their younger

counterparts. This is due a significant exercise-induced TM increase in young men, that 

was not observed in older men (see Figures 7.6 and 7.7 respectively).
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Figure 7.9: Plasma levels of CRP in young smoking and non-smoking 

men before and after acute exercise.

Each symbol represents the CRP concentration for a single individual and the horizontal 

bar represents the group mean. There were no significant differences between non- 

smokers and smokers either before (0.775 ± 0.283 cf. 3.330 ± 1.223 mg.L'') or after 

(0.950 ± 0.309 cf. 4.067 ± 1.437 mg.L'^) acute exercise and exercise did not alter CRP 

levels in either group.
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Figure 7.10: Plasma levels of C-reactive protein in middle-aged

smoking and non-smoking men before and after acute exercise.

Each marker represents results obtained for one individual and the horizontal bar 

represents the group mean. There were no significant differences between non-smokers 

and smokers either before (1.108 ± 0.191 c/. 1.175 ± 0.167 mg.L"') or after (0.990 ± 

0.237 cf. 1.500 ± 0.545 mg.L'') acute exercise. Plasma CRP concentration rose 

significantly during exercise in the smoking group (§ /* < 0.05) but was unaltered in the 

non-smoking group. The increase observed in the smoking group remained significant 

after correction fro haematocrit.
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7.4 Discussion

7.4.1 Study aim

The aim o f  this study was to identify age- and smoking-related differences in the 

endothelial response to exercise. To this end, haematological parameters, plasma TM, 

vWF and CRP levels and CEC numbers were measured before and after acute 

exercise in young and old smokers and non-smokers.

7.4.2 Haematological responses to acute exercise

Exercise is associated with elevated levels o f  circulating m onocytes, lymphocytes and 

neutrophils (Field et a l ,  1991; Hack et al. 1992; Shinkai et al., 1992; M eyer et al., 

2001). Leucocytosis during exercise follow s demargination o f  cells from endothelial 

tissues and bone marrow. It has also been suggested that exercise might m obilise  

older cells  that had been awaiting destruction in the spleen. This seem s unlikely 

how ever since leucocyte responses to exercise  are generally unaffected by 

splenectom y (Shephard, 2003). Leucocyte m obilisation occurs in response to 

elevated levels o f  circulating pro-inflammatory cytokines as well as increased plasma 

catecholam ine concentrations (Field et al., 1991; Suzuki et a i ,  1995; Gabriel and 

Kindermann, 1997; Shephard, 2003; Suzuki et al., 2002). Activation o f  neutrophils 

during exercise is evidenced by elevated plasma levels o f  m yeloperoxidase and 

lactoferrin and increased neutrophil H2 O2 generation (Smith et al., 1996). The latter 

is indicative o f  enhanced respiratory burst activity and is potentially mediated by 

increases in the concentrations o f  growth hormone or IL-6 (Peake, 2002). An age- 

related attenuation o f  the neutrophil response to exercise has been previously reported 

(Cannon et al., 1990; Cannon et al., 1994) and is probably associated with a general 

decline in immune function with age. In this respect, ageing has also been associated 

with a lower recruitment o f  neutrophils to sites o f  infection and a loss o f  bacteriocidal 

efficacy (Lord et al., 2001).

In the present study, full blood cell counts were carried out using a Coulter counter 

before and after acute exercise. As shown in Table 7.3, young smokers and non- 

smokers had similar haematological profiles both before and after acute exercise. In
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the non-smoking group, significant increases in haemoglobin concentration and 

haematocrit were observed during exercise. This is in contrast to previous work 

where smokers were found to have greater haematocrit elevations following exercise 

than non-smokers (Lassila and Laustiola, 1988). This finding may be indicative of a 

smoking-related reduction in exercise capacity, a well-established phenomenon 

(Chatterjee et al., 1987; Marti et al., 1988; Hashizume et al., 2000). This conclusion 

is evidenced by a significantly lower peak heart rate in this group. Oxygen 

consumption was also slightly lower although this difference was not statistically 

significant.

Previous reports of elevated white blood cell numbers in smokers were not confirmed 

here (Lassila and Laustiola, 1988). Acute exercise caused increases in total white 

blood cell numbers and lymphocyte numbers in both groups. Granulocytes also 

increased during exercise although this was statistically significant in the smoking 

group only. These findings confirm previous reports of exercise-induced leucocytosis 

(Field et al., 1991; Shinkai et al., 1992; Meyer et al., 2001) although the increase in 

monocyte number previously reported was not observed in the present study (Shinkai 

et al., 1992; Suzuki et al., 1995; Gabriel and Kindermann, 1997). Furthermore, 

previous studies indicate that leucocytosis after exercise is primarily due to an 

increase in the number of circulating neutrophils (Weight et al., 1991; Pyne, 1994). 

In this study however, significant increases in granulocyte numbers following exercise 

were seen in the smoking group only. The elevated white blood cell numbers 

observed in the non-smoking group can not be solely attributed to haemo- 

concentration since post-exercise levels exceed those predicted by haematocrit 

changes.

As shown in Table 7.4, older smokers and non-smokers had similar haematological 

profiles both before and after acute exercise except that baseline lymphocyte numbers 

were significantly higher in the non-smoking group compared with the smoking 

group. As with younger men, baseline white blood cell levels were similar between 

smokers and non-smokers. Increases in white blood cell number and lymphocyte 

number during acute exercise in older men, were significant in the smoking group 

only. No changes in granulocyte or monocyte number were observed in either group, 

in contrast with previous reports (Weight et al., 1991; Shinkai et al., 1992; Pyne,
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1994; Suzuki et al., 1995; Gabriel and Kindermann, 1997). This response differs 

from that o f the younger subjects where leucocytosis was observed in both subject 

groups. Younger non-smokers also exhibited significant increases in haematocrit 

following exercise. No such change was observed in older men. This may represent 

age-related reductions in exercise capacity, evidenced here by significantly lower 

peak oxygen consumption, time-to-exhaustion and peak heart rates in the older men 

when compared with young men.

7.4.3 Effects of acute exercise on circulating endothelial cells

CECs are endothelial cells that have become detached from the basal lamina and are 

subsequently detectable in the circulation. The number o f these cells is thought to 

reflect endothelial integrity. In the present study, CECs were quantified before and 

after acute exercise in both young and older men, to determine whether endothelial 

cell death and sloughing had occurred. Such an effect is likely under the conditions of 

oxidative, inflammatory and haemodynamic stress that accompany intense exercise. 

Circulating cell numbers did not differ between the young smoking and the non

smoking groups either before or after acute exercise, confirming results reported in 

Chapter 5. Resting levels are similar to those reported elsewhere (Sinzinger et al., 

1996). Unexpectedly, CEC numbers were not altered by acute exercise in either 

subject group. Similar results were obtained for the older smokers and non-smokers.

Very little research thus far has addressed the possibility o f exercise-induced 

endothelial desquamation, although an increase in the endothelial cell count of men 

with coronary heart disease following acute exercise has been reported (Davis et al., 

1994). However in the present study, blood sampling occurred only 10 minutes after 

cessation o f exercise and exercise itself lasted approximately 20 minutes (see Table 

7.1, page 107). This may not have allowed enough time for injury to develop and 

subsequent desquamation to occur. Alternatively, increased clearance of CECs could 

have occurred during exercise, powered by increased blood pressure and flow. CEC 

dynamics have been investigated further and are discussed in Chapter 9.

In young individuals, exercise may reduce the potential for apoptosis. In this regard, 

acute exercise has been found to increase the levels o f the anti-apoptotic vascular
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endothelial growth factor (VEGF) mRNA and protein (Richardson et a i ,  1999; 

Hoffner et al., 2003). This may be due to increased levels of reactive oxygen species 

which have been found to stimulate VEGF production through a phosphatidylinositol- 

3-kinase/Akt pathway (Kosmidou et al., 2001). Endothelial cells may be further 

protected due to shear-related increases in NO production. However, these protective 

mechanisms may be impaired in older individuals. Endothelial cell apoptosis occurs 

via activation of the cysteine protease family known as the caspases (Nagata, 1997; 

Dimmeler et al., 1997). Normally endothelial cells are protected by anti-apoptotic 

proteins such as FLICE-inhibitory protein, which specifically interferes with the Fas- 

induced apoptotic pathways (Sata and Walsh, 1998) and by the endothelial product, 

NO (Dimmeler et al., 1997; Dimmeler and Zeiher, 1999). NO inhibits S-nitrosylation 

of the essential cysteine residue on caspase molecules (Tenneti et al., 1997; Billiar et 

al., 1997; Mannick et al., 1999) thereby disabling these enzymes. Recent in vitro 

work has demonstrated age-related increases in caspase-3-like activity and induction 

of endothelial cell apoptosis in response to the pro-apoptotic stimuli, TNFa and Ox- 

LDL (Hoffmann et al., 2001). Apoptosis was not apparent under basal conditions, 

indicating that the pro-apoptotic signalling cascade is not directly activated by ageing. 

Since increased caspase activity and apoptosis were inhibited by endogenous NO 

donors, increased susceptibility to apoptosis induction with age appears to be due to 

the age-related impairment o f the NO system with insufficient S-nitrosylation of 

caspases. Shear stress is one o f the most important physiological stimuli for 

endothelial NO synthesis this is thought to underlie shear-mediated inhibition of 

endothelial cell apoptosis (Dimmeler et al., 1996). Interestingly, exposure of 

endothelial cells to shear stress in the Hoffmann study did not inhibit caspase activity 

or rescue aged endothelial cells from being driven into apoptosis, indicating that shear 

stress-induced up-regulation o f eNOS expression was impaired in aged cells.

7.4.4 Effects of acute exercise on plasma vWF concentration

As discussed in Chapter 2, vWF is a large glycoprotein that is produced and released 

by both endothelial cells and megakaryocytes although the major source o f plasma 

vWF is believed to be the endothelial layer (Blann and Tabemer, 1995; Van Mourik et 

al., 1999). Elevated plasma concentrations o f vWF occur following endothelial 

damage. However, it is important to note that vWF release may also occur following
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increases in shear stress or as a resuh of endothelial activation, in the absence of 

endothelial damage (Blann and Taberner, 1995). In the present study, vWF levels did 

not differ between the young smokers and non-smokers, either before or after acute 

exercise. The same was true for the older groups. This result supports the idea that 

previously published reports o f increased plasma vWF levels in smokers have 

described an acute rather than a chronic phenomenon (Kumari et a i,  2000).

Following exercise vWF concentrations were found to have increased significantly 

and to a similar extent in young smokers and non-smokers. This result supports the 

theory that acute exercise causes endothelial perturbation and confirms previous 

findings o f exercise-induced vWF increases in healthy individuals (Trovati et al., 

1983; Hansen et al., 1990; Rock et al., 1997; Jilma et al., 1997; O’Sullivan, 2003). 

Increased vWF following exercise has also been observed in type I diabetics (Trovati 

et al., 1983) and in patients with rheumatoid arthritis (Farrell et al., 1992) but not in 

individuals with peripheral arterial disease (Woodburn et al., 1997; Nawaz et al., 

2001). Blood sampling in the present study was carried out approximately 10 minutes 

following cessation o f exercise but previous studies have shown that the vWF 

elevations may persist for up to 10 hours after exercise (Hansen et al., 1990).

In the present study, vWF responses to acute exercise were similar between young 

smokers and non-smokers. This result confirms that o f Lassila and Laustiola (1988) 

who found baseline and post-exercise vWF to be similar between male monozygotic 

twin pairs, discordant for cigarette smoking. It appears therefore that chronic 

cigarette smoking does not alter the endothelium in young men such that it is more 

susceptible to exercise-induced endothelial activation or damage.

Release o f vWF during acute, intensive exercise is thought to be secondary to 

endothelial damage and activation. The latter is mediated by several pro- 

inflammatory cytokines, particularly TN Fa, IL -lp , and IL-6, which are elevated 

during exercise (Kimura et al., 2001; Meyer et al., 2001; Pederson, 2000; Shek and 

Shepard, 1998; Weight et al., 1991). That inflammation occurred during exercise in 

the young group is evidenced by elevated levels of circulating leucocytes.
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Although, plasma vWF levels may increase during exercise as a result of endothelial 

cell damage or activation, alternative mechanisms of release exist. Most importantly, 

exercise is associated with increased shear stress, related to elevated blood pressure 

and flow and recent research has demonstrated enhanced vWF release by exocytosis 

of Weibel-Palade bodies, induced by shear exposure (Galbusera et al., 1997). There 

is strong evidence that exocytosis of Weibel-Palade bodies in response to histamine, 

thrombin, and xanthine oxidase is mediated by an increase in intracellular calcium 

concentration (Hamilton and Sims, 1987; Birch et al., 1992; Vischer et ah, 1995). 

Fluid shear stress on endothelial cells is also known to effect increases in intracellular 

calcium by altering cell membrane permeability to calcium and by releasing calcium 

from intracellular stores (Winston et al., 1993; James et al., 1995). There is therefore 

a strong possibility that shear-induced release o f vWF is calcium-dependent. 

Interestingly, vWF release mechanisms during exercise also appear to involve 

calcium, since oral administration of the calcium blocker verapamil significantly 

blunted the exercise-induced vWF increase in healthy men (Musumeci et al., 1989). 

This evidence is somewhat circumstantial but nevertheless points towards a role for 

shear stress in the increase in circulating vWF concentrations observed during 

exercise. However, because vWF release was not completely abolished following 

verapamil administration, several modes of release may coexist.

Both growth hormone and nitric oxide, which are secreted in greater quantities during 

exercise, have been implicated in exercise-induced vWF release. Thus, infusion of 

the eNOS inhibitor L-NMMA during exhaustive bicycle exercise significantly 

attenuates increases in plasma vWF concentration (Jilma et al., 1997). Again, NO is 

known to be released in response to shear stress via both calcium-dependent and 

calcium-independent mechanisms. Attenuation o f exercise induced vWF increase 

following administration of verapamil may reflect disturbances within the NO system 

(Musemeci et al., 1989). Research indicates that there is a relationship between 

growth hormone and vWF activity (Sarji et al., 1977). Thus administration of growth 

hormone in healthy individuals leads to significant increase in plasma vWF levels 

(Ingerslev et al., 1989). Exercise is a potent physiological stimulus for growth 

hormone secretion and the growth hormone response to exercise parallels that of vWF 

(Trovati et ah, 1983; Pritzlaff et al., 1999; Wideman, 2002). However, increased 

vWF release occurs in growth hormone non-responders suggesting that if  growth
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hormone does contribute to increased vWF levels during exercise, it is not the only 

factor involved.

Increased levels o f plasma vWF are not necessarily indicative o f increased vWF 

release. Indeed, work by Tsai (1996) indicates that normal plasma contains a protease 

that cleaves vWF in a shear-dependent manner, causing a decrease in its multimer size 

while generating dimers o f the 140-kD and the 176-kD. Thus exposure to the high 

shear stress that accompanies exercise may cause cleavage o f vWF already in 

circulation to smaller forms.

Baseline levels of plasma vWF were significantly higher in the old men compared 

with the young subjects. That plasma levels o f vWF are elevated with age is well- 

established (Conlan et a i, 1993; Coppola et al., 2003) and may be due to ‘senescent 

activation o f endothelial cells (West et al., 1996) or to reduced clearance. As 

discussed in the introduction to this chapter, research indicates that growth hormone is 

involved in the regulation of vWF activity (Sarji et al., 1977). Thus administration of 

growth hormone in healthy individuals leads to significant increase in plasma vWF 

levels (Ingerslev et al., 1989). However, growth hormone pulse amplitude declines 

with age due to alterations in the normal dynamic interactions o f two hypothalamic 

hormones, somatostatin and growth hormone-releasing hormone (Vermeulen, 2002; 

Khan et al., 2002). Furthermore, the magnitude of the growth hormone response to 

exercise is reduced by 4-7-fold in older individuals compared with younger 

individuals (Wideman et al., 2002). In the present study, post-exercise vWF levels 

did not differ with age and resting vWF levels were higher in older individuals. This 

appears to preclude a role for growth hormone in the altered patterns of vWF release 

observed in older men.

Trends towards elevated vWF concentrations following exercise were not significant 

in the older men, in contrast with results obtained for the young subjects. This result 

is not consistent with prior reports of exercise-induced vWF increases in similarly 

aged men (Torres-Guerra et al., 2000) or with reports o f comparable vWF responses 

between 20-30 year olds, 35-45 year olds and 50-60 year olds (van den Burg et al., 

1995). The relative unresponsiveness o f the older men may have been due to a 

reduced exercise capacity which may have limited the stress imposed upon the
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vasculature. As in the young individuals, vWF responses to acute exercise were 

similar between older smokers and non-smokers.

7.4.5 Effects of acute exercise on plasma TM concentration

As discussed in Chapter 2, TM is an endothelial membrane protein with a pivotal role 

in the regulation of intravascular coagulation. Elevated TM levels are thought to be 

indicative of endothelial injury and TM release is believed to be independent of 

cytokine activity (Hirokawa and Aoki, 1990; Seigneur et al., 1993). Down-regulation 

of TM expression by TNFa, IL-1 and Ox-LDL has however been reported (Boehme 

et al., 1996). Plasma concentrations of TM are raised in a number of pathologies 

associated with endothelial lesions, including peripheral vascular disease (Blann et al., 

1997; Blann et al., 1998), atheromatous arterial disease, disseminated intravascular 

coagulation syndrome and also in systemic lupus erythematosus where the levels of 

plasma TM are related to the severity o f the pathology (Takahashi et al., 1992; Blann 

et al., 1997; Blann et al., 1998). In this study, plasma concentrations of TM were 

similar between young smokers and non-smokers before and after acute exercise. The 

same was true for older individuals. This confirms results described in Chapters 5 and 

6 but conflicts with prior claims of smoking-related differences in plasma TM levels 

(Nilson et al., 1993; Markuljak et al., 1995; Blann et al., 1997; see Chapter 5 for a 

more detailed discussion).

Significant rises in TM levels followed acute exercise in both young smokers and in 

young non-smokers. However, the magnitude o f this response did not differ between 

smoking and non-smoking subjects, indicating similar susceptibilities to exercise- 

induced endothelial damage. Elevated TM levels following cycle exercise in young 

men, have been previously reported (O ’Sullivan, 2003). In male triathletes, 

significant changes in plasma TM were detected after running but interestingly, not 

following cycle exercise (Weiss et al., 1998). The authors suggested that this was due 

to differences in mechanical stresses imposed on the body during each exercise type. 

However, the present findings and those of O ’Sullivan (2003) indicate that this is not 

the case. In contrast to the response seen in the younger subject groups, plasma TM 

concentrations were not altered during acute exercise in the older smokers and non-
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smokers. This result contradicts work by O ’Sullivan who demonstrated plasma TM 

increases during exercise in older sedentary men (O’Sullivan, 2003).

Neutrophil activation during exercise leads to secretion of hydrogen peroxide and of 

the lysosomal proteases, elastase and cathepsin G. In vitro experimentation indicates 

that these substances are responsible for initial cleavage of TM from the endothelial 

surface, while later TM release is secondary to advanced endothelial cell destruction 

(Abe et a l,  1994; MacGregor et al., 1997; Boehme et a i,  2002). That acute exercise 

is associated with increased white blood cell numbers and more specifically with 

granulocytosis, is well documented (Weight et al., 1991; Shinkai et al., 1992; Pyne, 

1994; Suzuki et al., 1995; Gabriel and Kindermann, 1997). Elevated leucocytes were 

observed following exercise in both young smokers and young non-smokers. 

However, granulocytosis occurred to a significant extent in the smoking group only. 

Leucocytic responses were absent amongst the older men and this may help to explain 

why TM levels were unaltered following exercise.

Baseline TM levels did not differ between young smokers and non-smokers, and their 

older counterparts. This finding contrasts with previous demonstrations of elevated 

levels o f TM and other haemostatic parameters with age (Abbate et al., 1993; 

Komatsumoto et al., 1996). These age-related changes in haemostatic function are 

thought to contribute to the increased incidence of thrombotic disorders observed in 

the elderly (Javorschi et al., 1998). Because in the older men, a TM response to acute 

exercise was absent, post-exercise plasma TM levels were significantly greater in the 

younger individuals.

7.4.6 Effects of acute exercise on plasma C-reactive protein

CRP is an acute phase inflammatory protein that is synthesised and secreted by 

hepatocytes in response to circulating cytokines, specifically IL-6, IL-1(3 and TNFa. 

Acute exercise, and commensurate tissue damage, is thought to be accompanied by 

elevated levels o f these cytokines (Weight et al., 1991; Shek and Shepard, 1998; 

Meyer et al., 2001; Pederson, 2000; Kimura et al., 2001) as well as by increased 

levels o f CRP (Irving et al., 1986; Weight et al., 1991; Gleeson et al., 1995; Fallon,
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2001; M eyer et al., 2001; Peters et al., 2001; Akim oto et al., 2002). Whether this 

inflammatory response differs with age or with smoking status is unknown.

Basal levels o f  plasma CRP are reportedly increased in smokers, presumably due to 

increased inflammation, tissue damage and susceptibility to respiratory infection (Das, 

1985; Palosuo et al., 1986; Haverkate et al., 1997; K oenig et al., 1999; Zevin et al., 

2001). In the present study, an obvious trend towards higher CRP levels in young  

smokers compared with young non-smokers was not statistically significant, probably 

owing to a large degree o f  data variability. In the older subjects, CRP concentrations 

did not differ significantly between smokers and non-smokers. This is probably 

because tobacco consumption was extremely low in the older smokers.

Plasma CRP levels did not differ between young smokers and non-smokers either 

before or after acute exercise and were not altered by acute exercise in either group. 

This is not entirely surprising. Previous research indicates that, while exercise does 

present a strong stimulus for CRP release (Irving et al., 1986; W eight et al., 1991; 

Gleeson et al., 1995; Fallon, 2001; Meyer et al., 2001; Peters et al., 2001; Akim oto et  

al., 2002), increases in plasma CRP concentrations do not appear to be immediately 

detectable, but develop over the course o f  hours or days. CRP stores are not thought 

to exist and plasma CRP elevations are therefore due solely to increased de novo  

synthesis. In general, the literature suggests that fo llow ing stim ulation, serum  

concentrations increase, are notably elevated by 6 hours and peak by 24-48 hours. In 

the present study, sampling occurred roughly 10 minutes after a bout o f  exercise that 

lasted approximately 20 minutes only. A  time period o f  30 minutes is considered  

insufficient for CRP synthesis and release to increase to such an extent that circulating 

CRP levels becom e significantly elevated. In addition, the majority o f  research to 

date has described increases in plasma CRP concentrations follow ing endurance-type 

exercise. Studies concerning CRP changes follow ing exercise o f  short duration have 

yielded inconclusive results (Akimoto et al., 2002; G leeson et al., 1995). It is also 

possible that CRP was not elevated at all in response to the acute exercise undertaken 

in this study. According to Suzuki et al. (2002), anti-inflammatory cytokines (IL-1 

receptor antagonist), and cytokine inhibitors (cortisol, prostaglandin E2 and soluble 

receptors against TNF and IL-2) are released into the circulation during exercise
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probably as a regulatory mode of the cytokine network for adaptation against systemic 

inflammatory stress. These may have reduced the stimulus for CRP release.

Exercise-induced leucocytosis was observed in the older smoking group but was 

absent in older non-smokers. This suggests that the inflammatory response to 

exercise differed between older smokers and non-smokers. Plasma levels o f CRP 

were similar between older smokers and older non-smokers both before and after 

acute exercise. However, while CRP levels were unaffected by acute exercise in the 

older non-smoking group, plasma CRP concentration rose significantly during 

exercise in the older smokers. This increase remained significant following correction 

for haematocrit changes. Given the time-requirements for CRP synthesis, how was 

this increase in CRP brought about? It is possible that CRP can be synthesised more 

rapidly than has been previously been accepted. Alternatively, as yet unidentified 

CRP stores may exist. It is important to note that while the increase in plasma CRP 

levels was statistically significant, it was also quite modest.

In this study plasma levels of CRP were similar between older men and the younger 

individuals. These findings appear to conflict with previous work. Thus, median 

CRP levels have been shown to double from the second to the sixth or seventh decade 

of life (Hutchinson et a i ,  2000) and in a study by Haverkate and colleagues (1997) 

CRP concentrations were 2% higher for each year older in subjects aged 45-69 years. 

However, the actual values reported here compare well with these studies. 

Hutchinson and colleagues (2000) reported mean CRP levels o f 0.75 ± 3.07 mg.L"' 

(mean ± SD) in a group of 25-34 year olds. These levels increased progressively with 

age, reaching 1.31 ± 2.97 mg.L"' in 45-54 year olds. In the present study, young non- 

smokers had a mean of 0.775 ± 0.801 mg.L'' (mean ± SD) while in the older non- 

smokers, mean CRP was 1.108 ± 0.690 mg.L‘‘. This represents a 43% increase. That 

this difference proved non-significant is due to a variable distribution o f data, which 

loses influence in larger subject populations. The Hutchinson study involved groups 

of more than 400 individuals.

Obesity has also been associated with increased CRP concentrations, presumably 

because adipose tissue is an important site for production of IL-6, the primary CRP 

inducer (Mohamed-Ali et a l ,  1997). However, this is not likely to have factored in
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the present study since body mass indices did not differ between smokers and non- 

smokers or between young and older subjects.

7.4.7 Conclusion

Plasma levels of vWF and TM and circulating endothelial cell number are often used 

experimentally as indices of endothelial integrity. Plasma TM was measured in this 

study to differentiate between the possible effects o f cytokine activation o f the 

endothelial layer and structural damage to endothelial cells, both o f which may 

stimulate vWF release.

The results o f this study provide evidence that acute exercise causes endothelial 

damage in young men. Although this may lead to endothelial cell death and cell 

sloughing, this was not evidenced in the present study. Young smokers did not 

respond differently to non-smokers suggesting that this group is not susceptible to 

greater exercise-induced damage. Blood flow responses to forearm arterial occlusion 

were similar between young smokers and non-smokers indicating that chronic 

smoking also leaves endothelial function unimpaired (see Chapter 5). CEC numbers 

were unaltered following exercise despite elevated plasma TM and vWF levels. 

However this is probably due to inappropriate sampling times and is not evidence that 

cell sloughing did not occur at all. Nevertheless, because cell death and desquamation 

do not immediately follow cell injury CECs may not be an appropriate marker of 

acute endothelial damage in healthy individuals.

There was no evidence of exercise-induced endothelial damage in the older men or of 

any differences in the susceptibility of the endothelium to exercise-induced damage 

between smokers and non-smokers. As discussed in Chapter 6, endothelium- 

dependent vasodilation is also similar between older smokers and non-smokers. 

Ageing on the other hand, was associated with higher resting plasma vWF levels, 

suggestive o f senescent activation of the endothelial layer. Plasma levels o f TM were 

not increased with age however, indicating that endothelial activation in older 

individuals is not accompanied by endothelial damage. In fact, there was a clear trend 

towards lower TM levels in older individuals compared with the younger subjects. 

This may reflect greater inflammation and/or oxidative stress with ageing since TM
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expression has been shown to be down-regulated by pro-inflammatory cytokines and 

by Ox-LDL (see Chapter 6). Consistent with this idea of an age-related alteration in 

endothelial state, forearm blood flow responses to temporary arterial occlusion were 

significantly reduced in older individuals when compared with young subjects (see 

Chapter 6).

Plasma CRP levels represent a sensitive marker o f low-grade inflammation. Mean 

CRP was 43% higher in older non-smokers than in young non-smokers. Although not 

significant, this difference compares well with previously published data (Hutchinson 

et a i ,  2000) and suggests that ageing is a pro-inflammatory process. Furthermore, 

plasma CRP levels were unexpectedly elevated following exercise in older smokers 

but not in older non-smokers. This suggests that chronic smoking may be associated 

with a greater inflammatory reaction to insult. Increased CRP levels were not 

observed following exercise in younger individuals indicating that ageing and 

smoking may interact to effect this phenomenon.
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Chapter 8

8.1 Introduction

8.1.1 Oxidative stress

Highly reactive oxidants, constantly formed as side products in many normal 

physiological reactions, can attack cellular macromolecules causing injury and 

potentially cell death. The mitochondrial electron transport chain, in particular, is 

now recognised as a major physiological source o f oxidants since it involves 

sequential univalent redox reactions, an inherently perilous process. Additional 

physiological sources o f reactive species include monoamine oxidase and xanthine 

oxidase, prostanoid metabolism and the oxidative burst o f macrophages. To limit 

oxidative tissue damage, a number of protective strategies have evolved, including 

antioxidant enzymes, scavenger molecules and transition metal ion chelators (see 

Figure 1.2). O f the antioxidant enzymes, superoxide dismutase (SOD), catalase 

(CAT) and glutathione peroxidase (GPX) are probably the most important. The 

primary antioxidant scavengers, water-soluble ascorbic acid and lipid-soluble a -  

tocopherol, will now be discussed in detail.

8.1.2 Ascorbic acid

Ascorbic acid, an important water-soluble antioxidant (Doba et al., 1985), acts as the 

first line of defence against free radicals in the blood. As well as scavenging the likes 

o f O2 ', hydroxyl radical (0H ‘) and singlet oxygen (A O i), ascorbic acid is thought to 

act at the aqueous-membrane interface to regenerate a-tocopherol which is oxidized 

during its own scavenging activities (Doba et al., 1985; Bisby and Parker, 1995). In 

the absence o f ascorbic acid, the a-tocopheroxyl radical could potentially assume a 

pro-oxidant role and enhance lipid peroxidation (Stocker, 1999). Thus Frei et al. 

(1991) found that in plasma exposed to gas-phase cigarette smoke, lipid peroxidation, 

normally limited by a-tocopherol occurs only once endogenous ascorbic acid has 

been completely oxidized. In other studies, both endogenous and exogenous ascorbic 

acid have been found to decrease lipid oxidation as indicated by lipid hydroperoxide 

and F2 -isoprostane formation (Lynch et al., 1994; Carr and Frei., 1999; Steinberg and 

Chait, 1998).

131



Chapter 8

In addition to oxidant scavenging and recycling o f  a-tocopherol, ascorbic acid 

perform s a number o f notable tasks. Firstly, ascorbic acid is thought to directly 

increase eNOS activity (Smith et a i ,  2002) and this may be achieved by increasing 

the availability o f BH4 or the affinity o f eNOS for BH4 (Heller et a i ,  1999; Huang et 

al., 2000). Ascorbic acid may preserve BH4 by directly com peting for oxidizing 

radical species thereby preventing its oxidation. Recycling o f the BHa' radical may 

also be facilitated by ascorbic acid (Patel et al., 2002). Furthermore, ascorbic acid 

could enhance affinity o f BH4 for eNOS by preserving crucial thiols on eNOS that are 

required for binding o f the cofactor. Alternatively it has been proposed that ascorbic 

acid can directly reduce critical thiol moieties on the enzyme and thereby up-regulate 

eNOS activity. Ample evidence suggests that once formed, NO is spared from O 2 '- 

mediated oxidation by ascorbic acid (Jackson et al., 1998).

Ascorbic acid may also spare thiols, m olecules with several im portant functions. 

Firstly, depletion o f  reduced thiols results in decreased synthesis o f  NO in cultured 

endothelial cells and in isolated enzyme preparations. This may be due to an effect on 

eNOS activity and/or to altered availability o f  essential cofactors for the enzyme. 

Certainly, transport o f  endothelial cell arginine, the substrate for NO  synthesis, 

requires adequate intracellular glutathione levels. Secondly, reaction o f NO with 

thiols to form S-nitrosothiols is believed to stabilize NO. S-nitrosothiols carry out 

similar functions to NO though they may possess further bioactivities arising partly 

from protein S-nitrosylafion reacfions. Such reactions may directly alter protein 

structure or lead to oxidation o f vicinal thiols.

Another possible mechanism by which ascorbic acid could preserve NO in tissues or 

plasm a is to directly reduce NO 2’ to NO. This reaction is probably mediated by 

protonated nitrous acid or by nitrous anhydride and has been typically studied at low 

pH. Since N O 2’ is the m ajor decom position product o f  NO in aqueous solution, 

reduction o f  N O 2 ' by ascorbic acid would effectively recycle and m aintain local 

concentrations o f NO. However the extent to which this occurs in vivo is unknown 

and a major role for this pathway seems unlikely at physiologic pH.
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Finally, ascorbic acid has been implicated in redox regulation o f  guanylyl cyclase in 

smooth m uscle cells (M ay, 2000) and has been shown to increase PGI2 synthesis in 

cultured human endothelial cells.

8.1.3 Ascorbic acid kinetics

Because humans lack the enzym e gulonolactone oxidase, ascorbic acid must be 

obtained exogenously. Absorption o f  ascorbic acid is rapid and occurs primarily in 

the upper small intestine by both active and passive transport. Prior to absorption, 

ascorbic acid may be oxidized to form dehydroascorbic acid (DH A) which is more 

readily absorbed. Ascorbic acid circulates in plasma at concentrations o f  30-60 [iM in 

unsupplemented individuals and these concentrations can be at most doubled by oral 

supplementation. Pharmacokinetic analysis indicates that oral doses o f  ascorbic acid 

greater than 500-600IU  contribute little extra to plasma or tissue stores. This is 

because intestinal absorption o f  ascorbic acid is inversely related to dose, preventing 

e x c ess iv e ly  high ascorb ic acid concentrations fo llo w in g  large oral doses. 

Furthermore, plasm a ascorbic acid is renally excreted once the ascorbic acid 

transporter in the proximal tubule (S V C T l) approaches maximal velocity. M ost 

tissues avidly take up ascorbic acid, retaining it in its oxidised form (DHA). Human 

umbilical vein endothelial cells in culture have been shown to take up ascorbic acid 

against a concentration gradient by a high-affmity, energy-dependent process (Ek et  

a i ,  1995). Indeed endothelial cells in culture can accumulate DHA to concentrations 

o f  3-8mM  (Ek et al., 1995; Martin and Frei, 1997).

8.1.4 Ascorbic acid and smoking

A smoking-related depletion o f  plasma ascorbic acid has been clearly demonstrated 

both in vitro (Frei et al., 1991; Eiserich et al., 1995) and in vivo (Tribble et al., 1993; 

M ezzetti et al.,  1995; Ross et al., 1995; Lykkesfeldt et al., 2000; Tsuchiya et al., 

2002) and this has been observed despite similar dietary ascorbic acid levels (Tappia 

et al., 1995). Plasma ascorbic acid levels are also significantly lower in non-smokers 

exposed  to environm ental tobacco sm oke (Tribble et al., 1993). A  significant 

negative correlation between the number o f  cigarettes smoked per day and plasma
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ascorbic acid concentration has been reported (Herbeth et al., 1989). Furthermore, 

Polidori et al. (2001) have reported significantly elevated plasma levels o f  ascorbic 

acid following a 4-week period o f  smoking cessation.

8.1.5 Alpha-tocopherol

Alpha-tocopherol is a major lipid-soluble antioxidant, the primary role o f  which is 

termination o f  the propagation phase o f  lipid peroxidation. This it achieves by 

scavenging peroxyl radicals faster than they can react with fatty acid side chains or 

with membrane proteins (Packer et al., 2001). Supplementation with a-tocopherol is 

associated with increased levels o f  LDL-associated a-tocopherol, enhanced resistance 

o f  LDL to copper- and cell-m ediated oxidation (Dieber-Rotheneder et al., 1991), 

decreased plasma TBAR S (thiobarbituric acid reactive substances, index o f  lipid 

peroxidation) and oxysterols (M ol et al., 1997; Motoyama et al., 1998; Neunteufl et  

al., 2000; Carr and Frei, 2000) and inhibition o f  protein kinase C (PKC; Keaney et al., 

1996). Alpha-tocopherol is also capable o f  scavenging superoxide anions in vitro 

(Guarnieri et al., 1982) though is unlikely to compete for 02' in vivo because o f  the 

low  reaction rate constant.

As well as its role as an antioxidant, a-tocopherol is known to alter several enzym es 

with potentially beneficial effects. Specifically , a-tocopherol has been shown to 

stimulate eNOS in spontaneous hypertensive rats (Newaz et al., 1998). Whether this 

occurs in humans is unclear but such an effect could be associated with protection o f  

intracellular BH4. In addition, rats treated with a -tocop h ero l and ascorbic acid 

exhibited increased SOD activity and reduced NADPH  oxidase activity (Chen et al., 

2001). The latter is a major source o f  O2’ in vascular cells.

Alpha-tocopherol also appears to form stable physicochem ical com plexes within the 

membrane lipid bilayer influencing processes such as membrane receptor insertion 

and movement o f  receptor-ligand com plexes, and modulating eicosanoid and cytokine 

production (Urano et al., 1990; Patel et al., 1991). For exam ple, a-tocopherol has 

been shown to reduce secretion o f  the pro-inflammatory cytokine, IL-1|3 by inhibiting 

the 5-lipoxygenase pathway (Devaraj and Jialal, 1999).

1 3 4



Chapter 8

Finally, a-tocopherol has been found to inhibit thrombin-induced ET-1 secretion in 

endothelial cells (Martin-Nizard et al., 1998)

8.1.6 Alpha-tocopherol kinetics

Following intestinal absorption, a-tocopherol is packaged into lipoprotein particles 

known as chylomicrons. These particles are released into the circulation via the 

lymph system. Some of the tocopherols, released from the chylomicrons through the 

action o f lipoprotein lipase (LPL), are taken up by extrahepatic tissues. The 

remaining tocopherols are transported to the liver. Here, by action of a-tocopherol 

transfer protein, much of the a-tocopherol is incorporated into molecules o f VLDL, 

which are then converted in the circulation to LDL and intermediate-density 

lipoprotein (IDL) by LPL (Herrera and Barbas, 2001). Oral ingestion of a-tocopherol 

in doses ranging from 400-1200IU leads to elevated plasm a levels o f 

b o t h  decopherol and its metabolite, a -C E H C  (2 ,5 ,7 ,8 -te tram e th y l-2 -(2 ’- 

carboxymethyl)-6-hydroxychroman). Plasma levels have been found to peak between 

12 and 24 hours post-ingestion (Dimitrov et al., 1991; Radosavac et al., 2002). 

Chronic supplementation results in a steady state that occurs by day 4 or 5 of 

supplementation (Dimitrov et al., 1991).

8.1.7 Alpha-tocopheroi and smoking

Although a smoking-related depletion o f plasma ascorbic acid has been clearly 

demonstrated, studies concerning the effect o f cigarette smoking on plasma a -  

tocopherol have yielded conflicting results. Reduced a-tocopherol has been reported 

in human plasma following exposure to gas-phase cigarette smoke (Handelman et al., 

1996) and in smokers compared to non-smokers following ingestion o f deuterium- 

labelled vitamin E (Munro et al., 1997). Plasma, arterial tissue and LDL a-tocopherol 

concentrations have all been shown to be significantly lower in smokers (Scheffler et 

al., 1992; Mezzetti et al., 1995) than non-smokers. In addition, Traber and colleagues 

(2001) reported increased disappearance of plasma a-tocopherol in smokers following 

vitamin E supplementation for 7 days. Increased levels of Ox-LDL and products of 

lipid oxidation (Fa-isoprostanes) have been reported in smokers (Mezzetti et al., 1995;
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Morrow et al., 1995). Since oxidation of LDL does not occur until the available a - 

tocopherol has been consumed (Frei, 1991), it follows that smoking reduces a - 

tocopherol levels at least within LDL molecules. Furthermore, a 6 month period of 

smoking cessation reportedly resulted in elevated levels o f a-tocopherol compared 

with smokers who continued their habit (Zhou et al., 2000). Similar effects were 

observed following four weeks cessation (Polidori et al., 2001).

According to Frei and colleagues (1991) however, exposure o f human plasma 

exposed to gas-phase cigarette smoke did not result in significant a-tocophero l 

consumption (Frei et al., 1991). This in vitro observation is supported in vivo by 

several studies, which have reported similar plasma a-tocopherol levels in smokers 

and non-smokers (Ross et al., 1995; al Senaidy et al., 1997). In addition, Lykkesfeldt 

et al. (2000) reported that a-tocopherol increased similarly in smokers and non- 

smokers over a 3 month supplementation period and maintained that previous reports 

o f lower plasma a-tocopherol in smokers were potentially due to different dietary 

habits.

8.1.8 Oxidative stress, cardiovascular disease and antioxidant supplementation

When oxidant load is such that the antioxidant forces are overwhelmed, oxidative 

stress with consequent tissue damage ensues. Oxidative stress is thought to play an 

important role in both ageing- and smoking-related cardiovascular pathogenesis. 

Consequently, supplementation of the antioxidant defences has been investigated as a 

means of treating existing disease and preventing disease development. Particular 

attention has focussed on the antioxidant scavengers, ascorbic acid and a-tocopherol

Acording to Fred Gey, a pioneer in the study o f micronutrient protection o f the 

cardiovascular system, “ ...CVD mortality in the currently available European study 

populations is by far more strongly correlated to a-tocopherol concentrations than to 

the classical risk factors o f total plasma cholesterol and blood pressure ....” 

(Ricciarelli et al., 2001). Indeed, recent epidemiological studies have demonstrated a 

strong inverse correlation between blood levels o f a-tocopherol and the risk of 

cardiovascular disease-related mortality (Gey et al., 1991). Furthermore, the Etude

1 3 6



Chapter 8

sur le Vieillisement Arteriel (EVA) study found that higher erythrocyte levels of a - 

tocopherol were significantly associated with less thickening of the arterial wall over 

a four year period (Simon et al., 2001). Similarly, the Kuopio Ischemic Heart Disease 

Study found that in hypercholesterolaemic men, there was a very significant inverse 

relationship between plasma a-tocopherol levels and the progression of carotid artery 

narrowing over 12 months (Salonen et al., 1995). Dietary supplementation with a- 

tocopherol is associated with reduced risk for atherosclerosis and coronary artery 

disease (Rimm et al., 1993) and in the Cambridge Heart Antioxidant Study (CHAOS) 

trial, produced a significant 77% reduction in the risk o f non-fatal myocardial 

infarction (Stephens et al., 1996). The potentially beneficial effects of a-tocopherol 

may be due to preservation o f endothelial function. Thus, endothelium-dependent 

vasodilation that is impaired in patients with coronary spastic angina (Motoyama et 

al., 1998) and hyperhomocysteinemia (Nappo et al., 1999) and in smokers (Neunteufl 

et al., 2000) has been reversed by a-tocopherol supplementation.

High ascorbic acid intake is associated with lower blood pressure (Ness et al., 1997; 

Duffy et al., 1999) and low plasma ascorbic acid levels have been associated with 

hypertension and impaired endothelial function in hypertensive individuals (Taddei et 

al., 1998). Endothelial dysfunction associated with hypertension is reversed by 

administration of ascorbic acid (Solzbach et al., 1997; Taddei et al., 1998). Ascorbic 

acid supplementation, both parental and oral has also been shown to improve 

endothelial function in smokers (Heitzer et al., 1996; Raitakari et al., 2000; Schindler 

et al., 2000), in patients with coronary artery disease (Levine et al., 1996) and in 

healthy subjects, in whom endothelium-dependent vasodilation was impaired by acute 

hyperglycaemia (Beckman et al., 2001). Furthermore, data from the first National 

Health and Nutrition Examination Survey (NHANES I) indicates that individuals with 

high ascorbic acid intake are at significantly lower risk o f premature death from all 

causes and in particular from coronary heart disease (Enstrom et al., 1992). In 

contrast, the recent Heart Outcomes Prevention Evaluation (HOPE) trial failed to 

identify any benefits o f either a-tocopherol or ascorbic acid supplementation on 

cardiovascular disease risk (Hoogwerf and Young, 2000) and these results have been 

confirmed elsewhere (Hodis et al., 2002; Muntwyler et al., 2002).
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When administered together, to reflect their synergistic activities in vivo, ascorbic acid 

and a-tocopherol have been found to inhibit the development and progression of 

atherosclerosis (Fang et a l,  2002; Salonen et al., 2000).

8.1.9 Study aim

Oxidative stress has been implicated in the aetiology of a number o f chronic diseases, 

including various cardiovascular disorders. Dietary supplem entation o f the 

antioxidant defence system has therefore been used to limit cardiovascular disease 

progression. Furthermore, antioxidant supplementation appears to reduce the risk of 

future disease in healthy individuals (Rimm et al., 1993; Pandey et al., 1995). The 

aim of this study was therefore to assess the effects o f short-term dietary antioxidant 

supplementation on autonomic and endothelial behaviour in young, healthy men. To 

this end, several tests o f autonomic and endothelial function were performed before 

and after supplementation with placebo or with the antioxidant scavengers, ascorbic 

acid and a-tocopherol for one week. Supplements were administered in a 

randomized, double-blind, cross-over manner with a washout period o f approximately 

5 weeks between each arm of the study.
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8.2 Materials and methods

8.2.1 Subject characteristics

A total of 11 men between the ages of 18 and 30 yrs completed this study. Of these, 7 

were long-term non-smokers and the remaining 4 were smokers. Although these 

subject numbers are insufficient to form meaningful study groups, separate results for 

smokers and non-smokers may be reported. However for the most part, the data will 

be discussed with respect to the study group as a whole. Subject characteristics are 

shown in Table 8.1 (see page 138). Each participant was screened by clinical history, 

physical examination and routine blood cell analysis to exclude those subjects with 

any evidence of haematological or cardiovascular disorders, current infection or those 

on cardioactive, vasoactive or anti-inflammatory medication. Subjects already taking 

dietary vitamin supplements were also excluded. See Appendix I for full list of 

medical exclusion criteria.

8.2.2 Experimental protocol

All subjects attended the laboratory for an initial screening session. On arrival, 

anthropometric measurements were recorded and body mass index (BMI) was later 

calculated as body mass (kg) divided by height (m) squared. Subjects then underwent 

a medical examination during which, a blood sample was drawn for the quantification 

of circulating endothelial cells and for the analysis o f plasma TM, vWF and CRP. 

Full blood cell counts were also carried out before testing for each subject. Following 

the medical examination, a maximal fitness test was completed. The fitness test 

protocol is described in detail in Chapter 2.

Subjects attended the laboratory again the following week for an initial familiarization 

session. Visits were scheduled between 0900hrs and 1300hrs, and subjects had 

abstained from caffeine for 2 hours and strenuous exercise for 12 hours prior to 

arrival. Smoking prior to testing was not restricted. Subjects were seated comfortably 

in a quiet environment at an ambient temperature o f approximately 20°C. Stroke 

volume was determined by impedance cardiography, a lead II ECG trace was 

established for measurement of heart rate, beat-to-beat blood pressure was measured
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tonom etrically  and forearm  blood flow  was m easured by venous occlusion 

plethysmography. All parameters were recorded using the PowerLab data acquisition 

system (See Appendix III). Subjects were rested for at least 10 minutes and until 

blood pressure and heart rate readings were steady after which, a sustained handgrip 

test was performed. This was followed by a two minute mental arithmetic test, the 

reactive hyperaem ia protocol and a two minute cold pressor test. Subjects rested 

quietly between each test until all cardiovascular parameters had returned to a stable 

baseline. Testing protocols are detailed in Chapter 2.

At the end o f  this session, subjects were supplied with dietary supplements to be taken 

for the seven days prior to their next testing session. These supplements were coded 

either A or B and consisted o f ascorbic acid (600mg) and a-tocopherol (4001U) or 

placebo (lactose and cod liver oil capsules). Pharmacokinetic analysis indicates this 

dose o f a-tocopherol is sufficient to elevate plasma levels while oral doses o f ascorbic 

acid greater than 500-600IU contribute little extra to plasma or tissue stores (Dimitrov 

et al., 1991; Radosavac et at., 2002; Blatt et al., 2001). As discussed in Chapter 2, 

cod liver oil capsules contain both vitamin E and omega-3 fatty acids both o f which 

have been shown to have antioxidant effects. As such, the capsules do not represent a 

true placebo. However, human research indicates that in the small doses present, they 

do not affect card iovascular risk (Egeland et al., 2001). A d m in istra tio n  o f  

supplements was carried out in a randomized, double-blind fashion. W ithin one day 

o f supplem ent com pletion, the subject returned to the laboratory for repeat testing. 

On arrival, a post-supplement blood sample was drawn and at the end o f  the session, 

the second dietary supplem ent was supplied. Follow ing com pletion o f  this 

supplementation, subjects returned for a final testing session. Again, post-supplement 

blood samples were taken. A washout period o f approximately 5 weeks between the 

two study arms was considered sufficient for elimination of both a-tocopherol and 

ascorbic acid and is consistent with previous protocols (Devaraj et al., 1996; Galley et 

al., 1997; Fotherby et at., 2000; Sampson et al., 2001; Vojdani et al., 2000). 

Supplement preparation and administration are detailed in Chapter 2.
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8.2.3 Blood studies

Venous blood samples were drawn from the antecubital fossa for quantification of 

CECs and for the analysis of plasma TM, vWF and CRP. Initial full blood cell counts 

were also carried out. The various blood samples were drawn in a specific order (see 

Table 6.1). This minimised the risk o f venopuncture-related contamination o f the 

CEC sample.

8.2.4 Full blood cell counts

Full blood cell counts were carried out using a Coulter counter (Coulter AC.T diff, 

Beckman Coulter, Illinois, USA). Parameters measured include red blood cell 

number, haematocrit, haemoglobin, platelet number, mean packed volume and white 

blood cell number. Lymphocytes, granulocytes and monocytes were also individually 

quantified.

8.2.5 CEC quantification

CECs were isolated by differential centrifugation and smears were prepared, fixed and 

stained with fast cresyl violet. CECs were counted manually under light microscopy 

and the number of cells per ml of whole blood was then calculated.

8.2.6 Plasma analysis o f TM, vW F and CRP

Plasma levels of vWF and TM were detected by ELISA (Kordia Laboratory Supplies, 

the Netherlands; Diaclone Research, France) and plasma CRP was analysed by 

ultrasensitive immunoturbidimetric assay (Roche Tina-quant CRP US assay) using a 

Roche/Hitachi 917 analyser.

Methods used for the analysis of these blood markers are detailed in Chapter 2.

8.2.7 Statistical analysis

Resting blood pressure, heart rate and forearm blood flow values were obtained by 

averaging three sets of three individual measurements (a total of nine readings) taken
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during the resting period. During the mental stress and cold pressor tests, values were 

obtained by averaging three individual measurements taken at each of the four time 

points. Data are expressed as mean ± SEM. Inter-group results were compared using 

two-tailed unpaired Student /-tests and where variances differed between groups, 

Mann-Whitney non-parametric tests. Intra-group comparisons were carried out using 

two-tailed paired Student /-tests and W ilcoxon non-param etric tests where 

appropriate. Possible correlations were examined using Pearson’s rank correlation 

analysis. A P value less than 0.05 was considered to be statistically significant.
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8.3 Results

8.3.1 Subject characteristics

The physical and resting cardiovascular characteristics of the participants are 

summarised in Table 8.1 below. Resting diastolic blood pressure was significantly 

higher in the smokers than amongst the non-smokers. Physical characteristics were 

otherwise similar.

Non-smokers
(n = 7)

Smokers
(n = 4)

Total
(n= ll)

No. Cigs.Day'' N/A 13± 1 N/A

Years Smoking N/A 7.5 ±2.7 N/A

Pack years N/A 5.34 ±2.20 N/A

Age (years) 20.71 ±0.87 19.8 ±4.9 20.33 ± 1.97

Height (cm) 177.13 ±2.70 181.68 ±3.39 178.78 ±2.12

Body Mass (kg) 69.74 ±4.15 71.71 ±3.51 70.46 ± 2.83

BMI (kg.m"') 22.13 ±0.98 21.71 ±1.21 21.98 ±0.73

Peak VO2 (ml.min'’.kg'') 48.39 ±3.93 50.15 ±5.33 49.03 ±3.01

Resting HR (beats.min"') 70.79 ± 3.28 75.70 ±4.43 72.58 ±2.61

Resting SEP (mmHg) 118.13 ±4.32 124.67 ±3.11 120.51 ±3.03

Resting DBP (mmHg) 63.13 ±3.34 75.46 ±3.31 t 67.62 ± 3.00

Resting MAP (mmHg) 81.51 ±3.46 91.86 ±3.23 85.27 ±2.86

Table 8.1: Physical and resting cardiovascular parameters of the smoking and 
non-smoking subject groups and of the study group as a whole. Data is expressed 
as mean ± SEM. Resting diastolic blood pressure was significantly higher in the 
smoking group than in the non-smoking group ($ P < 0.05). Otherwise, none of the 
physical characteristics differed significantly between the smokers and non-smokers.
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8.3.2 Full blood cell counts

Full blood cell counts were carried out for each subject using a Coulter counter. 

Results are shown below in Table 8.2. All haematological parameters fell within the 

normal range for young men (see Appendix VI) and were similar between smokers 

and non-smokers.

Non-smokers
(n=7)

Smokers
(n=4)

Total
(n = ll)

White Blood Cells (x 10^L'‘) 7.26 ± 1.09 7.35 ± 1.14 7.30 ± 0.74

Lymphocytes (x 10^.L’') 2.12 ±0.17 2.43 ±0.21 2.26 ±0.13

Monocytes (x 10^.L'*) 0.66 ± 0.22 0.65 ± 0.20 0.66 ±0.14

Granulocytes (x 10^.L’') 4.50 ±0.79 4.30 ±0.78 4.41 ±0.53

Red Blood Cells (x 1 0 'IL ’‘) 4.82 ±0.19 4.51 ±0.19 4.68 ±0.14

Haemoglobin (g.dL*') 14.34 ±0.30 14.62 ±0.68 14.47 ±0.32

Platelets (x 10^.L '') 290.00 ±44.18 254.75 ±41.64 274.33 ± 29.49

Haematocrit (%) 41.58 ±  0.76 42.30 ±  1.83 41.90 ±  0.86

Mean Packed Volume (fL) 7.56 ±0.23 7.35 ±0.35 7.47 ±0.19

Table 8.2: Haematological profiles of the study participants. Data are expressed 
as mean ± SEM. All parameters fell within the normal range for young men and were 
similar between smokers and non-smokers.

8.3,3 Tests of sympathetic activation and endothelial behaviour

Each subject visited the laboratory on four separate occasions. The initial session 

involved medical screening and fitness testing. The second session was a 

familiarisation session during which, participants underwent tests of sympathetic and 

endothelial function. This session was repeated after supplementation with ascorbic 

acid and a-tocopherol and following supplementation with a placebo (lactose and cod 

liver oil capsules).
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8.3.4 Sustained isometric handgrip

Neither resting cardiovascular parameters nor cardiovascular responses to sustained 

handgrip exercise differed significantly between testing sessions. In both sessions, 

heart rate increased significantly during sustained handgrip {P < 0.001; see Figure 

8.1). Conversely, stroke index fell significantly {P <0.01, both testing sessions; see 

Figure 8.1). Cardiac index rose modestly but significantly during both the post

placebo {P <0.01) and post-vitamin {P < 0.05) testing sessions (see Figure 8.1). Rate 

pressure product did not differ between sessions either at rest or during sustained 

handgrip exercise (see Figure 8.2). Significant rate pressure product rises 

accompanied handgrip exercise during the two testing sessions {P < 0.001). Total 

peripheral resistance increased significantly during both testing sessions (P < 0.01; see 

Figure 8.3). Significant mean, diastolic and systolic blood pressure increases 

accompanied handgrip exercise during the two testing sessions {P < 0.001; see 

Figures 8.4 and 8.5). Arterial pulse reflection index was not significantly different 

between testing sessions at rest or during sustained handgrip exercise and did not 

change with exercise during either session. Cardiovascular responses to sustained 

isometric handgrip did not differ between smokers and non-smokers during either 

testing session. Results are summarised in Table 8.3.

8.3.5 Mental stress testing

As shown in Figure 8.6, significant heart rate increases accompanied mental stress 

during both testing sessions {P < 0.01). No change in stroke index occurred during 

the post-placebo session. Following vitamin supplementation however, mental stress 

was accompanied by a significant fall in stroke index {P < 0.05; see Figure 8.6). 

Cardiac index rose significantly during post-placebo mental stress testing {P < 0.05) 

but remained unchanged during mental stress following vitamin supplementation (see 

Figure 8.6). As shown in Figure 8.7, rate pressure product did not differ between 

testing sessions at rest or during mental stress. Significant rate pressure product 

increases accompanied mental stress during each of the testing sessions (P < 0.001). 

As shown in Figure 8.8, total peripheral resistance was not altered by mental stress 

post-placebo but following vitamin supplementation rose significantly during mental 

stress testing {P < 0.01). Figure 8.9 depicts the diastolic and systolic blood pressure 

responses to mental stress during each testing session. Diastolic blood pressure rose

145



Chapter 8

significantly during mental stress (P < 0.001, post-vitamin session; ?  < 0.01, post

placebo session) and systolic pressure increases were also apparent (P <  0.001). 

Resting arterial pulse reflection index was not significantly different between testing 

sessions (Figure 8.10). During mental stress testing, reflection index dropped 

significantly following supplementation with both placebo (P < 0.05) and vitamins {P 

< 0.01). Cardiovascular responses to mental stress testing did not differ significantly 

between the smoking and non-smoking groups either post placebo or post-vitamin. 

Results are summarised in Table 8.4

8.3.6 Cold pressor testing

Trends towards increases in heart rate during cold pressor testing were not significant 

in either o f the sessions (Figure 8.11). Conversely, stroke index decreased 

significantly during post-placebo cold pressor testing {P < 0.05). Following vitamin 

supplementation in contrast, stroke index did not change significantly during cold 

pressor testing (see Figure 8.11). Stroke index did not differ between sessions either 

at rest or during cold pressor testing. Cardiac index remained unchanged during cold 

pressor testing and did not differ between sessions (see Figure 8.11). Rate pressure 

product did not differ between testing sessions at rest or during cold pressor testing. 

Significant rises in rate pressure product accompanied cold pressor testing during both 

sessions {P <  0.05, post-vitamin sessions; P  < 0.01, post-placebo session; see Figure 

8.12). Subtle trends towards increased total peripheral resistance during cold pressor 

testing were not significant for either session. Figure 8.13 depicts changes in forearm 

vascular resistance which, rose significantly during cold exposure (P <  0.01). Figure 

8.14 shows the diastolic and systolic blood pressure responses to cold pressor testing 

during both sessions. Diastolic blood pressure rose significantly during cold pressor 

testing (P < 0.01, post-placebo session; P  <  0.05, post-vitamin session). Significant 

increases in systolic blood pressure were also apparent {P <  0.05, post-vitamin 

session; P  < 0.001, post-placebo sessions). Arterial pulse reflection index did not 

differ between testing sessions at rest or during the cold pressor test and did not 

change during testing. The cardiovascular responses to cold pressor testing were not 

significantly different between the smokers and non-smokers. Results are 

summarised in Table 8.5.
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8.3.7 Reactive hyperaemia

Forearm blood flow responses to temporary occlusion o f the brachial artery are shown 

in Figure 8.15. Resting forearm blood flow did not differ significantly between the 

two testing sessions. Forearm blood flow rose significantly during reactive 

hyperaemia in both sessions (P < 0.001). The magnitude of hyperaemia did not differ 

significantly between testing sessions. Recovery profiles were also similar. Smokers 

had significantly lower resting (P <0.01) and peak {P < 0.05) forearm blood flows 

than non-smokers following supplementation with placebo. However, absolute and 

percentage blood flow changes were not different between smokers and non-smokers 

and were not altered by antioxidant supplementation.

8.3.8 Circulating endothelial cells

CEC numbers were not different between smokers and non-smokers 

change following antioxidant supplementation. Figure 8.16 shows CEC 

the study group as a whole, which were also unaltered.

8.3.9 Plasma von W illebrand factor

As shown in Figure 8.17, plasma vWF concentrations did not differ between post

placebo and post-vitamin blood samples. Plasma levels o f vWF were also similar 

between smokers and non-smokers following supplementation with both placebo and 

vitamins.

8.3.10 Plasma thrombomodulin

Plasma TM levels did not differ between the post-vitamin and post-placebo sessions 

(see Figure 8.18). TM concentrations were not different between the smoking and 

non-smoking groups following both vitamin and placebo supplementation.

8.3.11 Plasma C-reactive protein

Plasma CRP levels for the smoking and non-smoking groups and for the study group 

as a whole are shown in Figure 8.19. Following supplementation with placebo, CRP

and did not 

numbers for
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concentrations were significantly higher in the smoking group than in the non

smoking group ( t  P < 0.05). After antioxidant supplementation, non-significant 

trends towards decreased CRP levels were observed in both groups. CRP 

concentrations did not differ significantly between the smoking and non-smoking 

groups following vitamin supplementation. In the study group as a whole, CRP levels 

were significantly lower following vitamins supplementation than after placebo ($ P 

<0.05).
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Placebo
( n = l l )

Vitamin
( n = l l )

Rest SHG Rest SHG

HR (beats.min'') 76.36 ±3.93 95.82 ±3.65
§§§

76.00 ±2.49 97.00 ±3.85 
t t t

SI (ml.m'^) 43.89 ±2.37 35.26 ±2.38
§§

42.56 ± 1.60 37.06 ±2.65 
t t

Cl (L.min‘'.(kgm^)'’) 3.32 ±0.29 3.69 ±0.43
§§

3.23 ±0.15 3.48 ±0.16
t

RPP (mmHg.(beats.min'')) 91.81 ±4.56 150.47 ±7.72
§§§

88.27 ±3.75 163.59 ± 11.59
t t t

TPR (mmHg.(L.min‘')'' 14.41 ±0.89 19.67 ± 1.41
§§

13.61 ±0.51 19.18± 1.35
t t

MAP (mmHg) 85.27 ±2.86 115.36 ±4.88
§§§

81.48 ±2.75 123.81 ±7.93 
t t t

SBP (mmHg) 120.51 ±3.03 161.00 ±7.44 
§§§

116.06 ±2.81 167.91 ±8.61
t t t

DBP (mmHg) 67.62 ±3.00 92.54 ±4.19
§§§

64.19±3.12 101.76 ±7.70
t t t

APRI (secs) 0.185 ±0.006 0.193 ±0.005 0.187 ±0.007 0.192 ±0.008

Table 8.3: Resting cardiovascular parameters and maximum cardiovascular
responses to sustained handgrip exercise after supplementation with antioxidant 
vitamins and placebo.



Placebo
( n = l l )

Vitamin
( n = l l )

Rest MST Rest MST

HR (beats.min'') 74.64 ±3.84 84.55 ±3.35
§§

71.82 ±2.34 81.91 ± 1.73
t t

SI (ml.m'^) 43.61 ±2.19 40.78 ±5.48 43.35 ±2.09 39.34 ±2.36
t

Cl (L.min''.(kgm^)'') 3.22 ±0.28 3.62 ±0.40
§

112.28 ±6.77 
§§§

3.09 ±0.14 3.23 ±0.21

RPP (mmHg.(beats.min'')) 88.85 ±4.01 84.74 ±3.47 113.33 ±5.68
t t t

TPR(mmHg.(L.min')'' 14.21 ± 1.06 18.62 ±3.61 14.46 ±0.74 17.78 ± 1.47
t t

MAP (mmHg) 82.15 ± 2 94.27 ±3.88 
§§§

82.17 ±2.34 98.84 ±4.26
t t t

SBP (mmHg) 119.72 ±2.84 134.50 ±4.35 
§§§

118.00 ±2.90 138.05 ±5.51 
t t t

DBP (mmHg) 63.37 ±2.03 74.96 ±4.00
§§

64.26 ± 2.52 79.28 ±4.08 
t t t

APRI (secs) 0.188 ±0.006 0.177 ±0.004
§

0.192 ±0.008 0.181 ±0.006
t t

Table 8.4: Resting cardiovascular parameters and maximum cardiovascular
responses to mental stress testing after supplementation with antioxidant vitamins 
and placebo.



Placebo
( n = l l )

Vitamin
( n = l l )

Rest CPT Rest CPT

HR (beats.min"') 75.20 ±3.28 80.70 ±3.53 77.82 ±2.08 76.27 ±4.07

SI (ml.m'^) 42.73 ± 2.80 39.54 ±2.19
§

3.41 ±0.37

38.80 ± 1.70 42.02 ± 1.80

Cl (L.min''.(kgm^)'‘) 3.23 ±0.32 2.83 ±0.16 3.19 ±0.24

RPP (mmHg.(beats.min'')) 90.19 ±3.45 109.36 ±4.95
§§

86.03 ±3.56 98.24 ±8.04
t

TPR (mmHg.(L.min'')'' 14.66 ± 1.52 18.14 ±2.98 15.89 ±0.70 17.62± 1.51

MAP (mmHg) 83.43 ±2.03 94.49 ±3.64
§§

82.44 ± 2.40 92.16±4.19
t

SBP (mmHg) 120.44 ±2.77 136.23 ±4.93 
§§§

118.17±3.42 129.12 ±6.33 
t

DBP (mmHg) 64.92 ± 2.35 73.62 ±3.97
§§

64.58 ±2.56 73.68 ±3.58
t

APRl (secs) 0.182 ±0.006 0.192 ±0.007 0.186 ±0.008 0.196 ±0.008 
t

Table 8.5: Resting cardiovascular parameters and maximum cardiovascular
responses to cold pressor testing after supplementation with antioxidant vitamins 
and placebo.



Figure 8.1: Heart rate, stroke index and cardiac index responses to 

sustained handgrip exercise before and after supplementation with 

antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. There were no significant heart rate differences 

between the three testing sessions either at rest or during handgrip exercise. Significant 

heart rate increases accompanied handgrip exercise during both sessions (§§ P  <  0.01, 

§§§ P  <  0.001, post-placebo; •  f t  P < 0.01, f t t  P  < 0.001, post-vitamin).

There were no significant stroke index differences between the two testing sessions either 

at rest or during handgrip exercise. Handgrip exercise was accompanied by significant 

stroke index decreases during both sessions (§§ /* < 0.01, post-placebo; t  P < 0.05, f t  P 
<  0.01, post-vitamin).

Cardiac index did not differ between testing sessions either at rest or during sustained 

handgrip exercise. Handgrip exercise was accompanied by significant increases in 

cardiac index following supplementation with both placebo (§§ P < 0.01) and vitamins ( f  

?< 0 .05).
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Figure 8.2: Rate pressure product responses to sustained handgrip 

exercise after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Rate pressure product did not differ between 

sessions, either at rest or during handgrip exercise. Significant rate pressure product 

increases accompanied handgrip during both testing sessions ( •  §§§ P < 0.001, post

placebo; •  t t t  P  < 0.001, post-vitamin).
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Figure 8.3: Total peripheral resistance responses to sustained handgrip 

exercise after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Total peripheral resistance did not differ between 

sessions, either at rest or during sustained handgrip exercise. Significant increases in 

total peripheral resistance accompanied handgrip exercise during both testing sessions 

( • § / * <  0.05, §§ /* < 0.01, post-placebo; 9 ^  P<  0.05, t t  ^  < 0.01, post-vitamin).



Figure 8.4: Systolic and diastolic blood pressure responses to sustained 

handgrip exercise after supplementation with antioxidant vitamins and 

placebo.

Data are expressed as mean ± SEM. Diastolic and systolic blood pressures did not differ 

significantly between testing sessions either at rest or during handgrip exercise. 

Handgrip exercise was accompanied by significant increases in both systolic and diastolic 

blood pressures during both testing sessions (§§§ P  < 0.001, post-placebo; t t  < 0.01, 

t t t  P < 0.001, post-vitamin).
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Figure 8.5: Mean arterial pressure responses to sustained handgrip 

exercise after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Mean arterial pressure did not differ between the two 

testing sessions either at rest or during sustained handgrip exercise. Handgrip exercise 

was accompanied by significant increases in mean arterial pressure during both testing 

sessions ( •  §§§ P < 0.001, post-placebo; •  t t t  P  < 0.001, post-vitamin).



Figure 8.6: Heart rate, stroke index and cardiac index responses to 

mental stress testing after supplementation with antioxidant vitamins 

and placebo.

Data are expressed as mean ± SEM. There were no significant heart rate differences 

between the two testing sessions either at rest or during mental stress. Significant heart 

rate increases accompanied mental stress during both sessions ( •  § P < 0.05, §§ P  < 

0.01, post-placebo; •  f  P < 0.05, f t  P < 0.01, post-vitamin).

Stroke index did not differ between sessions at rest or during mental stress testing. 

Stroke index fell significantly during mental stress following vitamin supplementation 

only ( t  P < 0.05). A trend towards decreased stroke index during the post-placebo 

session was not statistically significant.

Cardiac index did not differ between testing sessions either at rest or during mental stress. 

Mental stress testing was accompanied by significant increases in cardiac index following 

supplementation with placebo (§ P  <  0.01) but not following supplementation with 

antioxidant vitamins.
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Figure 8.7: Rate pressure product responses to mental stress testing 

after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Rate pressure product did not differ between 

sessions at rest or during mental stress testing. Significant rate pressure product increases 

accompanied mental stress during both testing sessions ( •  §§ P < 0.01, §§§ P < 0.001, 

post-placebo; •  t t t  P < 0.001, post-vitamin).
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Figure 8.8: Total peripheral resistance responses to mental stress

testing after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. A . Total peripheral resistance did not differ 

significantly between testing sessions either at rest or during mental stress. Significant 

increases in total peripheral resistance accompanied mental stress after vitamin 

supplementation (■!■/*< 0.05, t t  P < 0.01). In contrast, total peripheral resistance 

remained unchanged following supplementation with placebo. B. Maximum total 

peripheral resistance responses to mental stress testing did not differ significantly 

between testing sessions.
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Figure 8.9: Systolic and diastolic blood pressure responses to mental 

stress testing after supplementation with antioxidant vitamins and 

placebo.

Data are expressed as mean ± SEM. Diastolic and systolic blood pressures did not differ 

significantly between testing sessions either at rest or during mental stress. Mental stress 

testing was accompanied by significant increases in both systolic and diastolic blood 

pressures during both testing sessions (§ P  <  0.05, §§ P < 0.01, §§§ P  <  0.001, post

placebo; t t  P < 0.01, t t t  P  < 0.001, post-vitamin).
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Figure 8.10: Arterial pulse reflection index responses to mental stress 

testing after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Resting arterial pulse reflection index did not differ 

between testing sessions. Handgrip exercise was accompanied by significant pulse 

reflection index decreases following supplementation with both placebo (9 § P < 0.05) 

and vitamins ( •  t t  P < O Ol)-



Figure 8.11: Heart rate, stroke index and cardiac index responses to 

cold pressor testing after supplementation with antioxidant vitamins 

and placebo. ^

Data are expressed as mean ± SEM. There were no significant heart rate differences 

between the two testing sessions either at rest o f during cold pressor testing. Cold pressor 

testing was not accompanied by significant heart rate increases although small trends to 

increase were observed during both sessions ( •  post-placebo; •  post-vitamin).

Stroke index did not differ between sessions at rest or during cold pressor testing. Stroke 

index decreased significantly during cold pressor testing following supplementation with 

placebo (§ P < 0.05). A trend towards decreased stroke volume following vitamin 

supplementation was not statistically significant.

Cardiac index did not differ between testing sessions either at rest or during cold pressor 

testing. Cold pressor testing was not accompanied by significant cardiac index changes 

following supplementation with either placebo or vitamins.
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Figure 8.12: Rate pressure product responses to cold pressor testing 

after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Rate pressure product did not differ between 

sessions at rest or during cold pressor testing. Significant rate pressure product increases 

accompanied cold pressor testing during both sessions ( • § / * <  0.05,§ § P <  0.01, post

placebo; •  t  ^  < 0.05, post-vitamin).
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Figure 8.13: Forearm vascular resistance responses to cold pressor 

testing after supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Forearm vascular resistance did not differ 

significantly between testing sessions, either at rest or during cold pressor testing. Cold 

pressor testing was accompanied by significant forearm vascular resistance increases 

during both sessions ( • § / * <  0.05, §§ F  < 0.01, post-placebo; •  t t  -P < 0.01).



Figure 8.14: Systolic and diastolic blood pressure responses to cold 

pressor testing after supplementation with antioxidant vitamins and 

placebo.

Data are expressed as mean ± SEM. Diastolic and systolic blood pressures did not differ 

significantly between testing sessions either at rest or during cold pressor testing. Cold 

pressor testing was accompanied by significant increases in both systolic and diastolic 

blood pressures during both testing sessions (§ P  <  0.05, §§ /* < 0.01, §§§ P < 0.001, 

post-placebo; f /* < 0.05, ft /* < 0.01, fft P  <  0.001, post-vitamin).
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Figure 8.15: Forearm blood flow responses to temporary occlusion of 

the brachial artery after supplementation with antioxidant vitamins and 

placebo.

Data are expressed as mean ± SEM. Forearm blood flow rose significantly following 

release of the arterial occlusion during both testing sessions {P < 0.001). Resting blood 

flows, peak blood flows and blood flow recovery profiles were all similar between testing 

sessions.
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Figure 8.16: Circulating endothelial cell numbers following

supplementation with placebo and with antioxidant vitamins.

Data are expressed as mean ± SEM, CEC numbers were not altered by short-term 

antioxidant supplementation in the study group as a whole. CEC numbers did not differ 

between smokers and non-smokers following supplementation with placebo or 

antioxidants and did not change within either group following antioxidant 

supplementation.
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Figure 8.17: Plasma concentration of vWF before and after

supplementation with antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Plasma levels of vWF did not differ significantly 

between the post-placebo and post-vitamin samples or between smokers and non- 

smokers.
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Figure 8.18: Plasma TM concentration after supplementation with 

antioxidant vitamins and placebo.

Data are expressed as mean ± SEM. Plasma TM levels were not significantly different 

between post-placebo and post-vitamin samples or between smokers and non-smokers.



Figure 8.19: Plasma CRP concentrations in smokers and non-smokers 

following supplementation with placebo and antioxidant vitamins.

Data are expressed as mean ± SEM. A. CRP concentrations were significantly higher in 

smokers compared with non-smokers following placebo ( t  /* < 0.05). Non-significant 

rends towards decreased CRP levels following vitamin supplementation were observed in 

both groups. After supplementation with antioxidant vitamins, CRP levels did not differ 

significantly between smoking and non-smoking subjects. B. In the study group as a 

whole, CRP levels decreased significantly following supplementation with antioxidant 

vitamins ( t  P < 0 .05).
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Chapter 8

8.4 Discussion

8.4.1 Study aim

As discussed in Chapter 1, reactive oxidants from both exogenous and endogenous 

sources threaten cell viability but are largely thwarted by an array o f  protective 

antioxidants. Should oxidant load exceed antioxidant capacity however, oxidative 

stress w ith consequent cell destruction w ill ensue. O xidative stress has been 

im plicated in the aetiology o f a num ber o f  chronic diseases, including various 

cardiovascular disorders. Dietary supplementation o f the antioxidant defence system 

has therefore been used to limit cardiovascular disease progression. Furthermore, 

antioxidant supplementation appears to reduce the risk o f  future disease in healthy 

individuals.

The aim o f this study was therefore to assess the effects o f  short-term  dietary 

antioxidant supplem entation on autonom ic and endothelial behaviour in young, 

healthy men. To this end, several tests o f  autonomic and endothelial function were 

performed following supplem entation with w ither placebo or with the antioxidant 

scavengers, ascorbic acid and a-tocophero l for one week. Supplem ents were 

administered in a randomized, double-blind, cross-over manner with a washout period 

o f approximately 5 weeks between each arm o f the study.

8.4.2 Resting haemodynamics

In this study, short term supplementation with antioxidant vitamins did not alter any 

o f the resting cardiovascular parameters measured in smokers, non-smokers or the 

study group as a whole. In particular, resting blood pressure was similar between the 

two testing sessions. This result seems unsurprising since participants were all 

healthy and normotensive, with optimal group mean systolic and diastolic pressures. 

However, previous studies, including the large Third National Health and Nutrition 

Examination Survey, have reported blood pressure reductions following ascorbic acid 

supplementation in healthy subjects as well as in hypertensives (Salonen et al., 1988; 

Duffy et al., 1999; Block et al., 2001). Supplementation with a-tocopherol has also 

been reported to lower blood pressure in patients with hypertension (Boshtam et al..
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2002). However, others have failed to dem onstrate any hypotensive effects o f 

antioxidant supplem entation (Duffy et al., 2001; Kim et al., 2002; Darko et al., 

2002;).

8.4.3 Cardiovascular responses to tests of sympathetic activation

Experim ental stress testing in the laboratory perm its the exam ination o f  the 

cardiovascular reactivity. Isometric handgrip exercise is generally accompanied by 

increases in heart rate, peripheral resistance and blood pressure. These effects are due 

to stimulation o f cardiac and vasomotor sympathetic activity, thought to be initiated 

centrally and later mediated by the muscle chemoreflex (Lind et al., 1964; Coote et 

a l., 1971). In the present study, this pattern o f  events was not altered by 

supplem entation with antioxidant vitamins. Thus heart rate rose significantly and 

similarly during both sessions. Conversely, stroke index fell, possibly due to reduced 

ventricular filling time or alternatively to increased intra-thoracic pressure secondary 

to Valsalva manoeuvring. Cardiac index nevertheless increased during sustained 

handgrip exercise follow ing supplem entation with placebo and after vitam in 

supplementation. Rate pressure product increased significantly and similarly during 

both sessions as did total peripheral resistance. These cardiovascular changes gave 

rise to a significant pressor response that was similar during both testing sessions. 

The cardiovascular responses to sustained handgrip exercise did not differ between 

smokers and non-smokers, in accordance with published data (Girdler et al., 1997).

Im m ersion o f  the foot in iced w ater causes strong sym pathetic stim ulation with 

consequent a-adrenergic vasoconstriction (Victor et al., 1987; Frank and Raja, 1994; 

Velasco et al., 1997) and concomitant blood pressure increases (Victor et al., 1987). 

Heart rate may also increase on initial exposure but quickly normalises (Victor et al., 

1987). In the present study, trends towards increased heart rate during cold pressor 

testing were not significant in either session. Stroke index on the other hand decreased 

significantly following placebo but remained unchanged during cold pressor testing 

after vitamin supplem entation. Cardiac index was unaltered during cold pressor 

testing and did not differ betw een sessions. Rate pressure product increased 

significantly during both testing sessions. Subtle trends tow ards increased total 

peripheral resistance during cold pressor testing were not significant for either
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session. Blood pressure rose significantly and similarly during both sessions. Again, 

smokers and non-smokers responded similarly to mental stress testing. This confirms 

results described in Chapter 3.

Mental stress testing, an active coping task, is accompanied by a pressor response that 

is primarily o f cardiac origin. In this study, mental stress was accompanied by 

significant heart rate increases during both testing sessions. However, stroke index 

was not significantly altered during the post-placebo session and tachycardia 

consequently gave rise to significant cardiac index increases. Total peripheral 

resistance was unchanged. In contrast, stroke index decreased significantly during 

mental stress following supplementation with antioxidant vitamins and cardiac index 

was therefore unaltered despite cardio-acceleration. Total peripheral resistance 

increased significantly during mental stress following vitamin supplementation. So 

following antioxidant supplementation, the cardiovascular response to mental stress in 

young men was altered so that the blood pressure rise, normally driven by increased 

cardiac activity became primarily vascular in origin.

It is not clear from these results whether antioxidant vitamins are associated with an 

impaired cardiac response that is compensated for by increased vasoconstriction or 

whether an exaggerated vasomotor response to mental stress occurs, leading to 

decreased cardiac activity. This sort o f  compensation has been previously 

demonstrated in hypertensive individuals exposed to mental stress (Ruddel et al., 

1988). After treatment with the P-adrenergic receptor blocker, oxprenolol, heart rate 

reactivity was decreased and reactivity o f peripheral resistance increased. 

Conversely, treatment with nitrendipine, a calcium antagonist, reduced stress-induced 

changes in peripheral resistance and augmented the heart rate response. It is certainly 

possible that heart rate reactivity was decreased following vitamin supplementation 

since dietary a-tocopherol has been found to decrease noradrenaline turnover rate in 

the rat heart (Behrens et al., 1986). An improved vasoconstrictor response following 

antioxidant supplementation may also have occurred. In this regard. Maxwell and 

colleagues (1983) have suggested that ascorbic acid may improve vascular reactivity 

to adrenaline and noradrenaline by preventing catecholamine oxidation. Although 

antioxidants are generally associated with improved vasodilation through preservation 

o f NO, recent in vitro work indicates that ascorbic acid may be somewhat two-faced
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in this regard. Thus EDHF-mediated vasodilator responses to acetylcholine and 

bradykinin were powerfully impaired by ascorbic acid in the bovine ciliary vascular 

bed and in the rat mesenteric arterial bed. Indeed, with acetycholine, a normally- 

masked muscarinic vasoconstrictor response was uncovered. According to the 

authors, the ability of ascorbic acid to block EDHF-mediated vasodilatation is likely 

to result from its reducing properties. In support o f this idea, similar effects were 

produced by two other reducing agents (N-acetyl-L-cysteine and dithiothreitol) but 

not by the redox-inactive analogue, dehydroascorbic acid (McNeish et a l,  2002).

Although the underlying haemodynamics were altered, antioxidant supplementation 

did not attenuate the pressor response to mental stress, as has been previously reported 

(Brody et al., 2002). However, it has been suggested that it may be the type of 

underlying regulatory system that is actually associated with disease risk, with 

magnitude of reactivity being of secondary importance (Mills et al., 1994). Indeed, 

according to Lawler and colleagues (2001) high myocardial reactivity to mental stress 

may confer greater risk than high vascular reactivity.

8.4.4 Tests of endothelial function and integrity

All subjects underwent the reactive hyperaemia protocol described in Chapter 2. In 

brief, forearm blood flow was measured using venous occlusion plethysmography, 

before and for at least two minutes after occlusion of the brachial artery for 3 minutes. 

Release o f the arterial occlusion was followed by marked increases in forearm blood 

flow. The smoking group had significantly lower resting and peak forearm blood 

flows than non-smokers following supplementation with placebo. After vitamin 

supplementation, no differences between the two groups were apparent. It should 

noted however that absolute and percentage blood flow responses were not different 

between smokers and non-smokers after placebo or after vitamins and were not 

altered in either group by vitamin supplementation. These results are not consistent 

with a smoking-related impairment of endothelium-dependent vasodilation or with 

any particular benefit to smokers of short-term antioxidant supplementation, in this 

regard. In the study group as a whole, neither resting nor peak flow differed 

significantly between the two testing sessions.
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Control data from several investigations, discussed below, indicate that antioxidant 

supplementation does not alter endothelium-dependent vasodilation in healthy 

subjects (Taddei et a l ,  1998; Hirai et al., 2000). These studies however, involved 

middle-aged individuals. Whether antioxidant supplementation affects endothelium- 

dependent vasodilation in young, healthy men has not been previously addressed. 

Rather, the predominance of research has concerned individuals with potentially high 

intravascular oxidative stress (see Table 8.6). Thus improved endothelium-dependent 

vasodilation in the brachial artery following intra-arterial infusion of ascorbic acid has 

been demonstrated in patients with essential hypertension, in smokers and in 

individuals with impaired glucose tolerance (Taddei et al., 1998; Hirai et al., 2000). 

Acute high dose (2g) oral administration of ascorbic acid has also been shown to 

improve endothelial function in patients with documented coronary artery disease and 

in smokers (Levine et al., 1996; Raitakari et al., 2000). Studies concerning longer- 

term oral supplementation however are less consistent. Raitakari and colleagues 

(2000) found that supplementation of young healthy smokers with Ig ascorbic acid 

per day over the course of 8 weeks did not alter endothelium-dependent vasodilation 

o f the brachial artery. On the other hand, Hornig et al. (1998) observed a significant 

improvement in radial artery endothelium-dependent vasodilation in patients with 

chronic heart failure after 4 weeks of high dose (Ig  twice daily) oral ascorbic acid 

supplementation. Results pertaining to a-tocopherol are similarly discordant. Oral 

supplementation with a-tocopherol (600-1000IU per day for 4-10 weeks) did not alter 

age- or chronic smoking-related endothelial dysfunction in the brachial artery (Simons 

et al., 1999; Neunteufl et al., 2000). However, a-tocopherol administered at a lower 

dose (300mg per day) for 4 weeks effectively restored flow dependent vasodilation in 

the brachial arteries o f patients with coronary spastic angina and this improvement 

was associated with reduced TBARS levels and angina attacks (Motoyama et al., 

1998).

In the forearm resistance vessels, improvements in endothelium -dependent 

vasodilation have been observed after intra-arterial infusion of ascorbic acid in 

smokers and in patients with hypercholesterolaemia and diabetes (Ting et al., 1996; 

Heitzer et al., 1996; Ting et al., 1997). In contrast, oral ascorbic acid administration 

(2g per day for one month) showed no beneficial effect on endothelial function in the
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forearm vessels o f smokers (Antoniades et al., 2003). Similarly, oral supplementation 

with a-tocopherol failed to improve endothelial function in the forearm circulation o f 

chronic smokers (Heitzer et al., 1999) or young patients with hypercholesterolaemia 

(Duffy et al., 2001). Combined administration o f vitam in C and vitamin E at high 

doses (2g ascorbic acid and 400-800IU  a-tocophero l per day) for one month 

im proved endothelial function in the forearm  resistance vessels o f  sm okers 

(A ntoniades et al., 2003). In patients w ith hypercholestero laem ia how ever, 

supplementation with combined antioxidants (Ig  ascorbic acid, 800IU a-tocopherol 

and 30mg (3-carotene per day for 4 weeks) had no effect on endothelium -dependent 

vasodilation (Gilligan et al., 1994).

The interpretation o f  this data is com plicated by differences between studies in 

vitamin dose, subject population and blood vessels investigated (see Table 8.6). In 

resistance vessels however, the majority o f  studies failed to demonstrate any benefits 

o f  antioxidant supplem entation to endothelium -dependent vasodilation, confirm ing 

the present findings.

Circulating endothelial cells are thought to represent endothelial integrity, with greater 

numbers indicative o f endothelial damage and desquamation. In the present study, 

CEC numbers were not altered by dietary antioxidants. There are no previous studies 

concerning the effects o f vitamin supplem entation on CEC num ber but oxidative 

stress is known to induce endothelial cell death by apoptosis and at greater 

concentrations, by necrosis (D im m eler et al., 1997; H arada-Shiba et al., 1998; 

Burlacu et al., 2001). Therefore, one might reasonably postulate that by combating 

intravascular oxidative stress, antioxidant supplementation may reduce CEC numbers. 

However this probably occurs only where oxidant load has exceeded the capacity o f 

the antioxidant defence system, a situation unlikely to occur in young, healthy men.

Plasm a vW F levels w ere also unaffected by short-term  antioxidant v itam in 

supplementation in the present study. vWF is a large glycoprotein that is produced 

and released by endothelial cells and is involved in blood clotting. Plasma levels o f 

vWF are thought to reflect endothelial damage or endothelial activation, the cytokine- 

induced m orphological and functional alterations that occur during the course o f
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Authors Date Subject population Antioxidants Dose Vessels Results

Raitakari et al. 2000 Smokers Ascorbate Ig daily, 8 weeks Brachial -

Homig et al. 1998 Heart Failure Ascorbate Ig daily, 4 weeks Radial +

Neunteufl et al. 2000 Smokers a-tocopherol 6001U, 4 weeks Brachial -

Simons et al. 1999 Ageing a-tocopherol lOOOlU, 10 weeks Brachial -

Motoyama et al. 1998 Angina a-tocopherol 300mg daily, 4 weeks Brachial -1-

Antoniades et al. 2003 Smokers Ascorbate 2g daily, 4 weeks Resistance -

Duffy et al. 2001 Hypercholesterolaemia a-tocopherol 24 weeks Resistance -

Heitzer et al. 1999 Smokers a-tocopherol 544 lU, 16 weeks Resistance -

Antoniades et al. 2003 Smokers Combined 2g A, 400-800IU a-T , 4 weeks Resistance -h

Gilligan et al. 1994 Hypercholesterolaemia Combined Ig A, 800 lU a-T, 4 weeks Resistance -

Table 8.6: Summary of results of several studies dealing with the effects of antioxidant supplementation on endothelium-dependent 

vasodilation. The majority o f studies have failed to demonstrate significant benefits following administration of vitamins. Indeed, the positive 

studies have involved individuals with symptomatic disease or have employed high doses of combined antioxidants.
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inflammation. Treatment o f human umbilical vein endothelial cells with a-tocopherol 

in vitro produces a significant, dose-dependent decrease in vWF activity (Huang et 

al., 1988). Prior in vivo studies however, have failed to produce consistent results. 

Antoniades and colleagues (2003) found plasma levels o f  vWF to be unchanged in 

chronic smokers treated with 2g ascorbic acid per day for 4 weeks. H igher vWF 

levels during ascorbic acid administration (6 weeks, two 1 g doses per day) in young, 

healthy individuals have also been reported (Tofler et al., 2000). In contrast, 

supplementation with a-tocopherol (400IU and 800IU per day for 8 weeks) reportedly 

led to a significant reduction in plasma vWF levels in hypercholesterolaemic patients 

(Desideri et al., 2002). Similarly, combined antioxidant treatment with 2g ascorbic 

acid and 800 lU a-tocopherol daily for 4 weeks was found to reduce plasm a vWF 

levels in smokers. Lower doses however proved ineffectual (Seljeflot et al., 1998; 

Antoniades et al., 2003).

Plasma TM levels are thought to reflect endothelial integrity w ith elevated levels 

indicative o f endothelial injury. Furthermore, in contrast to vWF, release o f TM is 

believed to be independent o f  cytokine activity (Seigneur et al., 1993). In the present 

study, plasma TM levels did not differ between smokers and non-smokers, confirming 

results discussed in Chapter 5. In the smoking and non-smoking groups, and in the 

study group as a w hole, p lasm a TM  levels w ere unaltered  by v itam in  

supplem entation. These findings confirm  those o f Seljeflot and colleagues (1998) 

who reported plasma TM levels to be unaltered by 6 weeks o f supplementation with 

antioxidants (150mg o f ascorbic acid, 75mg o f a-tocopherol and 15mg o f P-carotene 

daily) in hyperlipidaem ic smokers. H owever, in haem odialysis patients w ith 

microcirculatory disturbance, oral supplementation with a combination o f vitamin C 

(200 mg daily) and vitamin E (600 mg daily) for 6 months significantly reduced both 

plasm a TM and TBAR levels (Sato et al., 2003). D iscrepancies may be due to 

differences in the doses administered or the severity o f oxidative stress.

8.4.5 Plasma C-reactive protein

CRP is an acute phase inflammatory protein that is synthesised and secreted by the 

liver in response to circulating cytokines. Elevated plasma CRP concentrations within 

the normal range have been associated with a number o f cardiovascular disorders and
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may also predict future cardiovascular disease in otherwise healthy individuals. In the 

present study, plasma levels of CRP were significantly higher in smokers than in non- 

smokers following supplementation with placebo. It should be noted that the smoking 

group consisted of only 4 individuals, a number insufficient for meaningful statistical 

analysis. Nevertheless, the result is in line with previously published work (Das, 

1985; Palosuo et al., 1986; Haverkate et a i ,  1997; Koenig et al., 1999; Zevin et al., 

2001). Importantly, the smokers participating in the present study maintained their 

normal smoking habits and most had smoked within the two hours preceding testing. 

In Chapters 5, 6 and 7, differences between non-smokers and smokers who had been 

abstinent for 12 hours were not statistically significant. It is possible that CRP levels 

declined within the abstinence period. Following vitamin supplementation CRP 

levels decreased non-significantly in both groups. This trend was especially apparent 

within the smoking group. As a consequence, CRP levels were not significantly 

different between groups after vitamin supplementation. In the study group as a 

whole, plasma CRP levels were significantly lower after antioxidant supplementation 

than after placebo.

Recent research concerning the effects o f antioxidant supplem entation on 

inflammatory status has yielded inconsistent findings. Several studies have indicated 

that a-tocopherol supplementation (254-800IU per day, 6 weeks - 3 years) does not 

alter plasma CRP, TNFa or IL-1|3 levels or monocyte cytokine production in healthy 

volunteers (Kaul et al., 2001; Bruunsgaard et al., 2003; van Dam et al., 2003). In 

contrast, Devaraj and Jialal (2000) reported that supplementation with a-tocopherol 

(1200 lU per day for 3 months) significantly reduced plasma levels of CRP and the 

release of IL-6 from activated monocytes. Discrepancies may be explained by dose 

differences between studies. Research concerning the effects o f ascorbic acid 

supplementation on plasma CRP levels is virtually non-existent. However, CRP 

concentrations have been found to be negatively correlated with ascorbic acid levels 

in patients with peripheral arterial disease (Langlois et al., 2001).
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8.4.6 Conclusions

At present, there is general enthusiasm for the use o f  antioxidant vitam ins in the 

treatment and prevention o f cardiovascular disease. The aim o f this study was to 

assess the effects o f short-term dietary antioxidant supplem entation on markers o f 

autonomic and endothelial behaviour in young, healthy men.

No effects o f antioxidant treatm ent on resting cardiovascular param eters were 

observed. Results suggest however that antioxidant supplem entation may alter 

cardiovascular stress responses. Thus while the pressor response to mental stress 

testing was not attenuated, the underlying haem odynam ics were shifted from a 

prim arily cardiac response to one that was m ainly vascular in origin. The 

repercussions o f this shift, if  any, are unknown but it has been suggested that it is the 

haemodynamic response pattern to stress rather than the magnitude o f cardiovascular 

reactivity that conveys increased risk o f disease. Smokers and non-smokers did not 

differ in their cardiovascular responses to stress, confirm ing results discussed in 

Chapter 3.

Short term  antioxidant supplem entation did not affect endothelium -dependent 

vasodilation as assessed by forearm reactive hyperaemia and did not alter blood-borne 

markers o f endothelial integrity in young, healthy men. However, plasm a levels o f 

CRP, a sensitive marker o f  low-grade inflamm ation were found to be significantly 

higher in smoking subjects than in their non-smoking counterparts. This difference 

was abolished by antioxidant supplementation. Furthermore, in the study group as a 

whole, CRP levels decreased significantly following antioxidant supplementation.
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9.1 Introduction

9.1.1 Circulating endothelial cells and endothelial integrity

CECs are endothelial cells that have become detached from the subendothelium and 

subsequently float free in the circulation. D etachm ent occurs due to normal cell 

senescence or following exposure to various noxious stimuli. These include hypoxia- 

ischaem ia (Zhang et al., 2000), oxygen-glucose deprivation (Xu et al., 2000), 

oxidative stress (Burlacu et al., 2001), loss o f  anchorage to underlying extracellular 

m atrix (Ruegg et al., 1998) or insufficient vascular endothelium  grow th factor 

(Spyridopoulos et al., 1997; Toi et al., 2001). Consequently , the num ber o f  

endothelial cells detectable in circulation is believed to increase considerably in 

disease states. Although the number o f  CECs is thought to reflect endothelial 

integrity in vivo, virtually nothing is known about the survival o f these cells or their 

m ovem ents w ithin the circulation. The relationship betw een CECs and more 

established markers o f endothelial damage such as TM or vWF also remains to be 

established.

In this study, CECs w ere exam ined before and after cardiac surgery with 

cardiopulm onary bypass. This procedure is associated with the creation o f  an 

inhospitable intravascular environm ent conducive to endothelial dam age and 

desquamation.

9.1.2 Cardiopulmonary bypass and endothelial injury

Endothelial damage accompanying cardiopulmonary bypass has been partly attributed 

to the induction o f  inflamm ation following contact o f  blood with non-physiologic 

surfaces during extracorporeal circulation. However, this procedure is also associated 

with ischaemia-reperfusion injury. Ischaemia is a marked reduction in blood flow to a 

tissue that results in oxygen deficiency and, if  prolonged, cell injury and death. Early 

restoration o f  blood supply is considered the most effective way o f limiting damage. 

However, it is now recognised that reperfusion o f  ischaemic areas, in particular the 

readm ission o f  oxygen, may contribute to further tissue damage. This is because 

reperfusion provides excessive oxygen to tissue unable to cope with it, resulting in an 

initial burst o f  reactive oxygen species production. A number o f  m echanism s by
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w hich RO S m ay be produced during ischaem ia-reperfusion have been proposed. A 

potential source is the xanthine dehydrogenase-oxidase system . Sustained ischaem ia 

resu lts  in  hy p o x ia  and co n seq u en t red u c tio n s  in  o x id a tiv e  p h o sp h o ry la tio n . 

E ven tually , the purine p recu rso rs , no rm ally  consum ed  during  th is  p rocess are 

degraded  to hypoxanth ine and xanthine, both  substra tes for the enzym e xan th ine 

dehydrogenase/oxidase. N orm ally  present in its dehydrogenase form , th is enzym e 

changes conform ation during ischaem ia to becom e an oxidase. O xidation o f  xanthine 

occurs once oxygen is readm itted during reperfusion w ith concom itant generation o f  

superoxide radical and hydrogen peroxide. A s w ell as increasing the availab ility  o f  

substra tes for xanth ine oxidase, the failure o f  ox idative phosphory la tion  leads to 

d im in ished  energy  stores. As a resu lt, ion hom eostasis is lost w ith  leakage o f  

p o tass ium  ions in to  the ex trace llu la r  env ironm en t and ca lc ium  ions in to  the 

cytoplasm . Ischaem ia also leads to reduced levels o f  g lutathione, a scavenger in its 

ow n rig h t and a substra te  for the an tiox idan t enzym e, g lu ta th ione  perox idase. 

E xperim ental dep le tion  o f  g lu tath ione has been show n to exacerbate  subsequen t 

oxidant stress (Patterson and Rhoades, 1988).

The m itochondrial electron transport chain is a source o f  reactive oxygen species even 

under norm al circum stances. A lthough com ponents are quite tigh tly  coupled , it is 

know n to leak partially  reduced oxygen species, particularly  superoxide. Superoxide 

p roduction  is favoured  w hen  the resp ira to ry  chain  com ponen ts  becom e largely  

reduced, as during ischaem ia. H ow ever, it has also been  suggested  that increased 

m itochondrial uptake o f  calcium  may cause the chain to m alfunction. Iron-binding 

m ec h a n ism s  are  im p a ire d  in  isc h a e m ic , p a rtia lly  d am ag ed  tis su e  due to  

d isorganisation and decom partm entalisation. This allow s free m etal ions to facilitate 

reactions involving reactive oxygen species, notably the production o f  the extrem ely 

toxic O H ' radical from  the less reactive O 2' radical via the Fenton and H aber-W eiss 

reactions. A rachidonate m etabolism  involves the generation o f  interm ediate reactive 

p roducts. A  study  by B asu  and K arm azyn  (1987) suggests  tha t in trace llu la r  

accum ulation  o f  unesterified  arachidonate, w hich m ay resu lt from  perox idation  o f  

m em brane lipids, increases tissue injury caused by exogenous free radicals.

O x id a tiv e  tissu e  dam age  fo llow ing  isch a e m ia -re p e rfu s io n , g iv es  rise  to  an 

inflam m atory response. Chem otactic factors, including com plem ent C5a, leukotriene
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B4 and the pro-inflammatory cytokines, T N F a, IL-1, IL-6 and IL-8 are released by 

the dam aged tissue and accum ulation o f  polym orphonuclear neutrophils ensues. 

Reactive oxygen species and several inflam m atory mediators bring about the up- 

regulation o f endothelial and neutrophil selectins and integrins. These adhesion 

molecules facilitate neutrophil rolling along the endothelial layer, firm attachment to 

the endothelium  and trans-endothelial m igration. Reactive oxygen species may 

further promote neutrophil recruitment by disrupting NOS or inactivating its product, 

NO, an anti-adhesive factor. See Chapter 1 for a full discussion o f  the effects o f 

oxidative stress on the NO system. That O2’ acts as a chem oattractant has also been 

proposed but not substantiated. The endothelial vasoconstricting factor, ET-1, also 

prom otes inflam m ation by activating m onocytes and stim ulating the release o f  

cytokines (e.g. lL-6). Release o f  ET-1 is strongly stim ulated by hypoxia and 

increased shear stress, conditions resu lting  from  ischaem ia and subsequent 

reperfusion.

A ctivated neutrophils are an important source o f  free radicals. Activation o f  the 

m em brane-associated NADPH oxidase system by various soluble and particulate 

stim uli initiates a respiratory burst characterised by a marked increase in cellular 

oxygen consumption and generation o f superoxide anions. These dismutate to H2O2 . 

M ost stimuli that induce superoxide generation by neutrophils also cause the release 

o f myeloperoxidase from the azurophil granules, and this enzyme efficiently removes 

H2O2 by catalysing the interaction o f  H2O2 w ith Cl' to form hypochlorous acid. 

Hypochlorous acid is a powerful oxidant that may chlorinate or oxidise a variety o f 

target molecules and reactions o f hypochlorous acid with primary amines or ammonia 

can give rise to chloramines which are also energetic oxidants. By this mechanism, 

hypochlorous acid is considered to be prim arily responsible for the reactive oxygen 

species-dependent cytotoxicity o f neutrophils. Neutrophil degranulation also releases 

several proteolytic enzymes into the extracellular milieu. The serine proteinase 

elastase has been im plicated most consistently in PM N-m ediated tissue damage. 

Elastase can hydrolyse a host o f proteins in the extracellular matrix and although they 

are generally resistant to proteinases, most tissue collagens are readily cleaved by 

PMN collagenase. In cultured endothelial cells, elastase can enhance cell detachment 

and destruction o f the cell monolayer w ithout evidence o f  cytolysis (Harlan et a i ,  

1981; Inauen et a i ,  1990; W estlin and Gim brone, 1993). By releasing reactive
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oxygen species and proteolytic enzym es, activated neutrophils exacerbate tissue 

damage leading to further recruitm ent or am plification o f neutrophils. A lthough 

im portant in defence against infection, these events are inappropriate during 

ischaem ia-reperfusion and may lead to capillary plugging and oedem a, which 

contribute to the no-reflow phenomenon.

Inflammation and oxidative stress have been strongly implicated in tissue damage that 

follows ischaemia-reperfusion. However, another school o f thought proposes that 

much o f  the damage seen during ischaemia and reperfusion is due to calcium overload 

(Maxwell and Lip, 1997; Fiolet, 2000; Yamamoto et a i ,  2000). Certainly, cytosolic 

calcium  concentration is increased during prolonged ischaem ia and this is often 

exacerbated during reperfusion. That the NaVH"^ exchanger might be im portant in 

this respect was first proposed by Lazdunski et al. (1985). The N a’̂ /H'̂  exchanger, 

which is involved in normal pH regulation, is relatively inactive during ischaemia but 

rapidly becomes active during early reperfusion. This results in elevated cytosolic 

Na"  ̂ concentration which in turn leads to increases in intracellular calcium via the 

NaVCa^^ exchanger. Importantly, inhibition o f NaVH^ exchange during reperfusion 

has been shown to greatly improve functional recovery (Imahashi et al., 1999).

9.1.3 Study aim

The num ber o f  endothelial cells detectable in circulation is thought to reflect 

endothelial integrity in vivo. However, little is know n about the v iability  or 

movements o f these cells in circulation. Furthermore, the relationship between these 

cells and more established markers o f endothelial status is unknown. The purpose o f 

the present study was to address some o f  these issues. To this end, CECs and plasma 

levels o f TM and vWF were analysed in venous and arterial blood samples, collected 

from patients undergoing cardiac surgery with cardiopulmonary bypass.
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9.2 Materials and methods

9.2.1 Subject recruitment

Subjects were recruited from the Coronary Care Unit o f St. Jam es’s Hospital, Dublin. 

All were awaiting cardiac surgery. Subject characteristics and surgery details are 

outlined in Table 9.2 (see page 161). Informed, written consent was obtained from all 

participants prior to inclusion and ethical approval for the study was granted by the 

Federated Dublin Voluntary Hospitals and St. Jam es’s Hospital Research Ethics 

Committee.

9.2.2 Sample collection

All subjects received heparin before surgery to limit extravascular coagulation. This 

was later reversed by administration o f protamine. Venous and arterial blood samples 

were collected prior to surgery (baseline) and at 1 hour and 6 hours post-surgery for 

the quantification o f CECs, the assessm ent o f CEC viability and the analysis o f 

plasm a TM and vWF. Baseline samples were taken after anaesthesia but before 

administration o f heparin. Blood sampling was repeated at 1 hour after removal o f  the 

cardiopulm onary bypass. Protamine had been administered before this. The final 

blood sample was taken 6 hours after removal o f the cardiopulmonary bypass.

Venous samples were drawn from the internal jugular vein and arterial samples from 

the radial artery. One 6ml arterial blood sample and two 6ml venous blood samples 

were collected at each time point in vacutainers coated with EDTA. Samples were 

placed onto ice immediately and centrifuged within 1 hour o f collection.

9.2.3 Isolation and quantiilcation of circulating endothelial cells

One 6ml arterial blood sample and one 6ml venous sample were collected at each 

time point. These samples were placed immediately onto ice and were processed 

within 1 hour o f  collection. CECs were isolated by differential centrifugation as 

described in Chapter 2 and re-suspended in 30^1 phosphate buffer saline (PBS, pH 

7.2).
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A lOpil aliquot o f the CEC suspension was transferred to a gelatine-subbed slide and a 

smear was prepared. The slide was air-dried, fixed and stained using cresyl fast violet 

dye (Difco Laboratories, Surrey, U.K.). Endothelial cells on the slide were manually 

counted using light microscopy and the mean number o f cells per ml whole blood was 

calculated.

9.2.4 Assessment o f circulating endothelial cell viability

The remaining cell suspension was used to assess CEC viability by m eans o f  the 

trypan blue dye exclusion test. This is described in greater detail in Chapter 2. In 

brief, 10j.il o f 0.4% trypan blue solution was added to lOfxl cell suspension and this 

was left to sit for 1-2 minutes. Viable and non-viable cells were then counted by 

haem ocytom etry (see A ppendix VII). The two haem ocytom eter cham bers were 

loaded with the cell solution. Viable (unstained) and non-viable (stained) cells in the 

central square and in the four corner squares o f each grid were counted manually and 

the percentage viability  and the num ber o f  cells per ml o f  whole blood were 

determined. Figure 9.1 shows typical trypan blue staining patterns o f  viable and non- 

viable endothelial cells.

A B

X40 X100

X100 X100

C D

Figure 9.1: Typical trypan blue staining patterns o f viable and non-viable 
endothelial cells. N on-viable cells are stained dark blue (C and D) while viable cells 
with intact membranes exclude the dye and appear clear and unstained (A and B).
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9.2.5 Plasma analysis o f TM  and vWF

Plasma vWF and TM levels were detected in samples by ELISA (Kordia Laboratory 

Supplies, the Netherlands; Diaclone Research, France).

9.2.6 Haemodilution

Surgery was associated w ith  significant haem odilution. To correct for this, 

haematocrit readings were obtained retrospectively from patient charts (see Table 9.1 

below). CEC numbers and plasma TM and vWF levels were corrected accordingly.

Subject No. Base Hct (%) 1 hr Post (%) %  i 6 hrs Post (%) % i

1 45.6 32.6 28.5 37.6 17.5

2 42.2 29.8 29.4 31.6 25.1

3 29.5 18.8 36.3 23.5 20.3

4 33.9 32.0 24.5 36.7 13.4

5 39.5 26.3 33.4 18.9 52.2

6 42.2 25.4 39.8 27.4 35.1

7 40.3 22.6 43.9 25.9 35.7

8 42.0 26.7 36.4 30.6 21. \

9 44.5 28.1 36.9 32.2 27.6

10 32.1 23.2 27.7 22.5 29.9

11 37.8 26.8 29.1 29.6 21.7

12 43.0 25.3 41.2 20.9 51.4

13 42.4 23.2 31.6 25.1 26.0

14 40.9 26.2 35.9 27.2 33.5

15 37.4 21.6 42.3 20.3 45.7

Table 9.1: Haem atocrit levels for each subject at baseline and at 1 hour and 6 
hours after surgery. CEC num bers and plasm a levels o f  TM  and vW F were 
corrected for each individual according to the changes observed in their haematocrit 
levels.
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9.2.7 Statistical analysis

Data are expressed as mean ± SEM.  Inter-group results were compared using two- 

tailed unpaired Student /-tests and where variances differed between groups, Mann- 

Whitney non-parametric tests. Intra-group comparisons were carried out using two- 

tailed paired Student ^tests and Wilcoxon non-parametric tests where appropriate. 

Possible correlations were examined using Pearson’s correlation analysis. A P value 

less than 0.05 was considered to be statistically significant.
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9.3 Results

9.3.1 Subject characteristics

The physical characteristics of the participants as well as details of cardiac surgery 

undergone are summarised in Table 9.2 below. All surgeries were performed with 

cardiopulmonary bypass.

Subject No. Surgery Details Age (years) Sex

1 Coronary bypass (3 grafts) 49 M

2 Coronary bypass (1 graft) 56 M

3 Coronary bypass (3 grafts) 69 M

4 Coronary bypass (3 grafts) 62 M

5 Coronary bypass (3 grafts) 63 M

6 Aortic valve replacement 67 M

7 Coronary bypass (2 grafts) 60 M

8 Coronary bypass (3 grafts) 62 M

9 Coronary bypass (3 grafts) 69 M

10
Coronary bypass (1 graft) + aortic valve

73 M
replacement

11 Coronary bypass -  3 grafts 49 M

12 Valve replacement x 2 74 M

13 Coronary bypass -  3 grafts 67 M

14 Mitral valve replacement 64 F

15 Aortic valve replacement 69 F

Table 9.2: Physical characteristics and cardiac surgery specifics for the 15 
subjects enrolled in this study. Of the 15 subjects, 13 were male and 2 were female. 
Ages ranged from 49 to 73 years (mean 64 ±  2yrs). All subjects, regardless of 
operation type underwent cardiopulmonary bypass.
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9.3.2 Quantification of circulating endothelial cells

CEC numbers did not differ between arterial and venous samples, at any o f the three 

tim e-points (see Figure 9.2). A trend tow ards increased CEC num bers in both 

samples at 1 hour after surgery was not significant. Arterial CEC numbers were 

significantly lower at 6 hours after surgery than at 1 hour post-surgery (P < 0.01).

9.3.3 Assessment of circulating endothelial cell viability

Percentage cell viability did not differ between arterial and venous samples at any o f 

the three time-points (see Figure 9.3). In arterial samples, percentage viability was 

not significantly different between the three time-points. In venous blood samples, 

cell viability was not different from baseline at 1 hour post-surgery. At 6 hours after 

surgery, percentage cell viability was significantly higher than at 1 hour post-surgery 

(P < 0 .0 5 ).

9.3.4 Plasma thrombomodulin concentration

Plasma TM levels rose following surgery and were significantly higher than baseline 

at both 1 hour {P < 0.001) and 6 hours (P  < 0.01) after surgery (see Figure 9.4). 

Plasm a TM concentrations at 1 hours and at 6 hours after surgery were not 

significantly different. Resting TM concentrations were significantly lower in the 

patient group than in apparently healthy, middle-aged individuals (P  < 0.001; normal 

data taken from Chapter 7).

9.3.5 Plasma von W illebrand factor concentration

Plasma vWF results are illustrated in Figure 9.5. Plasma vWF levels rose and were 

significantly higher than baseline levels at 1 hour (P  < 0.001) and 6 hours (P < 0.001) 

after surgery. Plasma vWF concentration did not change between I hour and 6 hours 

post-surgery. Resting plasma vWF levels were significantly higher in patients than in 

apparently healthy m iddle-aged individuals (P < 0.001; normal data taken from 

Chapter 7).
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9.3.6 Correlations

As shown in Figure 9.6, plasm a TM and plasm a vW F levels were significantly 

correlated (r = 0.1251, P  < 0.05). Baseline levels o f TM were significantly correlated 

with baseline numbers o f CECs in the arterial system (r = 0.5273, P < 0.05). Baseline 

venous CEC numbers were significantly correlated with baseline plasma vWF levels 

(r = 0.5183, P <  0.05).
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Figure 9.2: Circulating endothelial cell numbers at baseline and at 1 

hour and 6 hours after cardiac surgery with cardiopulmonary bypass.

Data are expressed as mean ± SEM. A. CEC num bers did not differ significantly 

between arterial and venous samples at any o f the three time-points. A trend towards 

increased CEC numbers in both samples at 1 hour after surgery was not statistically 

significant. However, arterial CEC numbers were significantly lower at 6 hours than at 1 

hour post-surgery P < 0.01). B . CEC numbers were significantly higher in the 

patient group (201.30 ± 56.85 cells.(ml whole blood)"’) than in healthy individuals (88.81 

± 9 .1 0  cells.(ml whole blood)'*; t  < 0.05; normal data taken from Chapter 7).
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Figure 9.3: Viability of circulating endothelial cells in arterial and 

venous samples taken before and at 1 hour and 6 hours after cardiac 

surgery.

Data are expressed as mean ± SEM. Cell viability as determined by the trypan blue dye 

exclusion test, did not differ significantly between arterial and venous samples at any of 

the three time-points. A trend towards increased cell viability after surgery in the arterial 

sample proved non-significant. However, percentage cell viability was significantly 

higher at 6 hours after surgery than at 1 hour after surgery in venous samples ( t  /* < 

0 .05).



Figure 9.4: Plasma levels of TM at baseline and at 1 hour and 6 hours 

after cardiac surgery with cardiopulmonary bypass.

Data are expressed as mean ± SEM. A. Plasma TM levels were significantly than 

baseline at 1 hour P < 0.001) and at 6 hours after surgery ( t t  P <  0.01). TM levels 

did not change significantly between 1 and 6 hours after surgery. B. Baseline levels of 

TM were significantly lower in the patient group than in apparently healthy middle-aged 

individuals (normal data taken from Chapter 7; P < 0.001).
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Figure 9.5: Plasma vWF concentrations at baseline and at 1 hour and 6 

hours after cardiac surgery with cardiopulmonary bypass.

Data are expressed as mean ± SEM. Plasma vWF levels were significantly higher than 

baseline at 1 hour and at 6 hours after surgery (^ ^ 4 ^ < 0.001). A. Plasm a vWF 

concentrations did not change significantly between 1 and 6 hours after surgery. B. 

Plasma vWF levels were significantly higher in the patient group than in apparently 

healthy, middle-aged individuals (normal data taken from Chapter 7; P < 0.001).
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Figure 9.6: Correlation between plasma vWF and plasma TM levels in 

patients undergoing cardiac surgery with cardiopulmonary bypass.

Plasma concentrations o f  TM were significantly correlated with plasma vWF levels (r = 

0 .1251, ?  < 0 .05).
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9.4 Discussion

9.4.1 Study aim

CECs are endothelial cells that have becom e rem oved from the basal lam ina 

following natural senescence or endothelial perturbation, and subsequently float free 

in the circulation. Elevated CEC numbers have been associated with a variety o f 

cardiovascular disorders including m yocardial infarction (M utin et al., 1999), 

essential hypertension (Zhu et al., 1991), sickle cell anaemia (Solovey et al., 1997), 

systemic lupus erythematosus (Clancy, 2000) and diabetes (Podrouzkova et al., 1992). 

Consequently, endothelial cells are believed to constitute an ex vivo  m arker o f 

endothelial integrity. However, very little is know n about the origin, circulating 

pattern or ultim ate fate o f these cells. Specifically, it rem ains to be established 

whether CECs can pass through the microvasculature from the arterial to the venous 

system. The length o f time spent in circulation, the extent o f cell viability and the 

relationship between CECs and other markers o f  endothelial activation and injury are 

also unknown. This study aimed to address these questions. Venous and arterial 

blood sam ples w ere draw n from  patien ts undergoing cardiac surgery w ith 

cardiopulmonary bypass. Cardiopulmonary bypass causes oxidative stress and whole- 

body inflam m ation which potentially leads to endothelial injury. Samples were 

collected before and at 1 hour and 6 hours after surgery and were used for the 

quantification o f CECs, the assessm ent o f  cell viability, and the analysis o f plasma 

TM and vWF.

9.4.2 Circulating endothelial cell numbers

In the present study, CECs were quantified in both arterial and venous blood samples, 

before (baseline), and 1 hour and 6 hours after cardiac surgery with cardiopulmonary 

bypass. Baseline venous CEC numbers were significantly greater than those o f 

normal m iddle-aged individuals (201 ± 57 cf. 89 ± 9 cells.m l''; normal data taken 

from Chapter 7). This is indicative o f  greater endothelial dam age or increased 

endothelial turnover in the patient group and com pares well w ith published data. 

Thus in blood donors CECs numbered 2.6 cells.m l”' (Solovey et al., 1997). In a
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separate study, but using the same technique for quantification o f CECs, patients with 

unstable angina had a mean CEC count o f 4.5 cells.ml’' (Mutin et a l ,  1999).

In this study, CEC numbers were not different between arterial and venous samples at 

any time-point. A trend towards increases CEC numbers in both samples at 1 hour 

after surgery was not statistically significant.

There are several m echanism s by w hich endo thelia l desquam ation  during 

cardiopulm onary bypass m ight be reasonably expected to occur. Since it is an 

invasive surgical procedure, some m echanical dislodgem ent may take place. 

However, most endothelial damage is probably related to ischemia-reperfusion injury, 

the sequelae o f which are outlined in the introduction to this chapter. In brief, tissue 

dam age during ischaem ia is caused by oxygen and fuel deficiency as w ell as 

insufficient w ashout o f  toxic waste materials. A poptosis o f  endothelial cells in 

particular has been demonstrated following chemically-induced hypoxia-ischaem ia as 

well as oxygen-glucose deprivation (Zhang et al., 2000; Xu et al., 2000). Subsequent 

reperfusion and readm ission o f  oxygen m ight ultim ately remedy this, but initially 

contributes to further injury through the creation o f  a noxious oxidative milieu. This 

in itself has been shown to induce endothelial cell death by both apoptosis and by 

necrosis (Harada-Shiba et al., 1998; Burlacu et al., 2001).

Oxidative stress following reperfusion gives rise to an inflammatory response with 

increased endothelial expression o f adhesion molecules, elevated levels o f circulating 

pro-inflammatory cytokines and consequent activation and adhesion o f  leucocytes to 

endothelial cells. These changes may give rise to endothelial damage. Thus a recent 

study demonstrated that exposure o f endothelial cells to T N Fa and interferon (IFNy) 

lead to reduced activation o f  integrin av|33, resulting in decreased av^S-dependent 

endothelial cell adhesion and survival (Ruegg et al., 1998). Furtherm ore, activated 

leucocytes produce reactive oxygen species, in particular hypochlorous acid, and 

release proteolytic enzymes, which exacerbate endothelial injury. Neutrophil-derived 

proteases may also mediate endothelial desquamation. In cultured endothelial cells, 

elastase can enhance cell detachment and destruction o f  the cell m onolayer without 

evidence o f cytolysis (Harlan et al., 1981; Inauen et al., 1990; Westlin and Gimbrone,
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1993). Inflam m ation is also induced by the repeated contact o f  blood with non- 

physiological surfaces during extracorporeal circulation.

In addition to inflammatory-mediated damage, endothelial injury may be secondary to 

calcium overload o f cells. During early reperfusion, the normally inactive NaVH^ 

exchanger is activated. This leads to elevated cytosolic Na'*' concentration, which in 

turn causes excessive increases in intracellular calcium  via the NaVCa^"^ exchanger 

(Allen and Xiao, 2003).

However, a number o f mechanisms may offer the endothelial layer some protection 

against the inhospitable conditions associated w ith ischaem ia-reperfusion. For 

exam ple, myocardial ischaemia, secondary to cardiopulm onary bypass is a potent 

stim ulator o f vascular endothelial growth factor (VEGF; Burton et a l ,  2000). This 

mitogen regulates both vascular proliferation and perm eability, and functions as an 

anti-apoptotic factor. These effects are m ediated by two receptors, VEGF-1 and 

VEGF-2 (Rosen, 2002). VEGF inhibits endothelial cell apoptosis induced by T N Fa, 

possibly through induction o f fibronectin and |33 integrin expression in endothelial 

cells (Spyridopoulos et al., 1997). However, other anti-apoptotic effects independent 

o f anchorage prom otion have been proposed. VEGF activates m ultiple signal 

transduction pathways in endothelial cells, including the m itogen-activated protein 

kinase (MAPK). The balance between activation o f  M APK (ERK) and the stress- 

activated protein kinase (SAPK), JNK, is integral to control o f  apoptosis in P C I2 

cells. Furtherm ore, it has been dem onstrated that similar tipping o f this ERK/JNK 

balance in favour o f ERK is the mechanism by which VEGF spares m icrovascular 

endothelial cells from apoptosis induced by serum starvation. As well as altering 

intracellular endothelial cell survival signalling, VEGF increases the production o f 

NO and PGI2, two key vasoactive mediators with anti-proliferative and anti-platelet 

e ffe c ts  (Zachary, 2001). Because it inhibits leucocyte in teractions w ith the 

endothelium , up-regu lation  o f  NO may be o f  particu lar im portance during 

cardiopulm onary bypass. W hatever the underlying mechanism, a sparing effect o f 

VEGF on endothelial cells has been demonstrated in patients with sickle cell anaemia 

(Solovey et al., 1999) and may occur following cardiac surgery with cardiopulmonary 

bypass.
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Importantly, all patients involved in this study were on heparin and many were also on 

aspirin and (3-adrenergic receptor inhibitors. The anti-inflammatory aspirin reduces 

endothelial detachment and the number o f endothelial cells in circulation (Gertz et al., 

1975; Sinzinger et al., 1988). This may be due to decreased endothelial activation 

(Zund et al., 1998). Alternatively, aspirin is known to stimulate endothelial ferritin 

production and iron chelation has been shown to reduce apoptosis o f  these cells 

(Oberle et al., 1998; Rauen et al., 1999). Heparin is also associated with reduced 

endothelial cell detachm ent and circulation in vivo (Gertz et al., 1975; Hladovec, 

1984). This might occur through increased production o f the anti-apoptotic NO, since 

heparin activates eNOS (Dimmeler et al., 1997; Kouretas et al., 1998). Finally, |3- 

adrenergic receptor blockers prevent form ation o f  angiotensin II (Pettinger and 

Mitchell, 1975). Pro-apoptotic effects o f angiotensin II on endothelial cells have been 

previously demonstrated (Dimmeler et al., 1997).

Arterial CEC numbers were significantly lower at 6 hours than at 1 hour post-surgery. 

This suggests that cells passed through the microcirculation into the venous system or 

alternatively that increased cell clearance occurred during this period. Little is known 

about the ultimate fate o f endothelial cells either under normal circumstances or in 

disease states. It is possible that they norm ally rem ain in circulation until they 

gradually decay, fragm ent and dissolve. Given that a large m ajority o f  CECs in 

healthy individuals are anuclear cell carcasses, this seems quite likely. However, 

there are a num ber o f  mechanisms that may expedite endothelial cell destruction. 

Potential sites o f  clearance include the pulmonary capillaries and the spleen, an organ 

that filters the blood, rem oving old erythrocytes, platelets and foreign organisms. 

Endothelial cells may also be cleared in the liver, the predominant site o f  neutrophil 

sequestration (Shi et al., 1996). The filtering function o f  the liver is largely dependent 

on the Kupffer cells that line the sinusoids. These are derived from blood monocytes 

and are the largest group o f  fixed m acrophages in the body. Kupffer cells have 

special surface structures, the so-called fuzzy coat and im munological receptors, 

which are responsible for phagocytotic activity. Since approxim ately 25% o f the 

cardiac output flows through the liver, this may be an important site o f  CEC clearance 

under circum stances. However, in the present study, CEC clearance via these 

m echanism s is unlikely to have been altered and does not explain the significant 

reduction in cell numbers observed in the arterial system.
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CECs may also be ingested by circulating macrophages, a phenomenon not without 

precedent. Indeed macrophages recruited from the circulation, can dock onto and 

direct the apoptosis o f unwanted microvascular endothelial cells (Diez-Roux and 

Lang, 1997). It is essential that phagocytes can discriminate between viable and 

apoptotic cells. To this end, “eat me” signals are displayed that enable phagocytes to 

recognise apoptotic cells as “unwanted se lf’. A number of candidate molecules have 

been proposed, among them several that are expressed by endothelial cells. These 

include the integrin av(33 vitronectin receptor, CD36, and PECAM-1 (Platt et a l ,  

1998; Savill and Fadok, 2000; Brown et al., 2002). Phagocyte mobilisation under 

inflammatory conditions such as those associated with cardiopulmonary bypass may 

have increased CEC clearance in the present study. Since cell degradation within the 

circulation may contribute to inflammation, the idea o f clearance by phagocytes 

seems reasonable.

CEC numbers did not differ between arterial and venous samples at any o f the three 

time-points. This might indicate that cells are sloughed off to a similar degree in both 

systems, perhaps due to similar turnover rates. However, it is also possible that the 

cells are derived predominantly from the arterial system but are capable o f passing 

through the microcirculation. This might seem difficult to visualise given that the 

diameter of vessels within the microcirculature may be 10[j,m or less while CECs are 

generally 30-50[am in diameter. However passage through the microcirculation might 

be possible if the cells roll up. Indeed CECs examined by light microscopy 

sometimes appear furled (see Figure 2.3).

9.4,3 Circulating endothelial cell viability

As discussed in Chapter 3, the majority o f the CECs observed in healthy individuals 

were anuclear cell carcasses in the later stages o f cell death, according to the defining 

characteristics o f Bjorkgard and Bondjers (1972). However, viable CECs have been 

reported in disease states (Solovey et al., 1997) where endothelial turnover is 

probably accelerated due to increased concentrations of pro-apoptotic factors. In the 

present study, CEC viability was assessed by means o f the trypan blue dye exclusion 

test. This technique is described in detail in Chapter 2 and typical trypan blue staining
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patterns o f viable and non-viable endothelial cells are illustrated in Figure 9.1. In 

cardiac patients, baseline percentage viability was 24.91 ± 3.78 % in venous samples 

and 18.49 ± 2.04 % in arterial samples. Percentage viability was not significantly 

altered after surgery in arterial samples. In venous blood sam ples, percentage 

viability was not altered at 1 hour after surgery but was significantly higher at 6 hours 

after surgery than at 1 hour post-surgery. Cell viability did not differ between venous 

and arterial samples at any o f  the three time-points. In normal blood donors, 64% of 

CECs are reportedly apoptotic (Solovey et al., 1999). In patients with sickle cell 

anaemia however, only 30% o f cells showed evidence o f apoptosis (Solovey et al., 

1997). In cardiac patients, M utin and colleagues (1999) reported evidence o f 

apoptosis in only 10% o f CECs.

In the present study, methodological limitations may have resulted in overestimation 

o f cell viability. The trypan blue dye exclusion test utilised here is based on the 

im perm eability o f  the cell membrane, at physiological pH, to the m ultivalently 

charged trypan blue. This dye seeps across dam aged plasma membranes, swelling 

non-viable cells and staining them blue. C onversely, viable cells w ith intact 

mem branes exclude the dye and appear clear and unstained. Im portantly, this 

technique cannot identify the initial mode o f cell death.

Cell death may occur by necrosis or by apoptosis, or by a com bination o f the two. 

Necrosis is unplanned, is induced by severe environmental stress and is characterised 

by swelling o f the cell cytoplasm, organelles and nuclei, clumping o f the chromatic 

and early disruption o f  the plasma membrane (Fiers et ah, 1999). Importantly, the 

rupture o f  necrotic cells and the release o f  lysosomal and other enzym es into the 

surrounding m edia cause further tissue destruction and inflammation. Apoptosis on 

the other hand is a method o f controlled, discrete cell elimination that causes minimal 

disturbance to the surrounding tissue and does not incite inflammation. This mode o f 

death involves early, prominent condensation o f  nuclear chromatin, loss o f  plasm a 

m em brane phospho lip id  asym m etry , ac tiva tion  o f  specific  p ro teases and 

endonucleases, enzym atic cleavage o f  the DNA into oligonucleosom al fragments, 

segm entation o f  the cell into m em brane-bound “apoptotic bodies” and finally 

engulfment and degradation o f the apoptotic bodies by neighbouring cells.

1 7 4



Chapter 9

Recent research indicates that endothelial cells may be shed before the normal 

apoptotic morphological changes have been com pleted (Desjardins and M acM anus, 

1995; Estil et al., 2000). Cell membrane integrity is affected only at a very late stage 

in apoptosis. Consequently, a proportion o f  CECs may be irreversibly engaged in 

apoptosis and non-functional but may not be identifiable as such by trypan blue 

staining. Recent work supports this hypothesis (W ilhelm  et al., 1995; Gain et al., 

2002).

In the present study, percentage viability was significantly higher in the venous 

system at 6 hours than at 1 hour post-surgery. This may be due to the removal o f less 

viable cells in the arterial system. Certainly, the significant reductions in arterial CEC 

numbers observed between 1 and 6 hours after surgery is compatible with increased 

clearance. The targeting o f less viable cells by phagocytes is an inherent safeguard, 

designed to protect viable tissue from inappropriate destruction. Targeting is 

mediated by “unwanted s e lf ’ signals. These may be molecules such as PEC A M -1 

that are normally expressed but that change function during apoptosis (Brown et al., 

2002). Increased percentage cell viability in the venous samples but not in the arterial 

samples may otherwise indicate that circulating cells are sloughed o ff downstream of 

the arterial sampling site, pass into the venous system but remain long-enough in the 

pulm onary capillaries for apoptosis and loss o f  m em brane integrity to occur. In 

patients with sickle cell disease, CECs were found to be predominantly microvascular 

(CD36-positive) in origin (Solovey et al., 1997). However, this might be expected 

given the mechanical stresses that vessels are subjected to in this disease.

9.4.4 Other markers of endothelial injury

TM is an anticoagulant that is expressed by endothelial cells. As discussed Chapter 2, 

elevated circulating levels o f  this glycoprotein are considered to be refiective o f 

endothelial injury. In this study, plasma levels o f TM  were measured before cardiac 

surgery and at 1 hour and 6 hours after surgery. Baseline levels o f TM  in patients 

were significantly lower than those o f apparently healthy, middle-aged individuals. 

Heparin has previously been found to reduce plasma TM concentrations, although the 

mechanisms involved remain undetermined (Journois et al., 1994; Valen et al., 1996). 

However, since the baseline sample was taken before administration o f heparin, lower
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TM levels cannot be attributed to this. Instead, TM expression may have been down- 

regulated in these patients secondary to pro-inflammatory cytokine elevations 

(Archipoff et al., 1991; Ishii et al., 1996). Plasma TM levels rose following cardiac 

surgery and remained significantly higher than baseline at both 1 hour and 6 hours 

after surgery. Similar TM changes during cardiopulmonary bypass have been 

observed elsewhere (Gando et al., 1994; Valen et al., 1996).

Heparin administration and reversal with protamine both occurred after baseline but 

before post-surgery sampling. Consequently, increased plasma TM observed after 

cardiopulm onary bypass is unlikely to reflect term ination o f a heparin- 

thrombomodulin interaction. Rather, cardiopulmonary bypass is known to induce 

whole-body inflammation with production of pro-inflammatory mediators, activation 

o f leucocytes and generation of reactive oxygen species. These changes create an 

intravascular environment that threatens endothelial cell integrity. Initial cleavage of 

TM from the endothelial surface is probably mediated by the lysosomal proteases, 

elastase and cathepsin G, secreted from activated leucocytes. Later TM release is 

secondary to advanced endothelial cell destruction (Abe et al., 1994; MacGregor et 

al., 1997; Boehme et al., 2002).

VWF is an endothelial product that acts as a stabilising carrier protein for clotting 

factor VIII and mediates platelet aggregation and adhesion to the subendothelium. 

Elevated circulating levels of this glycoprotein are thought to reflect endothelial injury 

or activation (see Chapter 2). Plasma concentrations o f vWF were determined before 

surgery and at 1 hour and 6 hours after surgery. Baseline levels of vWF were 

significantly higher in patients than in normal middle-aged men. This is suggestive of 

greater endothelial activation and/or injury in the patient group. Unlike TM, vWF is 

not thought to interact with heparin (Niimi et al., 1999; Pernerstorfer et al., 2001). 

After correction for haemodilution, plasma vWF levels were found to be significantly 

higher than baseline at 1 hour and 6 hours after surgery. These results are consistent 

with previous research (Valen et al., 1994; Holdright et al., 1995; Tsang et ah, 1998).

Plasma vWF elevations may occur by several mechanisms. Cardiopulmonary bypass 

generates oxidative stress and concomitant systemic inflammation with elevated 

levels o f cytokines and activation o f leucocytes. Oxidant and protease-mediated 

endothelial damage may ensue, with consequent vWF release. Several pro-
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inflam m atory mediators, including histam ine, com plem ent proteins C5a -  9 and 

cytokines IL-1 and T N F a also induce the release o f  vWF from the W eibel-Palade 

bodies (Schorere/ al., 1987; van der Poll et a i ,  1992). Therefore, vWF elevations 

during cardiopulm onary bypass may be a result o f  inflam m ation and consequent 

endothelial activation  rather than endothelial dam age. As discussed above, 

myocardial ischaemia, secondary to cardiopulmonary bypass is a potent stimulator o f 

vascular endothelial growth factor (VEGF; Burton et al., 2000). This m itogen has 

been found to up-regulate expression o f vW F mRNA and protein in cultured 

endothelial cells (Zanetta et al., 2000). Thus vW F may be released in greater 

quantities from uninjured endothelial cells. However, the considerable increases in 

plasma TM levels are indicative o f endothelial damage.

9.4.5 Correlations

Baseline venous CEC numbers were significantly correlated with baseline vWF levels 

but this relationship was lost following cardiopulmonary bypass. Similarly, baseline 

TM levels were correlated with baseline CEC numbers within the arterial system. 

Again, this was not the case following surgery. These results lend weight to the idea 

that CEC num bers reflect chronic endothelial injury but are less useful when 

endothelial damage is acute.

9.4.6 Conclusions

Cardiopulmonary bypass is known to create intravascular environment conducive to 

endothelial activation and damage. Under such circumstances, endothelial sloughing 

and increased CEC numbers might reasonably be expected. In the present study, a 

trend tow ards increased CECs was not statistically significant despite increased 

endothelial injury as evidenced by elevated TM  and vWF levels. These results may 

suggest that endothelial desquamation did not occur to a significant extent. However, 

it is also possible that increased clearance occurred, perhaps mediated by increased 

m obilisation o f  circulating phagocytes. A significant reduction in arterial cell 

num bers betw een 1 and 6 hours after surgery is com patible w ith this idea. 

Furthermore, significant increases in venous cell viability at 6 hours after surgery may
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Chapter 9

reflect the removal o f less viable cells in the arterial system. Comparable endothelial 

cell num ber and viability  between venous and arterial sam ples suggests that 

endothelial turnover is similar within the two systems or alternatively, that these cells 

are capable o f passing through the microcirculation.

Correlation studies suggest that CEC numbers may reflect chronic endothelial injury 

but are less useful when endothelial damage is acute. That baseline CEC numbers are 

considerably higher in patient groups than in apparently healthy individuals supports 

this idea. Cardiopulmonary bypass was associated with increased levels o f TM and 

vW F, the more established indices o f  endothelial activation and damage. These 

markers were significantly correlated with each other.
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Chapter 10

General Discussion



10.1 Objectives

The objectives o f work presented in this thesis were to investigate the effects of 

ageing and of smoking on several markers o f autonomic and endothelial function. 

Since oxidative stress may underlie ageing- and smoking-related cardiovascular 

pathogenesis, the influences of short term vitamin supplementation on autonomic and 

endothelial parameters were assessed. CEC numbers were used throughout as an 

index of endothelial integrity. However, little is known about their viability and 

movement within the circulation. Furthermore, the relationship between these cells 

and more-established indices of endothelial damage is not clear. These issues were 

also addressed.

Self-reported alcohol levels were considerably higher amongst the smokers than in the 

non-smoking groups. Consequently, the potential effects of alcohol on autonomic and 

endothelial function will be considered throughout this discussion. Furthermore, 

in the context of this thesis it is necessary to distinguish between the acute and chronic 

effects of cigarette smoking.

10.2 Effects of smoking and ageing on autonomic function

The cardiovascular system is regulated to a great extent by the autonomic nervous 

system. Autonomic dysfunction has been implicated in a number o f cardiovascular 

diseases (Corti et a l ,  2000) and may contribute to the increased risk o f disease 

associated with smoking and with ageing. The influence of these factors on resting 

cardiovascular parameters and on cardiovascular responses to laboratory stress were 

therefore examined.

As reported in Chapters 3 and 4, chronic smoking was not associated with altered 

resting cardiovascular parameters in either young or middle-aged men. Notably, non- 

smokers and smokers who had been abstinent for 12 hours had similar resting blood 

pressures. This result compares well with several epidemiological studies, reporting 

similar or lower blood pressure levels in smokers compared to non-smokers (Berglund 

and Wilhelmsen, 1975; Green et al., 1986). More recent studies indicate that smokers 

have higher blood pressures though differences are thought to be clinically 

insignificant (Fogari et al., 1996; Primatesta et al., 2001). In contrast, the literature
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concerning the cardiovascular effects o f acute smoking is quite consistent in its 

description of pressor and tachycardic effects induced by nicotine-mediated increases 

in sympathetic drive (Niedermaier et a i ,  1993; Grassi et al., 1994). However, no 

blood pressure responses to acute smoking in young men were seen in the present 

work. This is probably attributable to the confounding effects of withdrawal-induced 

stress on the cardiovascular system. Thus in a nicotine-addicted individual, prolonged 

abstinence may cause a stress-induced increase in blood pressure, which subsequent 

smoking might alleviate. Indeed, according to Parrott (1994), self-reported stress 

levels are significantly lower immediately after smoking, but increase between 

cigarettes. Consequently, blood pressure may be both higher and lower in smokers 

than in non-smokers, depending on the time period between consecutive cigarettes as 

well as the degree o f addiction and consequent craving or withdrawal effects. This 

may also explain the epidemiological discrepancies.

Ageing on the other hand was associated with significant blood pressure increases, in 

accordance with the literature (Burt et al., 1995). This was not attributable to altered 

cardiac work or to body mass increases but may be due to elevated sympathetic drive 

(Zeigler et al., 1976; Ng et al., 1993; Burt et al., 1995). Alternatively, ageing is 

associated with increased collagen in the vessel wall, fragmentation o f elastin and 

reduced arterial compliance (Robert, 1996; Yu and Chung, 2001; Lakatta and Sollott, 

2002). Although arterial pulse reflection indices were similar between young and 

older individuals, vWF levels were found to be significantly elevated in older 

individuals (see Chapters 6 and 7) and plasma vWF concentrations have been shovm 

to be inversely correlated with arterial compliance (Smith et al., 1993).

Increased alcohol intake has been associated with elevated blood pressure and with 

the development o f clinical hypertension (Okubo et al., 2001; Fuchs et al., 2001; 

Ohmori et al., 2002). Furthermore, a short-term decrease in alcohol intake has been 

associated with reductions in resting blood pressure (Zilkens et al., 2003). In contrast 

Flanagan and colleagues (2002) did not observe any effects of alcohol intake on either 

resting blood pressure or heart rate. Resting blood pressures were similar between 

smokers and non-smokers despite significantly higher self-reported alcohol intake 

(see Chapters 3-7).
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The tendency to show exaggerated cardiovascular responses to mental and physical 

stress is considered to be a potential risk factor for the development of cardiovascular 

disease and may help to explain ageing- and/or smoking-associated increases in 

cardiovascular risk (Everson et al., 1996; Kamarck et al., 1997; Krai et al., 1997). 

Cardiovascular responses to mental stress were similar between young non-smokers 

and smokers, after a 12-hour abstinence period and after acute smoking. Older non- 

smokers and abstinent smokers also reacted similarly to mental stress. However, in 

older individuals a smoking-related exaggeration o f cardiovascular responses to 

isometric handgrip exercise was apparent. Increased pressor responses may be due to 

muscle chemoreceptor over-activation in older smokers as has previously been shown 

to occur in heart failure (Scott et al., 2002). Alternatively, impaired baroreflex 

function may leave the chemoreflex-induced pressor response inadequately opposed.

Results presented here further suggest that cardiovascular reactivity to mental stress is 

blunted with ageing. Thus, blood pressure responses to mental stress testing were 

significantly lower in older smokers than in young smokers and a trend towards lower 

responses in the older non-smokers compared with young non-smokers was obvious. 

Importantly, resting blood pressure levels were significantly higher in the older 

subjects than in the young individuals and the absolute blood pressure change might 

be expected to be less under such circumstances. Certainly, peak mean arterial 

pressures during mental stress were similar in young and older men. However, the 

idea of attenuated cardiovascular reactivity to mental stress with age is supported in 

the literature (Ng et al., 1994; Boutcher and Stocker, 1996; Boutcher and Stocker, 

1999). Impaired cardiovascular reactivity to stress may be due to a general decline in 

a- and (3-adrenergic receptor responsiveness with age (Lakatta et al., 1986; Johansson 

and Hjalmarson, 1988; Hogikyan and Supiano, 1994; Seals et al., 1994; Dinenno et 

al., 2002).

In summary, ageing was associated with both increased resting blood pressure and an 

attenuation of the cardiovascular responses to mental stress. Neither acute nor chronic 

smoking altered autonomic cardiovascular regulation in younger individuals. 

However, a smoking-related alteration in the cardiovascular response to sustained 

isometric handgrip in older individuals was apparent.
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10.3 Effects of smoking and ageing on endothelial function

The endothelial layer plays an integral role in the maintenance o f cardiovascular 

homeostasis and dysfunction of this layer has been implicated in a number o f 

cardiovascular diseases (Russo et al., 2002). Smoking-induced impairment of 

endothelial function has therefore received much attention in recent years. However, 

work described here in Chapters 5 and 6 indicates that this is an acute phenomenon, 

and is not due to chronic exposure. In Chapter 5, acute cigarette smoking was 

associated with reduced resting forearm blood flows and attenuated peak blood flow 

responses to temporary ischaemia, in young men. This functional impairment was 

associated with increased plasma vWF concentration. However plasma TM 

concentrations and CEC numbers were unaltered indicating that vWF release is 

probably initially due to endothelial activation rather than injury although endothelial 

damage may later ensue. Importantly, elevated vWF levels following acute smoking 

may have consequences for those already at increased risk o f inappropriate 

thrombosis (Tosetto et al., 2003).

In contrast, endothelium-dependent vasodilation was not different between young and 

older, non-smokers and smokers who had been abstinent for at least 12 hours. 

Tobacco consumption was relatively modest amongst the smokers. However, this is 

probably unimportant since recent work by Barua and colleagues (2002) suggests that 

light and heavy smoking have similarly detrimental effects on endothelium-dependent 

vasodilation. Chronic effects o f smoking on endothelial integrity were also absent. 

Thus CEC numbers and plasma levels o f TM and vWF were similar between non- 

smokers and abstinent smokers in both the young and older subject groups.

The difference between the acute and chronic effects of cigarette smoking on plasma 

vWF concentrations reported here, explains seeming inconsistencies in published 

data. Thus while some investigators have reported elevated vWF levels in smokers 

(Frisco et al, 1999), others have been unable to find any association between smoking 

and plasma vWF concentrations (Conlan et al., 1993; Borawski et al., 2001). Again, 

habitual smokers are likely to repeatedly stimulate vWF release throughout the day.

Previous research concerning the effects o f cigarette smoking on plasma TM 

concentrations has also yielded apparently contradictory results. Markuljak and
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colleagues (1995) reported higher basal levels of plasma TM in smokers compared 

with non-smoking controls and no immediate change in plasma TM concentration 

following acute smoking (two filter cigarettes in succession). Lower plasma TM 

levels in smokers compared with non-smokers have also been reported (Nilson et al., 

1993; Blann et al., 1997). Furthermore, plasma TM reportedly rose significantly 

following a 6-week period of smoking cessation (Blann et al., 1997). Results reported 

here are not compatible with any smoking-related modulation of plasma TM levels. 

However, it should be noted that plasma TM levels may represent not only endothelial 

injury but also TM expression and this may complicate the interpretation of results.

In general, interventional studies indicate that neither acute nor chronic alcohol affects 

vWF levels (Pelligrini et al., 1996; Blann et al., 2002; van Golde et al., 2003; Zilkens 

et al., 2003). Epidemiological research however is less consistent. Results obtained 

from the Caerphilly study indicate that alcohol intake and plasma vWF levels are 

unrelated (Yarnell et al., 2001). In contrast, several other large studies have revealed 

a significant inverse correlation between alcohol consum ption and vWF 

concentrations (Conlan et al., 1993; Kumari et al., 2000; Mukamal et al., 2001). The 

specific mechanisms by which alcohol may alter vWF concentrations remain 

uncertain though may be due to anti-inflammatory effects. Certainly, alcohol reduces 

plasma CRP levels and IL-6 production (McCarty, 1999; Albert et al., 2003). This 

might explain trends towards lower resting vWF levels in some smoking groups 

compared with non-smoking controls (see Chapter 5). Alcohol is not thought to affect 

TM levels (Mihara et al., 1997; Blann et al., 2002). A recent study has also shown 

that significant reductions in alcohol intake do not alter flow-mediated vasodilation of 

the brachial artery (Zilkens et al., 2003).

The work presented in this thesis indicates that ageing is associated with altered 

endothelial function. Thus percentage increases in forearm blood flow were 

significantly greater in younger than in older subjects as a whole and amongst the 

non-smokers. Impaired vasodilator function in older individuals was accompanied by 

elevated vWF levels and lower TM concentrations at rest. Lower resting 

concentrations o f TM are thought to reflect decreased TM expression and have been 

associated with increased risk of cardiovascular disease (Salomaa et al., 1999). That 

plasma levels o f vWF are elevated with age is well-established (Conlan et al., 1993;
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Coppola et al., 2003) and are potentially due to increasing oxidative stress and 

inflammation with age (Cadenas and Davies, 2000). Indeed, results reported in 

Chapter 7 are compatible with an age-related increase in plasma CRP concentration 

and ageing has also been associated with increased circulating levels of IL -ip , IL-6 

and TNFa (Fagiolo et al., 1993; Liao et al., 1993; O'Mahony et al., 1998; O’Sullivan, 

2003). Both IL-1 and TNFa along with histamine and the complement proteins C5a -  

9 stimulate release of vWF from the Weibel Palade bodies (Schorer et al., 1987; van 

der Poll et al., 1992). Release of vWF can also be stimulated by thrombin (Birch et 

al., 1992). Thrombin levels are potentially increased in older individuals as well as 

smokers, due to down-regulation o f thrombomodulin expression by the pro- 

inflammatory cytokines, TN Fa and IL -ip , or by Ox-LDL (Archipoff et al., 1991; 

Ishii et al., 1996). Interestingly, thrombin has been shown to up-regulate the activity 

and expression o f ECE-1 and down-regulate eNOS (Eto et al., 2001) and these 

changes may have contributed to the age-related impairment o f endothelial 

vasodilator function observed in Chapter 6 (see Figure 10.1).

Importantly, these haemostatic changes may also reflect a shift towards a pro- 

thrombotic intravascular environment and this may help to explain the increased 

incidence of thrombotic disorders observed in the elderly (Javorschi et al., 1998). 

This shift becomes even more pronounced in cardiac patients where vWF levels are 

approximately double those o f healthy individuals of similar age and TM levels are 

approximately half those o f healthy controls (see Figure 10.2). CEC numbers in 

patient groups are also significantly elevated, again approximately two-fold. Again, 

this is probably due to a chronic inflammatory state in these individuals.

The effects o f ageing and o f smoking on endothelial integrity were further 

investigated in Chapter 7, where young and older subjects underwent a bout of 

exhaustive cycle exercise. Exercise-induced endothelial damage was apparent in 

young individuals where increases in both TM and vWF levels were observed. 

Although this may lead to endothelial cell death and cell sloughing, this was not 

evidenced in the present study. Responses did not differ between non-smokers and 

abstinent smokers, indicating that chronic smoking does not alter endothelial integrity 

such that it is more susceptible to exercise-induced damage. The same was true for
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Figure 10.1: Haemostatic changes with heightened inflammation.

IL-1, TNFa and thrombin all stimulate release o f vWF from the Weibel Palade bodies of 

endothelial cells. Thrombin levels may be increased secondary to down-regulation of 

TM expression mediated by TNFa, IL-1 or Ox-LDL. Interestingly, thrombin has been 

shown to up-regulate the activity and expression o f ECE-1 and down-regulate eNOS, 

which may impair endothelial vasodilator function.



Figure 10.2: Plasma concentrations of TM and vWF in young and 

older, apparently healthy individuals and in patients undergoing  

cardiac surgery.

Data are expressed as mean ± SEM. Plasma TM levels were significantly higher in 

young individuals than in older subjects < 0.05; data taken from Chapter 7) or 

cardiac patients (4:4:4: P < 0.001; data taken from Chapter 9). Plasma TM levels were also 

higher in older, healthy individuals than in cardiac patients P  < 0.001). In contrast, 

plasma vWF levels were significantly lower in younger individuals than in older healthy 

subjects /* < 0.01) or cardiac patients ( t t t  P < 0.001). Plasma vWF concentrations 

were also significantly lower in the older, healthy group than in the cardiac patients ( J fJ  

0 .001).
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older individuals although in this case, exercise-induced endothelial injury was not 

apparent. It may be that increases in TM levels are largely due to m obilisation o f 

neutrophils. Exercise-induced leucocytosis was observed in young subjects but was 

absent in older non-smokers. White blood cell numbers did increase during exercise 

in older smokers but to a much lesser extent (25% increase in older smokers cf. 42% 

increase in young smokers). An age-related attenuation o f the neutrophil response to 

exercise has been previously reported (Cannon et al., 1990; Cannon et al., 1994). 

Alternatively an age-related reduction in exercise capacity may have limited the stress 

imposed upon the vasculature in these subjects.

To summarise, smoking does not chronically affect either endothelium -dependent 

vasodilation or endothelial integrity at rest or when subject to stress. Acute smoking 

on the other hand impairs endothelial vasodilator function and increases plasma vWF 

levels. Ageing is associated with impaired endothelium -dependent vasodilation and 

with altered plasm a levels o f  TM and vW F, reflecting a shift tow ards a more 

throm botic intravascular environm ent. A geing is also associated with a blunted 

leucocyte response to acute exercise though this may be due to reduced exercise 

capacity.

10.4 Smoking, ageing and inflammation

As discussed in C hapter 1, low -grade inflam m ation may result in the loss o f 

endothelial integrity and function. CRP is an acute phase inflammatory protein that is 

synthesised and secreted prim arily by hepatocytes in response to circulating 

cytokines, specifically IL-6, IL -ip  and T N Fa. Elevated levels o f CRP have been 

associated with a number o f  cardiovascular disorders (Yu and Rifai, 2000) and may 

also predict future cardiovascular disease in otherwise healthy individuals (Ridker et 

al., 2002).

CRP levels were found to be significantly elevated in smokers who had maintained 

their normal smoking routine prior to testing (see Chapter 8). Although subject 

numbers were small, this confirms previous research (Das, 1985; Palosuo et al., 1986; 

Haverkate et al., 1997; Koenig et al., 1999; Zevin et al., 2001) and is presumably due
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to increased oxidative stress and tissue damage (see Chapter 1 for full discussion). 

Smokers are also more susceptible to respiratory infection (Marcy and Merrill, 1987). 

However, medical screening and haematological analysis indicate that the subjects 

involved in the present work were healthy at the time of testing.

In contrast, CRP levels were not significantly different between non-smokers and 

smokers, when the latter had been abstinent for 12 hours. Given that CRP has a half- 

life of 19 hours in circulation, it is possible that CRP levels declined to some extent 

within the 12-hour abstinence period. It is also possible that differences in alcohol 

intake may have masked a smoking-related effect on CRP since self-reported alcohol 

consumption was higher in the smokers than in the non-smokers described in 

Chapters 5, 6 and 7. Light to moderate alcohol consumption has been consistently 

linked with a decrease in cardiovascular disease mortality (Rehm and Bondy, 1998) 

and some epidemiological evidence suggests that the protective effects of alcohol 

might be partially mediated through anti-inflammatory effects (Imhof et al., 2001). 

Indeed, increased alcohol intake has consistently been associated with decreased 

plasma CRP levels (Sierksma et al., 2002; Stewart et al., 2002; Albert et al., 2003) 

and reduced IL-6 production (McCarty, 1999). Unfortunately, no information 

concerning alcohol intake was collected for those smokers in whom elevated CRP 

levels were apparent.

Chapter 8 describes the effects of short-term antioxidant supplementation on several 

markers of autonomic and endothelial function in young, healthy smokers and non- 

smokers. Antioxidant supplementation did not affect endothelial integrity, 

endothelium-dependent vasodilation or markers of autonomic behaviour. However, 

the smoking-related increase in plasma CRP levels was abolished by treatment with 

antioxidants. Furthermore, antioxidant supplementation was associated with a 

significant fall in CRP levels within the study group as a whole. Since elevated CRP 

levels are associated with increased risk of cardiovascular disease, moderate-dose 

antioxidant supplementation might be of benefit in young and healthy individuals.

Acute, intense exercise induces tissue damage, which in turn provokes an 

inflammatory response (Shek and Shepard, 1998; Pederson, 2000; Fallon, 2001;
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Meyer et al., 2001). As discussed in Chapter 7, plasma CRP levels did not differ 

between young smokers and non-smokers either before or after acute exercise and 

were not altered by acute exercise in either group. In older non-smokers, a CRP 

response to exercise was also absent. However, CRP rose significantly in older 

smokers following acute exercise and this was accompanied by an exercise-induced 

leucocytosis that was absent in older non-smokers. These changes remained 

significant after correction for haemoconcentration (which was slight).

This finding was somewhat unexpected. Although previous research indicates that 

exercise induces CRP release, increases do not appear to be immediately detectable. 

In general, CRP levels appear to be notably elevated by 6 hours after stimulus and 

peak by 24-48 hours (Gleeson et al., 1995; Meyer et al., 2001; Peters et al., 2001). 

Here, blood sampling occurred roughly 10 minutes after a bout of exercise that lasted 

approximately 20 minutes only. This time-period seems inadequate when we 

consider that CRP stores are not thought to exist and CRP elevations are believed to 

result purely from increased de novo synthesis (Szalai, 2002). Furthermore, the 

majority o f research to date has involved endurance type exercise lasting more than 1 

hour. Data concerning the effects of short-term exercise on plasma CRP levels are 

inconsistent. Thus elevated CRP concentrations were observed 1 day after a 30- 

minute bout of downhill running but not after cycle exercise for 16 minutes at 80% 

V02max (Akimoto et al., 2002). Gleeson et al. (1995) also reported increased CRP 

levels 1 day after a 40-minute bench stepping exercise but this increase was not 

detectable immediately after exercise.

Although hepatocytes are by far the most important site of CRP release, several other 

cell types, including lymphocytes and blood monocytes, are capable o f producing the 

protein (Volanakis, 2001). Both lymphocyte and monocyte numbers were elevated 

during exercise in the older smokers, the former significantly so. A second potential 

source of CRP during acute exercise may be the endothelial layer. CRP binds to 

phosphocholine residues, native and modified plasma lipoproteins and damaged cell 

membranes. It is possible that this bound CRP is initially present to a greater degree 

amongst the smokers and is sloughed off the endothelial layer by increased shear 

stress during exercise. The results o f work presented here might also suggest that 

CRP synthesis occurs more rapidly than has previously been accepted or alternatively
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that CRP stores do indeed exist. However, these possibilities seem unlikely. It is 

im portant to note that while the increase in plasm a CRP levels was statistically 

significant, it was also quite modest.

The results presented in Chapter 7 also indicate that the inflammatory response to 

exercise differs between older smokers and non-smokers. Indeed, it is possible that 

ageing and smoking interact to enhance certain aspects o f  the inflammatory response.

Ageing is accompanied by increased oxidative stress which may give rise to increased 

low-grade inflammation. Certainly, elevated levels o f pro-inflammatory cytokines as 

well as increased phagocyte activity have been observed with ageing. In this work, 

plasma levels o f  CRP were similar between older non-smoking men and the younger 

non-smokers. These findings appear to conflict with previous work which describes a 

progressive increase in CRP levels with age (Haverkate et al., 1997; Hutchinson et a l,  

2000). However as discussed in Chapter 7, the actual values reported here compare 

well with these studies and the lack o f statistical significance may be due to a variable 

distribution o f data. As stated earlier, elevated CRP levels have been associated with 

future cardiovascular disease (Ridker et al., 2002). Antioxidant-induced decreases in 

CRP levels were dem onstrated in young, healthy subjects (see Chapter 8) and may 

also be o f benefit to older individuals. This premise deserves further study.

10.5 An investigation into circulating endothelial cells

CECs are endothelial cells that have become detached from the basal lamina and are 

subsequently detectable in the circulation. The num ber o f these cells is thought to 

reflect endothelial integrity. Published data concerning CEC num bers in healthy 

individuals are somewhat inconsistent though this is probably due to differences in the 

techniques employed to isolate and quantify CECs. In Chapter 7, mean CEC numbers 

in young and older non-smokers were reported to be 89 ± 28 and 83 ± 21 cells.(ml 

whole blood)'' respectively. These figures com pare well w ith previous reports 

(Sinzinger et a/., 1996; see C hapter 5 for a m ore detailed discussion). The 

endothelium comprises approximately lO'^ endothelial cells (Cines et al., 1998) and 

resting CEC numbers reported here therefore represent approxim ately I'Vo o f total 

cell numbers.
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There is little information available concerning the effects o f ageing on endothelial 

desquam ation in humans. In rats however, CEC numbers are increased in older 

anim als possibly reflecting an increase in endothelial cell turnover w ith ageing 

(Challah et a l ,  1997). This could be due to a decrease in endothelial cell adherence or 

alternatively to an increase in endothelial cell proliferation. Indeed, a recent study by 

Phillips et al. (1994) demonstrated increased proliferation o f cultured endothelial cells 

derived from older rats compared with cells from young animals. Nevertheless, CEC 

numbers were not found to be elevated in older subjects (see Chapter 7). This may 

indicate that ageing in humans is not associated with increased endothelial damage or 

turnover. Alternatively, adequate clearance mechanisms might buffer any increases. 

In Chapter 9, the potential modes o f CEC clearance were outlined. These include 

trapping o f CECs within the m icrocirculation, removal in the spleen and liver and 

ingestion by circulating phagocytes. C irculating phagocytes in older individuals 

exhibit signs o f increased activation (Sadeghi et al., 1999).

The work outlined in Chapter 9 indicates that CEC numbers in cardiac patients are 

significantly higher than those in normal apparently healthy, middle-aged individuals 

(201 ± 57 c /  89 ± 9 cells.m l'‘; normal data obtained from the older smokers and non- 

smokers in Chapter 7). This 125% increase is indicative o f  greater endothelial 

damage or increased endothelial turnover in the patient group. Similar changes are 

reported in the literature. Thus CEC counts o f  2.6 cells.ml"' were found in blood 

donors (Solovey et al., 1997). In a separate study, but using the same technique for 

quantification o f  CECs, patients with unstable angina had a mean CEC count o f  4.5 

cells.ml’’ iMnXmet al., 1999).

The fate o f endothelial cells once they have detached themselves from the endothelial 

layer is unclear. In particular, it is not known whether these cells are capable o f 

passing through the m icrovasculature. This may seem im probable given that the 

diameter o f CECs is approximately five times that o f  the smaller vessels. However, 

CECs may become furled and light microscopy provides evidence that this does occur 

(see Figure 2.3). In patients undergoing cardiopulmonary bypass, CEC numbers did 

not differ between arterial and venous samples and this supports the idea that CECs 

pass through the capillary system. But do they continue to circulate until they
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eventually degrade? The preponderance o f  anuclear cell carcasses in norm al 

individuals supports this notion. However, the work outlined in Chapter 9 suggests 

that in disease states at least, cells may be more actively disposed of, perhaps by the 

increasing num bers o f  circulating phagocytes. Thus percentage viability was 

significantly higher in the venous system at 6 hours than at 1 hour post-surgery. This 

change corresponded to a significant drop in arterial CEC numbers. Such a pattern 

might be explained by the active removal o f less viable cells within the arterial system 

possibly by phagocytes that had been mobilised in response to ischaemia-reperfusion- 

related tissue injury. It is also possible that increased endothelial sloughing occurs 

within the systemic vessels. These cells may then pass through the capillaries and are 

subsequently detectable within the venous system.

There is very little available data concerning the length o f  time that CECs might 

norm ally spend in circulation. CECs were not found to be elevated in smokers 

following a 12-hour abstinence period (Chapters 5,6 and 7). Similarly CECs were 

unaltered 25-30 minutes after acute smoking and 10 minutes after an acute bout o f 

intense exercise. However others have found CEC numbers to be significantly higher 

in young female smokers following only 2 hours o f  abstinence than in non-smoking 

controls (Tansey and Bell, 2003). These data suggest that cell death and detachment 

following a relatively mild stimulus, may take between 30 minutes and 2 hours to 

occur to a significant extent. CECs may then be cleared from the circulation so that 

they are not significantly different from normal at 12 hours after smoking. In 

contrast, M utin et al. (1999) have suggested that CEC half-life may be at least 24 

hours in patients with acute coronary conditions. However, it is likely that CEC 

kinetics differ considerably between disease and normal states.

10.6 Indices o f endothelial status

Several indices o f endothelial integrity have been discussed throughout this thesis. 

However, they each appear to reflect different aspects o f endothelial health. As stated 

above, CEC numbers were significantly higher than normal in the cardiac patients 

discussed in Chapter 9. Baseline venous CEC num bers in these patients were 

significantly correlated with baseline vWF levels. Similarly, baseline TM levels were
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correlated with baseline CEC numbers within the arterial system. However these 

relationships were lost following cardiopulmonary bypass and acute endothelial 

perturbation. These results suggest that CEC numbers reflect chronic endothelial 

injury but are not indicative of acute endothelial damage. The studies concerning the 

effects of acute exercise and smoking on CEC numbers lend weight to this theory. 

Thus CEC numbers are unchanged within 10 minutes o f completing a bout of intense 

exercise, despite significantly elevated levels of plasma TM and vWF. Furthermore, 

CEC numbers are not elevated within 30 minutes o f acute smoking but others have 

reported significant elevations within 2 hours of smoking (Tansey and Bell, 2003). 

Importantly, unlike plasma TM and vWF levels, increased CEC numbers probably 

reflect the uncovering of thrombogenic surfaces.

Plasma TM and vWF levels are perhaps more established as markers of endothelial 

perturbation. Increased plasma levels of vWF however do not necessarily represent 

loss o f endothelial integrity since vWF release may occur during inflammation or 

following increases in shear stress. Nevertheless, plasma vWF levels were found to 

increase following acute smoking, after a bout of intense exercise and following 

cardiopulmonary bypass. Furthermore, elevated resting vWF levels were associated 

with ageing and with cardiac disease. These changes are probably due to increased 

inflammation and endothelial activation. Loss of endothelial integrity may occur 

under such circumstances but not necessarily.

Although TM release is thought to be cytokine-independent (Hirokawa and Aoki, 

1990; Seigneur et al., 1993), its expression by endothelial cells is known to be altered 

by inflammatory cytokines and by Ox-LDL. Nevertheless, increases in plasma TM 

concentration appear to follow acute endothelial perturbation. Certainly, significant 

TM increases accompanied exercise-induced endothelial injury in young individuals 

(Chapter 7) and cardiac surgery in the patient group (Chapter 9). However, both 

ageing (Chapter 7) and cardiovascular disease (Chapter 9) were associated with lower 

resting TM levels. This is probably due to down-regulation o f TM expression and 

may reflect a chronic inflammatory state. In support o f this notion, reduced plasma 

TM has been associated with increased risk of cardiovascular disease (Salomaa et al., 

1999).
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The changes observed in plasma TM and vWF levels with age and with disease 

appear to reflect a reciprocal relationship between these haemostatic agents, perhaps 

mediated by thrombin which has previously been shown to induce vWF release (Birch 

e t a l ,  1992).

10.7 Conclusions

The effects of smoking on autonomic control o f the cardiovascular system and on 

endothelial function and integrity were investigated. Several conclusions can be 

drawn from the work outlined here. Firstly, acute cigarette smoking increases heart 

rate but does not necessarily elevate blood pressure as has previously been reported. 

Neither acute nor chronic effects of smoking on cardiovascular reactivity to mental 

stress were apparent. However, in older individuals smoking was associated with an 

exaggerated pressor response to sustained isometric handgrip exercise.

Secondly, the results indicate that neither endothelial vasodilator function nor resting 

endothelial integrity is chronically impaired in young or older smokers. Furthermore, 

the extent o f exercise-induced endothelial damage was not different between smokers 

and non-smokers. However, acute cigarette smoking appears to cause endothelial 

activation as evidenced by elevated vWF levels and this is associated with blunted 

endothelium-dependent vasodilation. Elevated vWF levels may be important for 

those individuals already at increased risk of inappropriate thrombogenesis.

Finally, when normal smoking habits are maintained low-grade inflammation 

develops in smokers as evidenced by elevated levels o f high-sensitivity CRP. This 

inflammation is probably provoked by increased conditions o f oxidative stress and 

can be counteracted by short-term, moderate-dose antioxidant supplementation. Since 

elevated CRP levels have been associated with increased risk o f cardiovascular 

disease, these results support the use of antioxidant supplementation even in young 

and healthy individuals.

The effects of ageing on autonomic and endothelial function were also examined. 

Previous reports o f age-related increases in resting blood pressure were confirmed in 

this study. Cardiovascular reactivity to mental stress was attenuated with age and this
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may be attributable to age-related reductions in (3-receptor respo n siv en ess . 

Furthermore, endothelium-dependent vasodilation is blunted in older individuals and 

this is associated with increased plasma levels o f  vW F and decreased TM levels. 

These changes may be due to increasing oxidative stress and inflammation with age. 

Certainly, results reported here are compatible with an age-related increase in plasma 

CRP concentration. Importantly, these haemostatic changes may also reflect a shift 

towards a pro-thrombotic intravascular environment and this may help to explain the 

increased incidence o f inappropriate thrombosis in the elderly.

Exercise-induced endothelial damage was absent in older individuals but this may 

reflect reduced exercise capacity rather than decreased susceptibility to endothelial 

injury. Interestingly, plasma CRP levels increased with exercise in older smokers but 

not in older non-sm okers or younger individuals. This has several im plications. 

Firstly, it suggests that ageing and smoking might interact to enhance certain aspects 

o f the inflammatory response to stimuli. Secondly, it implies that short-term exercise 

can activate the acute phase response and that this can occur to a significant extent 

within 10 m inutes o f  com pleting a short bout o f  exercise. Release o f  CRP from 

activated immune cells or cleavage o f CRP from damaged endothelium may underlie 

this observation.

The markers o f endothelial integrity discussed in this thesis may describe different 

aspects o f  endothelial health. CEC numbers appear to increase with chronic loss of 

endothelial integrity rather than acute perturbation. Increased plasm a levels o f  vWF 

may reflect both chronic and acute endothelial damage but vWF release can also be 

stim ulated in the absence o f endothelial damage. Plasm a TM appears to increase 

following acute injury. However, lower resting levels may be indicative o f  chronic 

inflammation, associated with ageing and with cardiac disease.
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U n i v e r s i t y  o f  D u b l i n

D epartm en t o f  P h ysio logy  

M E D I C A L  E X A M I N A T I O N  F O R M

P e r s o n a l  D e t a i l s

Name e-mail

Date of Birth Telephone

Address Do you smoke?
If you do, how many do you smoke per day and fo r  
how long have you been smoking?

Do you perform regular exercise?
eg. Sport, weekly training schedule...

M e d i c a i . H i s t o r y

Have you ever had any of the following?

Yes No Yes No
Angina Heart Attack

Rheumatic Fever Irregular heart beat 
(Arrhythmia)

Heart M urmur Diabetes

Stroke Mini-Stroke
(TIA)

Epilepsy Asthma

Tuberculosis
(TB)

Cancer

Jaundice Arthritis

Anaemia Sporting Injury

A r e  y o u  on  a n y  
medicines?

Are you allergic to anything?
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S u r g i c a l  H i s t o r y

Have you ever had any operations?
If yes, what d id you have done and when?
Operation Year

Were there any complications?

S y s t e m s  R e v i e w

Do you suffer from any of the following?
Yes No Yes No

Headaches Sore Throat

Loss of Vision Abdominal Pain

Loss of power to the legs 
or arms

Constipation

N u m b n e ss  or unusua l 
feeling in legs or arms

Diarrhoea

Chest Pain Nausea

Shortness of Breath Vomiting

Palpitations Un u s u a l  B l e e d i n g  or  
bruising

Cough K i d n e y  o r  B l a d d e r  
problems

E x a m i n a t i o n  F i n d i n g s

Blood Pressure Pulse

Respiratory Cardiovascular

Other findings Choi Height Weight

ECG Signed Date
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Appendix I: Medical Exclusion Criteria

During recruitment o f subjects for this study, the following medical exclusion criteria 
were adopted:

Medical History

• History o f angina or undiagnosed chest pain

• History o f myocardial infarction (MI)

• History o f cardiac arrythmia

• History o f  cerebro-vascular accident (CVA)

• History o f tuberculosis

• History o f lung carcinoma

• Poorly controlled epilepsy (>1 fit in previous 12 months)

• Type I or Type II Diabetes Mellitus

• Poorly controlled Asthma (>1 acute attack in previous 12 months)

• Anaemia (Hb<x male or Hb<y female)

• Arthritis o f spine or lower limbs

• Active sporting or other injury resulting in pain or limitation o f  movement

• Recent (last 6 months) surgical procedure

• History o f cardiovascular-related surgical complication

• History o f undiagnosed visual loss

• History o f undiagnosed loss o f power or sensation to limbs or face

• History o f undiagnosed parasthesia

• History o f recurrent or persistent undiagnosed headache

• History o f undiagnosed dyspnoea

• History o f undiagnosed heart palpitations

• Active infection o f any site (including but not limited to respiratory, 

urinary and gastrointestinal tracts, ears and soft tissue)

• Active cough

• Active sore throat

• Active abdominal pain

• Active constipation, diarrhoea, nausea or vomiting

• Active abnormal bleeding

• Active urinary tract abnormality
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Appendix I: Medical Exclusion Criteria

During recruitment o f subjects for this study, the following medical exclusion criteria 
were adopted:

Medical History

• History o f  angina or undiagnosed chest pain

• History o f myocardial infarction (MI)

• History o f cardiac arrythmia

• History o f cerebro-vascular accident (CVA)

• History o f  tuberculosis

• History o f  lung carcinoma

• Poorly controlled epilepsy (> 1 fit in previous 12 months)

• Type I or Type II Diabetes Mellitus

• Poorly controlled Asthma (>1 acute attack in previous 12 months)

• Anaemia (Hb<x male or Hb<y female)

• Arthritis o f spine or lower limbs

• Active sporting or other injury resulting in pain or limitation o f  movement

• Recent (last 6 months) surgical procedure

• History o f  cardiovascular-related surgical complication

• History o f undiagnosed visual loss

• History o f  undiagnosed loss o f power or sensation to limbs or face

• History o f  undiagnosed parasthesia

• History o f  recurrent or persistent undiagnosed headache

• History o f  undiagnosed dyspnoea

• History o f  undiagnosed heart palpitations

• Active infection o f any site (including but not limited to respiratory, 

urinary and gastrointestinal tracts, ears and soft tissue)

• Active cough

• Active sore throat

• Active abdominal pain

• Active constipation, diarrhoea, nausea or vomiting

• Active abnormal bleeding

• Active urinary tract abnormality
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Medical Examination

• Temperature > 37°C

• Resting heart rate > 90 bpm

• Irregular or abnormal pulse

• Systolic blood pressure > 160 mmHg

• Diastolic blood pressure > 90 mmHg

• Any heart murmur (unless previously diagnosed as benign)

• Added abnormal heart sounds

• Evidence o f cardiomegally

• Evidence o f  heart failure

• Wheeze in any lung field

• Crepitations in any lung field

• Reduction in air entry to any lung field

• Evidence o f infection

• Any limitation or pain on movement o f lower limbs or back
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TRINITY COLLEGE DUBLIN

HUMAN EXPERIMENTATION 
SUBJECT INFORMATION &INFORMED 

CONSENT FORM

PROJECT:

INTERACTIONS OF SMOKING, ANTIOXIDANTS AND EXERCISE ON 
CARDIOVASCULAR FUNCTION

Principle investigators:

Miss M Barry; Professor C Bell

Background:

It is widely documented that smoking is associated with elevated blood pressure and 
increased risk of vascular disease, but the mechanisms underlying this remain unclear. 
Previous research in this Department has shown that large arteries are stiffened in 
young male smokers and that this change is reversed by short-term dietary 
supplementation with a free radical scavenger. We wish now to determine whether 
the small arteries that control blood pressure are also affected by smoking. We 
believe that this research will have important implications for the treatment and 
prevention of high blood pressure, heart attacks and stroke.

Participation in the study will involve the following:

• a routine medical exam ination to exclude subjects who would be 
recommended not to perform maximal exercise

• a maximal fitness test (V02max) test to establish your level of fitness. This 
involves cycling on a stationary cycle ergometer at a constant pace, while the 
peddling resistance is increase every three minutes until you are unable to 
continue. During the test, you will breathe into a mouthpiece for analysis of 
your oxygen consumption and will have a polar band strapped to your chest 
for heart rate monitoring. A maximal fitness test usually lasts approximately 
20 minutes. An 18ml sample o f blood will be taken from your arm by a 
registered medical practitioner before and after exercise. This is taken for the 
quantification of circulating endothelial cells and for the analysis o f plasma 
thrombomodulin, von Willebrand factor and endothelin-1.
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Blood samples w ill be used exclusively for this study and w ill be retained 
anonymously for 5 years.

All personal information will be held confidentially and data obtained in the study 
will be stored and analysed solely by code number. If  you have any questions or 
concerns at any time, please contact the chief investigator, Maeve Barry (608 1121) or 
Professor C Bell (608 1076).

DECLARATION:

This study and this consent form have been explained to me. The investigators have 
answered all my questions to my satisfaction. I believe I understand what will happen 
to me if  I agree to be part o f this study.

1 have read, or had read to me, this consent form. I have had the opportunity to ask 
questions and all my questions have been answered to my satisfaction. I freely and 
voluntarily agree to be part o f  this research study, though without prejudice to my 
legal and ethical rights and understand that I am entitled to leave the study at any 
time, without penalty. I have received a copy o f this agreement.

PARTICIPANTS NAM E:............................................................................

CONTACT DETAILS:.................................................................................

PARTICIPANTS SIGNATURE:................................................................

DATE:............................................

Statement o f investigators responsibility: I have explained the nature, purpose, 
procedures, benefits, risks of, or alternatives to this research study. I have offered to 
answer any questions and fully answered such questions. I believe that the participant 
understands my explanation and has freely given informed consent.

INVESTIGATORS SIGNATURE:

DATE:
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Screenshot of the Powerlab data acquisition system. An ECG trace was recorded 

on Channel 1. Heart rate, displayed on Channel 5, was derived from the time 

intervals between the ECG QRS complexes which triggered a rate-meter. Beat-to- 

beat blood pressure measured by applanation tonometry was displayed on Channel 2. 

Changes in cardiac impedance were recorded on Channel 3, and Channel 4 shows 

changes in forearm girth as detected by the strain gauge.

The Powerlab data acquisition system allows recording o f external signals by 

connecting various transducers with input charmels via amplifiers. Here, the COLIN 

blood pressure monitor was connected to an isolated and specifically-designed blood 

pressure amplifier. ECG and cardiac impedance traces passed through so-called Bio 

Amps, high performance differential amplifiers with filter settings optimised for the 

measurement of biological signals. Information concerning handgrip force passed 

from the dynamometer through bridge amplifier circuitry.
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Appendix IV: Continuous beat-to-beat blood pressure monitoring

In this study, beat-to-beat blood pressure was measured tonometrically using a non- 

invasive blood pressure monitor (CBM-7000). A pneumatic cuff was placed around 

the upper arm, so that the rubber bladder was located medially over the brachial 

artery. A brace was fitted to immobilise the wrist and thumb and to position the 

artery at the surface of the skin away from the tendons. The radial artery was then 

located by palpation and the tonometry sensor, a rectangular array of piezoelectric 

pressure transducers, was positioned where the strongest pulse amplitude was 

detected (see below). Correct positioning o f the sensor was facilitated by the 

tonogram, a graph of sensor pulse amplitude plotted against transducer number, 

showing the distribution of pressure detected by the sensor (see below).

The wrist brace was fitted to immobilise the wrist and thumb and to expose the artery 
(B). The radial artery was located by palpation and the sensor positioned where the 
strongest pulse amplitude was detected, generally about 20mm from the wrist line

Oscillometric measurement of blood pressure enabled calibration of the tonometry 

sensor. This method measures blood pressure by relating cuff pressure oscillations to 

the pulsation of the radial artery. When the cuff around the arm is fully inflated,

A B

(A).
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blood flow stops but pulsation o f the artery continues and causes pressure oscillations 

within the cu ff As the pressure in the cuff slowly decreases the magnitude o f the 

pressure oscillations increases and eventually reaches a peak. Further decreases in 

cuff pressure cause the oscillations to decrease in magnitude. The cuff pressure at 

which the oscillations increase rapidly is taken as the systolic pressure and cuff 

pressure at which the oscillations decrease rapidly is taken as the diastolic pressure.

Central
Position
Cursor

Tonogram

Position
IndicatorCentre

HDP
Indicator

Indicator

The tonometry sensor is positioned over the radial artery at the point where the 
strongest pulse amplitude is detected. A pneumatic pump and bellows presses the 
sensor down, partially flattening the artery, and a tonogram , a graph o f sensor pulse 
am plitude versus transducer number is plotted. W hen the tonom etry sensor is 
positioned properly, the tonogram should be roughly symmetrical with the centre o f 
the display. The signal strength (SS) should be between 60 and 150%, as close to 
100% as possible and the optimal hold down pressure (HDP) is between 40 and 120.

Once the sensor has been calibrated, a pneumatic pump and bellows presses the 

transducer array against the skin and tissue above the artery and the sensor begins to 

detect the beat-to-beat blood pressure waveform (see below). This is displayed by the 

PowerLab data acquisition system.

The beat-to-beat blood pressure trace is shown along with an overlaying ECG trace.
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Appendix V: Determination of stroke volume by impedance cardiography.

Impedance cardiography relies on the altered electrical im pedance o f  the thorax 

arising from the caudorostral ejection of blood from the heart into the major arteries 

during systole. An impedance waveform, shown below is recorded and from this, 

stroke volume can be derived using the Kubicek equation (Kubicek et al., 1966).

Kubicek equation:

SV = L^/Zo^ . dZ/dt . t . 135

Where:

SV = stroke volume
L = distance between recording electrodes
Zo = basal impedance, reflecting the total fluid status o f the chest
dZ.dt = the change in impedance
t = time
135 = resistivity o f blood which only varies significantly with substantial

changes in haematocrit

A

B

dZ.dt

t

A n ex am p le  o f  a ca rd iac  
im pedance trace with overlaying 
ECG trace, is shown above (A). 
A schem atic waveform is shown 
at left (B). The m easurem ents 
shown are term s required by the 
K u b icek  e q u a tio n , fo r the 
calculation o f stroke volume.



Appendix VII

Haemocytometry

The haemocytometer is a thick glass slide originally designed for counting cells in 

blood samples (haemocytes). The slide contains two chambers, which accurately 

subdivided into grids. As shown below, these grids consist o f  9 primary squares each 

containing 16 smaller squares. The large squares are o f fixed area (Imm^) and depth 

(0.1mm) and consequently hold a fixed volume o f fluid (0.1 mm^). At the end o f each 

grid, there is a wedge where the cell suspension is added. Solutions are drawn across 

the grid, under a thick coverslip by capillary action.

O . l m m

Central Square
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ID: 000005791 29-01-03
WB 14:18

Patient
Limits 2

WBC 5.5 xl0^9/L 4.8 10.8
LY 35.3 % 20.5 51.1
MO 2.0 % 1.7 9.3
GR 62.7 % 42.2 75.2
LY# 1.9 xlO~9/L 1.2 3.4
MO# 0.1 xl0^9/L 0.1 0.6
GR# 3-4 xlO"9/L 1.4 6.5
RBC 4.89 xlO'12/L 4.20 5.20
Hgb 15.2 g/dL 12,0 16.0
Hct 44.4 % 37.0 47.0
MCV 90.8 fL 80.0 95.0
MCH 31.0 pg 27.0 31.0
MCHC 34.1 g/dL 33.0 37.0
ROW 12.6 % 11.6 13.7
Pit 274. * xl0^9/L 130. 400.
MPV 6.3 *L fL 7.8 11.0

WBC HISTOGRAM RBC HISTOGRAM PLT HISTOGRAM

Full blood cell counts. Blood cell analysis was carried out using a Coulter counter 

(Coulter AC.T diff, Coulter Electronics Ltd., Bedfordshire, U.K.) and include 

quantification o f haemoglobin, haeraatocrit and white and red blood cells. Shown 

above are the results for a blood sample taken from a young man after an acute bou

of exercise.



Appendix VI

ID: 000005795 29-01-03
WB 15:59

Patient
Limits 2

WBC 9.2 xl0^9/L 4.8 10.8
LY 42.3 % 20.5 51.1
MO 7.3 % 1.7 9.3
GR 50.4 % 42.2 75.2
LY# 3.9 H xl0“9/L 1.2 3.4
MO# 0.7 H xl0^9/L 0.1 0.6
GR# 4.6 xl0~9/L 1.4 6.5
kBC 5.12 xlO~12/L 4.20 5.20
Hgb 15.9 g/dL 12.0 16.0
Hct 46,5 % 37.0 47.0MCV 90.9 fL 80.0 95.0
MCH 31.1 H pg 27.0 31.0
MCHC 34.2 g/dL 33.0 37.0RDW 12.6 % 11.6 13.7
Pit 338. * xl0^9/L 130. 400.
MPV 7.2 *L fL 7.8 11.0

WBC HISTOGRAM RBC HISTOGRAM PLT HISTOGRAM

Full blood cell counts. Blood cell analysis was carried out using a Coulter counter 

(Coulter A c.T diff, Coulter E lectronics Ltd., Bedfordshire, U .K .) and included 

quantification o f  haemoglobin, haem atocrit and white and red blood cells. Shown 

above are the results for a blood sample taken from a young man after an acute bout 

o f exercise.



Appendix VII

In the present study, haemocytometry was used in concert with the trypan blue dye 

exclusion technique to assess the percentage viability o f circulating endothelial cells. 

This was carried out as follows:

10ml o f trypan blue (0.4%) were added to and equal volume o f endothelial cell 
suspension to form a 1:1 solution

Using a pipette, 10ml o f this solution were placed in the wedge at the edge o f 
each grid

• the solution was drawn into each of the tw o haem ocytom eter chambers by 
capillary action

the number o f viable (unstained) and unviable (stained) cells in the four corner 
squares and the middle square o f each grid w ere counted (a total o f  10 
squares)

• this gave the average number o f cells per ml

• this was multiplied by 1000 to give cell numbers.ml"' and again by 2 to correct 
for trypan blue dilution

since only 10ml were used of a 30ml solution, the number was multiplied by 3

• this gave the number o f cells in 6ml o f whole blood and was therefore divided 
by 6 to give cells.ml"' whole blood



Appendix VIII

Subject Information: Supplementation

Subject Study Number: __________

Capsule Code: __________

• You have been supplied with 7 white capsules and 7 gold capsules, 14 

capsules in total.

• These capsules contain either a placebo or vitamin supplementation 

(600mg vitamin C, 400mg vitamin E).

• Take one white capsule and one gold capsule (2 capsules in total) daily.

• Take these two capsules together, with food and at roughly the same time 

each day.

• Please tick the boxes in the table below to indicate that you have taken 

the capsules and enter the time at which the capsules have been taken.

Day Time Capsule 1 (White) Capsule 2 (Gold)

1

2

3

4

5

6

7



Appendix IX

Material Source

Accutrend cholesterol strips Roche Diagnostics

Adenosine di-phosphate Boehringer Mannheim

Bovine serum albumin Sigma

Citric acid May and Baker Ltd.

Cresyl fast violet Difco Laboratories

DPX BDH Laboratories

Endothelin-1 ELISA kit Biomedica Gruppe

Gelatine BDH Laboratories

Haemostasis reference plasma Biopool International

HEPES Sigma

Hydrogen peroxide (H202) Sigma

KH2P04 Sigma

Lancets Omega Diagnostics

NaC03 Sigma

NaHP04 Sigma

NaCl Sigma

NaHC03 BDH Laboratories

Orthophenylenediamine (OPD) Sigma

Paraformaldehyde Sigma

KCl BDH Laboratories

Red dot monitoring electrodes 3M Health Care

H2S04 BDH Laboratories

Thrombomodulin ELISA kit Diaclone Research

Triton X-100 Sigma

Trypan blue Sigma

Tween-20 Sigma

Vacutainers (EDTA and Li/H) BD Vacutainer Systems

Vacutainer needles BD Vacutainer Systems

Vacutainer needle protectors BD Vacutainer Systems

Von Willebrand factor ELISA kit Kordia



Appendix IX

Suppliers

BDH Laboratories

BD Vacutainer Systems

Biopool International

Boehringer Mannheim 

Corning

Diaclone Research

DIFCO Laboratories 

Greiner Laboratories

Kordia

May and Baker Ltd. 

Roche Diagnostics

Sigma

Address

BDH Laboratory Supplies, 
Poole, BH15 ITD, UK.

BD Vacutainer Systems, 
Preanalytical Solutions,
Belliver Industrial Estate, 
Plymouth PL6 7BP, UK.

Biopool International,
6025 Nicolle Street,
Ventura, CA 93003, USA.

D-68298 Mannheim, Germany.

Corning Costar Corporation, 
Corporate Headquarters,
1 Alewife Centre,
Cambridge, MA 02140, USA.

Diaclone Research,
1, Bd A Fleming, BP 1985, 
25020 Besancon Cedex, France.

DIFCO Laboratories,
West Molesey, Surrey, UK.

Greiner Labortechnik Gmbh, 
A-4550 Kremsmunster, 
Badhaller Str 32, Austria.

Kordia Laboratory Supplies, 
Kordia bv, Oude Singel 158, 
2312 RG Leiden, 
the Netherlands.

May and Baker Ltd.
Dagenham, UK.

Roche Diagnostics Ltd.,
Bell Lane,
BN7 ILG, Lewes,
East Sussex, UK.

Sigma Chemicals Ltd.,
Fancy Road, Poole,
Dorset, UK.


