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ABSTRACT

Nitric oxide (NO) is a potent, newly discovered, endogenous 
vasodilator, synthesised stereospecifically from L-arginine in 
a process inhibited by N'^-monomethyl-L-arginine (L-NMMA) . The 
work described in this thesis was designed to examine the role 
of the L-arginine:NO system in the control of vascular tone in 
healthy humans, to investigate whether the L-arginine:NO system 
was abnormal in patients with essential hypertension or insulin 
dependent diabetes mellitus, and to examine the possibility that 
derangement of the L-arginine:NO system might contribute to the 
secondary hypertension associated with chronic renal failure. In 
the bulk of the studies, drugs were given by local infusion and 
responses measured in a single dorsal hand vein or in the forearm 
arterial bed. In the study involving patients with end stage 
renal failure drugs were administered systemically.

In healthy volunteers, NO mediated vasodilatation accounts for 
approximately 40% of basal vascular tone, since L-NMMA caused a 
maximum fall in forearm blood flow of approximately 40%. In 
addition, although L-arginine at calculated plasma concentrations 
above 4-5mmol/l is a vasodilator, this action is shared by D- 
arginine. Hence the mechanism of L-arginine induced 
vasodilatation is unlikely to be via activation of the NO pathway 
through the provision of excess substrate for NO synthase. NO 
plays a part in the physiological response to acute increases in 
plasma volume, since acute plasma expansion in healthy subjects 
caused an increase in forearm blood flow which was abolished by
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local administration of L-NMMA. An endogenous inhibitor of NO 
synthase, asymmetric dimethylarginine, is active in the human 
vasculature in vivo and caused forearm blood flow to fall by 
approximately 40%.

In patients with essential hypertension or insulin dependent 
diabetes the NO pathway is abnormal, since the forearm blood flow 
response to L-NMMA was reduced in both disorders. However, in 
hypertensive patients whose blood pressure had been controlled 
with medical therapy, the L-NMMA response was restored towards 
normal. The forearm response to acetylcholine was not augmented 
by supplying excess local L-arginine substrate in either healthy 
controls, or patients with hypertension or diabetes mellitus. 
However, in patients with end stage renal failure, a preliminary 
investigation showed that systemic L-arginine caused a small fall 
in diastolic blood pressure. Thus the supply of L-arginine may 
be more critical for NO synthesis in patients with renal failure 
than in those with essential hypertension or diabetes mellitus.

The work in this thesis confirms and extends the observation that 
NO contributes to the control of resting vascular tone in healthy 
humans. In addition, it shows that abnormalities of the NO system 
are present in vivo in patients with a variety of human diseases. 
It is possible that derangements of the NO pathway may provide 
a mechanism to explain the development of cardiovascular 
complications in essential hypertension and insulin-dependent 
diabetes, and partly explain the mechanism behind the secondary 
hypertension associated with renal impairment.
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INTRODUCTION

Over the last twenty years it has become increasingly clear that 
the endothelium plays a major role in the control of vascular 
tone and regulation of cellular adhesion. Endothelial cells 
synthesise vasoconstrictor and vasodilator substances (Moncada 
et al 1976; Furchgott & Zawadzki 1980; Gryglewski et al 1988; 
Yanagisawa et al 1988; Kato et al 1990), take up and inactivate 
circulating vasoactive substances (Vane 1969; Shepro et al 1975; 
Kroll et al 1989), and convert inactive precursors into 
vasoactive mediators (Smith & Ryan 1972; Collier & Robinson 1974; 
Ryan 198 6). However, the true extent to which the endothelium 
contributes to cardiovascular control is only now becoming 
apparent.

The recent intense interest in endothelium-derived vasodilator 
factors stems directly from the work of Furchgott and Zawadzki 
(1980) demonstrating that, in some vessels, the vasodilator 
actions of acetylcholine are entirely dependent on the presence 
of an intact endothelium. Using a "sandwich” preparation, in 
which two strips of aorta (one with, and one without, 
endothelium) were placed in contact with each other, Furchgott 
and Zawadzki (1980) were able to show that, in response to 
acetylcholine, the endothelium releases a potent and labile 
vasodilator substance initially called endothelium-derived 
relaxing factor (EDRF). This factor diffuses through to the 
underlying vascular smooth muscle and mediates the relaxation 
caused by acetylcholine (Furchgott & Zawadzki 1980).
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EDRF is nitric oxide
Following the discovery of EDRF, a period of intense scientific 
research began to identify its chemical structure. In 1986, at 
a symposium on mechanisms of vasodilatation, Furchgott and 
Ignarro independently suggested that EDRF might be the simple 
molecule nitric oxide (NO; Furchgott 1988; Ignarro et al 1988). 
The following year Moncada and colleagues showed that NO could 
account for the biological activity of EDRF on vascular smooth 
muscle strips (Palmer et al 1987) , and that EDRF and NO had 
similar actions on platelets (Radomski et al 1987a,b,c,d). 
Supporting evidence for these findings then came from Ignarro and 
his co-workers who showed that EDRF produced and released from 
perfused bovine pulmonary artery and vein is NO (Ignarro et al
1987). Later, Palmer and colleagues showed that vascular 
endothelial cells in culture are able to synthesise NO from L- 
arginine (Palmer et al 1988a) , and that L-arginine is the 
physiological precursor for the formation of NO (Palmer et al 
1988b) .

It is now clear that the vasorelaxant action of many hormones and 
autacoids, including bradykinin and substance P are also 
mediated, at least in part, by the release of NO from the 
endothelium (Moncada et al 1991a), as is the autoregulatory 
"flow-dependent” dilatation of blood vessels (Pohl et al 1986; 
Rubanyi et al 1986; Griffith et al 1987). Many other cells, in 
addition to endothelial cells, have been shown to synthesise and 
release NO, which appears to be a widespread mediator of cell
cell communication (Moncada et al 1991a). The research described
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in this thesis examines the role of endothelial-derived NO in the 
control of peripheral vascular tone in humans in vivo. and 
whether derangements of the NO system might contribute to the 
cardiovascular complications of several disease processes.

EFFECTS AND MECHANISMS OF ACTION OF NO

NO causes rapid relaxation of vascular smooth muscle. The
sensitivity of different types of blood vessel to NO varies. In 
general it seems likely that NO, or NO-donor drugs are most 
effective as vasodilators in veins, less so in large arteries and 
least in small arterioles (Collier et al 1978; Yang et al 1990). 
The sensitivity to NO may also differ between vascular beds, for 
example, umbilical vessels are resistant to the relaxant actions 
of endothelial derived NO or nitrovasodilators (Van De Voorde et 
al 1987; Renowden et al 1992).

The vasodilator actions of NO are mediated by cyclic GMP
(Gruetter et al 1981; Ignarro et al 1984). NO binds to the haem
moiety of guanylate cyclase (Ignarro et al 1986), causing a
conformational change in the enzyme and enzyme activation. This 
leads to an increase in intracellular levels of cyclic GMP 
(Gruetter at al, 1981; Ignarro et al 1984) which in turn leads 
a fall in intracellular Câ '̂  and vascular relaxation through 
mechanisms that are not fully understood (Lincoln 1989).

In addition to its effects on smooth muscle within the blood
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vessel wall, NO also affects blood cells. Exogenous NO inhibits 
the platelet aggregation seen in response to a variety of 
aggregatory stimuli in physiological buffer (Furlong et al 1987; 
Radomski et al 1987c,d), platelet-rich plasma (Azuma et al 1986) 
and in whole blood (Bhardwaj & Moore 1987). In addition, NO 
induces the disaggregation of aggregating platelets (Radomski, 
Palmer & Moncada, 1987b), inhibits the adhesion of platelets 
(Radomski, Palmer & Moncada 1987c; Sneddon & Vane, 1988) , 
neutrophils (Kubes et al 1991), and monocytes (Bath et al 1991), 
and modifies chemotaxis (Kaplan et al 1990; Bath et al 1991). 
These actions all appear to be mediated by cGMP. The sensitivity 
of these blood cells to NO varies; platelets are an order of 
magnitude more sensitive than white cells (Radomski et al 1987d; 
Bath et al 1991) , although they may be less sensitive than 
vascular smooth muscle cells (Lidbury et al 1989).

In vitro, the half-life of NO in solution in the presence of 
oxygen, is of the order of a few seconds as it decays to form 
nitrite and nitrate (Palmer et al 1987). In vivo, the fate of NO 
is less well understood. It binds avidly to, and is rapidly 
inactivated by, haemoglobin (Palmer et al 1987), and superoxide 
anions speed its destruction (Gryglewski et al 1986). In plasma, 
NO is converted to nitrite and nitrate in a ratio of 5:1, whereas 
in whole blood nitrate, methaemoglobin and nitrosohaemoglobin are 
formed in varying ratios depending on the oxygen saturation 
(Wennmalm et al 1992). NO also appears to bind to other plasma 
constituents including thiols, albumin and a variety of other 
proteins (Stamler et al 1992a,b,c). Some of these molecules may
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act as carriers for NO and prolong its half-life (Myers et al 
1990; Stamler et al 1992a,b). Thus the actions of NO in solution 
in vitro may differ from those in the circulation in vivo.

RELEASE OF NO FROM ENDOTHELIAL CELLS

The endothelium acts as a signal transducer, detecting chemical 
and physical stimuli and altering NO synthesis accordingly. 
Hormones and autacoids, including acetylcholine (Furchgott & 
Zawadzki 1980), bradykinin (Palmer et al 1987) and substance P 
(Furchgott 1983) act on specific receptors on endothelial cells 
which may be linked to G proteins (Flavahan 1992). Calcium 
ionophore causes NO release independent of receptor activation. 
An increase in flow (Pohl et al 1986; Rubanyi et al 1986) or 
shear stress (Griffith et al 1987; Melkumyants et al 1989) acts 
directly on the endothelial cell membrane to open ion channels 
(Lansman et al 1987; Olesen et al 1988; Revest & Abbott 1992). 
All of these stimulants cause a rise in endothelial intracellular 
free calcium and this activates the constitutive NO synthase. In 
addition, NO synthesis may proceed at a basal, background rate 
which presumably reflects activation of NO synthase by the normal 
resting calcium concentration within the endothelial cell. 
Cultured endothelial cells release NO spontaneously and in 
response to many chemical and physical stimuli (Palmer et al 
1988a). However, they do not release NO in response to 
acetylcholine (Cocks et al 1985) and this may be due to loss of 
acetylcholine receptors or disruption of receptor-effector
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coupling during cell culture.

The release of NO in response to acetylcholine, bradykinin, and 
substance P mediates the relaxant effects of these agents in a 
variety of vascular beds. In addition, NO release from 
endothelium is stimulated by noradrenaline and 5- 
hydroxytryptamine (Cocks & Angus, 1983), which have direct 
constrictor actions on vascular smooth muscle. In some vessels 
stimulation of endothelial c^^adrenoreceptors by noradrenaline 
releases NO which partially offsets the direct constrictor action 
of this agonist. In other vessels, NO may preferentially reverse 
ttj-mediated vasoconstriction (Ohyanagi et al 1992). In the human 
coronary artery release of NO by 5-hydroxytryptamine completely 
overcomes any constrictor effect and leads to dilatation (Golino 
et al 1991).

It is not yet clear which of the stimuli for NO synthesis are 
physiologically relevant. Acetylcholine is destroyed rapidly in 
vivo and it seems unlikely that, in large vessels, neuronally- 
derived acetylcholine could diffuse across the vessel wall to 
stimulate the endothelium (Collier & Vallance, 1990). However, 
acetylcholine may be synthesised locally within the endothelial 
cell (Parnavelas et al 1985) and it is possible that the 
regulation of local autacoid formation within the endothelium is 
an important regulator of NO synthesis.

An alternative source of mediators known to stimulate the 
endothelium to release NO, for example 5-hydroxytryptamine and
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ADP, is aggregating platelets. Aggregating platelets release 
mediators that dilate vessels with an intact endothelium, but 
constrict vessels denuded of endothelium (Cohen et al 1983; Bing 
et al 1985). Changes in shear stress across the endothelium are 
also likely physiological regulators of NO synthesis.

BIOSYNTHESIS OF NO

Studies using N^-labelled L-arginine have demonstrated that NO 
is synthesised from one of the terminal guanidino nitrogen atoms 
of the semi-essential amino acid L-arginine (Palmer et al 1988a). 
This process is stereospecific and catalysed by NO synthase; D- 
arginine is not a substrate for the enzyme (Palmer & Moncada
1989) . N“-hydroxy-L-arginine is an intermediate in the synthetic 
process, and is generated as a result of nicotinamide adenine 
dinucleotide phosphate (NADPH) dependent hydroxylation of L- 
arginine (Stuehr et al 1991). L-citrulline is produced as a by
product, and NO synthase incorporates molecular oxygen into NO 
and citrulline (Leone et al 1991). Under physiological conditions 
the supply of L-arginine does not appear to be rate limiting for 
NO synthesis.

Several isoforms of NO synthase have been identified (Forstermann 
et al 1991) and many cell types are able to synthesise NO. It is 
useful to regard the NO synthase family in functional terms: two 
broad groups can be defined, a constitutive. Ca^'^-calmodulin 
dependent enzyme and an inducible. Ca^"^-independent enzyme 
(Forstermann et al 1991). Both enzyme types require NADPH as a
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co-factor and have activity enhanced by tetrahydrobiopterin. The 
constitutive enzyme is present in endothelium, platelets, 
myocardium, endocardium and neural tissue and synthesises NO in 
small amounts for short periods in response to physical or 
receptor stimulation (Moncada et al 1991a). The inducible, Ca^^ - 
independent NO synthase can be expressed in a variety of cells 
including endothelial cells (Radomski et al 1990a), vascular 
smooth muscle cells (Busse & Mulsch 1990; Fleming et al 1991), 
cardiac myocytes (Schulz et al 1992), macrophages (Hibbs et al
1988) and neutrophils (McCall et al 1989). The precise conditions 
required for the induction of NO synthase in these cell types 
varies, but endotoxin, tumour necrosis factor and interleukin-lB 
have all been shown to induce the enzyme (Moncada et al 1991a), 
while interleukin-8 ( McCall et al 1992) and transforming growth 
factor-B, inhibit induction (Schini et al 1992) . Expression of 
inducible NO synthase is prevented by prior administration of 
glucocorticoids (Radomski et al 1990a; Rees et al 1990a) . The 
demonstration of inducible NO synthase in human cells has been 
difficult. However, there is indirect evidence to show NO 
formation from L-arginine in human macrophages (Denis 1991) and 
neutrophils (Schmidt et al 1989; Wright et al 1989).

NO synthase has recognition sites for NADPH, flavin 
mononucleotide (FMN), flavin adenine dinucleotide (FAD) and 
calmodulin, as well as phosphorylation sites (Bredt et al 1991), 
suggesting the enzyme has multiple pathways for its regulation. 
The amino acid sequence of brain NO synthase is closely 
homologous with cytochrome P-450 reductase and shares many
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sequences with sulphite reductase (Bredt et al 1991). NO 
synthase, cytochrome P450 reductase and sulphite reductase 
constitute a unique class of electron transferase enzymes 
characterised by binding sites for NADPH and two flavins in the 
same polypeptide (Bredt et al 1991). Comparison of the sequence 
of inducible NO synthase with the brain NO synthase (Lyons et al 
1992) identifies shared binding sites for NADPH and flavins, and 
an additional conserved region near the N-terminus that may 
recognise L-arginine or contribute to the active site (Lyons et 
al 1992). In addition, the macrophage inducible NO synthase has 
also recently been characterised functionally as a cytochrome P- 
450 haemoprotein (White & Marietta 1992). The close homology 
between NO synthases, cytochrome P450 reductase and sulphite 
reductase may give insight into the synthetic pathway for NO. In 
the two reductase enzymes the flavins make up an electron 
shuttling transport chain, and specific amino acid sequences in 
cytochrome P-450 may be responsible for coupling FMN and FAD 
(Porter & Kasper 1986). NO synthase has similar amino acid 
sequences and it is possible that electron transfer between 
flavins may have a role in NO synthesis (Bredt et al 1991; White 
& Marietta). Recently, the human constitutive endothelial NO 
synthase has been cloned and is closely related, with 
approximately 60% amino acid homology, to the brain NO synthase 
(Janssens et al 1992; Marsden et al 1992).
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BRAIN NITRIC OXIDE SYNTHASE

CaM NADPH

FMN FAD -d)
GOGH

MACROPHAGE NITRIC OXIDE SYNTHASE

NADPH

FMN FAD

CYTOCHROME P-450 REDUCTASE

COOH

NHg NADPH

FMN FAD

TMD COOH

Figure 1.1:
A schematic model showing the spatial relationships of the co
factor recognition sites within brain and macrophage NO synthase 
and cytochrome P-450 reductase. Predicted sites for calmodulin 
binding (CaM) and protein kinase A phosphorylation (P) within 
brain NO synthase and the transmembrane domain (TMD) in 
cytochrome P-450 reductase are noted. The conserved N-terminal 
region in the brain and macrophage enzymes is shaded.

The synthesis of NO from L-arginine can be inhibited by certain 
analogues of L-arginine, including N°-monomethyl-L-arginine (L- 
NMMA) , N-iminoethyl-L-ornithine (L-NIO) and N^^-nitro-L-arginine
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methyl ester (L-NAME), which compete with L-arginine and act as 
stereospecific inhibitors of NO synthase (Rees et al 1990b). 
These inhibitors have been used extensively in vitro and in vivo 
to characterise the part played by NO in the physiological and 
pathophysiological control of the cardiovascular system. 
Methylated arginine analogues including L-NMMA and N°,N° 
dimethylarginine (asymmetric dimethylarginine; ADMA) are also 
found endogenously (Kakimoto & Akazawa 1970; Nakajima et al 1971; 
Kakimoto et al 1975; Park et al 1988; Vallance et al 1992a), and 
so could modify NO synthesis in vivo (Kotani et al 1992; Vallance 
et al 1992a).
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Figure 1.2:Structural formulae of L-arginine, N^-monomethyl-L-arginine (L- 
NMMA), N-iminoethyl-L-ornithine (L-NIO), N^-nitro-L-arginine 
methyl ester (L-NAME) and asymmetric dimethylarginine (ADMA).
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NO AND THE CONTROL OF VASCULAR TONE

The availability of specific inhibitors of NO synthesis has 
enabled investigation of potential physiological and pathological 
roles of NO. It is now clear that NO is a potent vasodilator in 
animals and humans and NO-mediated vasodilatation plays an 
important role in the control of vascular tone and blood 
pressure. In healthy humans and animals, the major source of NO 
within the vasculature is probably the endothelium, other sources 
include smooth muscle or nerves.

Endothelium

Endothelium-dependent relaxation has been demonstrated in 
isolated arteries (Furchgott & Zawadzki 1980; Rees et al 
1989a,b), arterioles (Dohi et al 1990; Woolfson & Poston 1990), 
veins (Yang et al 1991), venules (Ohyanagi et al 1992), 
microvasculature (Persson et al 1990; Ralevic et al 1992) and 
lymph vessels (Ohhashi et al 1992).

Inhibition of NO synthase with L-NMMA induces endothelium 
dependent constriction of isolated arteries from many species 
including rabbit (Palmer et al 1987; Rees et al 1989a), rat (Rees 
et al 1990b), dog (Katusic et al 1990) and humans (Yang et al
1991) indicating that there is continuous release of NO from the 
endothelium in these preparations. In addition to basal release 
of NO, agonist stimulated synthesis of NO by acetylcholine and 
bradykinin is attenuated by L-NMMA (Palmer et al 1988a,b; Rees
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et al 1989a,b) . The contribution of NO to vascular tone may alter 
during development; L-NMMA does not alter tone in pulmonary 
arteries from neonatal pigs but causes constriction of these 
vessels taken from older animals (Liu et al 1992).

NO also regulates basal vascular tone in resistance vessels. In 
the perfused rabbit heart L-NMMA increases coronary perfusion 
pressure and inhibits the decrease in coronary perfusion pressure 
produced by acetylcholine. These effects are accompanied by 
reduced release of NO into the coronary effluent (Amezcua et al 
1988; Amezcua et al 1989). Moreover, NO appears to co-ordinate 
the behaviour of resistance vessels; in resistance arteries in 
an intact rabbit ear preparation the activity of endogenous NO 
is enhanced in arterioles in which hydraulic forces and shear 
stress are greatest (Griffith et al 1987; Griffith & Edwards, 
1990). In isolated human resistance vessels L-NMMA augments 
noradrenaline-induced tone (Woolfson & Poston, 1990) and inhibits 
the vasodilatation caused by acetylcholine (Woolfson & Poston, 
1990).

Veins appear to be different. Inhibitors of NO synthase do not 
cause an increase in basal tone in a variety of venous 
preparations from animals (Ekelund & Mellander, 1990; Martin et 
al 1992) or humans (Yang et al 1990; Yang et al 1991) suggesting 
that basal release of NO may not regulate the resting tone of 
many veins.

Studies in vivo support these in vitro observations. Systemic
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infusion of L-NMMA causes vasoconstriction (Gardiner et al 1990) 
and a rise in blood pressure in rabbits (Rees et al 1989a) , 
guinea pigs (Aisaka et al 1989) and rats (Whittle et al 1989). 
This effect is not impaired by blockade of a-adrenoreceptors or 
arginine vasopressin VI receptors, or by inhibition of ganglionic 
transmission, angiotensin converting enzyme, or cyclooxygenase 
(Pucci et al 1992). Furthermore, ex vivo examination of aortic 
rings from animals treated with L-NMMA shows reduced release of 
NO from these tissues, confirming that the response to L-NMMA in 
vivo is due to diminished NO synthesis (Rees et al 1989a). The 
hypertensive effects of L-NMMA are likely to be due largely to 
inhibition of NO synthesis within small arterioles since local 
infusion of L-NMMA increases vascular resistance (Vallance et al 
1989a; Ekelund & Mellander, 1990). In humans, local intra- 
arterial infusion of L-NMMA into the brachial artery of healthy 
volunteers causes a 40% fall in forearm blood flow (Vallance et 
al 1989a; Drexler et al 1992; Elliot et al 1992). These studies 
imply that resistance vessels in vivo are in a constant state of 
NO mediated vasodilatation.

There may be regional differences in the contribution of NO to 
resting vascular tone. In rats, mesenteric and internal carotid 
vascular beds may constrict to low doses of L-NMMA more readily 
than do hindquarter or renal beds (Gardiner et al 1990). Higher 
doses of L-NMMA cause a similar degree of constriction in all 
beds (Gardiner et al 1990). The ability of L-arginine to reverse 
the effects of L-NMMA also appears to show regional differences 
(Gardiner et al 1990). However, the responses may be modified by
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cardiovascular reflexes and the precise regional variations in 
NO-dependent dilatation remain to be determined.

In humans, endothelial denudation of superficial hand veins in 
vivo results in venoconstriction, suggesting that the endothelium 
exerts a vasodilator influence on venous tone (Collier & Vallance
1989) . Local administration of L-NMMA into a dorsal hand vein of 
healthy volunteers does not cause vasoconstriction, providing 
evidence that there is little, if any, basal release of NO in 
human superficial veins in vivo (Vallance et al 1989b), although 
stimulated NO synthesis does occur (Vallance et al 1989b). 
However inhibition of NO synthase does lead to constriction of 
the vena cava in rabbits in vivo (Schwarzacher & Raberger 1992) 
and a rise in venous pressure in dogs (Munzel et al 1990).

In the microvessels of rat skin, inhibitors of NO synthase 
attenuate the vasodilator response to acetylcholine (Ralevic et 
al 1992), and in skeletal muscle microvasculature L-NAME causes 
dose-dependent vasoconstriction (Persson et al 1990).

While there is now overwhelming evidence that endothelium-derived 
NO is a major determinant of tone in animal and human blood 
vessels, there are inconsistencies which relate to the effect of 
NO synthase inhibitors on the response to acetylcholine in vivo. 
Systemic administration of L-NMMA in animals abbreviates the 
hypotensive response to acetylcholine but has a variable effect 
on peak response (Aisaka et al 1989; Rees et al 1989a). In some 
studies L-NMMA does not inhibit the response to acetylcholine at
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all (Mugge et al 1991b; 0'Shaughnessy et al 1992) . However, when 
the drugs have been infused locally rather than systemically, L- 
NMMA has been shown to inhibit acetylcholine-induced dilatation 
in a variety of species (Vallance et al 1989a; Ekelund & 
Mellander 1990; White et al 1991). However, even at the top of 
the dose-response curve for L-NMMA or other inhibitors, the 
inhibition is still incomplete. This contrasts with experiments 
in vitro in which NO synthase inhibitors produce full inhibition 
of acetylcholine-induced relaxation (Moncada et al 1991a).

The reasons for the discrepancies between in vitro and in vivo 
data are not yet clear. NO synthase inhibitors demonstrate tissue 
and agonist dependence in terms of their ability to inhibit 
endothelium-dependent vascular relaxation mediated by endogenous 
NO (Christie et al 1989; Randall & Griffith 1991; Martin et al 
1992). This should be taken into account when interpreting the 
effects of NO synthase inhibitors on the response to 
acetylcholine or other agonists in vivo or in vitro. However, it 
remains possible that acetylcholine also acts through systems 
other than NO. In some vessels acetylcholine has a direct 
vasodilator action on vascular smooth muscle (Brayden & Sevan 
1985; Brayden & Large 1986; Neild et al 1990), in others, it may 
act on presynaptic muscarinic receptors to inhibit noradrenaline 
release (Hume et al 1972; Vanhoutte 1974; Remie et al 1990), and 
recently it has been shown in rat skin that part of the response 
to acetylcholine may result from activation of sensory nerves 
(Ralevic et al 1992) . Furthermore, acetylcholine may release a 
hyperpolarising factor from the endothelium (Bolton et al 1984),



26
which may be NO in some species (Tare et al 1990) , although this 
has not been confirmed in all species (Chen & Cheung 1992; 
Garland & McPherson 1992). In addition to these problems with 
interpreting the responses to acetylcholine, the presence of 
plasma pseudocholinesterase means that acetylcholine is rapidly 
destroyed in blood and the biological response is variable. It 
is probably unwise to assume that the response to acetylcholine 
or other muscarinic agonists in vivo solely reflects activity of 
the L-arginine:NO pathway.

Smooth muscle

Under physiological conditions the vasculature is regulated by 
NO synthesised from constitutive NO synthase present in vascular 
endothelium, and, in some vessels, neurones in the adventitia. 
However, in certain pathological conditions NO may also be 
synthesised within the smooth muscle by the inducible enzyme. 
Exposure of blood vessels to bacterial lipopolysaccharide 
(endotoxin) leads to expression of inducible NO synthase in 
smooth muscle (Rees et al 1990a) and endothelium (Radomski et al 
1990a). Once expressed, this enzyme produces NO for prolonged 
periods and is not regulated by levels of intracellular calcium. 
The effect is to produce vascular relaxation (Rees et al 1990a), 
hyporesponsiveness to vasoconstrictors (Julou-Schaeffer et al 
1990; Rees et al 1990a) and even tissue damage (Palmer et al 
1992) . Induction of NO synthase after exposure to endotoxin has 
been demonstrated in large arteries (Julou-Schaeffer et al 1990;
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Rees et al 1990a), veins (Vallance et al 1992b), resistance 
vessels (Stoclet et al 1992) , and cultured vascular smooth muscle 
(Busse & Mulsch 1990) and endothelial cells (Radomski et al
1990a). Endotoxin induces NO synthase when given in vitro
(Radomski et al 1990a; Rees et al 1990a) or in vivo (Knowles et 
al 1990). Induction can also be effected by cytokines including 
interleukin-1 (IL-1), tumour necrosis factor (TNF) and gamma 
interferon (gamma IF), while other cytokines including IL-8 and 
transforming growth factor-B (TGFB), lead to down-regulation of 
expression. The net level of expression of the enzyme in 
different vessels may be dependent on the local balance of 
cytokines. The potential pathophysiological importance of these 
observations is discussed later (page 37). One important
practical implication is that induction might occur during the 
time course of an experiment; induction of NO synthase may begin 
in rat aorta within 2 hours of exposure of tissue to Krebs' 
solution made with standard distilled water which contains small 
amounts of endotoxin (Rees et al 1990a). It remains to be 
determined how induction of NO synthase by the chance presence 
of endotoxin in laboratory Krebs' solution may alter the 
interpretation of the responses seen in pharmacological or 
physiological experiments performed over many hours. Induction
of NO synthase can be prevented by prior administration of a 
corticosteroid (Radomski et al 1990a; Rees et al 1990a) or by 
inhibition of protein synthesis with cycloheximide (Rees et al 
1990a).
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Nerves

NO synthase is found in the central nervous system, with regional 
differences in the concentrations of the enzyme (Forstermann et 
al 1990) . Immunohistochemical staining has revealed that discrete 
populations of neurones contain NO (Bredt et al 1990). NO is 
released in response to stimulation of the N-methyl-D-aspartate 
(NMDA) glutamate receptor (Garthwaite et al 1988; Garthwaite et 
al 1989). Injection of NO synthase inhibitors into the cerebral 
ventricles has been reported to increase (Sakuma et al 1990) or 
decrease (Mollace et al 1992) blood pressure, and the precise 
role of NO within the central nervous system in cardiovascular 
regulation remains to be determined.

Immunohistochemistry has also demonstrated the presence of NO 
synthase containing neurones in nerves supplying cerebral 
vasculature and the vessels of the adrenal plexus (Bredt et al
1990). Evidence is accumulating that NO is the neurotransmitter 
of the non-adrenergic, non-cholinergic component of the autonomic 
nervous system (Gillespie et al 1989; Li & Rand 1989; Bult et al
1990). It is possible that neurally derived NO may play a part 
in the control of the cardiovascular system, with NO acting as 
a direct vasodilator or a neuromodulator altering the release of 
other transmitters (Gustafsson et al 1990; Toda & Okamura 1990). 
L-NMMA enhances nerve induced contractions in guinea pig 
pulmonary artery (Gustafsson et al 1990) and dog mesenteric 
artery segments (Toda & Okamura 1990) and suppresses the relaxant 
response to transmural nerve stimulation in cerebral artery
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strips from dogs (Toda & Okamura 1990). Release of NO from non- 
adrenergic non-cholinergic nerves in the corpus cavernosum 
mediates relaxation leading to erection (Rajfer et al 1992).

Interactions between neuronally-derived NO and the sympathetic 
nervous system have been demonstrated in animals (Gustafsson et 
al 1990; Sakuma et al 1992) but the situation in humans is 
unclear. In superficial hand veins L-NMMA had no effect on 
sympathetic induced venoconstriction (Collier & Vallance 1991), 
indicating that, in these vessels, significant interaction is 
unlikely.

ENDOTHELIUM-DERIVED NO AND CIRCULATING CELLS

Aggregating platelets stimulate the release of NO, and it is 
possible that the NO released would feed back on the platelets 
to inhibit further activation. Endothelium-derived NO might 
provide a potent defence against the potentially deleterious 
effects of activated platelets (Sneddon & Vane 1988) and may 
synergise with prostacyclin (PGI2) and PGE, in this action 
(Radomski et al 1987c; Sinzinger et al 1990). However, the 
physiological effects of endogenous endothelium-derived NO on 
platelet and white cell function in vivo is not yet clear. Large 
doses of muscarinic agonists given systemically to rabbits 
inhibit the ex-vivo aggregation of platelets (Hogan et al 1988) . 
Inhibition of NO synthesis increases platelet accumulation 
induced by ADP, platelet activating factor (PAF) and thrombin in
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the lungs of anaesthetised rabbits (May et al 1991), prolongs the 
time taken for aggregated platelets to disaggregate and enhances 
PAF-induced accumulation of neutrophils (May et al 1991). 
Furthermore, the prolonged bleeding time in uraemic rats is 
reversed by L-NMMA (Remuzzi et al 1990). However, local infusions 
of L-NMMA or acetylcholine, which have substantial effects on 
forearm blood flow, do not alter ex-vivo platelet aggregation in 
humans (Vallance et al 1992c), and systemic administration of L- 
NMMA alone does not appear to lead to significant systemic 
platelet activation in healthy animals (Remuzzi et al 1990; 
Herbaczynska-Cedro et al 1991).

HORMONAL EFFECTS OF NO AND CARDIOVASCULAR CONTROL

Recently there has been increasing interest in the possibility 
that locally generated NO might modify the release of hormones. 
In the pancreas, NO may stimulate insulin release (Schmidt et al
1992) , while in the kidney NO may inhibit renin release (Vidal 
et al 1988). Infusions of arginine have been used clinically to 
stimulate release of insulin, growth hormone and glucagon 
(Merimee et al 1965; Kalkhoff et al 1973; Seino et al 1973). It 
remains to be determined which, if any, of these actions are due 
to stimulation of NO synthesis and how these hormonal alterations 
influence cardiovascular regulation.
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NO AND THE CONTROL OF VASCULAR TONE IN DISEASE

It is inevitable that alterations in the control, synthesis or 
levels of a mediator as ubiquitous as NO should be implicated in 
a variety of cardiovascular diseases. A diminution in basal NO 
synthesis or effect would cause increased vascular tone and 
platelet activation, and might tip the balance of mediators 
within the vessel towards constriction and thrombosis formation. 
Conversely, an excessive production of NO would result in 
hypotension and vasodilatation.

Hypertension

Abnormalities of the L-arginine:NO system have been reported in 
hypertension in animals and humans. Endothelium dependent 
dilatation is diminished in animals with experimental 
hypertension (Winquist et al 1984; Dohi et al 1990). In humans, 
stimulated NO release has been shown to be abnormal, since the 
response to acetylcholine is reduced in the forearm arterial bed 
of patients with essential hypertension (Linder et al 1990; Panza 
et al 1990). Basal NO-mediated dilatation also appears to be 
abnormal although results have been inconsistent. Some studies 
in hypertensive animals have demonstrated a reduced response to 
L-NMMA (Dohi et al 1990), others an enhanced response (Aisaka et 
al 1990; Lacolley et al 1991) . The response to L-NMMA, which 
provides an indication of basal NO mediated vasodilatation, has 
not previously been examined in humans in vivo.
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In animal models of hypertension, lowering the blood pressure 
restores endothelium dependent responses to normal (Dohi et al 
1992) , although in a study in hypertensive patients the forearm 
response to acetylcholine was found to remain abnormal even when 
the blood pressure was controlled (Creager et al 1992).

Derangement of the NO system may also play a role in the 
pathogenesis of some forms of secondary hypertension. Rats with 
volume mediated hypertension have an increased pressor response 
to L-NMMA, suggesting that these animals have an increased level 
of basal NO synthesis in an attempt to offset the hypertensive 
effects of volume expansion (King et al 1990). There is also 
evidence that increased NO synthesis occurs after oral sodium 
loading in salt resistant rats, where it ameliorates the 
hypertensive response of these animals (Chen & Sanders 1991). 
Whether NO is involved in the physiological responses that follow 
acute plasma volume expansion in the human is unknown at present.

The mechanism for an abnormality in the NO pathway in 
hypertension is not yet clear, and possibilities include altered 
NO synthesis, release or effect. It is now possible to measure 
NO output from single cells directly (Malinski & Taha 1992) , and 
when biochemical measurement of active NO within the vasculature 
in vivo becomes available it will be possible to differentiate 
between these alternatives. One possible mechanism for a 
reduction in NO synthesis would be an increase in the level of 
endogenous inhibitors of NO synthase such as asymmetric 
dimethylarginine (ADMA). Under physiological conditions the
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circulating concentrations of this inhibitor are insufficient to 
affect vascular tone (Vallance et al 1992a). However, in patients 
with chronic renal failure plasma levels of ADMA are greatly 
increased (Vallance et al 1992a), and approach those that have 
been shown to alter vascular tone in animals in vivo and in vitro 
(Vallance et al 1992a). Consequently, part of the mechanism for 
the rise in blood pressure in patients with hypertension 
associated with chronic renal impairment may be a rise in the 
level of endogenous inhibition of NO synthase.

Angina and coronarv heart disease

A decrease in endothelium-dependent relaxation has been 
demonstrated in human atherosclerotic coronary arteries in vitro 
(Forstermann et al 1988). In the presence of atheroma the dilator 
response to acetylcholine is significantly reduced and often 
converted to vasoconstriction (Ludmer et al 1986; Hodgson & 
Marshall 1989). Similar findings occur in macroscopically normal 
areas of coronary arteries in patients with angina (Werns et al 
1989) and the response of the coronary circulation to 
acetylcholine in vivo is reduced in patients with coronary artery 
disease (Zeiher et al 1991). Furthermore, both basal and agonist 
stimulated release of NO are impaired in arteries obtained from 
patients with coronary artery disease (Chester et al 1990). These 
studies suggest that endothelial damage is a common feature in 
blood vessels from patients with atheroma. In support of this, 
coronary risk factors are associated with loss of endothelium-
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dependent vasodilatation in the coronary arteries of humans with 
angiographically smooth coronary arteries (Vita et al 1990).

The mechanism of reduced endothelium-dependent relaxation in 
atheroma and hyperlipidaemia is not clear. Some of the 
abnormality may lie at the level of the endothelial receptors for 
agonists, or the G-proteins linking receptor activation to 
changes in intracellular calcium (Flavahan 1992). There is some 
evidence that NO synthase itself does not have reduced activity 
in experimental atheroma. Despite a functional impairment in 
endothelium dependent vasodilatation, the production of nitrogen 
oxides from atherosclerotic rabbit aorta may be enhanced rather 
than diminished (Minor et al 1990) . It is possible that the 
endothelial dysfunction observed in atherosclerotic blood vessels 
results from increased degradation of NO, for example by 
endothelium-derived superoxide anions (Mugge et al 1991a) rather 
than a reduction in the rate of NO synthesis. Alternatively, the 
smooth muscle in atheromatous blood vessels may be less sensitive 
to NO. In this context, it has been demonstrated that oxidised 
low density lipoprotein diminishes the stimulatory effect of NO 
on soluble guanylate cyclase derived from bovine platelets 
(Schmidt et al 1990) . Thus it is possible that oxidised low 
density lipoprotein within atheromatous plaques results in 
diminished activation of the smooth muscle guanylate cyclase in 
response to endothelium-derived NO.
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Hyper lipidaeinia

Similar abnormalities in NO mediated vasodilatation are seen in 
hyperlipidaemia animals (Cooke et al 1990; Girerd et al 1990). 
In vitro, the response to acetylcholine of rabbit thoracic aortic 
rings from hypercholesterolaemic animals is diminished (Cooke et 
al 1991), and in vivo, the resistance vessels of the hindlimb in 
hypercholesterolaemic rabbits exhibit impaired relaxation to 
acetylcholine (Girerd et al 1990). In humans, the forearm 
vasodilator response to methacholine, a stable acetylcholine 
analogue which stimulates NO synthesis, is impaired in patients 
with hyperlipidaemia (Creager et al 1990), and the response to 
acetylcholine is also diminished in the coronary circulation of 
these patients (Drexler et al 1991). The abnormality of the NO 
system in patients with hyperlipidaemia may lie at the level of 
the vascular smooth muscle since the forearm vasodilator response 
to sodium nitroprusside, which acts directly on smooth muscle as 
an exogenous source of NO (Feelisch & Noack 1987) , is also 
impaired (Creager et al 1990).

In contrast to the findings in healthy tissue, in atheroma or 
hyperlipidaemia provision of excess L-arginine may reverse some 
of the abnormalities found in the NO system. L-arginine reverses 
the endothelial dysfunction seen in the hind limb resistance 
vessels and the cerebral arteries of cholesterol-fed rabbits 
(Girerd et al 1990; Rossitch et al 1991) . In humans with 
hyperlipidaemia, L-arginine partially restores the dilator 
response of the coronary circulation to acetylcholine (Drexler



36
et al 1991) . Plasma levels of L-arginine may be reduced by 
approximately 30% in patients with hyperlipidaemia (Jeserich et 
al 1992) and together these findings suggest that in this 
situation the supply of L-arginine becomes rate-limiting for NO 
synthesis. However, others (Pasini et al 1992) have measured 
plasma L-arginine levels in patients with hyperlipidaemia and 
found them equal to those in healthy subjects. The supply of L- 
arginine does not appear to be rate-limiting for NO synthesis in 
healthy tissues (Gold et al 1989; Rees et al 1990b; Schmidt et 
al 1990a) and the mechanisms remain to be determined.

Diabetes mellitus

Animal models of drug-induced (Kamata et al 1989) and genetic 
(Durante et al 1988) diabetes have pointed to an abnormality in 
the NO system but results have again been inconsistent. In vitro 
studies on human blood vessels from patients with insulin- 
dependent diabetes have shown diminished responses to 
acetylcholine (Saenz de Tejada et al 1989) , while in vivo the 
response of the forearm arteriolar bed to acetylcholine is 
similar to that in healthy volunteers (Halkin et al 1991). Basal 
NO mediated vasodilatation in humans in vivo remains to be 
examined. The precise abnormality of the NO system in insulin- 
dependent diabetes is not yet clear, with some (Bucala et al
1991) but not all (Halkin et al 1991) studies pointing towards 
a sub-endothelial defect or a reduction in smooth muscle 
sensitivity to NO, rather than an abnormality of NO synthesis or
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release within the endothelium. Increased destruction of NO is 
a possibility in patients with diabetes, with increased 
superoxide anion production (Ceriello et al 1991) leading to 
rapid destruction of NO (Gryglewski et al 1986).

The L-arginine:NO pathway might provide a link between certain 
metabolic and vascular abnormalities in diabetes. NO has been 
implicated in the control of normal insulin release (Schmidt et 
al 1992) and induction of NO synthase may play a part in the 
pathogenesis of early pancreatic damage (Kroncke et al 1991).

Septic shock, cirrhosis and inflammation

Excessive production of NO can also lead to cardiovascular 
disease. There is overwhelming biochemical and pharmacological 
evidence that increased NO synthesis contributes to the 
vasodilatation and hypotension seen in animal models of 
endotoxin-induced (Kilbourn et al 1990a; Wright et al 1992) or 
cytokine-induced shock (Beasley et al 1991; Kilbourn et al 
1990b). The increased synthesis of NO appears to result largely 
from the expression of the inducible form of NO synthase (Rees 
et al 1990a). In animal models of endotoxic shock, low doses of 
L-NMMA restore blood pressure and vascular responsiveness 
(Kilbourn et al 1990a; Thiemermann & Vane 1990; Nava et al 1991) . 
The same seems to be true in septic shock in patients (Petros et 
al 1991; Geroulanos et al 1992), suggesting that over-production 
of NO contributes to the cardiovascular changes in human sepsis.
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There is biochemical evidence for increased synthesis of NO in 
animals (Wagner et al 1983) and patients with sepsis (Ochoa et 
al 1991) or cytokine-induced hypotension (Hibbs et al 1992; Ochoa 
et al 1992) . Induction of NO synthase also occurs in the myocytes 
and endocardium (Schulz et al 1992; Schulz et al 1991), and the 
negative inotropic effects of a variety of cytokines have been 
shown to be mediated by NO (Finkel et al 1992) . It remains to be 
determined whether induction of NO synthase in the heart 
contributes to the altered cardiac function seen in patients with 
sepsis.

Liver failure and cirrhosis are associated with endotoxaemia and 
increased cytokine production and it has been suggested that 
induction of NO synthesis may also contribute to the reduced 
blood pressure and vasodilatation seen in these conditions 
(Vallance & Moncada 1991). There is now evidence from animal 
models of cirrhosis to support this suggestion (Claria et al 
1992) .

There is increasing evidence that vascular NO may have a role in 
inflammation. Release of NO contributes to the vasodilatation and 
plasma extravasation produced by substance P (Hughes et al 1990; 
Ralevic et al 1991), and to neurogenic inflammation (Ralevic et 
al 1992) . Furthermore, increased levels of nitrite are produced 
by synovial fibroblasts treated with IL-1 or tumour necrosis 
factor a, raising the possibility that NO may be involved in the 
pathogenesis of inflammatory arthritides (Stafanovic-Racic et al
1992). In support of this, increased amounts of nitrite are found
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in the synovial fluid from patients with rheumatoid arthritis and 
osteoarthritis (Farrell et al 1992) .

This Thesis
The studies in this thesis were undertaken with a view to 
examining the role of NO in determining vascular tone in healthy 
volunteers (Section I) and whether the NO system was abnormal in 
patients with essential hypertension, diabetes and end-stage 
renal failure (Section II).

Studies were performed in healthy volunteers that were designed 
to define the full extent of basal NO mediated vasodilatation in 
the human forearm (Chapter 3); assess the dilator actions of L- 
and D-arginine in resistance vessels and superficial veins 
(Chapter 4) ; examine the physiological response to an acute 
volume load and the contribution of the NO pathway to that 
response (Chapter 5) ; and assess the effect of ADMA, the 
endogenous inhibitor of NO synthase, on forearm blood flow 
(Chapter 6).

Studies were also performed in patients that were designed to 
assess the effect of L-NMMA, and hence basal NO mediated 
vasodilatation in patients with untreated essential hypertension 
(Chapter 8) ; examine the effect of agonist stimulated NO mediated 
vasodilatation in patients with untreated essential hypertension 
(Chapter 9); investigate the effect of L-NMMA in patients with 
treated essential hypertension (Chapter 10); examine basal and
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agonist stimulated NO mediated vasodilatation in patients with 
treated diabetes mellitus (Chapter 11); assess the effect of L- 
and D-arginine on the forearm response to acetylcholine in 
patients with untreated essential hypertension or treated 
diabetes mellitus (Chapter 12) ; and determine the effect of 
systemic administration of L-arginine on arterial blood pressure 
in patients with end-stage renal failure (Chapter 13).
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METHODS

The methods chosen in this thesis allow the local infusion of 
vasoactive agents, and so the direct effects of drugs on human 
peripheral blood vessels under physiological conditions, in vivo, 
can be studied. A variety of methods exist to study the effects 
of vasoactive agents on peripheral blood vessels in the human 
vasculature in vivo (Greenfield et al 1963; Robinson 1978; Roddie 
& Wallace 1980; Robinson 1990).

The drugs under study may be administered systemically or 
locally. However, the response to the systemic administration of 
drugs depends not only on the direct effect of the drug itself 
on the peripheral blood vessels, but may also be influenced by 
associated reflex effects caused by circulatory changes such as 
alterations in arterial pressure. Consequently, in order to study 
the direct effects of vasoconstrictor and vasodilator drugs on 
the peripheral vasculature without these confounding effects of 
reflex changes, it is necessary to infuse drugs locally at doses 
that do not give rise to systemic effects. The techniques 
described enable dose-response relationships for different drugs 
to be constructed, showing their direct effects on the vascular 
smooth muscle of either arterioles or veins, free from influence 
by cardiovascular reflex effects. In addition, since the doses 
of drug used only have local and not systemic effects, the 
methods described allow the vascular effects of new drugs to be 
assessed in humans in vivo with the minimum of risk to the 
subject. The vascular beds studied were the forearm arterial bed
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and the superficial dorsal hand veins.

METHOD FOR THE STUDY OF THE FOREARM ARTERIAL BED

The forearm arterial bed was studied by measuring forearm blood 
flow using mercury-in-rubber strain gauge plethysmography 
(Whitney 1953). This technique allows changes in blood flow to 
be measured simultaneously in both arms during the local infusion 
of drugs into the brachial artery of one arm. It has been used 
extensively to study the direct effects of drugs on the forearm 
arterioles (Duff et al 1953; Duff & Whelan 1954; Collier & 
Robinson 1974; Collier et al 1978; Collier et al 1981).

The principle of the method is to measure the rate of increase 
of the circumference of the forearm when the venous outflow is 
temporarily obstructed by inflating a congesting cuff placed 
around the upper arm. Thus blood is able to enter the forearm, 
but its exit from the forearm is prevented, and consequently 
blood collects in the venous side of the circulation and the 
forearm swells (Wilkins & Bradley 1946). The initial, linear rate 
of increase of the forearm volume is proportional to the rate of 
arterial inflow (Wilkins & Bradley 1946; Greenfield & Patterson 
1954a; Formel & Doyle 1957; Wallace 1958). The rate of increase 
in forearm volume is estimated from the rate of increase in 
forearm girth. When forearm volume increases it is reasonable to 
assume that the whole of the volume change is absorbed in 
corresponding changes of the transverse dimension of the forearm.
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since it is unlikely that the forearm will change its length 
(Whitney 1953). Therefore, at any point along its axis, the 
percentage change in forearm volume at that level will be equal 
to the percentage change in the transverse cross-sectional area 
of the forearm at the same level. Assuming the cross-sectional 
area of the forearm to be circular, then the percentage change 
in the transverse cross-sectional area of the forearm is equal 
to twice the percentage change in the forearm circumference at 
that point. For small changes in area, this approximation also 
applies for circumferential changes in sub-cylindrical objects 
of non-uniform cross-section (Whitney 1953). Thus the rate of 
arterial inflow is proportional to the initial, linear rate of 
increase of the forearm circumference (Whitney 1953).

The increase in the forearm circumference is determined by 
measuring the change in electrical resistance, as the forearm 
swells, of a thin mercury-in-rubber column wrapped round the 
forearm (Whitney 1953). During the recording periods the hands 
are excluded from the circulation by inflating a cuff placed 
round the wrists to a suprasystolic pressure (Grant & Pearson 
1938; Kerslake 1949). The forearm arterial bed supplies 
predominantly skeletal muscle and thus is a good model for muscle 
blood flow (Roddie & Wallace 1980), whereas blood flow to the 
hand primarily supplies the skin (Roddie & Wallace 1980). These 
two vascular beds may differ in their pharmacological response 
to drugs (Robinson 1990) and so the hands are excluded from the 
circulation while measurements of forearm blood flow are made.
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The venous collecting cuffs are placed round the upper arms and 
are inflated to a pressure of 40 mmHg for 10 seconds in every 15 
seconds, so that 4 estimations of forearm blood flow are made 
every minute. Empty veins are required at the start of each 
measurement, since the incoming blood must be accommodated in the 
venous system (Roddie & Wallace 1980). For this reason the arms 
are supported above the level of the heart so that the veins are 
in the collapsed state and empty fully when the venous collecting 
cuff is deflated. Under these conditions, the rising venous 
pressure does not initially reduce the rate of arterial inflow 
(Wilkins & Bradley 1946; Greenfield & Patterson 1954a; Formel & 
Doyle 1957).

It is important that the subjects are comfortable, warm and 
relaxed (Greenfield & Patterson 1954b; Blair et al 1959), 
provided this is the case forearm blood flow does not change 
significantly over several hours.

This forearm blood flow technique enables arteriolar reactivity 
to be studied in humans in vivo, and allows dose-response 
relationships of vasoactive drugs infused directly into the 
arterial bed to be determined (Duff et al 1953; Collier et al 
1978; Roddie & Wallace 1980; Robinson 1990). Drugs or 
physiological saline are infused into the brachial artery of the 
non-dominant arm through a 2 6SWG needle introduced under local 
anaesthetic (1% lignocaine). The doses of drugs used are chosen 
such that they only have a local effect on the infused arm and 
have no systemic effects. Thus the non-infused arm acts as a
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control in which forearm blood flow does not change significantly 
during the course of a study, while the infused arm acts as a 
vascular test bed enabling the direct effect of drugs on the 
forearm vasculature to be studied. Any changes in blood flow due 
to general systemic changes such as release of circulating 
vasoactive hormones, or changes in overall sympathetic discharge 
will occur in both arms, so that any difference in the response 
of the experimental, infused arm from that of the control, non
infused arm is due to the effect of the drug.

INTERPRETATION OF DATA FROM FOREARM STUDIES

The interpretation of data collected using this method requires 
the appropriate quantification of both the stimulus and the 
response.

a) The stimulus to the forearm vascular bed:
The stimulus for the alteration of blood flow in forearm arterial 
studies is usually expressed in terms of the dose of drug infused 
per unit time, which can be determined precisely. However, the 
forearm arteriolar vessels respond to the plasma concentration 
of drug delivered to them. This must necessarily change with 
changes in blood flow. Consequently, the stimulus is affected to 
some extent by the response, and it is not possible to determine 
the exact concentration of drug delivered to the tissues or to 
the cells and receptors at any given time. For studies using 
drugs which cause vasoconstriction there will be an element of
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positive feedback, since as blood flow decreases the 
concentration of drug will tend to increase, while for drugs 
which cause vasodilatation, the concentration of drug will tend 
to be reduced by the increase in flow, resulting in a degree of 
negative feedback. Assuming a resting forearm blood flow of 12-40 
ml/min (Vallance et al 1989) it is possible to obtain an 
approximate estimate of the plasma concentration reaching the 
tissues from the dose and rate of drug infusion. However, such 
calculated drug concentrations do not correlate well with the 
response and the relationship between initial flow and response 
is non-linear (Robinson 1990). In all the studies described in 
this thesis preliminary investigations were carried out for each 
drug under study to determine the time required for the response 
to each drug to reach a plateau. In the formal investigations the 
experiments were designed to ensure that the response was at a 
plateau for each dose of drug infused.

For comparisons of drug effects made between different groups of 
volunteers or patients it may be assumed that, provided basal 
blood flows are the same in the two groups, then the same 
concentration of drug will be delivered to the tissues. However, 
if basal blood flows differ between groups this may no longer be 
the case and different effective concentrations of drug may reach 
the tissues in the two groups.

Furthermore, differences in blood vessel structure between two 
groups of subjects, such as those which may occur in 
hypertension, may alter the response of resistance vessels to
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vasoactive agents (Sivertsson 1970; Folkow 1978; Korner et al 
1989; Folkow 1990). Animal models of hypertension, and in vitro 
studies on human resistance vessels from patients with essential 
hypertension have established that the structure of resistance 
vessels alters in hypertension such that there is an increase in 
the wall:lumen ratio in the blood vessel (Short 1966; Warshaw et 
al 1979; Aalkjaer et al 1987). At present it is not clear whether 
this increased wall:lumen ratio results from increased smooth 
muscle growth or is the result of remodelling of existing smooth 
muscle (Mulvany et al 1985; Aalkjaer et al 1987; Heagerty et al 
1991). An enhanced response to many vasoactive agents has been 
observed in hypertensive animals and patients (Doyle et al 1959; 
Mulvany et al 1978; Hulthén et al 1985; Egan et al 1987; Bolli 
et al 1989), and this may be accounted for on the basis of the 
structural changes in the resistance vessels of the 
hypertensives, that is the increased wall:lumen ratio, which 
itself may alter vascular reactivity (Sivertsson 1970; Folkow 
1978; Korner et al 1989; Folkow 1990).

When baseline conditions, such as basal blood flow or arteriolar 
structure, are not the same between groups of subjects, the 
difficulties outlined above can be overcome by using an internal 
control drug infusion, and examining the relative potencies of 
the drugs within each group (Robinson et al 1982). Since any 
differences in basal blood flow, or baseline blood vessel 
structure, would be expected to affect both drugs equally, the 
null hypothesis predicts that the relative effects of one drug 
compared to the other will remain constant between the two groups



I 48
I
j of subjects. Hence, if the doses chosen of the drugs under study 
produce the same effect on forearm blood flow as each other in 
one group, one would predict that the two drugs would also be 
equipotent at the doses chosen in the other group, provided the 
only differences between the groups of subjects were those of 
physical characteristics such as basal blood flow or blood vessel 
structure. Any difference between the groups, in the relative 
effects of the drugs under study, suggests that a functional 
abnormality related to the mechanism of action of one of the 
drugs must exist.

b) The response of the forearm vascular bed:
Various methods have been used to quantitate the forearm blood 
flow response to vasoactive agents. The increase or decrease in 
blood flow may be expressed as a percentage of the resting blood 
flow or as the absolute increase or decrease of blood flow 
irrespective of the initial flow (Robinson 1990). Alternatively, 
the ratio of blood flow in the infused arm compared to that in 
the control arm can be calculated for each measurement period, 
and the response to drugs expressed as the percentage or absolute 
change in the blood flow ratio at the end of the drug infusion 
compared to the blood flow ratio recorded in the control period 
(Greenfield & Patterson 1954b). Although, forearm blood flow does 
not change significantly during the course of a study, minute to 
minute adjustments to peripheral vascular tone occur even at rest 
(Greenfield & Patterson 1954b). These may be due to general 
systemic alterations in the level of arousal of the subject, 
changes in overall sympathetic discharge, or systemic release of
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vasoactive mediators (Greenfield & Patterson 1954b; Blair et al 
1959). These systemic alterations in peripheral vascular tone 
will affect both arms equally, and so the ratio of blood flow in 
the infused arm compared to that in the control arm remains 
constant (Greenfield & Patterson 1954b). Therefore any change in 
the forearm blood flow ratio will be the result of the effect of 
the drug infused locally into the experimental arm.

During the control period, as blood flow in the two arms in any 
individual is approximately the same, the ratio of blood flows 
in the two arms is approximately unity; this will be so even if 
the basal blood flows are not the same between any two groups of 
subjects. At the end of the period of local drug infusion, if 
blood flow in the infused arm has fallen, the forearm blood flow 
ratio (infused/control arm) will fall, and if blood flow has 
risen in the infused arm the ratio will rise. The forearm blood 
flow response to the infused drug can then be expressed as a 
percentage of the blood flow ratio recorded in the control period 
(Greenfield & Patterson 1954b). This method of expressing the 
forearm responses to vasoactive agents provides an important 
additional control mechanism to the experimental system, and 
allows the effect of the local manipulations on the forearm 
resistance vessels to be studied without the possible confounding 
effects of external factors (Greenfield & Patterson 1954b). 
Failure to take into account these small, minute to minute, 
general systemic adjustments that occur in vascular tone may mask 
the local effects of the drugs under study, especially if these 
effects are small.
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The doses of drugs infused into the brachial artery are of the 
order of 100-1000 times less than those required to have a 
systemic effect. This has the advantage of ensuring relative 
safety for the subject and allows the direct effects of drugs on 
arteriolar tone to be determined free from any reflex 
cardiovascular changes that systemic infusion might induce.

Experimental details
The brachial artery studies reported in this thesis were 
conducted in a temperature-controlled laboratory (26-28®C) , 
equipped with cardio-respiratory resuscitation facilities, with 
the subjects lying supine. Within each study the ambient 
temperature was kept constant within ± 1*C. The subject's elbows 
were supported at the level of the heart, while their hands were 
supported approximately 15 cm above this level to ensure complete 
emptying of the forearm veins between each recording of forearm 
blood flow (Greenfield 1960; Roddie & Wallace 1980). Forearm 
blood flow (ml/100ml forearm/min) was measured simultaneously in 
both arms by mercury-in-rubber strain gauge plethysmography 
(Whitney 1953) . A 26SWG needle (Cooper's Needleworks, Birmingham, 
UK) connected to an epidural catheter (Portex, Hythe, UK) was 
introduced into the brachial artery of the non-dominant arm under 
local anaesthetic (1% lignocaine; Figure ) , a technique that does 
not alter forearm blood flow (Thom 1992). Drugs or physiological 
saline were infused continuously throughout the experiment by a 
constant rate infusion pump (Harvard Apparatus, USA). During the
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Figure 2.1:
The technique for local brachial artery drug infusion and 
measurement of forearm blood flow using venous occlusion 
plethysmography.
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recording period the hands were excluded from the circulation by 
inflating a wrist cuff to a suprasystolic pressure of 200 mmHg. 
The upper arm congesting cuffs were inflated to 40 mmHg for 10 
seconds in each 15 second cycle. The mercury-in-rubber strain 
gauges (Lectromed, Jersey) were connected to a Lectromed 
amplifier and pen recorder. At the start of each study, after 
inserting the needle into the brachial artery, baseline 
measurements of blood flow were made for 25-3 5 minutes to 
establish resting control values. During this period measurements 
of blood flow were made for 5 minutes in every 10 minutes. 
Throughout drug infusions blood flow was recorded continuously. 
The strain gauges were calibrated at the end of each study.

Forearm blood flow was expressed as ml/100ml forearm/min 
according to the method of Whitney (1953) . The ratio of blood 
flow in the infused arm compared with that in the control arm was 
calculated for each measurement period. The ratio of forearm 
blood flow (infused/control arm) measured in response to drugs 
was expressed as a percentage of the ratio (infused/control arm) 
measured during the control period (Greenfield & Patterson 
1954b). This method of presentation controls for the effects on 
forearm blood flow of external, systemic factors, avoids the 
confounding effects of extraneous "noise", and ensures that only 
the direct effects on forearm blood flow of the locally 
administered drugs are taken into account (Greenfield & Patterson 
1954b).

The overall response to each drug was measured as the area under



53
the dose-response curve (AUC; Matthews et al 1990). In the 
investigations involving the comparison of responses between 
healthy controls and patients, the results for each individual 
were expressed in relation to an internal control drug. This 
method enables within group comparisons to be made so that 
differences in vascular behaviour between groups can be detected 
even if baseline vascular characteristics, such as resting blood 
flow or baseline blood vessel structure, differ between the 
groups (Robinson et al 1982). In addition, comparisons of forearm 
blood flow responses were also made between groups of healthy 
controls and patients. Results were expressed as mean ± standard 
error of the mean (SEM) and compared using Student's t test for 
paired or unpaired observations as appropriate, where p<0.05 was 
considered statistically significant.

METHOD FOR THE STUDY OF THE SUPERFICIAL HAND VEINS

The pharmacological responses of the superficial dorsal hand 
veins were studied using the technique of Nachev at al (1971), 
with the modifications of Aellig (1981). This technique allows 
the measurement of vein size in response to the local infusion 
of drugs into a vein on the back of the hand, and so enables the 
direct effects of drugs on venous smooth muscle tone to be 
studied and quantified (Collier et al 1972; Collier et al 1978; 
Robinson 1978; Aellig 1981; Vallance et al 1989b).
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The principal of the method is to measure the internal diameter 
of a single vein on the back of the hand, distended at a constant 
congesting pressure. At a constant distending pressure, changes 
in the internal diameter of the vein reflect changes in the 
venous tone or contractile state of the circular smooth muscle 
in the wall of the vein being measured; venoconstriction results 
in a reduction in vein diameter, while in a preconstricted vein 
venodilatation produces an increase in venous diameter (Robinson 
1978) .

The internal diameter of a single vein is recorded by measuring 
the linear displacement of a light-weight probe, which rests on 
the skin over the summit of the vein, when the standard pressure 
in a congesting cuff placed round the upper arm is reduced to 0 
mmHg. Studies are performed with the subject lying supine with 
the forearm and hand supported at an angle of approximately 30® 
on a rigid padded support. The arm is positioned so that it lies 
above the level of the central venous pressure, consequently the 
vein empties completely when the distension pressure within the 
congesting cuff is reduced to zero. In order to stabilise the 
hand a strap is placed across the fingers. When the congesting 
cuff is inflated and the vein is distended, the pressure within 
the vein is constant (Collier et al 1972). Provided the subjects 
are relaxed, warm and comfortable, resting internal venous 
diameter remains constant over several hours and days (Collier 
et al 1972).
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Figure 2.2:
The technique for local dorsal hand vein infusion and measurement 
of vein size.
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This technique, measuring venous diameter with or without 
preconstriction, allows the study of dose-response relationships 
for both vasoconstrictor and vasodilator drugs given directly 
into the vein. Drugs are again infused locally and thus their 
direct effect on the venous smooth muscle can be quantified, free 
from interference by possible reflex cardiovascular changes that 
may result from systemic administration of drugs (Robinson 1978). 
The drugs under investigation, or physiological saline, are 
infused continuously into the vein through a small (23 SWG) 
needle placed with its tip 10-15 mm upstream from the point of 
measurement.

The response to vasoconstrictor agents can be measured directly, 
the drug is infused into the vein and the vein size measured 
after a given time. The measurement of the responses to 
vasodilator substances is more complex. In resting subjects, in 
a warm environment, superficial hand veins have no tone and are 
fully dilated (Collier et al 1972). In order to observe a dilator 
response the veins must be partially preconstricted. This is 
achieved by a continuous local infusion of noradrenaline, 5- 
hydroxytryptamine or other constrictor drug, at a dose sufficient 
to reduce the diameter of the vein to approximately 50% of its 
resting control size (Robinson 1978) . The response to vasodilator 
drugs are then studied by co-infusion of the vasodilator with the 
dose of noradrenaline, or other vasoconstrictor, found to 
constrict the resting vein by approximately 50%. Any increase in 
vein size under these conditions is due to the vasodilator drug.
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The responses can either be expressed as absolute or percentage 
changes in vein size. Venoconstriction may be expressed as the 
percentage reduction in vein diameter from the fully relaxed 
state, while venodilatation can be expressed as either the 
percentage increase in size of the preconstricted vein or as 
percentage reversal of the noradrenaline-induced preconstriction 
(Robinson 1978; Robinson 1990).

The stimulus is again taken as the rate of drug infusion as this 
can be measured precisely. The concentration of drug reaching the 
venous smooth muscle cannot be known accurately as blood flow in 
the vein is not measured. However, blood flow through a single 
dorsal hand vein has been estimated at 0.5-1 ml/min (Collier et 
al 1978; Robinson 1978) and consequently, an approximate plasma 
concentration of drug reaching the venous smooth muscle can be 
estimated from the dose and rate of each drug infusion.

The doses of drugs infused into the vein are of the order of 100- 
1000 times less than those required to have a systemic effect. 
This has the advantage of greatly reducing the risks for the 
subject and allows the direct effects of the drugs on venous 
smooth muscle to be determined free from any reflex 
cardiovascular changes that systemic infusion might produce.

Experimental details
The studies described in this thesis were performed in a 
temperature controlled laboratory (28-3 0°C), with the ambient 
temperature kept constant within ± 1°C during each study. Drugs



58
or physiological saline were infused continuously into the vein, 
using a constant rate infusion pump (Harvard Apparatus, USA) at 
0.25 ml/min, via a 23SWG "butterfly" needle (Abbott Laboratories 
Ltd, Queensborough, UK) placed with its tip 10-15 mm upstream 
from the point of measurement. The needle was connected to the 
pump by an epidural catheter (Portex, Hythe, UK). Vein size was 
measured at 5 minute intervals. The upper arm congesting cuff was 
inflated to 40 mmHg and vein diameter was measured using a 
Schaevitz linear variable differential transformer mounted on a 
tripod, connected to a Lectromed amplifier and pen recorder. Vein 
size was measured in arbitrary units and was converted to mm 
after calibration of the linear variable differential transformer 
at the end of each experiment. Results were expressed as the 
absolute vein size during noradrenaline-induced constriction and 
in response to co-infusion of the drugs under study. In each 
study, before measurements were made in response to the drugs 
under study, baseline measurements of vein size were made for 15- 
20 minutes until a stable baseline vein size had been 
established. The dose of noradrenaline necessary to constrict the 
vein to approximately 50% of its resting size was determined for 
each subject, and vein size during a constant infusion of this 
dose of noradrenaline measured for a further 10-15 minutes to 
ensure a stable constricted vein size before infusion of 
vasodilator drugs. The results were expressed as mean ± SEM and 
were compared using Student's t-test for paired or unpaired 
observations as appropriate, where p<0.05 was considered 
statistically significant.
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DRUGS
The following drugs were used in the studies described in this 
thesis. Acetylcholine chloride (Sigma), L- and D-arginine free 
base (Sigma) , L- and D-arginine hydrochloride (Sigma) , L-arginine 
hydrochloride solution (1 mmol/ml; Fresenius) , ascorbic acid 
(Evans Medical Ltd), asymmetric dimethylarginine (a gift from Dr 
Salvador Moncada, Wellcome Research Laboratories), glyceryl 
trinitrate (Du Pont Pharmaceuticals), lignocaine (Antigen 
Pharmaceuticals), N^-monomethyl-L-arginine (a gift from Dr 
Salvador Moncada, Wellcome Research Laboratories), noradrenaline 
(Winthrop Laboratories), sodium nitroprusside (David Bull 
Laboratories), verapamil (Abbott Laboratories). All drugs for 
infusion were prepared fresh, dissolved in physiological saline 
(0.9% sodium chloride; Baxter Healthcare Ltd) and passed through 
a bacterial filter (Minisart, Sartorius) immediately prior to 
use.

ETHICAL CONSIDERATIONS AND SAFETY

Studies involving healthy volunteers and patients are necessary 
if basic physiological mechanisms, mechanisms of drug action and 
derangements of these mechanisms in disease are to be understood 
(Royal College of Physicians Reports 1990a,b) . However, the Royal 
College of Physicians has established clear guidelines for the 
practice of research in human volunteers and patients which have 
been followed in all the studies undertaken in this thesis.
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The studies described in this thesis were performed on male (44) 
and female (16) healthy volunteers aged 19-64, who all gave their 
written, informed consent to the procedures. All subjects were 
given a written and verbal explanation of the study and were free 
to withdraw at any time during the experiment without 
explanation. Consent was based on full understanding of the 
nature and purpose of the study. Each subject was offered a small 
payment (£1 0 ; a sum recommended by the local ethical committee) 
to cover expenses and inconvenience. Normal volunteers confirmed 
that they were healthy and taking no medication.

Studies using the same techniques were also performed on 11 male 
and 5 female patients with untreated essential hypertension, 6 

male and 5 female patients with treated essential hypertension, 
7 male and 3 female patients with end stage renal failure and 10 
male patients with insulin-dependent diabetes mellitus. All the 
patients who took part gave their written informed consent, and 
the nature and purpose of the study was explained in the same way 
as to the healthy volunteers. Patients were free to withdraw at 
any time. All the studies that took place at St George's Hospital 
Medical School were approved by the St George's Hospital Ethical 
Committee, while those that took place at St Helier Hospital had 
the approval of the St Helier Hospital Ethical Committee.

In studies involving human volunteers and patients the safety of 
the subject is of paramount importance. All the studies described 
using the local administration of drugs were done by the author 
in a specially designed Human Pharmacology Laboratory at St
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George's Hospital, equipped with full cardio-respiratory 
resuscitation facilities. The studies described involving 
patients with end-stage renal failure were performed by the 
author in the dialysis unit at St Helier Hospital, again with 
full cardio-pulmonary resuscitation facilities available.

The technique of brachial artery cannulation has been used at St 
George's Hospital for the last 3 0 years and is widely used by 
many investigators around the world (Dr N Benjamin, Aberdeen; Dr 
M Creager, Boston; Dr H Drexler, Freiberg; Prof S Epstein, 
Bethesda; Dr T Lüscher, Basle; Prof J Ritter, London; Prof P 
Sever, London; Prof Van Swieten, Maastricht; Dr D Webb, 
Edinburgh). In the Department of Pharmacology and Clinical 
Pharmacology at St George's Hospital 100-150 brachial artery 
cannulations are performed each year with no adverse effects 
other than mild and transient discomfort. After each study 
pressure is applied to the artery for at least 5 minutes to 
prevent bleeding and haematoma formation. The technique of dorsal 
hand vein cannulation has also been used for many years at St 
George's Hospital and causes only mild and transient discomfort 
to the subject. At the end of each study pressure is applied to 
the vein for 1 - 2 minutes to prevent bleeding.

The doses of drugs used in the forearm blood flow and venous 
studies are 1 0 0 - 1 0 0 0  times less than those required to have a 
systemic effect. The local infusion of drugs minimises any risk 
to the subject from the study in addition to allowing examination 
of the direct effects of drugs on arteries and veins.
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Most of the drugs used in the experiments described in this 
thesis have been widely used in man and are known to be 
associated with negligible risk to the subject. However, one 
aspect of the drug infusions used in the present research 
deserves more detailed examination: the local infusion of novel 
chemical compounds, namely N^-monomethyl-L-arginine (L-NMMA) and 
asymmetric dimethylarginine (ADMA), both of which are specific 
inhibitors of NO synthesis.

Both L-NMMA and ADMA were supplied in a pure and stable form, and 
were synthesised by Dr Harold Hodson of Wellcome Research 
Laboratories. L-NMMA is a naturally occurring substance found in 
human urine and plasma (Park et al 1988; Vallance et al 1992a). 
The pharmacodynamics of the systemic administration of L-NMMA 
have been demonstrated in vivo in rabbits (Rees et al 1989a) , 
guinea pigs (Aisaka et al 1989) and rats (Whittle et al 1989); 
the effects of local brachial artery infusion have been examined 
in healthy volunteers (Vallance et al 1989a) . At the end of each 
study involving L-NMMA subjects were given a local infusion of 
glyceryl trinitrate to return their blood flow to normal before 
they left the laboratory.

At present, in the absence of an accurate in vivo measure of NO 
output or effect, local infusion of L-NMMA into the brachial 
artery of healthy volunteers and patients provides the most 
direct insight into the physiological and pathophysiological role 
of NO in humans in vivo. It was hoped that the use of L-NMMA, as
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a marker for basal NO output, in patients and healthy volunteers, 
would provide insights into the mechanisms controlling blood 
pressure, and the pathology underlying the vascular abnormalities 
that occur in hypertension and diabetes and thus eventually to 
new therapeutic strategies and better targeting of therapy. 
Studies were designed in order to provide statistically valid 
results using the minimum number of subjects.

The studies involving the local administration of ADMA into the 
brachial artery were only commenced once the presence of ADMA had 
been confirmed in the plasma and urine of healthy volunteers, andi
the effects of ADMA had been fully characterised in vitro and in 
animal models in vivo (Vallance et al 1992a). Studies in vitro 
and in vivo in animals showed that ADMA inhibits NO synthase and 
causes a significant rise in blood pressure when given 
systemically (Vallance et al 1992a). The actions of ADMA were 
reversible with excess L-arginine (Vallance et al 1992a). The 
initial human studies with ADMA were done using doses of drug 
that were many fold lower than those expected to have even a 
local effect, and gradually increased until an effect was 
produced. The first subjects to receive this drug were Dr A 
Calver and Dr P Vallance. The time taken for the effect of ADMA 
to reach a plateau was carefully studied before increasing the 
dose of this drug. The dose of ADMA was never increased to 
produce more than 50% vasoconstriction.

Care was taken with all the studies to ensure that the risk of 
any possible harm to the subject was minimised. However, the
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nature of the investigations was such that there was no direct 
health benefit to the subject for taking part and all the 
subjects were aware that this was the case. Consequently it was 
of overwhelming importance that the studies were safe and 
designed to answer specific, scientifically valid questions. The 
studies in healthy volunteers were designed to extend what is 
known about the role of NO in normal physiological responses 
related to the control of normal blood pressure in man. The 
studies in patients were designed to investigate whether 
abnormalities of the NO system exist in vivo in patients with 
essential hypertension or insulin dependent diabetes or end-stage 
renal failure, since a wealth of animal data has suggested that 
such derangements of the NO might be important in the 
pathogenesis of these diseases. It was hoped that elucidation of 
any such abnormalities would lead the way towards possible new 
therapeutic strategies in these common and often debilitating 
disorders.
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SECTION I

MANIPULATION OF THE L-ARGININE; NITRIC OXIDE PATHWAY IN HEALTHY 
VOLUNTEERS

The studies described in this section were designed to 
investigate the role of the L-arginine:NO pathway in the control 
of vascular tone in healthy volunteers. Firstly, in order to gain 
insight into the contribution of NO to normal vascular tone, the 
dose-response relationship for L-NMMA, the specific NO synthase 
inhibitor, was studied in the forearm arteriolar bed (Chapter 3) . 
This extends work done previously in the forearm (Vallance et al 
1989a). Secondly, in order to investigate the possibility that 
the L-arginine:NO pathway could be stimulated by the local 
provision of excess L-arginine substrate, the effects of arginine 
in the peripheral vasculature were studied (Chapter 4). Thirdly, 
the role of local, NO mediated vasodilatation in the control of 
vascular tone during acute systemic expansion of plasma volume 
was investigated (Chapter 5) . Finally, the role of an endogenous 
inhibitor of NO synthase, asymmetric dimethylarginine (ADMA), in 
the control of vascular tone was studied in the forearm 
arteriolar bed (Chapter 6 ).
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THE DOSE-RESPONSE RELATIONSHIP FOR N^-MONOMETHYL-L-ARGININE IN 
THE FOREARM ARTERIAL BED

INTRODUCTION

Studies in whole animals and on isolated tissues have shown that 
NO is synthesised from L-arginine by the enzyme NO synthase 
(Palmer et al 1988a,b; Palmer & Moncada 1989). The guanidino- 
substituted arginine analogue, N°-monomethyl-L-arginine (L-NMMA) , 
stereospecifically inhibits NO synthase (Rees et al 1989b), and 
has proved a useful tool with which to examine the physiological 
role of the L-arginine:NO pathway in the cardiovascular system 
of animals and humans.

In vitro studies in vascular endothelial cells in culture (Palmer 
et al 1988a), and in isolated vascular tissue from animals and 
humans have shown that inhibition of NO synthesis results in 
endothelium-dependent vasoconstriction, augmentation of 
noradrenaline-induced tone, and inhibition of endothelium- 
dependent relaxation (Rees et al 1989a,b; Rees et al 1990b; 
Gardiner et al 1990; Woolfson & Poston 1990; Yang et al 1991). 
All these actions of L-NMMA can be reversed or attenuated with 
excess L-arginine, in keeping with the action of L-NMMA as a 
competitive inhibitor of NO synthase (Rees et al 1989a,b; 
Gardiner et al 1990; Woolfson & Poston 1990; Yang et al 1991). 
Furthermore, systemic inhibition of NO synthesis using 
intravenous L-NMMA causes a rise in blood pressure in 
experimental animals (Aisaka et al 1989; Rees et al 1989a;
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Whittle et al 1989), which can also be reversed with L-arginine. 
Ex vivo studies on aortic segments from L-NMMA treated rats show 
a reduced release of NO from these tissues (Rees et al 1989a), 
confirming that the response in vivo is due to diminished NO 
mediated vasodilator tone. These results suggest that NO 
contributes to the regulation of resting vascular tone and blood 
pressure.

Studies in healthy subjects in vivo suggest that this is also 
true in humans. Local infusion of L-NMMA (1, 2, 4/xmol/min; each 
dose given for 5 minutes) into the brachial artery of normal 
volunteers causes a dose-dependent fall in forearm blood flow of 
up to 40% (Vallance et al 1989a). This action is stereospecific; 
D-NMMA does not change forearm blood flow and the effect of L- 
NMMA is reversed by L-arginine (Vallance et al 1989a). Thus the 
forearm resistance vessels are in a constant state of NO mediated 
vasodilatation; removal of this vasodilator tone results in 
vasoconstriction.

The purpose of the current investigation was to define more fully 
the extent to which NO mediated vasodilator tone contributes to 
normal vascular tone. It was not known whether the 40% fall in 
blood flow produced by L-NMMA in previous work (Vallance et al 
1989a) represented the full extent of NO vasodilator tone in the 
forearm, or whether it would be possible to inhibit NO synthesis 
further by increasing the dose of L-NMMA and thus cause a further 
fall in forearm blood flow. In order to study this, the dose- 
response relationship for L-NMMA in the human forearm was
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extended to see if a plateau response was reached at 4^mol/min 
L—NMMA.

PROTOCOL

The study was carried out in 8 healthy volunteers (5 male, 3 
female) aged 18-35. Forearm blood flow was measured using venous 
occlusion plethysmography (Whitney 1953), and drugs or 
physiological saline were infused through a fine needle (26SWG) 
introduced into the brachial artery as described previously 
(Chapter 2) . After insertion of the brachial artery cannula, 
baseline recordings of forearm blood flow were made for 25 
minutes. After the baseline control period, increasing doses of 
L-NMMA (2, 4, 8/xmol/min; each dose given for 5 minutes) were
infused into the brachial artery and forearm blood flow measured.

RESULTS

L-NMMA at each dose caused a reduction in the forearm blood flow 
ratio (infused arm/control arm) in all subjects when compared to 
the blood flow ratio (infused arm/control arm) measured in the 
control period (p<0.001). The absolute changes in the forearm 
blood flow ratio in response to L-NMMA are shown in Table I. L- 
NMMA (2, 4, 8 /xmol/min) reduced the blood flow ratio by 22±4%, 
37±5% & 41±5% respectively compared to the control ratio (Figure
3.1). There was no statistically significant difference between 
the response to 4^mol/min L-NMMA and 8^mol/min L-NMMA.
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Figure 3.1:
The percentage (%) reduction in forearm blood flow in response 
to increasing doses of L-NMMA.

TABLE I

Baseline
L-NMMA 2^mol/min 
L-NMMA 4/Limol/min 
L-NMMA 8/xmol/min

Ratio forearm blood flow 
(infused/control arm) 

1.23±0.16 
0.98±0.17 
0.76±0.11 
0.70±0.08
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DISCUSSION

These results extend the previous observations of Vallance et al 
(1989) and confirm that inhibition of NO synthase within the 
forearm vascular bed removes basal NO induced vasodilator tone 
and results in vasoconstriction. In addition, since there was no 
difference in the response to 4/Ltmol/min and S^tmol/min L-NMMA, the 
top of the dose-response relationship for L-NMMA has been defined 
in the human forearm arterial bed. Thus, in healthy volunteers 
in vivo, it would appear that basal local NO synthesis allows 
almost half of the total resting blood flow for the forearm, 
since blockade of NO synthase reduces forearm blood flow by about 
40%. Studies using animal tissues and a variety of specific NO 
synthase inhibitors including L-NMMA, have also shown a similar 
% maximal vasoconstriction when NO induced vasodilator tone is 
pharmacologically removed (Ekelund & Mellander 1990; Gardiner et 
al 1990; White et al 1991).

The contribution of NO mediated vasodilatation to resting 
vascular tone is large compared to that made by other endogenous 
vasoactive mediators; local infusion of inhibitors of angiotensin 
converting enzyme (Benjamin et al 1989) or prostaglandin 
synthesis (Kilbom et al 1976; Benjamin et al 1989) does not 
change resting forearm blood flow significantly, and antagonism 
of 5-hydroxytryptamine (Blauw et al 1989) or histamine receptors 
(Duff & Whelan 1954) is also without effect on resting forearm 
blood flow. Whether NO mediates a similar 40% contribution to 
resting vascular tone in patients with diseases affecting the
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cardiovascular system is not yet known
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THE DILATOR ACTIONS OF ARGININE IN THE FOREARM ARTERIAL BED AND 
THE DORSAL HAND VEINS IN HEALTHY VOLUNTEERS

INTRODUCTION

The synthesis of NO from its physiological precursor, L-arginine 
(Palmer et al 1988a,b), is stereospecific, with NO synthase 
cleaving NO from L-arginine to leave L-citrulline as a by
product; D-arginine is not a substrate for the enzyme (Palmer & 
Moncada 1989).

As shown in the previous chapter, local pharmacological 
inhibition of the L-arginine:NO pathway with L-NMMA leads to 
increased vascular resistance in the forearm arterial bed, 
suggesting synthesis of NO from L-arginine is continuous and 
provides a background vasodilator influence (Vallance et al 
1989a). In animals, systemic inhibition of the pathway leads to 
vasoconstriction (Gardiner et al 1990) and a rise in blood 
pressure (Rees et al 1989a, Aisaka et al 1989) and, in some 
vascular beds, to enhanced platelet adhesion and aggregation (May 
et al 1991).

It is possible that the provision of excess L-arginine might 
increase synthesis of NO, and so the administration of arginine 
may have a therapeutic role, to tip the balance of vasoactive 
mediators within the vessel wall towards vasodilatation and 
inhibition of platelet activation. In support of this, 
intravenous infusion of L-arginine, increasing the plasma
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concentration from 94.6 nmol/ml to 7261 nmol/ml (Hishikawa et al 
1991), lowers blood pressure in normotensive and hypertensive 
volunteers (Nakaki et al 1990) and in certain laboratory animals 
(Cernadas et al 1990). This acute hypotensive effect of L- 
arginine might be due to dilatation of peripheral resistance or 
capacitance vessels, or might be secondary to a central effect. 
Previous studies have shown that the local dose of L-arginine 
required to reverse the vasoconstrictor effects of L-NMMA in the 
forearm (40/xmol/min) , has no direct dilator effect when infused 
alone (Vallance et al 1989a) , although excess local L- or D- 
arginine does result in a small, non-stereospecific dilator 
effect in superficial hand veins (Vallance et al 1989b). In the 
present study effects of local infusions of a range of doses of 
arginine on forearm resistance vessels and superficial hand veins 
have been investigated. In order to establish whether the 
responses seen were likely to be mediated through the L- 
arginine:NO pathway, the effects of both the L- and the D- 
enantiomers of arginine were studied.

PROTOCOL

The study was carried out in healthy volunteers (9 male, 4 
female; aged 20-48) who gave their informed consent. Forearm 
blood flow was measured using the method of Whitney (1953), and 
venous diameter in a superficial hand vein was measured using the 
method of Aellig (1981). The forearm and venous studies were 
performed on different days. The effects of three preparations
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of arginine were studied in the forearm arterial bed (L- & D- 
arginine free base and L-arginine hydrochloride) and 4 
preparations were studied in the superficial hand veins (L- & D- 
arginine free base and L- & D-arginine hydrochloride) . The pH of 
the arginine free base solutions was 10.4, the pH of the arginine 
hydrochloride solutions was 5.4. The effect of the arginine 
preparations on blood pH in vitro was measured.

Forearm studies
A 26SWG needle was inserted into the brachial artery as before, 
and drugs or physiological saline were infused continuously 
throughout the study. At the start of each study, after 
insertion of the needle into the brachial artery, measurements 
of blood flow were made for 25 minutes to establish resting 
control values of forearm blood flow. At the end of the baseline 
period, one of the preparations of arginine was infused into the 
brachial artery to produce a cumulative dose response curve (1 0 , 
40 & 160/xmol/min; each dose for 4 minutes; n=10) . Assuming a 
forearm blood flow of 12-40 ml/min (Vallance et al 1989a) the 
highest dose of arginine would give a concentration in the blood 
in the order of 4-13 mmol/1. In 6 of the subjects, 25 minutes 
later when forearm blood flow had returned to baseline, a second 
preparation of arginine was infused in the same doses. In 3 of 
the subjects, after a further 25 minutes, when forearm blood flow 
had again returned to baseline, a third preparation of arginine 
was infused in the same doses. The order in which the different 
arginine preparations were infused was varied between subjects.
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Hand vein studies
Drugs or physiological saline were infused continuously into the 
vein, using a constant rate infusion pump delivering a volume of 
0.25 ml/min, through a 23 SWG "butterfly" needle placed with its 
tip 10-15 mm upstream from the point of measurement. Vein size 
was measured at 5 minute intervals.

The veins were preconstricted throughout by a continuous infusion 
of noradrenaline, at a dose (24-95 pmol/min) sufficient to reduce 
the resting diameter of the vein to approximately 50% of its

I control size measured during the initial infusion of saline. 
After a baseline level of constriction had been established, one 
of the arginine preparations was infused at a dose of 5/iimol/min 
for 5 minutes, and vein size was measured at the end of the 
infusion. Assuming a blood flow in the vein of 0.5-1 ml/min 

I  (Collier et al 1972) , this dose of arginine would give a 
concentration in the blood in the order of 5-10 mmol/1. After a 
further 1 0 minutes, when vein size had returned to the baseline 
level of constriction, a second arginine preparation was infused 
in the same dose and vein size measured. This protocol was 
repeated for the third and fourth preparations of arginine. The 
order of administration of the arginine preparations was varied 
between subjects.

In vitro studies
Measurements were made of the effect on blood pH of solutions of 
arginine free base and arginine hydrochloride. Samples of venous 
blood (50 ml) were drawn from 2 healthy volunteers and
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anticoagulated by the addition of 2500iu heparin. The blood was 
separated into 8 ml aliquots and 40 /xmol of L-arginine free base 
or L-arginine hydrochloride was added to give a concentration of 
5 mmol/1. The pH and bicarbonate of the samples was measured at 
37°C immediately after addition of arginine using an automated 
blood gas analyzer (Allied Instrumentation Laboratory BGM 1312 
Blood Gas Manager).

RESULTS

Effect of L-and D-arainine on forearm blood flow 
The highest dose of each preparation of arginine ( 160/xmol/min) 
produced a significant increase in forearm blood flow (Figure
4.1). For L-arginine free base the ratio of blood flow 
(infused/control arm) rose from 1.27±0.09 to 1.6±0.16 (n=8 ,
p<0.02; Figure 4.1); for D-arginine free base the ratio of 
forearm blood flow (infused/control arm) rose from 1.18±0.13 to 
1.8510.26 (n=6 , p<0.05; Figure 4.1) and for L-arginine
hydrochloride the ratio of blood flow (infused/control arm ) rose 
from 1.11+0.11 to 1.3610.19 (n=5, p<0.05; Figure 4.1). For all 
3 preparations of arginine lower doses (10 & 40/xmol/min) had no 
effect on forearm blood flow. The responses to L- and D-arginine 
free base, and L-arginine hydrochloride did not differ 
significantly from one another.
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Figure 4.1: Forearm blood flow response to L-arginine (upper
panel), D-arginine (middle panel), and L-arginine hydrochloride 
(lower panel). The increase caused by 160^mol/min of each drug 
was significant compared with control (** p<0.02; * p<0.05).
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Effect of L- and D-arainine on vein diameter
Infusions of 5 jLtmol/min of all four preparations of arginine for
5 minutes resulted in significant venous dilatation. L-arginine 
free base increased vein diameter from 0.4±0.19 mm to 0.75±0.13 
mm (n=3; p<0.02; Figure 4.2); D-arginine free base increased vein 
diameter from 0.47±0.18 mm to 0.75±0.13 mm (n=3; p<0.05; Figure
4.2); L-arginine hydrochloride increased vein diameter from 
0.42±0.12 mm to 0.58±0.17 mm (n=3; p<0.01; Figure 4.2); D- 
arginine hydrochloride increased vein diameter from 0.3 6±0.12 mm 
to 0.49±0.12 mm (n=3; p<0.01; Figure 4.2). The responses to L-
6 D-arginine free base did not differ significantly, neither was 
there any significant difference between the responses to L- & 
D-arginine hydrochloride. However the free base preparations 
produced a significantly greater dilatation than the 
corresponding hydrochloride preparation (p<0.05).

pH effects
L-arginine free base (5/Ltmol/ml) increased the pH of venous blood 
samples from 7.277±0.008 to 7.393±0.006 (n=3, p<0.02). L-arginine 
hydrochloride (5/Ltmol/min) had no effect on the pH of the blood 
samples.
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Figure 4.2:
Upper panel: changes in vein size (mean ± SEM) in response to L- 
arginine base (L-A base; n=3) and D-arginine base (D-A base; 
n=3). Lower panel: changes in vein size in response to L-arginine 
hydrochloride (L-A HCl; n=3) and D-arginine hydrochloride (D-A 
HCl; n=3) . The increase in vein size caused by all 4 preparations 
of arginine was significant compared to control (C), ** p<0.02, 
* p<0.05.
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DISCUSSION

The results of this study show that local infusions of both L- 
and D-arginine cause an increase in forearm blood flow and a fall 
in venous tone. Assuming a resting blood flow through the 
brachial artery of 12-40 ml/min (Vallance et al 1989a) the 
highest dose of arginine (160/imol/min) infused would result in 
a concentration in the blood of 4-13 mmol/1. Assuming a blood 
flow in the superficial hand veins of 0.5-1 ml/min (Collier et 
al 1972) the dose of arginine infused into the vein (5/xmol/min) 
would result in a concentration in the blood of 5-10 mmol/1. Thus 
both the increase in forearm blood flow, and the dilatation of 
superficial hand veins, were seen when the local calculated 
plasma concentration of arginine was in the order of 4-5 mmol/1 
or above. These findings support the suggestion that the acute 
hypotensive effect of intravenous infusions of L-arginine, which 
increase plasma levels from 94.6 nmol/ml to 7261 nmol/ml 
(Hishikawa et al 1991), is due to peripheral vasodilatation. From 
the results of our study the dilator effects of high dose 
arginine appear to occur in both veins and arterioles.

However, two pieces of evidence suggest that the dilator response 
to arginine is not due to enhanced release of NO secondary to 
provision of excess substrate for NO synthase. Firstly, the 
dilator effects of arginine were not stereospecific yet only the 
L-enantiomer is a substrate for NO synthase. Secondly, lower 
doses of L-arginine which have been shown to reverse the 
vasoconstrictor effects of L-NMMA in the forearm (Vallance et al
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1989a) did not have any direct vasodilator actions when given 
alone. Similar results have been observed in rabbit aortic rings 
in vitro, where low doses of arginine (1 0 0/xM) reverse the effects 
of L-NMMA in a stereospecific and endothelium-dependent manner 
(Palmer et al 1988a,b; Rees et al 1989a,b) while higher doses of 
arginine (10 mM) produce endothelium-independent relaxation which 
is not stereospecific (Schmidt et al 1990a).

While provision of excess substrate does not appear to account 
for the peripheral vasodilator actions of arginine, stimulation 
of NO release through other mechanisms might still account for 
part of the vasodilatation. Alkaline buffers and alkaline 
solutions of arginine stimulate the release of NO from cultured 
bovine aortic endothelial cells (Mitchell et al 1991) and one 
possibility is that the high pH of the free base solutions (pH 
10.4) stimulated NO release in the present study. Indeed, when 
added to whole venous blood, these solutions caused a significant 
increase in blood pH. This may account for some of the dilatation 
seen in the present study and may also explain why the venous 
response to arginine free base solutions was greater than that 
produced by arginine hydrochloride (pH 5.4). However, the 
hydrochloride solutions (pH 5.4), caused significant arteriolar- 
and veno-dilatation without significantly altering the pH of 
venous blood. In the forearm arteriolar bed the response to L- 
arginine hydrochloride did not differ significantly from either 
the response to the L- or D-arginine free base preparations. 
Furthermore, previous reports indicate that infusion of small 
volumes of drug or vehicle at pH 10 or above do not alter forearm
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blood flow significantly (Collier et al 1981). The stimulation 
of NO release due to the pH of the infusate does not appear to 
account for the dilator effects of arginine in the present study. 
However, recently others have shown a stereospecific vasodilator 
effect of L-arginine hydrochloride in the forearm arterial bed 
of a group of healthy young Japanese men (Imaizumi et al 1992). 
It is possible that the effects of arginine may differ between 
races. Alternatively, it remains possible that a stereospecific 
vasodilator effect of L-arginine hydrochloride could exist in the 
forearm since D-arginine hydrochloride was not used in the 
forearm studies in the present investigation.

An alternative explanation for the vasodilator effects of high- 
|dose arginine might be release of histamine (Paton 1990). 
Arginine releases histamine from skin (Eldridge & Paton 1954) and 
histamine is a potent dilator in the forearm vascular bed (DuffI
& Whelan 1954) and in superficial hand veins (Collier et al 
1972). However, the Hj receptor antagonist chlorpheniramine, 
albeit given at only one dose, did not attenuate the hypotensive 
actions of arginine (Hishikawa et al 1991).

From the results of the present study, it seems unlikely that the 
mechanism by which acute infusion of L-arginine causes 
hypotension in healthy volunteers is via provision of excess 
substrate for NO synthase. However, it is possible that the 
outcome might be different in situations where the NO pathway is 
modified: it has been reported that L-arginine increased the
vasodilator response to acetylcholine in the hind-limb of
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cholesterol-fed but not control rabbits (Girerd et al 1990; Cooke 
et al 1991). Furthermore, under conditions of sepsis, both 
endothelium (Radomski et al 1990a) and vascular smooth muscleI

I  (Knowles et al 1990) express a second, distinct NO synthase for 
which the supply of L-arginine may be rate-limiting and under 
ithese conditions L-arginine dilates blood vessels (Rees et al 
11990a). It will be important to examine the acute and chronic 
effects of arginine in the human vasculature in these disease 
jstates. The results of the present study indicate clearly the 
I vasodilator actions of high-dose arginine in the human 
vasculature. They also highlight the importance of using the D- 
enantiomer as a control. Only in situations where D-arginine is 
inactive is it possible to ascribe the actions of arginine 
supplementation to activation of the L-arginine:NO pathway 
through provision of excess substrate.
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THE ROLE OF LOCAL NITRIC OXIDE MEDIATED VASODILATATION IN THE 
CONTROL OF VASCULAR TONE DURING ACUTE EXPANSION OF PLASMA VOLUME.

INTRODUCTION

In healthy volunteers acute volume expansion with intravenous 
saline increases central venous pressure and cardiac output 
(Robinson et al 1966, Koomans et al 1983), without affecting 
arterial blood pressure (Robinson et al 1966, Koomans et al 
1983). The absence of a change in blood pressure suggests that 
arteriolar vasodilatation occurs in response to an acute volume 
load, although there is no direct evidence for such a response. 
However, there is indirect evidence which would favour such 
arteriolar dilatation. During acute volume expansion in humans 
circulating levels of the vasoconstrictors angiotensin 11 (Singer 
et al 1991) and endothelin (Shichiri et al 1990) fall, 
circulating levels of the vasodilators atrial natriuretic peptide 
(ANP; Singer et al 1987) and calcitonin gene related peptide 
(Odar-Cederlof et al 1991) rise, and the activity of vasomotor 
nerves directed towards vasoconstriction is reduced (Donald & 
Shepherd 1978). Recently, data has come from animal studies 
suggesting that NO might also contribute; the synthesis of NO is 
increased after oral sodium loading in salt-resistant rats (Chen 
& Sanders 1991), where it ameliorates the hypertensive response, 
and NO synthesis is also increased in rats with volume-dependent 
hypertension (King et al 1990). Accordingly, it is possible that 
NO plays a role in the response to acute volume expansion in
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humans.

This study, in healthy volunteers, has examined whether forearm 
arteriolar vasodilatation occurs in response to an acute increase 
in plasma volume, and if NO contributes to the responses seen. 
The study was performed using the specific inhibitor of NO 
synthesis, N^-monomethyl-L-arginine (L-NMMA; Rees et al 1989b).

PROTOCOL

The study was carried out in 18 healthy volunteers (12 male, 6 

female) aged 19-49 years who were on no medication. Forearm blood 
flow was measured simultaneously in both arms using venous 
occlusion plethysmography (Whitney 1953). Drugs (L-NMMA or 
noradrenaline) were infused into the brachial artery of the 
"test" arm through a 2 6SWG needle introduced under local 
anaesthesia (1% lignocaine). Doses of noradrenaline and L-NMMA 
were chosen such that they had a local effect on blood flow in 
the infused arm with no systemic effects (Vallance et al 1989a; 
Calver et al 1991). Each subject had a 16G intravenous cannula 
inserted under local anaesthetic into a vein in the ante-cubital 
fossa of the "control" arm to allow systemic intravenous infusion 
of 1000 ml physiological saline. Changes in blood flow in the 
control arm were used to determine the effect of acute plasma 
volume expansion on forearm blood flow. Changes in forearm blood 
flow in the test arm were used to determine the effects of 
locally administered vasoactive drugs on this manoeuvre. (Figure
5.1 for protocol).



86
Baseline measurements of forearm blood flow were made for 25 
minutes at the start of each study to establish resting control 
values. Blood pressure was measured every 5 minutes throughout 
the study using a semi-automatic ultrasound sphygmomanometer 
recording device (Arteriosonde). To assess the degree of volume 
expansion achieved by the intravenous infusion of 1 0 0 0  ml saline 
the packed cell volume of the blood (PCV) was measured at the 
beginning and end of each study. To assess any change in 
erythrocyte volume as a result of the volume expansion the mean 
cell volume (MCV) was also measured at the beginning and end of 
each study.

Studv 1: Effect of acute volume expansion on forearm blood flow. 
After the baseline recording period subjects received an 
intravenous infusion of 1000 ml physiological saline over 25 
minutes. Forearm blood flow was measured for 2 minutes in every 
5 minutes during the infusion and for 20 minutes thereafter.

Studv 2: Effect of local L-NMMA on resting forearm blood flow 
Immediately after the baseline recording period 6 subjects 
received a local infusion of L-NMMA (4/imol/min for 5 minutes) via 
the brachial artery cannula. Recordings of blood flow were made 
throughout the L-NMMA infusion period. Blood flow was then 
measured for 2 minutes in every 5 minutes for 45 minutes after 
the end of the L-NMMA infusion (Figure 5.1).
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Studv 3: Effect of local L-NMMA on the forearm blood flow
response to volume expansion.
a) Local L-NMMA infused before volume expansion
Immediately after the baseline recording period 10 subjects 
received a local intra-arterial infusion of L-NMMA (4/imol/min for 
5 minutes) into the test arm. Recordings of blood flow were made 
throughout the L-NMMA infusion period. This was followed by an 
intravenous infusion of 1000 ml physiological saline over 25 
minutes. Forearm blood flow was measured for 2 minutes in every 
5 minutes during the saline infusion and for 20 minutes 
thereafter (Figure 5.1). To determine the response to saline 
infusion in the test arm in the presence of L-NMMA, the overall 
effect of L-NMMA on resting forearm blood flow (test arm, study 
2 ) was subtracted from the overall effect of saline infusion in 
the presence of L-NMMA (test arm, study 3a).

b) Local L-NMMA infused after volume expansion
On another occasion the protocol was repeated in 6 subjects 
except that in these studies L-NMMA (4^mol/min for 5 minutes) was 
given immediately after the saline infusion. Blood flows were 
recorded as before (Figure 5.1).

Studv 4: Effect of local noradrenaline infusion on forearm blood 
flow response to acute volume expansion
Immediately after the baseline recording period, 6 subjects 
received a local intra-arterial infusion of noradrenaline (240 
pmol/min for 5 minutes). This was followed by systemic
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intravenous infusion of 1000 ml physiological saline over 25 
minutes. At the end of the saline infusion a further local intra- 
arterial infusion of noradrenaline (240 pmol/min for 5 minutes) 
was given and forearm blood flow measured for a further 2 0  

minutes. Recordings of forearm blood flow were made throughout 
the intra-arterial drug infusions, for the rest of the study 
blood flow recordings were made for 2 minutes in every 5 minutes 
(Figure 5.1).

Statistics and calculations
Results are expressed as means ± SEM. Forearm blood flow in each 
arm is expressed as a percentage of the blood flow recorded at 
the end of the baseline control period. The response to saline 
is assessed by comparing the forearm blood flows recorded during 
and after the saline infusion with the blood flow measured 
immediately before the start of the saline infusion. Statistical 
analysis was performed using Student's t-test for paired or 
unpaired values as appropriate.
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Figure 5.1:
The protocol of each part of the study is shown. Open symbols 
indicate periods during which forearm blood flow was recorded. 
Systemic saline was given at the times shown by the hatched 
symbols. The timing of local intra-arterial drug administration 
is shown by the shaded boxes (N^^-monomethyl-L-arginine (L-NMMA) 
-dark shading; noradrenaline (NA) - light shading).
a) L-NMMA given before acute volume expansion
b) L-NMMA given alone
c) L-NMMA given after acute volume expansion
d) Noradrenaline given before and after acute volume expansion



90
RESULTS

Studv 1: Effect of acute volume expansion on forearm blood flow. 
In all studies (n=22 infusions of saline in 18 subjects) systemic 
infusion of 1000 ml physiological saline increased forearm blood 
flow, such that the forearm blood flow in the control arm rose 
from 3.13±0.55 ml/100 ml forearm/min immediately before the start 
of the saline infusion to 3.7510.62 ml/lOOml forearm/min 
(p<0.001) immediately after the end of the saline infusion. 
Forearm blood flow began to increase 10-15 minutes after starting 
the saline infusion (p<0.05 when compared to forearm blood flow 
immediately before the start of saline; Figure 5.2, open 
circles), reached a plateau by the 20-25 minute, and remained 
elevated above baseline levels for at least 15-20 minutes after 
the end of the saline infusion (Figure 5.2, open circles). At its 
maximum, forearm blood flow had risen to 4.0310.67 ml/100ml 
forearm/min (p<0.001; n=22 saline infusions in 18 subjects), a 
rise of 3515% (p<0.001) when compared to the blood flow recorded 
immediately before the start of the saline infusion. In addition, 
within 10 minutes of the start of the saline infusion, the 
forearm blood flow measured in response to infusion of saline was 
significantly greater than that recorded on the control day when 
saline was not administered (p<0.05; Figure 5.2).
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Figure 5.2:
The forearm blood flow response (mean ± SEM) to acute volume 
expansion is shown by the open circles. The response in the test 
arm which had received a local infusion of L-NMMA before the 
systemic infusion of saline is shown by the filled squares. The 
response in the test arm which received local L-NMMA alone 
without subsequent volume expansion is shown by the open squares. 
The response in the control arm when local L-NMMA alone was 
administered in the test arm is shown by the open triangles. For 
the response to saline infusion, * indicates a significant rise 
in forearm blood flow (p<0.05) when compared to the blood flow 
recorded immediately prior to the start of the saline infusion 
(time = 33 min after cannulation). + indicates a significant 
difference in the blood flow in response to saline (p<0.05) 
compared to that on the control day when saline was not 
administered. There was no difference in the response to L-NMMA 
in the test arm irrespective of whether subsequent volume 
expansion occurred.
The shaded block represents the time of local L-NMMA infusion and 
the open block the time of systemic saline administration.
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Studv 2: Effect of local L-NMMA on resting forearm blood flow 
L-NMMA (4^mol/min) decreased forearm blood flow in the test arm 
by 30±4% (p<0.001) from a resting level of 2.28±0.27 ml/100ml
forearm/min to 1.56±0.16 ml/100ml forearm/min. After stopping L- 
NMMA, blood flow gradually returned to baseline levels over 40 
minutes (Figure 5.2; open squares). Blood flow in the control arm 
did not change significantly (Figure 5.2; open triangles).

Studv 3: Effect of local L-NMMA on the forearm blood flow
response to volume expansion
a) Local L-NMMA infused before volume expansion
Forearm blood flow in the control arm rose in response to saline 
infusion (Figure 5.2; open circles). Local intra-arterial 
infusion of L-NMMA into the test arm before the saline infusion 
caused forearm blood flow in that arm to fall by 33±5% (p<0.001) 
from 2.44±0.4 ml/100ml forearm/min to 1.58±0.27 ml/100ml 
forearm/min (Figure 5.2; filled squares). After stopping L-NMMA 
blood flow gradually returned to baseline over 40 minutes. 
However, blood flow in the test arm did not rise above its own 
baseline values and so did not approach the flows in the control 
arm which had increased in response to the acute volume expansion 
(Figure 5.2; open circles).

The overall effect of locally infused L-NMMA on the vasodilator 
response to systemic saline can be derived by subtracting the 
flow response to L-NMMA alone (Study 2; Figure 5.2; open squares) 
from the flow response to L-NMMA given before saline infusion 
(Study 3a; Figure 5.2; filled squares). From these data it was
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calculated that in the presence of L-NMMA, systemic infusion of 
saline failed to cause vasodilatation in the test arm.

b) Local L-NMMA infused after volume expansion
Forearm blood flow in the control arm rose in response to saline 
infusion, from 3.29±1.72 ml/100ml forearm/min to 3.911.59 
ml/lOOml forearm/min. When L-NMMA was given after the infusion 
of saline blood flow in the test arm decreased from 3.0910.91 
ml/lOOml forearm/min to 1.9210.48 ml/100ml forearm/min (p<0.001; 
Figure 5.3). The fall in forearm blood flow in the test arm when 
L-NMMA was given after volume expansion was greater than that 
which occurred when L-NMMA was given before the saline infusion 
(p<0.05; Figure 5.4).
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Figure 5.3:
The forearm blood flow response (mean 1 SEM) to acute volume 
expansion is shown by the filled squares. The response in the 
test arm which had received a local L-NMMA infusion after volume 
expansion is shown by the open squares.
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Panel A: The forearm blood flow response (mean ± SEM) to local 
L-NMMA given before (filled column) and after (hatched column) 
acute volume expansion is shown. The response to L-NMMA was 
significantly greater when L-NMMA was given after volume-induced 
vasodilatation had occurred, than when given before the volume 
load (* p<0.05).
Panel B: The forearm blood flow response (mean ± SEM) to local 
noradrenaline given before (filled column) and after (hatched 
column) acute volume expansion is shown. The response to 
noradrenaline was significantly greater when it was given after 
volume-induced vasodilatation had occurred than when given before 
the volume load (* p<0.05).
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Studv 4: Effect of local noradrenaline infusion on forearm blood 
flow response to acute volume expansion
Noradrenaline produced a fall in forearm blood flow in the test 
arm of 32±13%, from 3.25±0.59 ml/100ml forearm/min to 1.89±0.15 
ml/100ml forearm/min, when given before the saline infusion 
(Figure 5.5). Infusion of saline caused an increase in forearm 
blood flow (Figure 5.5). When the same dose of noradrenaline was 
given after saline infusion it caused a greater fall in blood 
flow, from 4.8610.60 ml/100ml forearm/min to 2.3710.25 ml/100ml 
forearm/min (p< 0.05; Figure 5.4).

FOREARM BLOOD 
FLOW (% of control)

1 7 0  -

15 0  -

1 3 0 -

110 -

9 0  -

7 0  -

5 0  J

Saline

I 1------1---1------- 1--1---- 1---- 1---- 1

2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0

MINUTES AFTER CANNULATION

Figure 5.5:
The forearm blood flow response (mean 1 SEM) to acute volume 
expansion is shown by the filled squares, and the effects of 
local infusion of noradrenaline (240pmol/min) before and after 
saline are shown by the open squares.
The shaded blocks show the time of local noradrenaline infusion 
and the open block the time of systemic saline administration.
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Quantitative assessment of acute volume expansion 
The packed cell volume (PCV) fell from a mean of 40.8±1.3 at the 
start of the study to a mean of 37.7±1.2 at the end of the study. 
Calculated circulating blood volume rose by 7.5±1.4% as a result 
of intravenous infusion of 1000 ml saline over 25 minutes. The 
mean red cell volume (MCV) fell from a mean of 89.3±1.1 at the 
start of the study to a mean of 89.0±1.0 at the end of the study, 
a 0.003% change in MCV over the course of the study.

Effect on blood pressure
Mean arterial pressure did not change significantly during 
intravenous saline infusions or during any of the intra-arterial 
drug infusions. Resting mean arterial pressure was 93±2 mmHg 
before saline and 96±4 mmHg (p=NS) immediately after the 
infusion.
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DISCUSSION

The results of this study demonstrate that rapid infusion of 1000 
ml physiological saline, sufficient to expand the plasma volume 
by about 7%, increases forearm blood flow without altering 
arterial blood pressure. The finding that volume expansion does 
not increase blood pressure is well recognised (Robinson et al 
1966; Koomans et al 1983). However, the observation that 
peripheral arterioles vasodilate in response to this manoeuvre, 
although predictable, has not been demonstrated previously. 
Studies using an acute infusion of smaller volumes of saline have 
failed to detect significant changes in forearm blood flow 
(Simpson et al 1987), although, in exercising subjects, an 
infusion of saline to restore depleted plasma volume does 
increase forearm blood flow (Nose et al 1990). Moreover, the 
findings with L-NMMA in the present study suggest that local 
synthesis of the endogenous vasodilator NO could contribute to 
the increase in forearm blood flow observed.

There are several candidate mechanisms for this forearm 
vasodilatation. Acute volume expansion in humans of the same 
order as that achieved in the present study suppresses the renin- 
angiotensin-aldosterone system (Singer et al 1991), and raises 
plasma ANP (Singer et al 1987). Angiotensin 11 is a potent 
vasoconstrictor and its removal would result in vasodilatation. 
ANP is a vasodilator in the forearm arterial bed (Webb et al 
1988) at pharmacological doses (Webb et al 1988) and at doses at 
the upper end of the normal range (Bolli et al 1987). An acute



98
increase in venous return diminishes sympathetic vasoconstrictor 
tone (Donald & Shepherd 1978) , and acute volume expansion 
decreases circulating levels of the potent vasoconstrictor 
peptide endothelin (Shichiri et al 1990). In patients with renal 
failure, volume expansion may elevate plasma concentrations of 
the vasodilator calcitonin gene related peptide (Odar-Cederlof 
et al 1991) . In this study the specific NO synthase inhibitor L- 
NMMA has been used to examine a further possible mechanism: that 
the arteriolar vasodilatation might be mediated through increased 
local synthesis of NO.

Local brachial artery infusion of L-NMMA caused a fall in resting 
forearm blood flow which reversed over 40 minutes, a finding in 
keeping with earlier observations (Vallance et al 1989a; Chapter 
3), and implying that the forearm arteriolar vessels are in a 
constant state of NO mediated vasodilatation. In this study, 
systemic saline infusion caused vasodilatation indicated by the 
rise in forearm blood flow in the control arm, but did not alter 
the constrictor response to a 5 minute local infusion of L-NMMA, 
indicating that L-NMMA attenuated the dilator effects of volume 
expansion. Thus volume expansion in the presence of local NO 
synthase inhibition failed to cause vasodilatation. The 
attenuation might have been even more apparent had the saline 
been given against a background of a continuous infusion of L- 
NMMA to provide continuous inhibition of NO synthesis; however, 
such a study was not feasible as it would have resulted in 
subjects receiving a dose of L-NMMA close to that which has been 
shown to have a systemic effect on blood pressure in humans
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(Petros et al 1991) . The dose of L-NMMA used in the present study 
only had a local effect on blood flow in the test arm.

In those studies in which L-NMMA was given after the dilatation 
to saline had been established, its effect on forearm blood flow 
was greater than when it was given before the saline. This again 
suggests increased vascular NO vasodilator tone after volume 
expansion. Together, these findings are consistent with the 
possibility that increased local synthesis of NO contributes to 
the vasodilator response to volume expansion. Increases in shear 
stress on the endothelial cell have been shown to increase NO 
release (Griffith et al 1987), and this would represent one 
mechanism by which the increase in flow seen in the present study 
might result in increased NO synthesis.

It is possible that changes in blood viscosity as a result of 
volume expansion may have contributed to the changes in forearm 
blood flow measured. However, dilator responses to standard 
increments in flow have been shown to increase with increasing 
viscosity and decrease with haemodilution as shear stress falls 
(Melkumyants & Balashov 1990). Alternatively, it is possible that 
the increase in flow could result from physical factors unrelated 
to arteriolar smooth muscle tone, since at a constant perfusion 
pressure if blood viscosity falls, it is likely that blood flow 
will increase even without vasodilatation. These physical factors 
are unlikely to be the explanation of the changes in blood flow 
seen in the present study since they would not be affected by 
local infusion of vasoactive agents.
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The finding that volume expansion causes forearm vasodilatation, 
and that part of this response may be mediated by NO, is 
consistent with observations in animals. Basal NO mediated 
vasodilatation is increased in rats with volume mediated 
hypertension (King et al 1990), and augmented NO production 
offsets the hypertension which would otherwise result from oral 
sodium loading in salt-resistant rats (Chen & Sanders 1991).

The control experiments in the present study suggest that local 
release of NO is not the only factor determining the vasodilator 
response to saline in human vasculature. The vasoconstrictor 
response to noradrenaline was also enhanced after the 
administration of the volume load in comparison to the response 
to noradrenaline given alone. Noradrenaline acts directly to 
increase smooth muscle tone, whereas L-NMMA acts to remove an 
endogenous vasodilator influence rather than to increase smooth 
muscle tone by a direct action. It is possible that alterations 
in vascular tone per se affect the arteriolar response to saline 
and further studies will be required to clarify this issue.

The studies examining the effects of L-NMMA and noradrenaline on 
forearm blood flow before and after volume expansion with saline 
indicate that a rise in basal blood flow in itself does not cause 
a diminution of the response to either agent.

It seems likely that several mechanisms may be involved in the 
response to volume loading, and that these mechanisms may 
interact. The NO system may modulate other systems that play a
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role in the vasodilatation observed, for example NO inhibits the 
release of renin (Vidal et al 1988) and exerts a neuromodulatory 
effect on sympathetic nerves (Gustafsson et al 1990). The 
experimental system described above, which uses the forearm blood 
flow response of one arm to show the effect of acute systemic 
volume expansion, and local infusion of drugs into the other arm 
to investigate the role of local mediators on this response, may 
provide a useful in vivo model to examine this reflex.

The clinical significance of vasodilatation to a volume load begs 
consideration. The results of the present study suggest that NO- 
mediated vasodilator tone may play a part in maintaining a
constant blood pressure in the face of acute volume expansion,
since local pre-treatment with L-NMMA attenuated the ability of 
the forearm to vasodilate in these circumstances. Several forms 
of hypertension are associated with an increase in circulating 
volume, such as steroid-induced hypertension (Biglieri et al 
1990) or the hypertension associated with renal failure (Vertes 
et al 1969; Koomans et al 1982; Koomans et al 1983; Brod et al 
1983), and it is possible that hypertension in these instances 
could result from a failure of this vasodilatation. A defect in 
the NO system could contribute to this, and there is already
evidence that the NO pathway is abnormal in patients with
essential hypertension (Panza et al 1990; Linder et al 1990). 
Furthermore, an endogenous inhibitor of NO synthase, with 
pharmacological characteristics similar to L-NMMA, circulates in 
elevated concentrations in patients with renal failure (Vallance 
et al 1992a), thus it may be that vasodilatation in response to
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an acute volume load is not possible in these patients. This 
could explain, in part, the substantial volume-dependent 
component of the hypertension associated with chronic renal 
failure.
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THE EFFECT OF ASYMMETRIC DIMETHYLARGININE. AN ENDOGENOUS 
INHIBITOR OF NO SYNTHASE. ON FOREARM BLOOD FLOW

INTRODUCTION

The synthesis of NO can be inhibited experimentally by certain 
analogues of L-arginine, including L-NMMA. In animals, inhibition 
of NO synthase with L-NMMA leads to hypertension (Aisaka et al 
1989; Rees et al 1989a) and impaired immune function (Liew et al 
1990; Granger et al 1991), while in humans local infusion of L- 
NMMA causes forearm vasoconstriction (Vallance et al 1989a; 
Chapter 3) . The precise mechanism by which NO synthesis is 
controlled in the human vasculature is not yet clear. The 
activity of constitutive NO synthase is altered by a variety of 
endogenous mediators such as Câ "̂ , NADPH, tetrahydrobiopterin 
(Forstermann et al 1991), and by changes in physical stimuli such 
as shear stress (Griffith et al 1987). Under normal conditions 
in humans, the supply of L-arginine substrate does not appear to 
be rate-limiting as, in healthy volunteers, provision of excess 
L-arginine substrate does not appear to increase NO production 
(Chapter 4) . However, there are other possible mechanisms for the 
specific control of NO synthase; methylated arginines, such as 
L-NMMA and dimethylarginines, are naturally occurring substances 
(Kakimoto & Akazawa 1970; Nakajima et al 1970; Kotani et al 
1992), found in human urine and plasma (Kakimoto & Akazawa 1970; 
Park et al 1988; Vallance et al 1992a). Could these methylated 
arginines be endogenous inhibitors of NO synthase in humans? 
Total concentrations of dimethylarginines (asymmetric and
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symmetric) in human plasma are approximately 1 ^mol/1, about ten 
times greater than that of L-NMMA (Vallance et al 1992a) . The 
plasma concentration of both L-NMMA and dimethylarginines rises 
markedly in patients with end-stage renal failure (Vallance et 
al 1992a). In vitro, asymmetric dimethylarginine (ADMA) inhibits 
macrophage and vascular NO synthase whereas symmetric 
dimethylarginine (SDMA) is without activity (Vallance et al 
1992a). ADMA also causes a dose dependent increase in the tone 
of endothelium-intact rat aortic rings and inhibits acetylcholine 
induced relaxations, whereas SDMA is inactive (Vallance et al 
1992a). In vivo. ADMA causes dose dependent increases in mean 
arterial pressure in anaesthetised guinea pigs (Vallance et al 
1992a). In order to establish whether endogenous ADMA might 
affect NO synthase and thus vascular tone in humans in vivo, 
studies were undertaken to examine the effect of a local infusion 
of synthetic ADMA on the forearm blood flow of healthy 
volunteers.

PROTOCOL

The study was carried out in 11 healthy volunteers (8 male, 3 
female) aged 22-31 years. Forearm blood flow was measured using 
venous occlusion plethysmography (Whitney 1953). Drugs or 
physiological saline were infused through a 2 6SWG needle 
introduced into the brachial artery of the non-dominant forearm 
as described previously.
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Before undertaking the formal study, preliminary investigations 
were performed in 3 healthy volunteers to determine appropriate 
doses of ADMA and the time required for the response to reach a 
plateau. After insertion of the brachial artery cannula, baseline 
recordings of forearm blood flow were made for 35 minutes. During 
this period forearm blood flow was measured for 5 minutes in 
every 10 minutes. ADMA was then infused starting at a dose of 100 
nmol/min for 5 minutes. Blood flow was measured for 15 minutes 
after the infusion and the dose gradually increased if no 
response was seen. In the formal study, after the baseline 
control period, ADMA (8/imol/min for 5 minutes) was infused into 
the brachial artery of 5 subjects and forearm blood flow 
measured. During the period of drug infusion blood flow was 
measured continuously and then for 5 minutes in every 10 minutes 
for 2 0 minutes after the end of the ADMA infusion. On another 
occasion, after the baseline control period, increasing doses of 
ADMA (8 & 16/xmol/min; each dose for 5 minutes) were infused into 
the brachial artery of 6 subjects. In 3 subjects the ADMA 
infusion was followed by an infusion of L-arginine (40/xmol/min 
for 5 minutes) . In all 6 subjects blood flow was measured 
continuously during drug infusions and for 5 minutes in every 10 
minutes for 40-45 minutes thereafter.

RESULTS

The preliminary investigation suggested that 8-16 /xmol/min ADMA 
produced substantial changes in forearm blood flow that reached
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a plateau within 5 minutes. In the 5 subjects given 8/zmol/min 
ADMA alone the forearm blood flow ratio (infused/control arm) was 
reduced to 75±6% of the blood flow ratio recorded in the control 
period. The forearm blood flow ratio fell from 1.24±0.18 in the 
control period to 0.94±0.16 at the end of the ADMA infusion 
(p<0.02). Over the following 20 minutes the forearm blood flow 
ratio recovered to baseline levels (Figure 6.1).

RATIO FOREARM 
BLOOD FLOW 
(Infused/control arm)
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Figure 6.1:
The ratio forearm blood flow (infused/control arm) in 5 subjects 
in response to 8^mol/min ADMA is shown. ADMA caused a significant 
fall in the forearm blood flow ratio (p<0.02).
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In the 6 subjects who received ADMA cumulatively (8 &
16/imol/min) , ADMA produced a significant dose dependent fall in 
forearm blood flow in all subjects such that SjLtmol/min reduced 
the forearm blood flow ratio (infused/control arm) to 71±2% of
the blood flow ratio recorded in the control period, and
16/imol/min further reduced the forearm blood flow ratio to 56±3% 
of the control blood flow ratio. The forearm blood flow ratio 
(infused/control arm) fell from 1.04±0.07 in the control period 
to 0.74±0.07 and 0.58±0.04 at the end of the 8 & 16/xmol/min ADMA 
infusions respectively (p<0.001; Figure 6.2). L-arginine reduced 
the vasoconstriction induced by ADMA. The dose of L-arginine used 
(40/xmol/min) is known to reverse L-NMMA induced vasoconstriction 
(Vallance et al 1989a), but to have no effect on forearm blood 
flow when administered alone (Chapter 4) . In those subjects given 
L-arginine after the 16/imol/min dose of ADMA, the forearm blood 
flow ratio increased from 58±4% of the control blood flow ratio 
to 77±6% of control. The forearm blood flow ratio rose from 
0.59±0.04 at the end of the ADMA infusion to 0.78+0.07 at the end 
of the L-arginine infusion (p<0.05; Figure 6.2). In the 3
subjects given ADMA alone forearm blood flow remained reduced and 
did not change significantly for 40 minutes after the end of the 
ADMA infusion (Figure 6.2). Blood flow in the control arm
remained unchanged throughout each study.
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Figure 6.2:
The ratio forearm blood flow (infused/control arm) is shown in 
6 subjects, 3 of whom received ADMA alone (8 & 16/xmol/min; filled 
squares) , and 3 of whom received ADMA (8 & 16/xmol/min) followed 
by L-arginine (40/xmol/min; open squares) . The fall in forearm 
blood flow ratio caused by ADMA was attenuated by L-arginine. The 
forearm blood flow ratio rose significantly in those subjects 
given L-arginine after ADMA, but not in those who received ADMA 
alone (* p<0.05).
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DISCUSSION

The results of this investigation show that brachial artery 
infusions of the endogenous NO synthase inhibitor, ADMA, cause 
vasoconstriction in the human forearm arteriolar bed in vivo. At 
the doses given the fall in forearm blood flow is of the same 
order of magnitude as that produced by L-NMMA, the NO synthase 
inhibitor used in previous similar experiments in humans in vivo 
(Vallance et al 1989a; Chapter 3) . For the same degree of 
vasoconstriction in the forearm arteriolar bed ADMA is 
approximately 4 fold less potent than L-NMMA (Chapter 3) . The 
actions of ADMA are attenuated by infusion of excess L-arginine, 
in keeping with its action as a competitive inhibitor of NO 
synthase. The dose of L-arginine required to attenuate the effect 
of ADMA is known to have no effect on forearm blood flow when 
given alone (Chapter 4) . These findings demonstrate that an 
endogenous compound, ADMA, can alter vascular tone in humans. It 
is possible that ADMA, or indeed L-NMMA could act as local 
endogenous inhibitors of the L-arginine:NO pathway in vivo 
(Kotani et al 1992; Vallance et al 1992a). Normal circulating 
concentrations of ADMA in healthy volunteers are insufficient to 
affect blood vessel tone (Vallance et al 1992a). However, plasma 
concentrations of ADMA are raised approximately 8 fold in 
patients with end-stage renal failure on haemodialysis (Vallance 
et al 1992a), to concentrations that have been shown to increase 
vascular tone. Thus it is possible that part of the mechanism for 
the hypertension associated with chronic renal failure may be a 
rise in plasma concentration of naturally occurring ADMA.
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However, it is also possible that, rather than circulating
concentrations of ADMA regulating NO synthase activity, ADMA 
could regulate NO synthase locally within the blood vessel 
itself. ADMA may be synthesised locally within blood vessels, 
indeed human endothelial cells in culture have recently been 
shown to produce ADMA (Vallance et al 1992d) , although the 
precursor for this process and how it may be altered by pathology 
is unclear at present. In addition, endothelial cells possess 
enzymes able to breakdown ADMA. The enzyme N°, N°-
dimethylarginine dimethylaminohydrolase has recently been 
purified from rat kidney (Ogawa et al 1989) , and is found in 
cultured endothelial cells (Hecker et al 1990). Using this enzyme 
endothelial cells are able to convert L-NMMA and dimethylarginine 
to L-citrulline, which is then metabolised to L-arginine (Hecker 
et al 1990). Consequently, the endothelial cell possesses the 
apparatus with which to synthesise and breakdown ADMA, and, given
the local nature of the activity of NO, it seems more likely that
regulation of NO synthase will occur at a local level.
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SECTION II

MANIPULATION OF THE L-ARGININE: NITRIC OXIDE PATHWAY IN PATIENTS

The studies described in this section were designed to examine 
the role of the L-arginine: NO pathway in patients with 
hypertension, diabetes mellitus or end-stage renal failure. In 
patients with untreated essential hypertension the contribution 
of NO to basal vascular tone was assessed using L-NMMA, the 
specific inhibitor of NO synthase. To assess agonist-stimulated 
NO release and the direct dilator response to exogenously 
supplied NO, the responses to acetylcholine and sodium 
nitroprusside were examined. To assess the effect of 
antihypertensive treatment on basal NO mediated vasodilatation, 
the response to L-NMMA was studied in hypertensive patients whose 
blood pressure had been controlled with medical therapy.

In patients with insulin-dependent diabetes mellitus basal and 
agonist stimulated NO mediated vasodilatation were studied using 
the same experimental design as that used in the study involving 
patients with essential hypertension.

Lastly, the possibility that the local provision of L-arginine 
substrate might stimulate the NO pathway was studied in patients 
with untreated hypertension or insulin-dependent diabetes 
mellitus. In addition, the effect of a systemic infusion of L- 
arginine on arterial blood pressure was examined in a group of 
patients with end-stage renal failure.
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EXPERIMENTAL DESIGN AND INTERPRETATION OF RESPONSES FOR STUDIES 
IN PATIENTS WITH ESSENTIAL HYPERTENSION OR INSULIN DEPENDENT 
DIABETES

The same experimental design and interpretation of the forearm 
blood flow responses was used in both the studies involving 
untreated and treated hypertensive patients and those involving 
patients with insulin-dependent diabetes mellitus.

Experimental design
In order to examine basal NO mediated vasodilatation, the forearm 
blood flow response to the specific inhibitor of NO synthase L- 
NMMA was measured, while agonist-stimulated NO mediated 
vasodilatation was assessed by the forearm blood flow response 
to acetylcholine. Vascular smooth muscle sensitivity to 
exogenously supplied NO was examined by measuring the forearm 
blood flow response to sodium nitroprusside. In order to take 
account of any possible differences in blood vessel structure or 
basal blood flow there may have been between the forearm 
arterioles in the patients and the normal controls an internal 
control was used in each study; noradrenaline when studying the 
effects of L-NMMA on basal NO production, and verapamil when 
studying acetylcholine-stimulated NO production and the 
sensitivity of vascular smooth muscle to exogenously supplied NO.

Forearm blood flow (ml/100ml forearm/min) was measured 
simultaneously in both arms by mercury-in-rubber strain gauge 
plethysmography (Whitney 1953). Drugs or physiological saline
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were infused continuously into the brachial artery of the non- 
dominant arm through a 26SWG needle as described previously. At 
the start of each study, after inserting the needle into the 
brachial artery, baseline measurements of blood flow were made 
for 25 minutes to establish resting control values.

Effect of L-NMMA on basal forearm blood flow
After resting control values had been measured, subjects received 
local intra-arterial infusions of 3 doses of noradrenaline (60, 
120 & 240 pmol/min; each dose for 5 minutes) to produce a
cumulative dose-response curve. Fifteen to twenty five minutes 
later, when blood flow had returned to control values, subjects 
received 3 doses of L-NMMA (1, 2 and 4 ^mol/min; each dose for 
5 minutes). Ten minutes after completing the infusion of L-NMMA, 
glyceryl trinitrate (GTN) was infused to allow blood flow to 
return to baseline (5 nmol/min for 5 minutes). During the periods 
of drug infusion blood flow was recorded continuously. Within 
each group of subjects the blood flow responses to L-NMMA and 
noradrenaline were compared for each individual. In addition, 
comparisons of the responses to each drug were also carried out 
between the groups of patients and healthy control subjects. The 
overall response to each drug was measured as the area under the 
dose-response curve (Matthews et al 1990).

In the study involving the patients with hypertension, using the 
overall response to each agent, the ratio of the L-NMMA response 
to the noradrenaline response was calculated for each individual 
and related to the blood pressure of that subject using least-
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squares regression analysis.

Effect of acetylcholine-stimulated NO release on basal forearm 
blood flow
After resting control values of forearm blood flow had been 
determined, the responses to 3 vasodilator drugs were measured: 
acetylcholine (25, 50 and 100 nmol/min) which stimulates the
production of NO by the endothelium (Moncada et al 1991a), sodium 
nitroprusside (4.2, 12.6 and 37.8 nmol/min) an agent whose
active moiety is NO (Feelisch & Noack 1987), and verapamil (10, 
2 0 and 4 0 nmol/min) which acts independently of the L- 
arginine:NO:guanylate cyclase pathway and was used as an internal 
control. Each dose was given for 3 minutes to produce a 
cumulative dose response curve, and fifteen minutes was allowed 
between dose-response curves during which time blood flow 
returned to control values. The order of the acetylcholine and 
sodium nitroprusside infusions was varied between subjects. 
Verapamil was always given last because it has a relatively long 
duration of action. Within each group, the responses to sodium 
nitroprusside and acetylcholine were compared to the response to 
verapamil for each subject. In addition, comparisons of the 
responses to each drug were also carried out between the groups 
of patients and healthy control subjects. The overall response 
to each drug was measured as the area under the dose-response 
curve (Matthews et al 1990).
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Statistics and Calculations
Forearm blood flow was expressed as ml/100ml forearm/min (Whitney 
1953) . The ratio of blood flow in the infused arm compared to 
that in the control arm was calculated for each measurement 
period. The ratio of forearm blood flow (infused/control arm) 
measured in response to drugs was expressed as a percentage of 
the ratio (infused/control arm) measured during the control 
period immediately prior to the drug infusion (Greenfield & 
Patterson 1954b).

Basal vascular resistance was calculated as the ratio of mean 
arterial pressure and basal forearm blood flow.

Results were expressed as mean ± SEM and compared using Student's 
t test for paired or unpaired observations as appropriate, where 
p<0.05 was considered statistically significant.

Interpretation of responses
It is possible to interpret the responses to drugs that affect 
the NO system in several ways with respect to the insight such 
drugs give to the contribution of NO to vascular tone in health 
and disease. In this section, the possible alternative 
interpretations of any differences in responses to L-NMMA, 
acetylcholine and sodium nitroprusside that might occur between 
the groups of subjects studied are examined, and the rationale 
for the interpretation used in this thesis for the studies 
involving patients with either essential hypertension or insulin-
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dependent diabetes mellitus is discussed.

L-NMMA
L-NMMA is a specific inhibitor of NO synthase (Rees et al 
1989a,b) , and is used in the studies described in this thesis to 
provide an indication of the contribution made by NO to resting 
vascular tone in healthy volunteers and in patients. A diminished 
forearm blood flow response to L-NMMA between a group of patients 
and a group of healthy control subjects may be interpreted in one 
of two ways. There may be a diminution in the contribution made 
by the NO pathway to basal vasodilator tone in the patients. Such 
a diminution in the contribution of NO to basal vascular tone 
could be due to either a reduction in NO synthesis or effect, or 
to an increase in NO destruction. Consequently, L-NMMA causes 
less vasoconstriction because NO mediated vasodilatation is 
making less of a contribution to overall forearm vascular tone. 
This interpretation is in keeping with that used in vitro and 
in vivo animal studies in which the data have been interpreted 
as suggesting that a reduced response to L-NMMA, or other NO 
synthase inhibitors, reflects a diminution in NO synthase 
activity (Chester et al 1990; Dohi et al 1990; Kiff et al 1991a; 
Yang et al 1991). Similarly, in studies of endotoxic shock in 
animals, when the level of NO synthesis is known to be increased 
and contributes greatly to the decreased vascular tone (Rees et 
al 1990a), L-NMMA produces a greater response than that seen in 
normal animals (Kilbourn et al 1990a).

However, there is an alternative explanation for a diminished
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effect of L-NMMA in patients. It could be argued that NO 
synthesis is increased in these patients and thus more L-NMMA is 
required to overcome the endogenous NO mediated dilatation. Until 
accurate biochemical measurement of active NO within the 
vasculature in vivo becomes available it is difficult to resolve 
this question conclusively. However, the highest dose of L-NMMA 
(4/xmol/min) used in the studies involving patients described in 
this thesis is at the top of the dose response curve (Chapter 3), 
and thus it is more likely that a reduction in L-NMMA induced 
vasoconstriction represents a diminution in the contribution made 
to overall forearm vascular tone by NO.

The present interpretation is in keeping with that used for other 
endogenous mediators such as angiotensin II, in which inhibitors 
of angiotensin converting enzyme have the greatest effect on 
blood pressure when angiotensin II levels are raised and 
contributing most to vascular tone (Case et al 1976) . Conversely, 
local infusions of angiotensin converting enzyme inhibitors fail 
to alter resting vascular tone in the forearm in healthy 
volunteers, suggesting that neither conversion of angiotensin I 
to angiotensin II, nor the degradation of bradykinin make a 
significant contribution to resting vascular tone in these 
subjects (Benjamin et al 1989). In the same way, local antagonism 
of histamine receptors (Duff et al 1954) or 5-hydroxytryptamine 
receptors (Blauw et al 1989) or inhibition of prostaglandin 
synthesis (Kilbom & Wennmalm 1976) causes only minor reductions 
in post-ischaemic hyperaemia, and has no effect on resting 
forearm blood flow. In each instance these results have been
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interpreted as suggesting that the contribution made to resting 
vascular tone by these mediators is small.

Acetylcholine
Acetylcholine stimulates NO synthesis (Moncada et al 1991a), and 
the vasodilator actions of acetylcholine are mediated, at least 
in part, by NO (Furchgott & Zawadzki 1980; Vallance et al 1989a). 
There is now increasing evidence, at least in vitro, that basal 
and stimulated NO synthesis may be regulated differently 
(Christie et al 1989; Randall & Griffith 1991; Smith et al 1992). 
In the studies described in subsequent chapters of the thesis 
acetylcholine has been used to provide an indication of agonist- 
stimulated NO production in vivo.

However, there are problems associated with the use of 
acetylcholine as a marker for stimulated NO synthesis in humans 
in vivo. If the response to acetylcholine is to truly reflect 
stimulation of NO synthesis, it must be assumed that any 
responses seen to acetylcholine are NO related. Furthermore, many 
individual processes must function correctly since there are a 
number of different steps between the arrival of acetylcholine 
at the endothelial cell surface and the stimulation of NO 
synthase. The action of acetylcholine in vivo depends upon an 
adequate supply of acetylcholine reaching the tissues, intact 
acetylcholine:muscarinic receptor coupling at the endothelial 
cell surface, an unimpaired signal transduction pathway to NO 
synthase which may involve G proteins. An abnormality of any one 
of these preceding processes which mediate the stimulatory action
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of acetylcholine on NO synthase will lead to an alteration in the 
response to acetylcholine that does not reflect an abnormality 
in the L-arginine:NO pathway itself. In addition, it remains 
possible that acetylcholine also acts through systems other than 
NO. Part of the action of acetylcholine may be mediated by 
endothelium-derived hyperpolarising factor (EDHF) which may (Tare 
et al 1990), or may not (Chen & Cheung 1992; Garland & McPherson 
1992) be NO. In some vessels, acetylcholine has a direct 
vasodilator action on vascular smooth muscle (Brayden & Sevan 
1985; Brayden & Large 1986; Neild et al 1990), while in others 
it has a direct vascular smooth muscle vasoconstrictor action 
(Collier & Vallance 1990). In other blood vessels acetylcholine 
acts on presynaptic muscarinic receptors to inhibit noradrenaline 
release (Hume et al 1972; Remie et al 1990) , and in rat skin part 
of the action of acetylcholine is mediated by the activation of 
sensory nerves (Ralevic et al 1992). In humans in vivo there is 
also some evidence that the response to acetylcholine may not be 
mediated entirely by NO; pre-treatment of the forearm with L-NMMA 
does not completely inhibit the vasodilator response to 
acetylcholine (Vallance et al 1989a). In addition to these 
problems associated with interpretation of the response to 
acetylcholine, it is rapidly destroyed in blood in vivo and the 
rate of acetylcholine breakdown by plasma pseudocholinesterase 
may vary widely between subjects altering the supply that reaches 
the tissue in different individuals. These problems with the use 
of acetylcholine should serve to introduce a note of caution when 
extrapolating the results of acetylcholine infusions, which 
stimulate NO release, to explain factors that might be determined
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by basal NO release such as resting vascular tone, and thus the 
use of acetylcholine as a marker for NO activity in general may 
be ill advised, it is probably unwise to assume that the response 
to acetylcholine or other muscarinic agonists in vivo solely 
reflects activity of the L-arginine;NO pathway.

Sodium nitroprusside
NO is spontaneously released from sodium nitroprusside and is the 
active moiety of the drug responsible for its vasodilator actions 
(Feelisch & Noack 1987; Feelisch 1991). Administration of sodium 
nitroprusside therefore provides an exogenous supply of NO which 
bypasses the L-arginine: NO pathway. Consequently, the response 
to nitroprusside can be used to examine the direct action of NO 
on the vascular smooth muscle, and provide insight into the 
sensitivity of vascular smooth muscle to NO in health and disease 
in vivo. An increased response to sodium nitroprusside suggests 
increased vascular smooth muscle sensitivity to available NO, 
while a decreased response suggests the smooth muscle is less 
sensitive to NO.
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HYPERTENSION

EFFECT OF N^-MONOMETHYL-L-ARGININE ON FOREARM BLOOD FLOW IN 
PATIENTS WITH UNTREATED ESSENTIAL HYPERTENSION

INTRODUCTION

Patients with established essential hypertension have a raised 
peripheral resistance (Pickering 1936; Conway 1963). The precise 
mechanisms are not yet clear and neural, circulating, and local 
factors may all contribute to the increased arteriolar tone 
(Shepherd 1990). Within the blood vessel wall structural, 
physiological and biochemical changes in both smooth muscle and 
endothelium have been implicated (Moritz & Oldt 1937; Doyle et 
al 1959; Robinson et al 1982; Peach & Loeb 1987; Schulte et al 
1988; Morgan et al 1989; Folkow 1990).

Whatever the underlying mechanism, the final resistance will be 
determined by the balance between vasoconstrictor and vasodilator 
influences. Local endogenous mediators that would increase tone 
include noradrenaline, angiotensin II (Collier & Robinson 1974) 
and endothelin (Yanagisawa et al 1988); those that would reduce 
tone include prostacyclin, and NO (Palmer et al 1987) synthesised 
from L-arginine (Palmer et al 1988a,b). In this study the effect 
of local inhibition of NO synthesis in patients with untreated 
essential hypertension has been examined.

Research in animals and humans has already demonstrated that the
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NO dependent dilator system contributes to the control of normal 
blood pressure. In the rabbit (Rees et al 1989a), guinea-pig 
(Aisaka et al 1989) and rat (Whittle et al 1989) systemic 
inhibition of endothelial NO production causes a rise in blood 
pressure. In the forearm of healthy volunteers local inhibition 
of basal release of NO leads to a near doubling of arteriolar 
resistance (Vallance et al 1989a; Chapter 3). Evidence, albeit 
indirect, suggests that the NO-dependent dilator system may be 
impaired in established hypertension in humans. The vasodilator 
response to acetylcholine, an agent which stimulates the release 
of NO from endothelial cells (Moncada et al 1991a), is attenuated 
in both hypertensive patients (Panza et al 1990; Linder et al 
1990) and hypertensive animals (Winquist et al 1984; Lockette et 
al 1986; Dohi et al 1990) . However, the studies in humans have 
examined the agonist-stimulated release of NO; whether basal 
release of NO is also abnormal in human hypertension is not 
known. This distinction is of clinical relevance since it is 
basal rather than stimulated release of NO which modifies resting 
peripheral resistance (Rees et al 1989a; Vallance et al 1989a). 
In this study, the specific NO synthase inhibitor, L-NMMA (Rees 
et al 1989b), has been used to examine the contribution made by 
basal NO synthesis to the control of forearm vascular resistance 
in patients with essential hypertension and in normotensive 
control subjects.



123
PROTOCOL

Subjects

The study was undertaken in 1 female and 6 male patients with 
untreated essential hypertension and 1 female and 16 male 
normotensive controls. The clinical characteristics of the 
subjects are shown in Table II. The study group included one 
black hypertensive patient and one black normotensive control; 
all other subjects were white. Subjects were receiving no 
medication and the hypertensive patients had never received anti
hypertensive therapy.

Hypertensive patients were recruited from clinics at St George's 
Hospital. A history of alcohol consumption was obtained from each 
patient. Patients were included who had uncomplicated essential 
hypertension, with resting supine and standing diastolic blood 
pressure (BP) > 100 mmHg on 3 separate occasions, with each 
occasion separated by at least 1 month. Measurements of BP were 
made using a semi-automatic ultrasound sphygmomanometer 
(Arteriosonde, Roche Medical Electronics, Cranbury, NJ) . 
Measurements of serum sodium, potassium, creatinine, glucose, 
cholesterol and liver function tests were made in all subjects. 
Chest X-rays and either echocardiograms or electrocardiograms 
were performed in all hypertensive patients.

All subjects had BP recorded immediately prior to forearm blood 
flow studies, and the study was performed according to the
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protocol described in Chapter 7.

TABLE II: CHARACTERISTICS OF SUBJECTS

Characteristic Controls Patients
Sex 16 male 6 male

1 female 1 female
Age (yr) 33.5±3.3 47.1+4.4
Age range (yr) 19-65 36-69
Median age (yr) 31 47
Weight (kg) 76.4±2.5 78.1+6.4
Weight range (kg) 61.2-101.8 55.3-100.1
Mean arterial pressure (mmHg) 85±2 1 2 2 ± 2

Systolic blood pressure (mmHg) 120±4 157±4
Diastolic blood pressure (mmHg) 6 8 ± 2 105±2
Cholesterol (mmol/1) 5.3±0.3 5.810.2
Creatinine (/xmol/1) 89±2.5 9015.8
Glucose (mmol/1) 5.1±0.2 5.010.3
Potassium (mmol/1) 4.3±0.1 4.210.1
Alanine transaminase (iu/1) 23±2 29110
Gamma glutamyl transferase (iu/1) 18±3 1714
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RESULTS

Patient characteristics
Diastolic, systolic and mean arterial BP were significantly 
higher in the hypertensive patients compared to the control 
subjects (p<0.001). The normotensive controls were younger than 
the hypertensive patients; the mean age of the hypertensive 
patients was 47.1+4.4 years, while that of the normotensive 
controls was 33.5±3.3 years (p<0.05). All other base-line 
biochemical characteristics were similar in both groups (Table 
II) . Four of the 7 hypertensive patients had evidence of left 
ventricular hypertrophy on the basis of either 
electrocardiographic or echocardiographic findings; all the 
patients had normal chest X-rays. None of the patients had a 
history of excess alcohol intake; the reported alcohol 
consumption in all subjects was less than 14 units of alcohol per 
week. In the hypertensive group basal forearm vascular resistance 
was 54.7513.13 units and in the normotensive controls it was 
32.1610.93 units (p<0.0001).

Effect of noradrenaline and L-NMMA on basal blood flow 
Noradrenaline and L-NMMA produced dose-dependent falls in forearm 
blood flow in all subjects (Figure 8.1). However, in the 
hypertensive patients the lowest dose of L-NMMA (1 ^mol/min), 
which reduced forearm blood flow to 7612% of control in the 
normotensive controls (p<0 .0 0 1 ) , was without significant effect.
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Figure 8.1:
NORMAL HYPERTENSIVE

The percentage (%) reduction in forearm blood flow in response 
to noradrenaline (NA; closed symbols) and L-NMMA (open symbols) 
in 7 hypertensive patients (panel A) and 17 normotensive subjects 
(panel B) . Data shown are mean ± SEM; ** (p<0.02), * (p<0.05)
indicates a statistically significant difference in response 
between L-NMMA and noradrenaline for individual drug doses. The 
area under the dose response curves for L-NMMA (open columns) and 
noradrenaline (filled columns) is shown (panel C) . In 
normotensives there is no significant difference between the 
dose-response curves, in the hypertensives the response to L-NMMA 
is significantly less than that to noradrenaline (*** p<0 .0 0 2 ).
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Dose-response relationships in hypertensive and normotensive 
subjects
In the normotensive subjects the response to L-NMMA (1, 2 & 4 
Atmol/min) was similar to the response to noradrenaline (60, 1 2 0  

& 240 pmol/min; p=NS comparing area under curve; Figure 8.1) so 
that L-NMMA reduced blood flow to 76±2%, 63±3% & 51±2% of
control, and noradrenaline reduced blood flow to 73±2%, 60±4% & 
51±3% of control (Figure 8.1). In contrast, in the hypertensive 
patients, the response to L-NMMA was significantly less than the 
response to noradrenaline (p<0 . 0 0 2  comparing area under curve; 
Figure 8.1) so that the 3 doses of L-NMMA reduced blood flow to 
91±8%, 75±6%, and 58±5% of control, and the 3 doses of
noradrenaline reduced blood flow to 69±7%, 55+7%, 42±7% of
control (Figure 8.1). When comparisons were performed between the 
groups, there was no difference in the response to noradrenaline 
in the hypertensives and the normotensives, however the response 
to L-NMMA was significantly less in the hypertensive patients 
than in the normotensive controls (p<0.05 comparing area under 
curve; Figure 8.2).

Relationship between L-NMMA response and blood pressure 
The ratio of the overall response (area under curve) to L-NMMA 
compared to that to noradrenaline was calculated for each subject 
and plotted against the arterial blood pressure of that 
individual. There was a negative relationship between the L- 
NMMA/noradrenaline response and diastolic blood pressure (p<0.01; 
Figure 8.3), mean arterial pressure (p<0.02; Figure 8.3), and 
systolic blood pressure (p<0.05; Figure 8.3).
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Figure 8.2: NA L-NMMA

The % reduction in forearm blood flow in 7 hypertensive patients 
(closed symbols) and 17 normotensive controls (open symbols) 
caused by noradrenaline (panel A) and L-NMMA (panel B) . Data 
shown are mean ± SEM; * (p<0.05) indicates a statistically
significant difference in response between hypertensives and 
normotensives for individual drug doses. The area under the dose 
response curves for L-NMMA and noradrenaline is shown (panel C) 
in normotensives (open columns) and hypertensives (shaded 
columns). There is no difference in the response to noradrenaline 
between the groups, however the response to L-NMMA is 
significantly reduced in the hypertensives compared to the 
normotensives (* p<0.05).
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Figure 8.3:
Ratio of the L-NMMA/noradrenaline response (area under curve) is 
shown plotted against the diastolic blood pressure (Panel A ), 
mean arterial pressure (Panel B) and systolic blood pressure 
(Panel C) for each individual (n=24). There is a significant 
negative relationship between the L-NMMA/noradrenaline response 
and diastolic blood pressure (p<0 .0 1 ), mean arterial pressure 
(p<0.02) and systolic blood pressur (p<0.05) in these subjects.
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Effect of age on forearm blood flow response to noradrenaline and 
L—NMMA
There was no relationship between the response to noradrenaline, 
response to L-NMMA or L-NMMA/noradrenaline response and the age 
of the subject (p=NS).

In all subjects blood flow in the control arm remained constant 
throughout the study. At the end of the study GTN returned blood 
flow to control values in all subjects.

DISCUSSION

The results of this study show that the constrictor response to 
L-NMMA in the forearm arteriolar bed is diminished in patients 
with untreated essential hypertension, and furthermore that this 
diminution is proportional to the blood pressure, with the 
greatest reduction in L-NMMA response at the highest blood 
pressure. Moreover, the results show that diminution of the 
forearm response to L-NMMA is specific, since the response to 
noradrenaline did not differ between hypertensives and 
normotensives, whereas the response to L-NMMA was significantly 
less in the hypertensive patients compared to the normotensive 
controls. This diminution was also apparent when dose-response 
relationships were compared within groups: the responses to the 
chosen doses of L-NMMA and noradrenaline were the same in 
subjects with normal blood pressures, whereas L-NMMA was
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significantly less effective than noradrenaline in patients with 
established essential hypertension. This type of within group 
analysis using an internal control is important since the forearm 
blood flow technique with local intra-arterial drug infusion is 
most powerful when comparing relative potencies of drugs given 
sequentially in the same study (Chapter 2; Robinson 1990). 
Furthermore, such within group comparisons take into account any 
differences in vessel wall structure which may exist between 
hypertensive patients and normal controls and which may alter the 
response to drugs (Robinson et al 1982; Folkow 1990; Robinson
1990) . Any differences in the physical properties of the vessel 
wall between the groups will affect both drugs equally. 
Consequently, the response relationship of one drug to the other 
should remain constant across the groups, provided the only 
differences between groups are those of vessel wall structure or 
other physical properties. Any change in the relative responses 
of the two drugs implies a functional abnormality in the 
mechanism of action of one or other of the drugs under 
investigation. In the present study, the between group comparison 
shows that the functional abnormality lies with the L-NMMA 
response, since the response to noradrenaline was not 
significantly different between the groups, but the L-NMMA 
response was significantly less in the hypertensive patients 
compared to the healthy controls.

The diminished response to L-NMMA is not likely to be due to the 
age difference between the control group and the hypertensive 
patients since none of the forearm blood flow responses
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correlated with age. Furthermore, in a sub-group of 7 closely 
age-matched normotensive controls the response to noradrenaline 
was again identical to the response to L-NMMA (Figure 8.4).
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Figure 8.4:
The % reduction in forearm blood flow in 7 normotensive controls 
(mean age 45.7±4.7 yrs), closely age-matched with the
hypertensive patients (mean age 47.1+4.4 yrs), caused by 
noradrenaline (closed symbols) and L-NMMA (open symbols).
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L-NMMA increases vascular tone by inhibiting basal synthesis of 
NO (Rees et al 1989a; Vallance et al 1989a), and the diminished 
response to L-NMMA seen in this study suggests that there may be 
a diminution in the contribution made by the NO pathway to basal 
vasodilator tone in the hypertensive patients (See Chapter 7). 
Such a diminution in the contribution of NO to basal vascular 
tone could be due to either a reduction in NO synthesis or 
effect, or to an increase in NO destruction.

Basal release of NO, which may be more directly relevant to 
hypertension, is attenuated in vessels taken from hypertensive 
rats (Dohi et al 1990) . Some investigators have found the 
response to systemic administration of NO synthase inhibitors is 
not altered in genetically hypertensive rats (Fozard & Part
1991), while others have found an enhanced response in these 
animals (Aisaka et al 1990; Lacolley et al 1991). However, the 
precise role of basal NO mediated vasodilatation in human 
hypertension in vivo has not previously been investigated.

The findings of the present study also show that the higher the 
blood pressure, the smaller the relative vasoconstrictor effect 
of L-NMMA, such that the L-NMMA/noradrenaline response ratio 
showed a significant inverse relationship with diastolic, mean 
and systolic blood pressure. This relationship was seen over a 
wide range of blood pressures from low normal to moderate 
hypertension and suggests that as blood pressure rises the NO 
dependent dilator system may be less active. Alternatively, 
increasing blood pressure may alter the balance between
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noradrenaline-induced vasoconstriction and NO-mediated 
vasodilatation. It is possible that more severe hypertension 
would be associated with an even greater impairment of basal NO 
mediated dilatation. It is conceivable that reducing the blood 
pressure in hypertensive patients with anti-hypertensive therapy 
might restore basal NO mediated vasodilatation towards normal. 
This question is addressed later in the thesis (Chapter 10).

Previous studies have shown an enhanced response to noradrenaline 
in the forearm of patients with hypertension (Doyle et al 1959, 
Egan et al 1987). Such enhancement can be explained on the basis 
of the structural changes in the vessel wall that are seen in 
hypertension, namely an increase in the wall:lumen ratio 
(Sivertsson 1970; Egan et al 1987; Folkow 1978; Korner 1989; 
Folkow 1990). Indeed these structural changes explain the 
enhanced response to many other vasoactive agents (constrictor 
and dilator) that has been described in hypertension (Doyle et 
al 1959; Hulthén et al 1985; Egan et al 1987; Bolli et al 1989). 
Such structural changes in the vessel wall will affect the 
response to all vasoactive agents similarly (Robinson et al 1982; 
Folkow 1990), irrespective of their mechanism of action. Although 
the response to noradrenaline appeared slightly greater in the 
hypertensives in the present study this did not reach statistical 
significance. It is assumed that in the patients studied 
structural changes in the resistance vessels were not yet marked.

The mechanisms underlying the changes in the NO dependent dilator 
system in hypertension are not yet known. It is possible that the
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endothelium is functionally impaired and releases less NO, both 
basally and in response to agonists (Panza et al 1990; Linder et 
al 1990). Alternatively, analogous to the changes seen in 
hypercholesterolaemia (Creager et al 1990), the vascular smooth 
muscle may be less responsive to NO in hypertension (Robinson et 
al 1982). This issue is pursued in the study described later in 
the thesis (Chapter 9) . Alternatively, it is possible that 
increased NO destruction occurs so that the amount of NO reaching 
the smooth muscle is reduced.

Whether the attenuation of the NO dependent dilator system is a 
cause, or consequence, of the increased blood pressure is not yet 
clear. It is possible that the vasoconstriction which would 
follow diminished release or efficacy of NO may lead directly to 
a rise in blood pressure (Rees et al 1989a; Aisaka et al 1989; 
Whittle et al 1989) . However, it is also possible that an 
increase in constrictor tone gives rise to the abnormality in the 
L-arginine:NO pathway. Interestingly, basal release of NO seems 
to be an important determinant of vascular autoregulation 
(Griffith et al 1987) which is known to be abnormal in patients 
with essential hypertension (Robinson & Benjamin 1989).

Whatever the underlying mechanism for the impairment of the NO 
dependent dilator system in hypertension, if the impairment 
described is present throughout the arterial and arteriolar 
vessels, the consequences are likely to be widespread. 
Experimental evidence suggests that reduced NO might lead to an 
enhanced response to vasoconstrictors (Martin et al 1986),
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increased platelet aggregation (Radomski et al 1987c, 1990b) and 
adhesion (Radomski et al 1987a,b), vasospasm, proliferation of 
vascular smooth muscle cells (Garg & Hassid 1989) and possibly 
to the development of atheroma. It will now be important to 
determine to what extent the L-arginine:NO pathway contributes 
to these processes in the human vasculature and how basal NO 
dependent dilatation may be altered by antihypertensive 
treatment.



137
AGONIST-STIMULATED NITRIC OXIDE RELEASE AND SMOOTH MUSCLE 
SENSITIVITY TO NITRIC OXIDE IN UNTREATED ESSENTIAL HYPERTENSION

INTRODUCTION

The study reported in the previous chapter suggests that basal 
NO release or effect is abnormal in patients with untreated, 
uncomplicated essential hypertension since the response to L-NMMA 
is reduced in these patients. There is increasing evidence, at 
least in vitro, that basal and stimulated NO synthesis and 
release may be regulated differently (Christie et al 1989; 
Randall & Griffith 1991; Smith et al 1992), and thus stimulated 
release of NO from endothelial cells was investigated in vivo 
using acetylcholine.

Previous studies have examined the response to acetylcholine in 
the forearm arteriolar bed of hypertensive patients as an index 
of stimulated NO release in vivo (Panza et al 1990; Linder et al 
1990). However, in the investigations of Panza et al (1990) and 
Linder et al (1990) the groups of hypertensive patients who were 
studied had received anti-hypertensive medication in the recent 
past. Hypertension is associated with changes in the structure 
of resistance vessels such that the wall:lumen ratio increases 
(Short 1966; Mulvany et al 1978; Aalkjaer et al 1987), and it is 
well established that these structural changes, by acting as a 
geometric amplifier (Sivertsson 1970; Folkow 1978 & 1990;
Aalkjaer et al 1987; Korner et al 1989), modify the response of 
these blood vessels to vasoactive agents (Doyle et al 1959;
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Hulthén et al 1985; Egan et al 1987; Bolli et al 1989). Thus it 
is possible that the responses seen in the forearm in previous 
studies may have been altered by previous anti-hypertensive 
treatment. In support of this, in vitro evidence suggests that 
long term treatment of hypertension in humans results in a 
reduction of the wall:lumen ratio back towards that found in 
healthy controls (Heagerty et al 1988). However, even after one 
year of anti-hypertensive therapy the structure of the resistance 
vessels in the hypertensive patients is still abnormal (Heagerty 
et al 1988). Consequently, the present study was designed to 
examine agonist stimulated NO release in a group of patients with 
uncomplicated, essential hypertension who had never received 
anti-hypertensive treatment. The response of the forearm 
arteriolar bed to acetylcholine was used as an index of agonist 
stimulated NO release in vivo.

In addition, in order to determine whether there was any 
difference in the vascular smooth muscle sensitivity to 
exogenously applied NO between hypertensive patients and healthy 
controls, the forearm blood flow response to sodium nitroprusside 
was examined. Sodium nitroprusside is an NO synthase independent 
vasodilator, whose active moiety is NO (Feelisch & Noack 1987) 
and thus that acts as an exogenous source of NO. The response to 
sodium nitroprusside in hypertensive patients is not clear. One 
study has reported a diminished forearm blood flow response to 
sodium nitroprusside in essential hypertension compared to 
normotensive controls (Robinson et al 1982), while others (Panza 
et al 1990; Linder et al 1990) have not been able to detect a
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difference.

In order to take account of any possible differences in vessel 
structure or basal blood flow there may have been between the 
forearm arterioles in the two groups of subjects the responses 
were compared to those produced by verapamil, an agent that acts 
independently of the L-arginine:NO:guanylate cyclase pathway.

PROTOCOL

The investigation was carried out in 8 patients (6 male, 2 
female) with uncomplicated, untreated essential hypertension, and 
16 (15 male, 1 female) healthy controls. The experimental design 
was that described in Chapter 7.

RESULTS

Basal blood flow was 4.49±0.81 ml/lOOml forearm/min in the 
untreated hypertensive patients and 3.57±0.34 ml/100 ml
forearm/min in the healthy control subjects. The characteristics 
of subjects in the study are shown in Table III.
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TABLE III: CLINICAL CHARACTERISTICS

Patients Controls

Sex

Age (yr)
Age range (yr)
Weight (kg)
Weight range (kg)
Mean arterial pressure (mmHg) 
Systolic blood pressure (mmHg) 
Diastolic blood pressure (mmHg) 
Creatinine (/Ltmol/1)
Glucose (mmol/1)
Cholesterol (mmol/1)
Alanine transaminase (iu/1)
Gamma glutamyl transferase (iu/1)

6 male
2 female
43.1+1.8
36—48
77.6±5.0
55.3-100.0
127±3
161±7
108±2
92±6
5.1±0.2
5.5±0.2
26±6
21±5

15 male
1 female
31.7±2.8
19-55
76.2±2.6
59.0-102.0
84±2
116±3
69±2
89+3
4.7±0.3
4.9±0.2
21+3
14±2
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Acetylcholine (25, 50 100 nmol/min) caused a significant dose- 
dependent increase in forearm blood flow in all subjects (p<0 . 0 1  
for each dose). In the normotensive subjects, the ratio of 
forearm blood flow (infused/control arm) rose to 231±30%, 240±24% 
and 291±35% of the blood flow ratio (infused/control arm) in the 
control period, while in the hypertensive patients the ratio of 
forearm blood flow increased to 259+42%, 273±40%, and 358±52% of 
the ratio in the control period. Comparing between the groups, 
there was no significant difference in the acetylcholine response 
between the two groups of subjects (p=NS comparing AUC).

Sodium nitroprusside (4.2, 12.6 and 37.8 nmol/min) caused a
significant dose-dependent increase in forearm blood flow in all 
subjects (p<0.001 for each dose). In the normotensive subjects, 
the ratio of forearm blood flow rose to 266±26%, 367±37% and
556±77% of the blood flow ratio measured in the control period, 
while in the hypertensive patients the blood flow ratio rose to 
201±19%, 262±27% and 382±46% of the control blood flow ratio.
Comparing between the groups, the response to sodium 
nitroprusside was significantly less in the hypertensive patients 
than in the healthy controls (p<0.05 comparing AUC; Figure 9.1).

Verapamil (10, 20 and 40 nmol/min) caused a significant dose
dependent increase in forearm blood flow in all subjects (p<0 . 0 1  
for each dose). In the normotensive controls the ratio of forearm 
blood flow rose to 129±6%, 166±13% and 202±20% of the blood flow 
ratio recorded in the control period, while in the hypertensive 
patients the blood flow ratio increased to 157±15%, 202±24% and
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Figure 9.1:
The increase in forearm blood flow ratio (infused arm/control 
arm) is shown (% of control ratio) in response to increasing 
doses of sodium nitroprusside in hypertensive patients (filled 
symbols; n=8 ) and normal control subjects (open symbols; n=16). 
The response to sodium nitroprusside was significantly less in 
the hypertensive patients compared with the control subjects 
(p<0.05 comparing AUC). There was no difference in the dose 
response curves for acetylcholine or verapamil between the 
hypertensive patients and the healthy controls (graphs not 
shown).
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254±30% of the blood flow ratio measured in the control period. 
Comparing between the groups there was no statistical difference 
in the response to verapamil between the normal controls and the 
hypertensive patients (p=NS comparing AUC).

Using within group comparisons, in the normotensive subjects at 
the doses of drugs chosen, sodium nitroprusside produced a 
greater vasodilatation than acetylcholine (p<0.01 comparing AUC; 
Figure 9.2), which in turn produced a greater vasodilatation than 
verapamil (p<0.005 comparing AUC; Figure 9.2). However, in the 
hypertensive patients, using the same doses of drugs, sodium 
nitroprusside and acetylcholine produced the same degree of 
vasodilatation (p=NS comparing AUC; Figure 9.2), which was 
greater than that produced by verapamil (p<0.05; Figure 9.2).

In all subjects blood flow in the control arm remained constant 
throughout the studies.
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Figure 9.2:
The area under the dose response curve for acetylcholine (open 
columns), sodium nitroprusside (shaded columns), and verapamil 
(closed columns) in normal control subjects and patients with 
untreated essential hypertension is shown. In the healthy 
controls the response to sodium nitroprusside was significantly 
greater than the response to acetylcholine (p<0.01). The 
responses to both acetylcholine and sodium nitroprusside were 
significantly greater than that to verapamil (*** p<0.005). In 
the hypertensive patients, using the same doses of drugs, there 
was no difference between the response to sodium nitroprusside 
and acetylcholine, however the responses to both drugs were 
significantly greater than the response to verapamil (** p<0 .0 1 ).
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DISCUSSION

The results of this study show that in hypertensive patients who 
have never received anti-hypertensive medication, stimulated NO 
release or effect does not differ from that in healthy controls, 
since there was no difference in the forearm blood flow response 
to acetylcholine in either group. However, the smooth muscle 
sensitivity to NO was different between the two groups of 
subjects, the untreated hypertensive patients showing a 
diminished forearm dilator response to local infusion of sodium 
nitroprusside. The possible explanations for this discrepancy 
are addressed later (page 147). There was no difference between 
the hypertensive patients and the healthy controls in the forearm 
blood flow response to verapamil, an agent that acts 
independently of the NO pathway.

These results suggest that the mechanism of the diminution of the 
L-NMMA response in hypertensive patients reported in the previous 
chapter may result from a reduction in smooth muscle sensitivity 
to available NO, rather than a primary endothelial cell 
abnormality of NO synthesis. Alternatively, it is possible that 
increased destruction of NO, both endogenous and exogenous, 
occurs in hypertension, with the result that less NO is presented 
to the guanylate cyclase enzyme in the vascular smooth muscle. 
A reduction in the response to sodium nitroprusside in patients 
with essential hypertension has been reported before (Robinson 
et al 1982) , although others (Panza et al 1990; Linder et al 
1990) have failed to detect any difference in response to this
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drug.

The response to verapamil in the present study did not differ 
between the two groups, suggesting that physical factors such as 
differences in basal blood flow or structural alterations in 
wall:lumen ratio between the two groups of subjects were not 
great. Such physical factors may be of biological significance, 
and thus it remains important to try to control for differences 
in basal characteristics between the groups. Physical factors 
will affect the response to all drugs given within a group
equally (Robinson et al 1982) , and consequently, at the doses 
chosen, the relative effects of the drugs within the group will 
remain constant if the only differences between groups are
physical rather than functional. In the study described in this 
chapter, in the healthy controls, at the doses chosen, the
response to the drugs in decreasing order of magnitude was sodium 
nitroprusside > acetylcholine > verapamil. However, in the 
hypertensive patients the response to the drugs in decreasing 
order of magnitude was sodium nitroprusside = acetylcholine > 
verapamil. Thus the relative effects of the drugs compared across 
the groups do not remain constant, confirming a functional 
abnormality in the sodium nitroprusside response in the
hypertensives.

In spite of the reduced vascular smooth muscle sensitivity to NO 
in the hypertensives suggested by the diminished response to 
sodium nitroprusside, there was no difference in the 
acetylcholine response between the two groups. The finding of
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abnormal basal (Chapter 8 ) , but not agonist stimulated, NO 
release or effect in untreated hypertensives supports 
observations from in vitro studies which suggest that the NO 
synthases regulating basal and agonist-stimulated NO synthesis 
may be controlled differently (Christie et al 1989; Randall & 
Griffith 1991; Smith et al 1992). One possible explanation for 
the similar response to acetylcholine in the two groups would be 
that the reduction in basal NO synthesis leads to a relative up- 
regulation of stimulated NO synthesis and release. However, other 
possibilities exist (see Chapter 7) : acetylcholine is rapidly 
destroyed in blood in vivo and the rate of acetylcholine 
breakdown by plasma pseudocholinesterase may vary widely between 
subjects. Alternatively, the response to acetylcholine may not 
be mediated entirely by NO, indeed pre-treatment of the forearm 
with L-NMMA does not completely inhibit the vasodilator response 
to acetylcholine (Vallance et al 1989).

The results of this study contrast with those of Panza et al 
(1990) and Linder et al (1990). Both these investigators found 
a blunted response to acetylcholine in the hypertensive patients 
that they studied, while the responses to sodium nitroprusside 
did not differ between the groups. There are several differences 
in patient characteristics and study design that might account 
for the discrepancy between these studies and the present 
investigation. Both Panza (1990) and Linder (1990) and their 
colleagues studied hypertensive patients who had previously 
received anti-hypertensive medication and who had stopped their 
medication 2-4 weeks before the study, while the experiments
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described in the present study were performed on a group of 
hypertensive patients who had never received any anti
hypertensive medication. In vitro studies of the function and 
morphology of resistance arteries obtained from patients with 
essential hypertension have shown that hypertension results in 
an increased wall:lumen ratio and consequent geometrical 
amplification of the response to vasoactive agents (Sivertsson 
1970; Folkow 1978; Heagerty et al 1988; Korner et al 1989). Anti
hypertensive treatment alters the vascular reactivity of these 
resistance vessels and returns their structure towards that of 
resistance arteries from normal volunteers (Heagerty et al 1988), 
although, even after a year of blood pressure control with anti
hypertensive medication, resistance vessels still show an 
increased wall:lumen ratio in comparison to arterioles from 
normal volunteers (Aalkjaer et al 1987; Heagerty et al 1988). 
Thus it is possible that the differences in acetylcholine 
response detected in the studies of Panza (1990) and Linder 
(1990) and those found in the present study result from the 
patient groups investigated.

In addition, there is evidence that smoking affects endothelial 
function (Holden et al 1990; Rubenstein et al 1991; Celermajer 
et al 1992) . Subjects who took part in the present study were all 
non-smokers. It is not possible to know precisely how many of the 
subjects in the other studies smoked, but one must assume that 
at least some of the subjects were smokers since they were asked 
to refrain from smoking for 8-24 hours before the study.
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The mechanism by which basal NO release or effect is impaired in 
hypertension, while acetylcholine stimulated NO release is normal 
is not yet clear. The results of this study suggest that the 
abnormality in basal NO release or effect may lie at the level 
of the vascular smooth muscle which is less sensitive to NO, at 
least in the forearm vascular bed, in patients with untreated 
essential hypertension.
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EFFECT OF N^-MONOMETHYL-L-ARGININE (L-NMMA) ON FOREARM BLOOD FLOW 
IN TREATED ESSENTIAL HYPERTENSION

INTRODUCTION

The studies described so far indicate that basal NO mediated 
arteriolar vasodilatation is abnormal in patients with untreated 
essential hypertension, and this abnormality appears to lie at 
the level of the vascular smooth muscle which is less sensitive 
to NO. The diminution in the L-NMMA response, as measured by the 
L-NMMA/noradrenaline ratio correlates with increasing blood 
pressure, and therefore, by inference, the functional diminution 
in basal NO mediated dilatation increases with increasing blood 
pressure. Whether the abnormality in the NO system in 
hypertension is a cause or a consequence of the increased blood 
pressure is not yet clear. A primary diminution in basal NO 
mediated vasodilator tone would tend to tip the resting tone in 
the resistance vessels towards vasoconstriction and could thus 
contribute to the raised peripheral resistance that occurs in 
hypertension. Alternatively, it may be that the abnormality in 
the NO pathway is a secondary phenomenon, occurring in response 
to the rise in blood pressure.

Treatment of patients with essential hypertension reduces the 
incidence of cardiovascular complications in these patients 
(Hamilton et al 1964; Veterans Administration Co-operative Study 
Group 1967; Medical Research Council Working Party 1985). In 
hypertensive animals and humans treatment of raised blood
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pressure causes regression of the hypertensive cardiovascular 
structural abnormalities (Motz & Strauer 1984; Aalkjaer et al 
1987; Heagerty et al 1988; Anderson et al 1989; Christensen et 
al 1989) . In vitro evidence suggests that the treatment of 
hypertensive rats with either a calcium antagonist or an 
angiotensin converting enzyme inhibitor restores endothelial 
function to normal in these animals (Clozel et al 1990; Dohi et 
al 1992). However, it is not clear whether the same is true in 
humans in vivo. The investigation described in this section 
examines basal NO vasodilator tone in a group of patients with 
essential hypertension, whose blood pressure was reduced to 
within the normal range with either a calcium antagonist or an 
angiotensin converting enzyme inhibitor. Basal, NO induced, 
vasodilator tone was examined as described previously (Chapter 
7) by determining the effect of local intra-arterial L-NMMA on 
forearm blood flow.

PROTOCOL

The investigation was performed in 11 patients (6 male, 5 female) 
with treated essential hypertension and 18 healthy controls (17 
male, 1 female); 5 patients were treated with a calcium
antagonist, and 6 patients with an angiotensin converting enzyme 
inhibitor. The patients included had diastolic blood pressures 
< 95 mmHg on treatment, on at least 3 occasions separated by at 
least 1 month. Before commencing antihypertensive treatment, 2 
subjects in the treated hypertensive group had previously taken
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part in the study examining the effect of L-NMMA in untreated 
hypertensive patients (Chapter 8 ) . All the healthy control 
subjects who took part in the study were normotensive and 
receiving no medication. The experimental design was as described 
in Chapter 7.

RESULTS

The clinical characteristics of the subjects who took part in the 
study are shown in Table IV. The mean blood pressure in the 
normotensive controls was 86±3 mmHg, and in the treated 
hypertensives 105±1 mmHg (p<0.001). Basal blood flow was 
3.14±0.10 ml/100ml forearm/min in the healthy volunteers and 
3.10±0.12 ml/100ml forearm/min in the treated hypertensives 
respectively.

Noradrenaline (60, 120, 240 pmol/min) and L-NMMA (1, 2, 4
/xmol/min) both caused significant dose-dependent falls in forearm 
blood flow in all subjects (p<0 . 0 0 1  for each dose of each drug). 
In the healthy controls, noradrenaline and L-NMMA produced 
similar reductions in forearm blood flow (p=NS comparing AUC), 
such that noradrenaline reduced blood flow by 27±2%, 39±4 and 
49±3%, and L-NMMA reduced blood flow by 23±2%, 37±3% and 48±2% 
(Figure 10.1).
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TABLE IV; CLINICAL CHARACTERISTICS

Treated patients Controls

Sex 6 male
5 female

Age (yr) 52.2±3.1
Age range (yr) 37-71
Weight (kg) 69.4±2.5
Weight range (kg) 58.6-89.1
Systolic blood pressure (mmHg) 144±3
Diastolic blood pressure (mmHg) 86±1
Mean arterial pressure (mmHg) 105±1
Creatinine (/xmol/1) 85.9±4.8
Glucose (mmol/1) 4.8±0.2
Cholesterol (mmol/1) 5.4±0.3
Alanine transaminase (iu/1) 28±5
Gamma glutamyl transferase (iu/1) 27±8
Treatment; Câ "̂  antagonist 5

ACE inhibitor 6

17 male 
1 female 
35.1±3.5 
19-65 
76.3±2.3 
59.0-101.1 
121±3 
71±2 
88±2 
89.6±2.4 
5.1+0.2 
5.3±0.3 
22±2 
19±3 
0 
0
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In the treated hypertensive patients, noradrenaline and L-NMMA 
also produced similar reductions in forearm blood flow (p=NS 
comparing AUC), such that noradrenaline reduced blood flow by 
19±6%, 29±7% and 37±7%, and L-NMMA reduced blood flow by 18±4%, 
37±2% and 40±4% (Figure 10.1).

Comparing between the groups, there was no difference in the 
either the noradrenaline or the L-NMMA response between the two 
groups of subjects (p=NS comparing AUC; Figure 10.2).

There was no correlation between age and either the response to 
L-NMMA, noradrenaline, or the L-NMMA/noradrenaline response 
ratio. There was also no correlation between basal blood flow and 
either L-NMMA response, noradrenaline response or L- 
NMMA/noradrenaline response ratio. In addition there was no 
relationship between the cholesterol levels in the subjects and 
their vascular responses.
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Figure 10.1:
The percentage (%) reduction in forearm blood flow ratio in 
response to noradrenaline (NA; closed symbols) and L-NMMA (open 
symbols) in 11 treated hypertensive patients (panel A) and 18 
normotensive subjects (panel B). Data shown are mean ± SEM. The 
area under the dose response curves for L-NMMA (open columns) and 
noradrenaline (filled columns) is shown (panel C). There was no 
significant difference between the dose-response curves for 
noradrenaline and L-NMMA within the groups in either the treated 
hypertensives or the healthy controls.
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Figure 10.2:
The % reduction in forearm blood flow in 11 treated hypertensive 
patients (closed symbols) and 18 normotensive controls (open 
symbols) caused by noradrenaline (panel A) and L-NMMA (panel B). 
Data shown are mean ± SEM. The area under the dose response 
curves for L-NMMA and noradrenaline is shown (panel C) in 
normotensives (open columns) and hypertensives (shaded columns). 
There was no difference in the response to either noradrenaline 
or L-NMMA between the groups.
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There were 2 subjects in the treated hypertensive group who, 
before commencing their antihypertensive medication, had taken 
part in the study examining the effect of L-NMMA in untreated 
patients with essential hypertension (Chapter 8 ) . These 2 
individuals had been on antihypertensive treatment for more than 
6 months before taking part in the present investigation. Data 
from these 2 subjects provides some illustrative information as 
to the serial change in the L-NMMA response with treatment. In 
both individuals the L-NMMA response increased with anti
hypertensive treatment, while the noradrenaline response was 
unaffected.

Two of the treated hypertensive subjects did not respond to 
noradrenaline, both were on treatment with the Câ "̂  antagonist 
amlodipine. In one subject, treated with 5mg amlodipine, forearm 
blood flow fell by 1 1 % in response to the highest noradrenaline 
dose only. In the other subject, treated with lOmg amlodipine 
(the only subject on this dose), forearm blood flow did not fall 
in response to any of the doses of noradrenaline. These two 
subjects have been included in the analyses above, and this 
probably explains the trend towards a reduced noradrenaline 
response in the treated hypertensive patients. However, they were 
excluded from analyses involving the calculation of the L-NMMA/ 
noradrenaline response ratio as it was not possible to calculate 
such a ratio in the absence of a noradrenaline response.

In all subjects blood flow in the control arm did not change 
significantly during the study. At the end of the study GTN
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returned blood flow to baseline levels in all subjects.

DISCUSSION

The results of this study suggest that in patients with essential 
hypertension reduction of raised blood pressure restores the 
pattern of forearm blood flow response to L-NMMA towards that 
seen in healthy, normotensive controls. The effect of the lowest 
dose of L-NMMA (1 /xmol/min) in the treated hypertensives was the 
same as that in the normal controls, and within the treated 
hypertensive group of subjects there was no difference in the 
overall response to L-NMMA and noradrenaline (comparing AUC) . 
These findings differ from those in untreated hypertensive 
patients (Chapter 8 ) . In the untreated hypertensives, the lowest 
dose of L-NMMA (1 /xmol/min) did not change forearm blood flow 
significantly, and within the untreated hypertensive group the 
overall L-NMMA response was significantly less than the 
noradrenaline response (Chapter 8 ) . In addition, comparing 
between the groups, the L-NMMA response in the treated 
hypertensive patients was the same as that in the normal 
controls. However, in contrast, in the untreated hypertensives 
the L-NMMA response was significantly less than in the normal 
control subjects (Chapter 8 ). The power of the present study to 
detect a difference in L-NMMA or noradrenaline response between 
the treated hypertensive patients and the healthy controls, of 
the same order of magnitude as that seen in the untreated
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hypertensives was 96%.

These findings are consistent with in vitro evidence that 
treatment of spontaneously hypertensive rats for 8 weeks with 
either angiotensin converting enzyme inhibitors or calcium 
antagonists restores endothelial dependent responses (Dohi et al 
1992). Since the response to L-NMMA in the forearm is a marker 
of basal NO mediated vasodilatation in humans in vivo, these 
results suggest that control of hypertension with medical therapy 
in patients may also restore basal NO release to normal in man.

The effect of anti-hypertensive treatment on stimulated NO 
release in humans in vivo may be different. In one study an 
abnormal forearm response to acetylcholine in patients with 
essential hypertension was not corrected by treatment of the 
patients' raised blood pressure with an angiotensin converting 
enzyme inhibitor (Creager et al 1992a). However, as discussed 
previously (Chapter 7) , the forearm response to acetylcholine 
depends on a variety of discrete factors, not solely an intact 
NO system.

In the light of the findings of the present study, it seems 
likely that the diminution of the L-NMMA/noradrenaline response 
with increasing blood pressure described previously (Chapter 8 ) , 
is a consequence of the subjects' increased blood pressure and 
not a cause for the rise in pressure itself. Indeed, if the 
patients with treated hypertension are included in the analysis, 
the correlation between a diminishing L-NMMA/NA response and
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increasing blood pressure is maintained (mean arterial pressure 
p<0.05; diastolic blood pressure p<0.05; Figure 10.3).
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Figure 10.3:
Ratio of L-NMMA/noradrenaline response (area under curve) is 
shown plotted against the diastolic blood pressure in untreated 
and treated hypertensive subjects and normotensive subjects. 
There is a significant negative relationship between the L- 
NMMA/noradrenaline response and diastolic blood pressure 
(p<0.05).

If reduced NO activity or responsiveness is a function of 
increased blood pressure, the return of the L-NMMA response 
towards normal in treated patients suggests that early treatment 
with anti-hypertensive therapy might normalise NO induced 
vasodilator tone. Since NO has been shown to inhibit smooth
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muscle proliferation (Garg & Hassid 1989) and prevent platelet 
adhesion (Radomski et al 1987a,b) and aggregation (Radomski et 
al 1987c) , such an increase in NO activity or responsiveness 
might help to prevent smooth muscle growth and possibly 
atheromatous vessel wall damage and thrombus formation in 
hypertensive patients.
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DIABETES

BASAL AND AGONIST-STIMULATED NITRIC OXIDE SYNTHESIS IN PATIENTS 
WITH INSULIN-DEPENDENT DIABETES

INTRODUCTION

Patients with diabetes mellitus have an increased morbidity and 
mortality due, at least in part, to vascular complications such 
as atheroma, hypertension, microangiopathy and platelet 
activation (Valdorf-Hanson 1967; Christrieb 1973; Jensen et al 
1987; Lorenzi & Cagliero 1991). Vascular endothelium contributes 
to the control of vascular tone and platelet function, and 
endothelial dysfunction has been implicated in the pathogenesis 
of diabetic vascular disease (Porta et al 1987; Jensen et al 
1989). Studies in animals (Durante et al 1988; Kamata et al 1989; 
Mayhan 1989), and human tissue in vitro (Saenz de Tejada et al 
1989) , have suggested that endothelial NO-mediated dilatation may 
be impaired in diabetes. It is possible that such endothelial 
dysfunction contributes to the development of diabetic vascular 
complications (Stout 1987).

This chapter describes a study of the L-arginine:NO pathway in 
patients with insulin-dependent diabetes, assessing the effect 
on forearm blood flow of basal release of NO using the NO 
synthase inhibitor L-NMMA (Study 1) , and agonist-stimulated 
release of NO using acetylcholine (Study 2). In addition, the 
response to sodium nitroprusside, an endothelium-independent
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vasodilator whose active moiety is NO (Feelisch & Noack 1987), 
was examined to assess smooth muscle sensitivity to NO. 
Noradrenaline and verapamil, which act independently of the NO 
system, were used as internal control infusions. The experimental 
design was as described in Chapter 7.

PROTOCOL

Subjects
The study was undertaken in 10 male patients with insulin- 
dependent diabetes mellitus and 1 0 age- and sex-matched normal 
controls. One of the diabetic patients and one of the control 
subjects was black, all other subjects were white. The diabetic 
patients were receiving treatment with insulin only, the healthy 
subjects were receiving no medication. All subjects were 
normotensive.

Diabetic patients were recruited from clinics at St George's 
Hospital. All had recent onset Type I diabetes mellitus with no 
clinical or biochemical evidence of diabetic nephropathy, 
neuropathy or vasculopathy. On each study day blood pressure (BP) 
was measured using a semi-automatic ultrasound sphygmomanometer 
(Arteriosonde) immediately prior to forearm blood flow studies, 
and blood samples were taken for measurement of serum sodium, 
potassium, creatinine, glucose, cholesterol, liver function tests 
and glycosylated haemoglobin (HbAjc; diabetics only).
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Forearm Blood Flow Studies
Forearm blood flow (ml/100ml forearm/min) was measured 
simultaneously in both arms by mercury-in-rubber strain gauge 
plethysmography (Whitney 1953), and the experimental design was 
as described in Chapter 7.

RESULTS

Patient characteristics
Baseline characteristics, except glucose levels, were similar in 
both groups (Table V). The mean time since diagnosis of insulin- 
dependent diabetes in the patients was 3.25±0.99 years, and the 
mean daily insulin requirement of the patients was 31±4 units. 
Basal blood flow in the diabetic patients was 4.35±0.19 ml/100ml 
forearm/min, and in the control subjects was 3.88±0.12 ml/100ml 
forearm/min (p<0.05).

Study 1 - Effect of L-NMMA on basal forearm blood flow 
L-NMMA and noradrenaline both produced a dose-dependent reduction 
in the forearm blood flow ratio (infused arm/control arm) in all 
subjects when compared to the blood flow ratio (infused 
arm/control arm) measured in the control period (p<0.001; Figure 
11.1). The absolute changes in the forearm blood flow ratio in 
response to noradrenaline and L-NMMA are shown in Table VI.
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TABLE V: SUBJECT CHARACTERISTICS

Patients Controls

Sex 10 male
Age (yrs) 26.211.5
Age range (yrs) 19-35
Median age (yrs) 25
Weight (kg) 76.412.7
Weight range (kg) 60.9-90.5
Systolic blood pressure (mmHg) 12413
Diastolic blood pressure (mmHg) 6712
Mean blood pressure (mmHg) 8612
Glucose (mmol/1) 9.010.8
HbAic (%) 6.710.5
HbAic range (%) 3. 9-9. 9
Cholesterol (mmol/1) 3.910.8
Creatinine (jumol/l) 8113
Alanine transaminase (iu/1) 2113
Gamma glutamyl transferase (iu/1) 1612

1 0 male 
24.911.6 
19-34 
23
77.113.1
65.9-101.8
11913
6812
8512
5.310.3

4.910.2
9112
2313
1412
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TABLE VI

Ratio Forearm Blood Flow 
(infused/control arm; meaniSEM)
Patients Controls

Baseline
Noradrenaline 60 pmol/min 
Noradrenaline 120 pmol/min 
Noradrenaline 240 pmol/min

1.22±0.12 
0.83±0.12 
0.76±0.12 
0.67±0.13

1.12±0.09
0.81±0.08
0.67±0.08
0.57±0.07

Baseline
L-NMMA 1 ^mol/min 
L-NMMA 2 /xmol/min 
L-NMMA 4 /xmol/min

1.11±0.12 
0.94±0.10 
0.79±0.08 
0.71±0.09

1.06±0.10
0.8210.10
0.6710.10
0.5710.09

Within group comparison:
Patients: AUC noradrenaline vs AUC L-NMMA
Controls: AUC noradrenaline vs AUC L-NMMA
Between group comparison:
Noradrenaline AUC: Patients vs Controls
L-NMMA AUC: Patients vs Controls

p<0.05 
p= NS

p= NS 
p<0.05

(AUC = area under dose response curve)
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In the normal subjects the responses to L-NMMA and noradrenaline 
were similar (p=NS comparing AUC; Figure 11.2) so that L-NMMA (1, 
2 & 4 /xmol/min) reduced the blood flow ratio by 23±4%, 38±4% & 
48±4%. compared to the control ratio, and noradrenaline (60, 120 
& 240 pmol/min) reduced the blood flow ratio by 28±3%, 40±5% & 
49±5% compared to the control ratio (Figure 11.1). In contrast, 
in the diabetic patients, the response to L-NMMA was 
significantly less than that to noradrenaline (Figure 11.2; 
p=0.01 comparing AUC), so that the 3 doses of L-NMMA reduced the
forearm blood flow ratio by 16±2%, 28+3% & 36±4% compared to the
control ratio, and the 3 doses of noradrenaline reduced the
forearm blood flow ratio by 33±5%, 39±5% & 47±6% compared to the
control ratio (Figure 11.1).

When comparisons were made between groups, there was no 
difference between the response to noradrenaline in the two 
groups (Figure 11.2; p=NS comparing AUC), whereas the response 
to L-NMMA was significantly less in the diabetic group (Figure 
11.2; p<0.05 comparing AUC).

In the diabetic patients there was no correlation between the 
response to either L-NMMA or noradrenaline and their known 
duration of diabetes, insulin requirements, level of glycosylated 
haemoglobin or glucose.

In all subjects GTN returned blood flow to control values at the 
end of the study.
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Figure 11.1:
The percentage (%) reduction in forearm blood flow ratio (infused 
arm/control arm) in response to increasing doses of noradrenaline 
(NA; filled symbols) and L-NMMA (open symbols) in diabetic 
patients (upper panel; n=1 0 ) and normal control subjects (lower 
panel; n=10) . The response to each drug has been compared at each 
dose pair within the groups (** p<0 .0 0 1 , * p<0 .0 2 ).
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Figure 11.2:
a) The area under the dose response curve (AUC) is shown for 
noradrenaline (NA; filled columns) and L-NMMA (open columns) in 
diabetics (n=10) and normal control subjects (n=10). L-NMMA was 
significantly less effective than NA in the diabetic patients (* 
p=0 .0 1 ), whereas the response to the two drugs did not differ in 
the normal subjects.
b) The area under the NA and L-NMMA dose response curves is shown 
in the normal controls (open columns; n=1 0 ) and the diabetics 
(shaded columns; n=10). The response to L-NMMA was significantly 
less in the diabetic patients compared with the normal controls 
(* p<0.05) whereas the response to NA was the same in both 
groups.
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Study 2 - Effect on forearm blood flow of agonist-stimulated NO 
release

Acetylcholine (25-100 nmol/min), sodium nitroprusside (4.2-37.8 
nmol/min) and verapamil (10-40 nmol/min) produced dose-dependent 
increases in the forearm blood flow ratio (infused arm/control 
arm) compared to the blood flow ratio (infused arm/control arm) 
measured in the control period (p<0.01). The absolute changes in 
the forearm blood flow ratio (infused arm/control arm) in 
response to acetylcholine, sodium nitroprusside and verapamil are 
shown in Table VII.

In the normal subjects, at the doses chosen, sodium nitroprusside 
caused a greater vasodilatation than acetylcholine (p<0.05 
comparing AUC; Figure 11.3), which in turn produced a greater 
vasodilatation than verapamil (p<0.02 comparing AUC; Figure
11.3). Sodium nitroprusside increased the blood flow ratio to 
275±33%, 376±44% & 559±89% of the control blood flow ratio;
acetylcholine increased the blood flow ratio to 266±43%, 264±36% 
& 314±54% of the control ratio; verapamil increased the ratio of 
blood flow to 134±5%, 175±12% & 213±16% of the control ratio. 
In the diabetic patients, using the same doses of drugs, 
acetylcholine and sodium nitroprusside caused the same degree of 
vasodilatation (p=NS comparing AUC; Figure 11.3), which was 
greater than that produced by verapamil (p<0.02 comparing AUC; 
Figure 11.3) . Sodium nitroprusside increased the blood flow ratio 
to 196±16%, 256±31% & 387±59% of the control ratio; acetylcholine 
increased the blood flow ratio to 210±28%, 263±40% & 346±52% of



Baseline 
ÀCh 25 nmol/min 
ACh 50 nmol/min 
ACh 100 nmol/min
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TABLE VII

Ratio Forearm Blood Flow 
(infused/control arm; meantSEM)
Patients
1.42±0.09
2.85±0.30
3.64±0.56
4.92±0.85

Controls
1.38±0.13
3.5210.52
3.4810.45
4.1510.69

Baseline
SNP 4.2 nmol/min 
SNP 12.6 nmol/min 
SNP 37.8 nmol/min

1.4410.11
2.7710.30
3.5710.47
5.4210.90

1.2210.13
3.2510.40
4.4810.58
6.5111.02

Baseline
Verapamil 10 nmol/min 
Verapamil 20 nmol/min 
Verapamil 40 nmol/min

1.6210.12
1.8510.12
2.3310.17
2.9310.28

1.4510.13
1.9210.14 
2.4910.24 
3.0310.27

Within group comparison:
Patients: AUC ACh vs AUC SNP p= NS

AUC ACh vs AUC verapamil p<0.02
AUC SNP vs AUC verapamil p<0.01

Controls: AUC ACh vs AUC SNP p<0.05
AUC ACh vs AUC verapamil p<0.01
AUC SNP vs AUC verapamil p<0.001

Between group comparison:
ACh AUC: Patients vs Controls p= NS
SNP AUC: Patients vs Controls p<0.05
Verapamil AUC: Patients vs Controls p= NS
(AUC = area under dose response curve)
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the control ratio; verapamil increased the blood flow ratio to 
116±4%, 146±8% & 182±11% of the control ratio.

P < 0 .0 5

8.0 -

6.0
AREA UNDER 
DOSE RESPONSE 
C U RV E  ^-0

2.0 -

P = NS

DIABETES NORMAL

Figure 11.3:
The area under the dose response curve (AUC) is shown for 
acetylcholine (ACh; open columns), sodium nitroprusside (SNP; 
shaded columns) and verapamil (closed columns) in diabetic 
patients (n=10) and control subjects (n=10). In the diabetic 
patients the responses to ACh and SNP did not differ from one 
another, while the response to both ACh and SNP was significantly 
greater than the response to verapamil (** p<0.02). In the normal 
control subjects the response to SNP was significantly greater 
than that to ACh (p<0.05) , while the response to both ACh and SNP 
was significantly greater than that to verapamil (** p< 0 .0 2 ).



173
Comparing the dose response curves for each drug between 
diabetics and normal controls, sodium nitroprusside was 
significantly less effective in the diabetic patients (Figure
11.4), while there was no difference detected for the responses 
to either acetylcholine or verapamil.

In all subjects blood flow in the control arm remained constant 
throughout the studies.

INCREASE IN 
FOREARM BLOOD 
FLOW RATIO 
(% Of control ratio)

6 0 0 .

4 0 0 -

200-

SNP 4 . 2 1 2 . 6  3 7 . 8 nmol/min

Figure 11.4:
The increase in forearm blood flow ratio (infused arm/control 
arm) is shown (% of control ratio) in response to increasing 
doses of sodium nitroprusside (SNP) in diabetic patients (filled 
symbols; n=1 0 ) and normal control subjects (open symbols; n=1 0 ). 
The response to SNP was significantly less in the diabetic 
patients compared with the control subjects (* p<0.05) . There was 
no difference in the dose response curves for ACh or verapamil 
between the diabetic patients and the healthy controls (graphs 
not shown).
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DISCUSSION

The results of this study indicate that, in comparison to age- 
and sex-matched healthy controls, patients with insulin-dependent 
diabetes mellitus have a reduced forearm blood flow response to 
locally infused L-NMMA and sodium nitroprusside. Together these 
results suggest a diminished response to NO in the resistance 
vessels of the diabetic forearm.

This study has examined basal NO-mediated vasodilatation,and 
dilatation due to agonist-stimulated NO release. In both 
instances, NO-independent internal controls have been used, 
against which to compare the forearm response to the agents which 
modify the NO pathway. This is important since the results of the 
present investigation showed, like previous studies (Christensen 
1970; Halkin et al 1991), that basal forearm blood flow in the 
diabetic patients was higher than in the healthy controls. As 
discussed previously, the use of an internal control in each 
study compensates for differences in basal conditions (Chapter 
2, p47; Chapter 8 , pl31; Chapter 9, pl46).

The response to L-NMMA was reduced in the diabetic patients 
irrespective of the method of analysis; using a within group 
comparison there is a relative diminution of the L-NMMA response 
compared to the noradrenaline response in the diabetic patients, 
while using a between group comparison there is a reduction in 
the response to L-NMMA in the diabetics compared to the healthy 
controls. These differences are also apparent when the absolute
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changes in the blood flow ratio are used for comparison rather 
than the blood flow ratio expressed as a percentage of the 
control blood flow ratio. The diminution in the L-NMMA response 
suggests that NO mediated vasodilatation is making less of a 
contribution to overall vascular tone in the patients with 
insulin dependent diabetes compared that in the healthy controls.

The reduced response seen to sodium nitroprusside in the diabetic 
patients suggests that there is an abnormality in vascular smooth 
muscle sensitivity to NO in these patients. This contrasts with 
the results of a recent study in humans in vivo in which the 
response to sodium nitroprusside did not differ between normals 
and insulin-dependent diabetics, although such a difference was 
not excluded (Halkin et al 1991). However, in the study of Halkin 
and colleagues (1991), the response to sodium nitroprusside did 
diminish with increasing Na+/Li+ countertransport which is a 
marker for the development of vascular complications in diabetic 
patients, and the authors conclude that the higher values of 
Na+/Li+ countertransport activity could be linked with increased 
susceptibility to vascular complications as a result of 
diminished vascular responsiveness to endogenous endothelium- 
derived NO (Halkin et al 1991). Na+/Li+ countertransport was not 
measured in the present study, and it is possible that the 
patients studied may have been different in this respect compared 
to those studied by Halkin and colleagues, and that this might 
account for the discrepancy in response to sodium nitroprusside 
between the two studies. Similar discrepancies exist in animal 
studies (Durante et al 1988; Kamata et al 1989; Kiff et al 1991a;



176
Kiff et al 1991b), and the reason for these differences needs to 
be addressed. Elevated glucose concentrations have been shown to 
promote the generation of endothelium-derived vasoconstrictor 
prostanoids (Tesfamariam et al 1990), and it is possible that the 
contribution made to basal vascular tone by such prostanoids 
might differ to account for some of the discrepancies between 
studies. Investigations in animals suggest that there is a 
progressive reduction in NO-mediated vasodilatation with 
increasing duration of diabetes (Bucala et al 1991). However, the 
patients studied in the present investigation had relatively mild 
hyperglycaemia of comparatively short duration (mean time since 
diagnosis of diabetes 3.2510.99 years), and consequently it is 
not appropriate to compare responses in these patients with those 
of experimental rats whose average hyperglycaemia is of much 
greater severity.

No difference was detected in stimulated NO release between the 
diabetic patients and the control subjects, as indicated by 
acetylcholine-induced changes in forearm blood flow. This finding 
is similar to that of others in insulin-dependent diabetes 
(Halkin et al 1991), while non insulin-dependent diabetics may 
behave differently (Brennan et al 1991). The finding of abnormal 
basal, but not agonist stimulated, NO release in the diabetics 
supports observations from studies in vitro suggesting that the 
NO synthases regulating basal and stimulated NO production may 
be different (Christie et al 1989; Rees et al 1990b; Randall & 
Griffith 1991; Smith et al 1992) . As with the studies in the 
hypertensive patients, this finding serves to introduce a degree
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of caution when extrapolating the results of acetylcholine 
infusions to explain factors that might be determined by basal 
release of NO, such as resting peripheral vascular tone. In 
addition, as discussed previously (Chapter 7) , the actions of 
acetylcholine may not be mediated entirely by NO (Vallance et al 
1989a) .

Loss of basal NO-mediated vasodilatation would tend to favour 
vasoconstriction and increased peripheral resistance, at least 
in the short term, and could represent a mechanism to explain the 
increased incidence of hypertension in diabetic patients. 
However, the finding that blood pressure and peripheral 
resistance were not elevated in these patients with diabetes, in 
spite of the reduced basal NO-mediated vasodilatation found in 
this group, suggests that NO is not the only mediator on which 
overall long term control of vasodilator tone depends.

Abnormalities of the L-arginine:NO pathway have also been 
demonstrated in humans with hyperlipidaemia (Creager et al 1990) 
and essential hypertension (Chapter 8; Panza et al 1990; Linder 
et al 1990). Many vascular complications are common to essential 
hypertension, hyperlipidaemia and diabetes, and endothelial 
dysfunction with a reduction in basal NO production, or a reduced 
sensitivity to available NO, may be a common mechanism by which 
such apparently diverse conditions result in similar long term 
vascular complications. A diminution in basal NO production or 
effect, if it were to affect large conducting arteries as well 
as resistance vessels, would not only tend to tip the balance in
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favour of vasoconstriction (Gardiner et al 1990), but would also 
increase the probability of platelet adhesion (Radomski et al 
1987a,b) and aggregation (Radomski et al 1987c,d; 1990b), and 
thus could favour the development of vaso-occlusive disorders 
affecting large arteries resulting in ischaemic heart disease, 
cerebrovascular disease and peripheral vascular disease.

The mechanism by which basal NO release or effect is impaired is 
not clear. From this study it appears that the abnormality may 
lie at the level of the vascular smooth muscle in that a 
diminished response to sodium nitroprusside was observed in the 
diabetic patients. Possible mechanisms for such a defect have 
been described in animal studies; glycosylation products which 
occur in diabetes may impair the NO pathway at a sub-endothelial 
level by quenching NO (Bucala et al 1991) . Once advanced 
glycosylation has occurred, it is no longer possible to restore 
NO-mediated vasodilatation (Bucala et al 1991). In the present 
investigation there was no relationship between the level of 
glycosylated haemoglobin (HbA,c) and the response to L-NMMA, 
however all the patients had levels of HbAjc close to, or within, 
the normal range. Alternatively, altered superoxide generation 
in diabetes (Ceriello et al 1991) may speed the destruction of 
NO (Gryglewski et al 1986) and contribute to the changes seen, 
since the release of intact endothelium-derived NO has been shown 
to depend on endothelial superoxide dismutase activity (Miigge et 
al 1991a).

The results demonstrate an abnormality in basal NO-mediated
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vasodilatation in treated patients with insulin-dependent 
diabetes of relatively short duration who have no evidence of 
vascular complications. The abnormality appears to lie at the 
level of the smooth muscle which has a reduced sensitivity to NO. 
The findings in this study contrast with those in the patients 
with treated hypertension, in whom basal NO mediated 
vasodilatation appears to return towards normal when blood 
pressure is reduced. In the diabetic patients the response to L- 
NMMA, and hence basal NO mediated dilatation remains abnormal, 
despite treatment with insulin to maintain euglycaemia. The 
precise contribution made by NO in disease states such as 
diabetes awaits the development of accurate methods for measuring 
the concentration of active NO released by endothelial cells in 
vivo.
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EFFECT OF LOCALLY INFUSED L-ARGININE ON ACETYLCHOLINE-STIMULATED 
NITRIC OXIDE SYNTHESIS IN PATIENTS WITH ESSENTIAL HYPERTENSION 
OR INSULIN-DEPENDENT DIABETES

INTRODUCTION

In healthy subjects, the supply of L-arginine does not appear to 
be rate-limiting for the synthesis of NO (Rees et al 1989b; 
Aisaka et al 1989; Rees et al 1990b; Chapter 4). However, under 
pathological conditions, the situation may be different and there 
is some evidence to suggest that the supply of L-arginine may 
become rate-limiting for NO synthesis in these circumstances. It 
has been shown that the administration of excess L-arginine to 
hypercholesterolaemic rabbits restores the acetylcholine response 
to normal both in vitro and in vivo (Cooke et al 1991; Girerd et 
al 1990) . While in humans, in vivo, the impaired coronary artery 
vasodilatation to acetylcholine seen in patients with 
hyperlipidaemia, is returned to normal when acetylcholine is co
infused with L-arginine (Drexler et al 1991) . The dose of L- 
arginine used to restore the acetylcholine response had no 
intrinsic vasodilator action when given alone (Drexler et al 
1991). In addition, plasma L-arginine levels may differ in 
disease states compared to those in healthy people. In patients 
with hyperlipidaemia plasma L-arginine levels may be reduced by 
about 3 0% (Jeserich et al 1992) , although this has not been 
confirmed (Pasini et al 1992) . Similarly, in chronic renal 
failure L-arginine levels are significantly lower than in healthy 
people (Vallance et al 1992a) . It is possible that this could
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contribute to a relative lack of L-arginine available for NO 
synthesis in these patients. It is not known whether NO dependent 
responses in other disease states would be similarly augmented 
by L-arginine. This chapter describes a study designed to examine 
whether the local administration of L-arginine augments the 
vasodilator action of acetylcholine in the forearm in patients 
with either untreated essential hypertension or insulin dependent 
diabetes mellitus. The dose of L-arginine used in the study was 
chosen as a dose known to reverse the effect of L-NMMA (Vallance 
et al 1989a), and such that it would raise the local level of L- 
arginine, but would have no intrinsic vasodilator action when 
given alone (Chapter 4) . In order to determine whether any effect 
seen with L-arginine represented an increase in NO synthesis via 
the provision of excess substrate, the effect of a local infusion 
of the inactive enantiomer, D-arginine, on the acetylcholine 
response was also examined.

PROTOCOL

The study was carried out in 7 patients (3 female, 4 male) with 
untreated, uncomplicated essential hypertension and 7 patients 
(all male) with insulin-dependent diabetes. The responses of both 
the hypertensive patients and the diabetic patients were compared 
with those of 7 separate age and sex matched healthy controls, 
one set for each condition. Forearm blood flow (ml/100ml 
forearm/min) was measured simultaneously in both arms using 
venous occlusion plethysmography (Whitney 1953). Drugs or



182
physiological saline were infused continuously via a 26SWG needle 
inserted into the brachial artery as described previously.

At the start of each study, after insertion of the brachial 
artery cannula, forearm blood flow was measured for 25 minutes 
to establish resting control values. At the end of the baseline 
period subjects received 2 doses of acetylcholine (30 and 120 
nmol/min; each dose for 3 minutes) to produce a cumulative dose 
response curve. Fifteen minutes later, when blood flow had 
returned to baseline, subjects received an infusion of L-arginine 
(40 /xmol/min for 5 minutes) , followed by co-infusion of 
40/Ltmol/min L-arginine with 30 and 120 nmol/min acetylcholine 
respectively (each dose for 3 minutes). Fifteen minutes later, 
when blood flow had returned to baseline, subjects received an 
infusion of D-arginine (40/zmol/min for 5 minutes, followed by co
infusion of 40/Limol/min D-arginine with 30 and 120 nmol/min 
acetylcholine respectively (each dose for 3 minutes). Fifteen 
minutes later, when blood flow had returned to baseline, subjects 
received a further infusion of 2 doses of acetylcholine alone (30 
and 120 nmol/min; each dose for 3 minutes).

Statistics and calculations
Forearm blood flow was expressed as ml/100ml forearm/min (Whitney 
1953). The ratio of blood flow in the infused arm compared with 
that in the control arm was calculated for each measurement 
period. The ratio of forearm blood flow (infused/control arm) 
measured in response to drugs was expressed as a percentage of
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the ratio (infused/control arm) measured during the control 
period (Greenfield & Patterson 1954b).

Each subject acted as their own control. Results were expressed 
as mean ± SEM and compared using Student's t test for paired or 
unpaired observations as appropriate, where p<0.05 was considered 
statistically significant.

RESULTS

The mean age of the hypertensive patients and their normotensive 
controls was 48.0±4.3 and 45.4±3.6 years respectively, while the 
mean age of the diabetic patients and their healthy controls was 
28.0±1.7 and 22.7±2.3 years respectively.

In the hypertensive patients, the initial infusion of 
acetylcholine (30, 120 nmol/min) caused a rise in forearm blood 
flow such that the blood flow ratio (infused/control arm) rose 
to 292±32% and 380±34% of the blood flow ratio measured in the 
control period. There was no significant change in forearm blood 
flow in response to either L-arginine or D-arginine (40/xmol/min) 
infused alone, and co-infusion of either L- or D-arginine 
(40/imol/min) with acetylcholine (30, 120 nmol/min) had no
significant effect on the acetylcholine response. Thus, in the 
presence of L-arginine, acetylcholine increased blood flow to 
254±29% and 340±27% of control, and in the presence of D- 
arginine, acetylcholine increased blood flow to 256±22% and
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314±34% of control. The final infusion of acetylcholine (30, 120 
nmol/min) increased forearm blood flow to 250133% and 353144% of 
control blood flow. The response to the final acetylcholine 
infusion was similar to the response to the initial acetylcholine 
infusion, and to the responses to acetylcholine given in the 
presence of either L- or D-arginine. In addition, the was no 
difference between the response to acetylcholine in the presence 
of L-arginine compared to that in the presence of D-arginine 
(Figure 12.1).

In the normotensive subjects matched for age and sex with the 
hypertensives (see above), the initial infusion of acetylcholine 
increased blood flow to 284179% and 391134% of control. Neither 
L- nor D-arginine infused alone had any significant effect on 
forearm blood flow. Co-infusion of either L- or D-arginine with 
acetylcholine had no significant effect on the response to 
acetylcholine. Thus, in the presence of L-arginine, acetylcholine 
increased blood flow to 281194% and 3911108% of control, and in 
the presence of D-arginine, acetylcholine increased blood flow 
to 212134% and 308172% of control. The response to the final 
infusion of acetylcholine given alone did not differ from the 
response to the initial acetylcholine infusion, or the responses 
to acetylcholine given in the presence of either L- or D- 
arginine. Thus the final infusion of acetylcholine increased 
forearm blood flow to 189147% and 288190% of control. In addition 
there was no difference in the response to acetylcholine given 
in the presence of L-arginine compared to that in the presence 
of D-arginine (Figure 12.1).
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Figure 12.1:
The forearm blood flow response to acetylcholine (30nmol/min, 
open columns; 12 0nmol/min, shaded columns) alone (Cl, initial 
infusion; 02, final infusion) and in the presence of L-arginine 
(L-arg; 40^mol/min) , or D-arginine (D-arg; 40/imol/min) is shown 
in 7 patients with untreated hypertension (upper panel) and 7 
healthy controls (lower panel). The effect on forearm blood flow 
of either saline (Cl), or L- and D-arginine alone is shown by the 
filled columns. There was no significant difference in the 
responses to acetylcholine alone, or in the presence of either 
L- or D-arginine, in either the untreated hypertensive patients 
or the healthy controls, or when comparisons were made between 
the groups.
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When comparisons were made between the hypertensives and the 
normal control subjects, there was no difference between the 
groups in the responses to either the initial infusion of 
acetylcholine, L- or D-arginine alone, acetylcholine in the 
presence of L- or D-arginine, or the final infusion of 
acetylcholine (Figure 12.1).

In the diabetic patients, the initial infusion of acetylcholine 
increased forearm blood flow to 327±42% and 5791104% of control. 
Neither L- nor D-arginine given alone had any significant 
vasodilator effect on forearm blood flow. Co-infusion of either 
L- or D-arginine had no effect on the response to acetylcholine. 
Thus, in the presence of L-arginine, acetylcholine increased 
blood flow to 300134% and 544176% of control, and in the presence 
of D-arginine, acetylcholine increased blood flow to 256138% and 
489172% of control blood flow. The response to the final infusion 
of acetylcholine given alone did not differ from that to the 
initial acetylcholine infusion, or the response to acetylcholine 
in the presence of either L- or D-arginine. Thus the final 
acetylcholine infusion increased blood flow to 323178% and 
5521106% of control. In addition the responses to acetylcholine 
in the presence of L- or D-arginine did not differ from one 
another (Figure 12.2).

In the healthy controls matched for age and sex with the 
diabetics, the initial infusion of acetylcholine increased 
forearm blood flow to 314158% and 337156% of control. Neither L- 
nor D-arginine given alone had any significant vasodilator effect
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Figure 12.2:
The forearm blood flow response to acetylcholine (30nmol/min, 
open columns; 120nmol/min, shaded columns) alone (Cl, initial 
infusion; 02, final infusion) and in the presence of L-arginine 
(L-arg; 40/xmol/min) , or D-arginine (D-arg; 40/imol/min) is shown 
in 7 patients with insulin dependent diabetes (upper panel) and 
7 healthy controls (lower panel; note change of scale). The 
effect on forearm blood flow of either saline (Cl), or L- and D- 
arginine alone is shown by the filled columns. There was no 
significant difference in the responses to acetylcholine alone, 
or in the presence of either L- or D-arginine, in either the 
diabetic patients or the healthy controls, or when comparisons 
were made between the groups.
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on forearm blood flow. There was no difference between the 
acetylcholine response in the presence of L- or D-arginine, or 
the response to the final infusion of acetylcholine. Thus in the 
presence of L-arginine, acetylcholine increased blood flow 
to241±47% and 327±67% of control, and in the presence of D- 
arginine acetylcholine increased blood flow to 226±52% and 
282176% of control. The final infusion of acetylcholine given 
alone increased blood flow to 228148% and 313158% of control. 
There was no difference between the initial response to 120 
nmol/min acetylcholine and the response to this dose of 
acetylcholine in the presence of L- or D-arginine or when given 
alone as the final infusion. The initial response to 30 nmol/min 
acetylcholine was significantly greater than the response to this 
dose of acetylcholine given in the presence of either L- or D- 
arginine, or when given alone as the final infusion (Figure 
12.2) .

When comparisons were made between the diabetics and the normal 
control subjects, there were no significant differences between 
the groups in the responses to either the initial infusion of 
acetylcholine, L- or D-arginine alone, acetylcholine in the 
presence of L- or D-arginine, or the final infusion of 
acetylcholine (Figure 12.2).
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DISCUSSION

These results show that the forearm vasodilator response to 
acetylcholine is not enhanced by co-infusion of the NO precursor 
L-arginine in patients with either untreated essential 
hypertension or treated insulin-dependent diabetes. Accordingly, 
it is unlikely that it will be possible to augment acetylcholine- 
stimulated NO synthesis and release by giving patients with 
hypertension or insulin-dependent diabetes L-arginine 
supplements.

One possible explanation for the failure to detect enhancement 
could be that the acetylcholine response is subject to 
tachyphylaxis. However, since the response to the final infusion 
of acetylcholine did not differ from the response to the initial 
acetylcholine infusion in either the hypertensive patients, the 
patients with insulin dependent diabetes, or the healthy 
controls, this explanation seems improbable.

In addition, the acetylcholine response in the presence of L- 
arginine did not differ from that in the presence of D-arginine, 
in the patients with either essential hypertension, or diabetes, 
or the healthy controls. Since the synthesis of NO is 
stereospecific for the L isomer of arginine only (Palmer et al 
1988a,b) , the lack of a differential effect between L- or D- 
arginine co-infusion on the acetylcholine response seen in the 
present study makes it unlikely that the provision of excess 
substrate for NO synthesis would increase acetylcholine
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stimulated NO production in patients with these diseases, or in 
healthy volunteers. However, a recent study from Japan in a group 
of young, healthy volunteers has reported a stereospecific 
augmentation of the forearm response to acetylcholine with L- 
arginine (Imaizumi et al 1992). The reasons for the discrepancies 
between the two studies remain unclear at present.

The dose of L-arginine (40 /xmol/min) used in this study has been 
shown to reverse the vasoconstrictor effect of local intra- 
arterial L-NMMA in healthy volunteers (Vallance et al 1989a), and 
thus is a dose known to affect the NO system in humans in vivo. 
In other studies it has been shown that in normal volunteers, at 
a dose of 40 ^mol/min, neither L- nor D-arginine has any 
intrinsic vasodilator effect in the forearm when given alone into 
the brachial artery (Chapter 4). The present study confirms this 
earlier observation and extends it to patients with hypertension 
or insulin dependent diabetes (Figures 12.1, 12.2).

It is possible that a higher dose of L-arginine might alter the 
acetylcholine response in the forearm. However, at increased 
doses L-arginine has non-specific vasodilator effects (Chapter 
4) which cannot be ascribed to activation of the NO system since 
these effects are shared by D-arginine (Chapter 4).

In this study the acetylcholine responses in each patient group 
did not differ from those in the healthy controls, confirming the 
results of others in patients with insulin-dependent diabetes 
(Halkin et al 1991), and those described in the present thesis



191
for patients with essential hypertension (Chapter 9) or insulin- 
dependent diabetes (Chapter 11) . There are several possible 
explanations for these findings. Since basal NO mediated 
vasodilatation is abnormal in both untreated essential 
hypertension (Chapter 8 ) and treated insulin dependent diabetes 
(Chapter 11), it is possible that the agonist stimulated NO 
system is relatively up-regulated to compensate. Thus, 
acetylcholine-NO effector coupling may already be maximal. 
Certainly, the data above suggest that the supply of L-arginine 
is not the rate limiting step for the acetylcholine response in 
any of the groups of subjects examined. Alternatively, the 
acetylcholine response may involve systems other than NO. There 
are now reports from animal studies in which L-NMMA, or other NO 
synthase inhibitors, fail to inhibit the acetylcholine response 
completely (Aisaka et al 1989; Rees et al 1989a). Moreover, there 
are some in vivo animal studies in which NO synthase inhibitors 
do not inhibit the acetylcholine response at all (Miigge et al 
1991b; O'Shaughnessy et al 1992) . In humans, in vivo, it has not 
been possible to inhibit the response to acetylcholine fully with 
L-NMMA (Vallance et al 1989a; Drexler et al 1992) , even at a dose 
of L-NMMA known to be at the top of the dose response curve for 
the inhibition of basal NO production (Chapter 3).

From the findings of the present study it appears that, unlike 
the conditions of hyperlipidaemia (Girerd et al 1990; Drexler et 
al 1991) and sepsis (Knowles et al 1990; Rees et al 1990a), in 
patients with essential hypertension or insulin-dependent 
diabetes the supply of L-arginine is not rate limiting for
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acetylcholine-stimulated NO synthesis, at least in the human 
forearm vascular bed.
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EFFECT OF SYSTEMIC INFUSIONS OF L-ARGININE ON BLOOD PRESSURE IN 
PATIENTS WITH CHRONIC RENAL FAILURE

INTRODUCTION

There is circumstantial evidence that the NO pathway could be 
modified in patients with chronic renal failure. In patients 
undergoing regular haemodialysis, circulating levels of an 
endogenous inhibitor of NO synthase, asymmetric dimethylarginine 
(ADMA), are increased to levels that could increase vascular tone 
(Vallance et al 1992a). In addition, plasma levels of L-arginine 
are decreased in patients with chronic renal failure by 
approximately 4 0%, such that the precursor: inhibitor ratio (L- 
arginine:ADMA ratio) is 6 . 8 compared to 84.3 in healthy 
volunteers (Vallance et al 1992a).

Hypertension is a common complication of chronic renal failure, 
and it is possible that the increased levels of circulating ADMA, 
coupled with the reduced levels of L-arginine, might contribute 
to the hypertension associated with renal failure, whatever the 
primary cause of renal impairment. In addition, since plasma L- 
arginine levels are decreased it is possible that the supply of 
L-arginine for NO synthesis may have become rate limiting in 
these patients, and provision of exogenous L-arginine might act 
to decrease blood pressure via the provision of extra substrate 
for NO synthesis.

The results of the studies described in Chapter 5 suggested that



194
NO might be involved in the body's physiological response to 
fluid overload, since local administration of L-NMMA removes the 
ability of the forearm vasculature to vasodilate in response to 
an acute increase in circulating volume. Volume overload is a 
well recognised feature of patients with chronic renal failure 
on dialysis, and may make a substantial contribution to the 
hypertension of these patients (Vertes et al 1969; Brod et al 
1982; Koomans et al 1982), with blood pressure decreasing after 
dialysis (Vertes et al 1969). In patients with chronic renal 
failure circulating levels of ADMA (Vallance et al 1992a), a 
compound with effects similar to those of L-NMMA (Vallance et al 
1992a; Chapter 6 ) , are increased in proportion to the creatinine, 
such that patients on regular haemodialysis have a near 9 fold 
increase in circulating ADMA concentrations (Vallance et al 
1992a) . Thus it is possible that the increased levels of ADMA may 
also compromise the ability of patients with chronic renal 
failure to vasodilate in response to acute increases in 
circulating volume. This might explain, in part, the substantial 
volume-mediated component of the hypertension associated with 
chronic renal failure.

This chapter describes a study designed to examine whether the 
acute systemic administration of L-arginine alters blood pressure 
in patients with chronic renal failure on regular haemodialysis. 
Doses of L-arginine were chosen which would do no more than 
acutely restore the plasma L-arginine:ADMA ratio to near normal. 
Larger doses of L-arginine were not given as, in high dose, L- 
arginine decreases blood pressure in healthy people and in
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patients with essential hypertension (Nakaki et al 1990; 
Hishikawa et al 1991), an effect which may be non-specific 
(Chapter 4).

PROTOCOL

The study was performed in 10 patients with stable chronic renal 
failure. All were on regular haemodialysis 2-3 times/week. The 
study was performed in a dialysis unit immediately before 
dialysis with the patient resting in a "dialysis chair". A 21SWG 
"butterfly" needle was placed in a peripheral vein to allow 
venous access. Blood pressure was measured every 2 minutes using 
a semi-automatic ultrasound sphygmomanometer (Arteriosonde, Roche 
Medical Electronics, Cranbury, NJ).

At the start of the study blood pressure was measured every 2 
minutes for 10 minutes to establish resting control values. 
Subjects then received an intravenous bolus injection of L- 
arginine hydrochloride and then an intravenous bolus injection 
of an equal volume of physiological saline. These injections were 
separated by 1 0 minutes, and blood pressure was measured every 
2 minutes for 10 minutes after each injection. The study was 
performed double-blind, and patients were randomly assigned to 
receive either L-arginine or physiological saline first. Two 
minutes after each injection a blood sample was taken to allow 
measurement of plasma L-arginine and potassium. In 5 subjects the 
dose of L-arginine given was 8 mmol, and in 5 subjects the dose
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of L-arginine was 16 mmol.

Statistics and calculations
Results are expressed as mean ± SEM. The area under the blood 
pressure/time curve was calculated for 6 minutes pre-injection 
and 6 minutes post-injection and compared for both L-arginine and 
the saline control. In addition, the pre- and post-arginine areas 
were compared to the pre- and post-saline areas respectively. 
Statistical analysis was performed using Student's t-test for 
paired observations.

RESULTS

L-arginine had no effect on heart rate, systolic or mean arterial 
pressure. However, when diastolic blood pressure was considered 
alone, L-arginine, produced a small but statistically significant 
drop in diastolic pressure when compared to baseline diastolic 
pressure (p<0.02). The diastolic blood pressure had recovered to 
control levels 8-10 minutes after the L-arginine injection. The 
saline control injection did not change diastolic blood pressure. 
There was no difference between the diastolic blood pressures 
before injection of either L-arginine or saline, but the 
diastolic blood pressure after L-arginine was significantly less 
than that after the saline control (p<0.05). When the effect of 
the different doses of L-arginine (8 and 16 mmol) on diastolic 
pressure were considered separately, diastolic blood pressure 
fell significantly after 16 mmol L-arginine (p<0.05; Figure
13.1). However the fall in blood pressure after 8 mmol failed to
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reach statistical significance (Figure 13.1).
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Figure 13.1:
The effect on diastolic blood pressure of intravenous L-arginine 
(open squares) or saline (closed squares) is shown in 5 subjects 
given Smmol L-arginine or 8ml saline control (upper panel), and 
5 subjects given 16mmol L-arginine or 16ml saline control (lower 
panel) . Data are mean ± SEM. 16mmol L-arginine caused a small 
but significant fall in diastolic blood pressure (p<0.05), while 
the corresponding saline control did not change diastolic blood 
pressure.
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Baseline L-arginine levels were 60.9±7.0 /xmol/1. L-arginine 
levels rose to 545.6±108.8 iimol/1 and 1644.8±350.8 jLtmol/1 in 
response to injection of 8 and 16 mmol L-arginine respectively. 
Ten minutes after the bolus injection levels of L-arginine had 
fallen by 63±2% but remained above baseline levels.

There was no change in plasma potassium levels during the study. 
Plasma potassium was 5.1±0.3 mmol/1, 5.5±0.3 mmol/1, and 4.9±0.4 
mmol/1 at baseline, after 8 mmol L-arginine and after 16 mmol L- 
arginine respectively (p=NS).
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DISCUSSION

This study reveals a small, but significant, fall in diastolic 
blood pressure in response to an acute bolus intravenous 
injection of L-arginine hydrochloride. The L-arginine injection, 
which resulted in a rise in plasma L-arginine levels, was such 
as to restore the L-arginine:ADMA ratio towards normal, while not 
increasing the L-arginine concentration to levels that might have 
non-specific vasodilatory effects that are unrelated to a primary 
increase in NO synthesis (Nakaki et al 1990; Hishikawa et al 
1991; Chapter 4). Indeed, the L-arginine levels achieved in this 
study have been shown to have no intrinsic vasodilator 
capability; 40/imol/min L- or D-arginine administered locally into 
the brachial artery, to produce a local concentration of the 
order of l-3.3mmol/l, does not change forearm blood flow (Chapter 
4; Chapter 12).

The reduction in diastolic blood pressure was transient, with 
diastolic pressure returning to pre-injection levels by 1 0  

minutes after administration of L-arginine. The blood pressure 
response was paralleled by the plasma levels of L-arginine; 10 
minutes after L-arginine had been given plasma concentrations had 
fallen by approximately 63% compared to the levels measured 2 
minutes after the L-arginine injection. The time course of action 
of L-arginine seen in this study is similar to that reported 
previously, when much greater doses of arginine were given as an 
infusion over 30 minutes (Nakaki et al 1990; Hishikawa 1991).
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Intravenous administration of much higher doses of L-arginine 
(14 0-400 mmol) has been shown to elevate potassium levels 
significantly in haemodialysis patients, and patients with mild 
renal impairment associated with severe hepatic disease (Hertz 
& Richardson 1972; Bushinsky & Gennari 1978). There was no 
significant change in plasma potassium levels as a result of L- 
arginine injection in this study.

The results of the present study suggest that, in patients with 
chronic renal failure, the supply of L-arginine substrate may be 
rate limiting for NO synthesis. Since, in patients with chronic 
renal failure plasma concentrations of ADMA are increased nearly 
9 fold in proportion to the plasma creatinine, and L-arginine 
levels are reduced by approximately 40%, conditions are set for 
a situation in which provision of exogenous L-arginine substrate 
may be able to alter the rate of NO synthesis. This could provide 
a mechanism to explain, at least in part, the hypertension that 
occurs in renal failure whatever the primary cause of renal 
impairment.

In many patients with hypertension associated with renal failure 
there is a significant volume-mediated component contributing to 
their hypertension (Vertes et al 1969; Koomans et al 1982; Brod 
et al 1982) . In healthy volunteers, the NO pathway appears to be 
involved in the physiological response to an acute increase in 
circulating volume, since L-NMMA removes the ability of the 
forearm to vasodilate in these circumstances (Chapter 5) . The 
increased levels of circulating ADMA, a compound with actions
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very similar to L-NMMA (Vallance et al 1992), in patients with 
chronic renal failure may therefore compromise the ability of the 
vasculature in these patients to vasodilate in response to an 
acute volume load. Many haemodialysis patients experience 
relatively acute increases in circulating plasma volume, 
associated with hypertension, prior to dialysis, and it is 
possible that the mechanism that underlies this observation is 
a failure of vasodilatation as a result of increased 
concentrations of circulating ADMA. These patients with end-stage 
renal failure are further compromised; acute increases in plasma 
volume in patients with end-stage renal failure results in a 
preferential distribution of fluid into the intravascular 
compartment compared to normal volunteers (Koomans et al 1983). 
Thus, in patients with severe renal impairment, more fluid is 
delivered to a system less able to vasodilate in response to the 
volume challenge.

The results of the present study suggest that part of the 
mechanism for hypertension associated with renal failure may be 
a derangement in the NO pathway, with the supply of L-arginine 
being rate limiting for NO synthesis, and increased ADMA levels 
contributing towards an inability of these patients to vasodilate 
in the face of an acute volume load. In addition, hypertension 
itself may result in diminished NO activity (Chapter 8 ), which 
could further reduce the activity of the NO system in patients 
with end stage renal failure. Hence, in patients with chronic 
renal failure the NO system may be damaged by several discrete 
mechanisms; renal failure itself might cause a diminution in NO
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and contribute to secondary hypertension, while the raised blood 
pressure itself could further reduce NO activity. Further study 
will be required to determine whether L-arginine supplementation 
is a useful therapeutic option in these patients.
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SUMMARY AND CONCLUSIONS

The studies described in this thesis were designed to investigate 
the contribution made by the NO pathway to the control of 
vascular tone in healthy volunteers and in patients with 
essential hypertension, insulin dependent diabetes or chronic 
renal failure. Local infusion of drugs into the forearm 
arteriolar bed and superficial dorsal hand vein allowed the study 
of the NO dilator system in humans in vivo (Chapter 2) . The 
response to the NO synthase inhibitor L-NMMA has been used as a 
marker for basal NO activity, while stimulated NO synthesis has 
been examined using acetylcholine and sensitivity to NO assessed 
using sodium nitroprusside.

In healthy humans, NO mediated vasodilatation makes a significant 
contribution to resting vascular tone in resistance vessels, 
since L-NMMA causes vasoconstriction when given locally into the 
forearm (Chapter 3; Vallance et al 1989a). L-NMMA has no 
intrinsic constrictor action when applied to healthy vascular 
smooth muscle (Rees et al 1989a,b) , it acts by inhibiting NO 
synthesis in the endothelium, thereby removing basal NO induced 
vasodilator tone (Rees et al 1989a,b). Local administration of 
L-NMMA reduces forearm blood flow by a maximum of approximately 
40%, and this represents the total contribution of NO to resting 
vascular tone in the human forearm (Chapter 3). This work, which 
confirms and extends that of Vallance et al (1989a) , is 
consistent with the findings of Bruning et al (1992), Drexler et 
al (1992) and Elliot et al (1992). However, one group (McVeigh
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et al 1992) has reported that L-NMMA is without effect on basal 
forearm blood flow, the reasons for this discrepancy are unclear.

NO is a potent vasodilator, and complete removal of basal NO 
induced vasodilator tone results in profound vasoconstriction. 
A reduction in basal NO synthesis could thus contribute to the 
rise in peripheral resistance seen in patients with essential 
hypertension. The forearm response to L-NMMA is reduced in 
patients with untreated essential hypertension, both in relation 
to an internal control drug infusion of noradrenaline, and when 
compared directly to the response to L-NMMA in healthy 
normotensive subjects (Chapter 8 ). In addition, the L- 
NMMA/noradrenaline response ratio varies inversely with the blood 
pressure (Chapter 8 ) . These results suggest that the basal NO 
system is attenuated in patients with untreated essential 
hypertension, and that the degree of attenuation increases as 
blood pressure increases.

Stimulated NO production, as assessed by the response to 
acetylcholine, is not different between hypertensive patients and 
normotensive controls (Chapter 9) . Basal and stimulated NO 
production appear to be regulated differently in animal studies 
(Christie et al 1989, Randall & Griffith 1991, Smith et al 1992), 
and the present studies indicate that the same is true in humans.

The sensitivity of the vascular smooth muscle to exogenously 
supplied NO, as assessed by the forearm response to sodium 
nitroprusside, is reduced in patients with untreated essential
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hypertension (Chapter 9) . This suggests that the reduced response 
to L-NMMA observed in these patients may result from an 
alteration in vascular smooth muscle sensitivity to NO in 
hypertension, rather than a primary endothelial defect of NO 
synthesis.

Treatment of hypertension with either a calcium antagonist or an 
angiotensin converting enzyme inhibitor restores the forearm 
response to L-NMMA in hypertensive patients towards the pattern 
observed in healthy volunteers (Chapter 10). This suggests that 
normalisation of the blood pressure in hypertensive patients may 
correct the attenuation of the NO system, and suggests that the 
magnitude of the L-NMMA response may be dependent on the level 
of blood pressure at the time of experimentation and may not be 
a primary cause of the rise in pressure. Indeed using the 
noradrenaline internal control, when the patients with treated 
hypertension are included in the analysis with the normotensive 
controls and the untreated hypertensive patients, there remains 
a significant inverse correlation between the L- 
NMMA/noradrenaline response and the blood pressure.

In patients with treated insulin-dependent diabetes the same 
pattern of abnormalities of the NO system are seen as those 
observed in the untreated hypertensive patients. The forearm 
response to L-NMMA is reduced, suggesting an impairment in the 
basal NO system; there is no difference in the acetylcholine- 
stimulated NO pathway between insulin dependent diabetics and 
healthy controls; and the sensitivity of the vascular smooth
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muscle to NO appears to be reduced since the forearm response to 
sodium nitroprusside is reduced (Chapter 11).

The results of the studies in patients with hypertension or 
insulin-dependent diabetes reveal an important difference in the 
two disorders, as far as the effect of specific treatments for 
the diseases on the NO system is concerned. The abnormality of 
the basal NO system detected in untreated hypertensive patients, 
is not present in hypertensive patients whose blood pressure has 
been controlled with medication, suggesting that the derangement 
in the NO pathway is reversible in hypertension. However, in the 
patients with insulin dependent diabetes mellitus the basal NO 
pathway is still abnormal despite the treatment of these patients 
with insulin to normalise, as far as possible, their endocrine 
status. Thus the results suggest that, in patients with insulin 
dependent diabetes, the derangement of the NO pathway is not 
reversible. If NO is a protective mechanism in the cardiovascular 
system, these observations may help to explain why the treatment 
of patients with essential hypertension can be shown to reduce 
the incidence of cardiovascular complications (Veterans 
Administration Co-operative Study Group 1967; Medical Research 
Council Working Party 1985), while the relationship between tight 
glycaemic control and the development of complications in insulin 
dependent diabetes is much less certain (Holman et al 1983; Dahl- 
Jorgensen et al 1983; Lauritzen et al 1983; Kroc Collaborative 
Study Group 1984; McCance et al 1992; Diabetes Control and 
Complications Trial 1992). Interestingly, there is some evidence 
to suggest that the aggressive treatment of hypertension in
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patients with diabetes mellitus does have a beneficial effect on 
cardiovascular morbidity (Mogensen 1982; Parving et al 1987) . One 
can speculate that this might be due to an increase in basal NO 
activity as the blood pressure falls. This possibility is
illustrated in Figure 14.1. An index of NO activity in relation 
to blood pressure is calculated for the diabetic patients (index 
= L-NMMA/noradrenaline response (mean ± SEM) and diastolic blood
pressure (mean ± SEM) for the diabetics) and plotted on the
correlation graph for relative L-NMMA response and diastolic 
blood pressure in the non-diabetic subjects (healthy controls, 
treated hypertensives, untreated hypertensives). From the graph 
it appears that diabetic patients with a diastolic pressure of 
69±2mmHg have an NO activity equivalent to a non-diabetic
individual with a blood pressure of approximately 98mmHg (Figure
14.1)
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Figure 14.1:
Correlation between L-NMMA/noradrenaline response and diastolic 
blood pressure for normotensive, treated hypertensive and 
untreated hypertensive subjects. The diabetic (n=10) L-NMMA/NA 
response (mean ± SEM) and diastolic blood pressure (mean ± SEM) 
are shown by the open square. The equivalent diastolic blood 
pressure in a non-diabetic subject corresponding to the diabetic 
L-NMMA/NA response is shown by the dotted line.

The precise way in which NO synthase is regulated within the 
human vasculature is not yet fully understood. One possibility 
is that the availability of L-arginine substrate might modify 
enzyme activity. However, in healthy volunteers, the supply of 
physiological amounts of L-arginine does not appear to be rate
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limiting for vascular NO synthesis (Chapter 4) . Moreover, the 
vasodilator effects of large doses of arginine cannot be 
attributed to an increase in NO synthesis via the provision of 
excess L-arginine substrate, since the effects are shared equally 
by D-arginine (Chapter 4) , which is not a substrate for NO 
synthase (Palmer et al 1988a,b). In addition, L-arginine in a 
dose known to reverse the effect of L-NMMA (Vallance et al 
1989a), but to have no vasodilator effects alone in normal 
volunteers (Chapter 4) , also has no vasodilator effect when 
administered alone in patients with either essential hypertension 
or insulin dependent diabetes (Chapter 12). Finally, the supply 
of L-arginine substrate does not appear to be rate limiting for 
stimulated NO synthesis in either essential hypertension or 
insulin dependent diabetes since it is not possible to augment 
the acetylcholine response with L-arginine in patients with these 
conditions (Chapter 12) . These results contrast with those in 
patients with hyperlipidaemia, in whom L-arginine infusion 
increases the response to acetylcholine (Drexler et al 1991, 
Creager et al 1992b)

Another possible mechanism for the control of NO synthase 
activity in vivo could be the regulation of the enzyme by direct 
inhibition. Endogenously occurring inhibitors of NO synthesis 
have now been identified, and L-NMMA and the closely related 
compound ADMA, circulate in human plasma, with concentrations of 
ADMA being 10 times greater than those of L-NMMA (Vallance et al 
1992a). ADMA given locally reduces forearm blood flow by 
approximately 4 0%, and this vasoconstriction is partially
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reversed by L-arginine (Chapter 6 ) . Thus it is possible that ADMA 
is a physiological regulator of the NO pathway in humans in vivo, 
and accumulation or over-production of this inhibitor of NO 
synthase could have a role in the pathogenesis of hypertension. 
ADMA is excreted renally and accumulates in patients with end- 
stage renal failure (Vallance et al 1992a), providing a putative 
mechanism that might partly explain the development of 
hypertension in renal failure.

In healthy volunteers, acute expansion of plasma volume by about 
7%, caused by infusing 1000 ml physiological saline over 25 
minutes, results in arteriolar vasodilatation and increases 
forearm blood flow by about 35%. This vasodilatation is mediated, 
at least in part, by NO, since local administration of L-NMMA 
abolishes the ability of the forearm arteriolar bed to vasodilate 
in these circumstances (Chapter 5). Several forms of secondary 
hypertension, such as that associated with chronic renal failure 
(Vertes et al 1969; Brod et al 1982; Koomans et al 1983), have 
a significant volume-mediated component, and it is possible that 
a relative inability of the arteriolar side of the circulation 
to vasodilate in the face of an acute volume load may be 
partially responsible for the development of raised blood 
pressure in these patients. Consequently, in patients with renal 
failure, not only is basal NO mediated dilatation likely to be 
reduced by high levels of NO synthase inhibitors such as ADMA, 
but NO mediated vasodilatation in response to an acute volume 
load, as may occur between dialysis times, is also likely to be 
compromised, leaving a vasculature poorly able to resist the
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development of hypertension. In addition, L-arginine levels are 
reduced by approximately 4 0% in patients with end-stage renal 
failure (Vallance et al 1992a). Under these conditions it is more 
likely that the supply of L-arginine might be rate limiting for 
NO synthesis. In support of this, the systemic administration of 
L-arginine to patients with end-stage renal failure in a dose to 
acutely restore the L-arginine:ADMA ratio towards normal, causes 
a small decrease in diastolic blood pressure. The time course of 
this blood pressure response coincides with the plasma level of 
L-arginine (Chapter 13) . The dose of L-arginine used was well 
below that shown to have non-specific dilator effects on the 
vasculature (Chapter 4) .

Impairment of the basal NO system could have wide reaching 
consequences within the vasculature. In addition to its 
contribution to the control of resting vascular tone, NO also 
affects platelets, reducing platelet aggregation (Radomski et al 
1987c,d) and adhesion to endothelial cells (Radomski et al 
1987a,b) , and has been shown to inhibit the proliferation of 
vascular smooth muscle cells (Garg & Hassid 1989). Therefore a 
diminution in basal NO output or effect would tend to tip the 
balance within the vasculature in favour of vasoconstriction, and 
possibly towards an increase in platelet adhesion and 
aggregation, although in humans, L-NMMA did not alter ex vivo 
platelet aggregation (Vallance et al 1992c). Thus, in 
circumstances of reduced NO activity, the conditions would be 
favourable for thrombosis formation and the promotion of 
atheroma.
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The incidence of occlusive vascular complications is high in 
patients with hypertension, insulin dependent diabetes or end 
stage renal failure. In all these disorders serious abnormalities 
of the NO system have now been described in humans in vivo, and 
these abnormalities would result in a vascular tree more prone 
to vasoconstriction and platelet adhesion and aggregation. This 
raises the possibility that abnormalities of the NO system could 
be a common mechanism that underlies the development of the 
vascular complications in these diseases. In addition, vaso- 
occlusive complications also occur in patients with 
hyperlipidaemia, a disorder in which similar abnormalities of the 
NO system have been described (Cooke et al 1990, Girerd et al 
1990, Creager et al 1990). Further support for the hypothesis 
that an abnormal NO system might lie behind the development of 
vascular complications in a variety of diseases comes from the 
observation that excess homocysteine causes derangement of the 
NO pathway with impaired endothelium-dependent vascular 
relaxation and impaired NO mediated platelet inhibition (Stamler 
et al 1993) . It is possible that this contributes to the 
morbidity of patients with homocystinuria in whom premature 
vascular complications, such as life-threatening venous and 
arterial thromboses, are common (Watts 1987). Deficient synthesis 
or effect of NO would increase the probability of 
vasoconstriction and thrombosis formation and might offer a final 
common pathway to explain why such different primary pathological 
processes result in similar long term vascular complications.
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THERAPEUTIC POSSIBILITIES

NO is involved in many aspects of the physiological and 
pathophysiological control of vascular tone and it is inevitable 
that new drugs based on the L-arginine:NO pathway will emerge. 
However, drugs have been available for over 100 years which act 
through the NO system. NO is the active moiety of the organic 
nitrates and other nitrovasodilators (Feelisch & Noack 1987). 
Glyceryl trinitrate is metabolised to NO within smooth muscle and 
endothelium, whereas sodium nitroprusside and the newer NO donor 
linsidomine (SIN-1) liberate NO spontaneously (Feelisch 1991). 
The arterio-venous difference in basal NO synthesis may help to 
explain the venoselective action of the nitrovasodilators; in 
vessels without basal release of NO (such as veins and 
endothelium-denuded arteries) , guanylate cyclase maybe relatively 
up-regulated and thus more sensitive to exogenously supplied NO 
(Moncada et al 1991b).

Since veins are intrinsically more sensitive to NO than arteries 
or arterioles, it is unlikely that an orally active NO donor 
would differ significantly in its profile of activity from 
glyceryl trinitrate. However, it is possible that by targeting 
the delivery of NO-donors to specific tissues a preferential 
arteriolar dilator, or an NO-donor with major effects on platelet 
or white cell function could evolve.

L-arginine itself could have therapeutic potential. Infusion of 
large doses of L-arginine into healthy volunteers and patients
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with hypertension leads to a fall in blood pressure (Nakaki et 
al 1990; Hishikawa et al 1991). The mechanisms behind this acute 
hypotensive action of L-arginine have been examined in the course 
of the thesis (Chapter 4) and do not seem to be related to 
increased NO synthesis via the provision of excess L-arginine 
substrate. The effects of chronic oral arginine supplementation 
on vascular responses and blood pressure remain to be determined, 
and whether L-arginine could provide a useful therapy for 
hypertension in renal failure requires further study.

The NO pathway exerts a profound influence on resting vascular 
tone in healthy volunteers and is involved in the normal 
physiological response to maintain a constant blood pressure in 
the face of increases in plasma volume. Abnormalities of the NO 
pathway exist in essential hypertension, insulin dependent 
diabetes and end stage renal failure and may help to explain the 
increased incidence of vaso-occlusive complications that occur 
in patients with these conditions. As the precise defects in the 
NO pathway become clearer in these disorders, therapeutic 
interventions specifically targeted towards the defects in the 
NO system may become possible, and with them the opportunity to 
investigate whether such interventions influence outcome.
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APPENDIX A

All of the work in this thesis has been undertaken under the 
supervision of Dr Joe Collier, and in collaboration with him and 
Dr Patrick Vallance. I have personally participated in all 
aspects of each study. Much of the work has been published, and 
the papers arising from the studies presented in this thesis are 
bound within the thesis.
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