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Introduction

Nitric oxide, a key mediator of vascular tone, is synthesised from L-arginine by a triad of isozymes, the nitric oxide synthases (NOS). Neuronal and endothelial nitric oxide synthase (nNOS and eNOS respectively) are both constitutively expressed under normal physiological conditions. In contrast, inducible nitric oxide synthase (iNOS) is activated in response to inflammatory mediators, is uncoupled from G-protein receptor activation, and is capable of sustained production of large quantities of nitric oxide within endothelial and vascular smooth muscle cells [START_REF] Moncada | Nitric oxide: physiology, pathophysiology, and pharmacology[END_REF]. Excessive generation of nitric oxide by iNOS may account for the vascular dysfunction evident in a number of inflammatory conditions including sepsis and endotoxaemia [START_REF] Hallemeesch | NO production by cNOS and iNOS reflects blood pressure changes in LPS-challenged mice[END_REF][START_REF] Chauhan | Protection against lipopolysaccharide-induced endothelial dysfunction in resistance and conduit vasculature of iNOS knockout mice[END_REF].

Heart failure is a chronic inflammatory state [START_REF] Henriksen | Therapeutic inhibition of tumour necrosis factor alpha in patients with heart failure: cooling an inflamed heart[END_REF] associated with endothelial dysfunction [START_REF] Drexler | Endothelial dysfunction in human disease[END_REF][START_REF] Fang | Vascular dysfunction and heart failure: epiphenomenon or etiologic agent?[END_REF], and more specifically, impairment of nitric oxide mediated endotheliumdependent vasodilatation [START_REF] Kubo | Endothelium-dependent vasodilation is attenuated in patients with heart failure[END_REF][START_REF] Drexler | Endothelial function in chronic congestive heart failure[END_REF][START_REF] Katz | Impaired acetylcholine-mediated vasodilation in patients with congestive heart failure. Role of endothelium-derived vasodilating and vasoconstricting factors[END_REF][START_REF] Nakamura | Attenuated endotheliumdependent peripheral vasodilation and clinical characteristics in patients with chronic heart failure[END_REF][START_REF] Bauersachs | Endothelial dysfunction in chronic myocardial infarction despite increased vascular endothelial nitric oxide synthase and soluble guanylate cyclase expression: role of enhanced vascular superoxide production[END_REF]. However, controversy remains as to whether there is altered basal nitric oxide release. Whilst some studies suggest that there is enhancement of basal nitric oxide release [START_REF] Drexler | Endothelial function in chronic congestive heart failure[END_REF][START_REF] Habib | Enhanced basal nitric oxide production in heart failure: another failed counter-regulatory vasodilator mechanism[END_REF][START_REF] Winlaw | Increased nitric oxide production in heart failure[END_REF][START_REF] Ishibashi | An inhibitor of inducible nitric oxide synthase decreases forearm blood flow in patients with congestive heart failure[END_REF], others show evidence that there may be no change [START_REF] Kubo | Lack of contribution of nitric oxide to basal vasomotor tone in heart failure[END_REF] or even a reduction [START_REF] Elsner | Systemic vasoconstriction induced by inhibition of nitric oxide synthesis is attenuated in conscious dogs with heart failure[END_REF][START_REF] Teerlink | Increased vascular responsiveness to norepinephrine in rats with heart failure is endothelium dependent. Dissociation of basal and stimulated nitric oxide release[END_REF][START_REF] Katz | Exercise-induced vasodilation in forearm circulation of normal subjects and patients with congestive heart failure: role of endothelium-derived nitric oxide[END_REF]. Induction of iNOS in heart failure may account for alterations in vascular generation of nitric oxide [START_REF] Ishibashi | An inhibitor of inducible nitric oxide synthase decreases forearm blood flow in patients with congestive heart failure[END_REF].

Until recently, it has not been possible to distinguish clearly between constitutive and inducible NOS activity due to the lack of specific inhibitors. N-(3-(Aminomethyl) benzyl) acetamidine (1400W) is a novel selective inhibitor of human iNOS that has recently become available for clinical use [START_REF] Garvey | 1400W is a slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo[END_REF][START_REF] Boer | The inhibitory potency and selectivity of arginine substrate site nitric-oxide synthase inhibitors is solely determined by their affinity toward the different isoenzymes[END_REF]. It competes with L-arginine to bind irreversibly with iNOS and is at least 5000-fold more selective for iNOS than eNOS making it the most selective iNOS inhibitor to date [START_REF] Garvey | 1400W is a slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo[END_REF]. The present study aimed to assess the contribution of functional iNOS activity to peripheral vascular tone in patients with symptomatic heart failure by determining the effect of direct local intraarterial 1400W on peripheral blood flow.

Haemodynamic Measurements

Blood flow was measured in both forearms by venous occlusion plethysmography as described previously [START_REF] Newby | An in vivo model for the assessment of acute fibrinolytic capacity of the endothelium[END_REF][START_REF] Newby | The L-arginine/nitric oxide pathway contributes to the acute release of tissue plasminogen activator in vivo in man[END_REF][START_REF] Benjamin | Measuring forearm blood flow and interpreting the responses to drugs and mediators[END_REF]. Blood pressure and heart rate were monitored in the noninfused arm at intervals throughout each study with a semi-automated non-invasive oscillometric sphygmomanometer.

Study Design

Subjects attended on a single occasion at 9 am and were recumbent throughout the study. Strain gauges and cuffs were applied, and the brachial artery of the non-dominant arm was cannulated. Forearm blood flow was measured every 6-10 minutes. Following a 30 minute equilibration period, subjects received intra-arterial infusions of 1400W (a selective iNOS inhibitor, at 0.1 and 0.3 μmol/min for 6 minutes at each dose and 1 μmol/min for 18 minutes), L-NMMA (a non-selective NOS inhibitor, at 2 and 4 μmol/min for 6 minutes and 8 μmol/min for 18 minutes) and norepinephrine (a control vasoconstrictor; at 60, 120, 240 and 480 pmol/min for 6 minutes at each dose) with 30 minute saline washouts periods between drugs.

Data Analysis and Statistics

Plethysmographic data were extracted from the Chart data files, and the last 5 linear recordings in each measurement period were averaged. Forearm blood flows were calculated from the plethysmographic data as described previously [START_REF] Webb | The pharmacology of human blood vessels in vivo[END_REF][START_REF] Newby | Substance P-induced vasodilatation is mediated by the neurokinin type 1 receptor but does not contribute to basal vascular tone in man[END_REF]. Percentage changes in the infused forearm blood flow were calculated [START_REF] Benjamin | Measuring forearm blood flow and interpreting the responses to drugs and mediators[END_REF][START_REF] Webb | The pharmacology of human blood vessels in vivo[END_REF] 

Results

Patients and controls were generally well matched although patients had lower systolic and diastolic blood pressures (Table 1). Heart rate, blood pressure and non-infused forearm blood flow were unchanged throughout the study in both groups.

Forearm blood flow responses

Infusion of both L-NMMA and norepinephrine produced dose-dependent reductions in forearm blood flow in both patients (basal blood flow 2.3±0.3 and 1.8±0.2 mL/100mL/min respectively; peak reductions of 32±6% and 52±6% respectively) and healthy controls subjects (basal blood flow 1.7±0.1 and 1.6±0.3 mL/100mL/min respectively; peak reductions of 37±4% and 49±5% respectively; p=ns patients vs controls; Figure 1). In contrast, infusion of 1400W had no effect on forearm blood flow in either group (p=ns): -3±4% (95% confidence intervals, -11 to 5%) in patients and 3±8% (95% confidence intervals, -13 to 19%) in controls at 1 μmol/min. 
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Discussion

There has been controversy surrounding the importance of inducible nitric oxide synthase activity in the vasculature of patients with heart failure. Using the highly selective iNOS inhibitor 1400W, we have demonstrated for the first time that intrabrachial selective iNOS inhibition does not alter forearm blood flow in patients with heart failure. We therefore conclude that there is no evidence of iNOS activity in the peripheral vasculature of patients with symptomatic heart failure.

Evidence for iNOS in the peripheral vasculature

Inducible nitric oxide synthase expression [START_REF] Miller | Inducible nitric oxide synthase-derived superoxide contributes to hypereactivity in small mesenteric arteries from a rat model of chronic heart failure[END_REF] and activity [START_REF] Stathopulos | Increased L-arginine uptake and inducible nitric oxide synthase activity in aortas of rats with heart failure[END_REF] has been demonstrated in the vasculature of rodent models of heart failure. Vascular iNOS activity is associated with functional changes and, more specifically, altered vascular responsiveness to adrenergic stimulation, which can be reversed by selective iNOS inhibition [START_REF] Miller | Inducible nitric oxide synthase-derived superoxide contributes to hypereactivity in small mesenteric arteries from a rat model of chronic heart failure[END_REF][START_REF] Ulker | Endotoxin-induced vascular hyporesponsiveness in rat aorta: in vitro effect of aminoguanidine[END_REF].

In patients, iNOS is present in a number of tissues including the myocardium, intramyocardial vasculature and skeletal muscle [START_REF] Comini | Induction of functional inducible nitric oxide synthase in monocytes of patients with congestive heart failure. Link with tumour necrosis factor-alpha[END_REF][START_REF] Fukuchi | Heterogeneous expression and activity of endothelial and inducible nitric oxide synthases in end-stage human heart failure: their relation to lesion site and beta-adrenergic receptor therapy[END_REF][START_REF] Vejlstrup | Inducible nitric oxide synthase (iNOS) in the human heart: expression and localization in congestive heart failure[END_REF][START_REF] Haywood | Expression of inducible nitric oxide synthase in human heart failure[END_REF][START_REF] Habib | Tumour necrosis factor and inducible nitric oxide synthase in dilated cardiomyopathy[END_REF][START_REF] Adams | Increased inducible nitric oxide synthase in skeletal muscle biopsies from patients with chronic heart failure[END_REF][START_REF] Riede | Inducible nitric oxide synthase in skeletal muscle of patients with chronic heart failure[END_REF]. However, the evidence for functional iNOS in the peripheral vasculature remains unconvincing. Despite the presence of iNOS in the aorta [START_REF] Stathopulos | Increased L-arginine uptake and inducible nitric oxide synthase activity in aortas of rats with heart failure[END_REF] and mesenteric vessels [START_REF] Miller | Inducible nitric oxide synthase-derived superoxide contributes to hypereactivity in small mesenteric arteries from a rat model of chronic heart failure[END_REF] of rodent models of heart failure, there are no animal or human studies of heart failure that have isolated either iNOS messenger ribonucleic acid or protein from the peripheral vasculature.

Indirect evidence of functional iNOS activity in the peripheral vasculature of patients with heart failure comes from an in vivo study. Ishibashi and colleagues reported a modest reduction in forearm blood flow during infusion of aminoguanidine, a NOS inhibitor with some selectivity for iNOS [START_REF] Ishibashi | An inhibitor of inducible nitric oxide synthase decreases forearm blood flow in patients with congestive heart failure[END_REF]. Aminoguanidine is, however, an extremely weak inhibitor of iNOS and complete inhibition of iNOS is only achieved with high (approaching millimolar) concentrations [START_REF] Boer | The inhibitory potency and selectivity of arginine substrate site nitric-oxide synthase inhibitors is solely determined by their affinity toward the different isoenzymes[END_REF]. Furthermore aminoguanidine is only nine-fold more selective for iNOS compared with eNOS [START_REF] Boer | The inhibitory potency and selectivity of arginine substrate site nitric-oxide synthase inhibitors is solely determined by their affinity toward the different isoenzymes[END_REF][START_REF] Babu | Design of isoform-selective inhibitors of nitric oxide synthase[END_REF]. A reduction in forearm blood flow during aminoguanidine infusion only becomes evident at higher doses (10-20 μmol/min) when effective end-organ concentrations would be in the order Copyright 2006 The Biochemical Society of between 400-800 μM [START_REF] Ishibashi | An inhibitor of inducible nitric oxide synthase decreases forearm blood flow in patients with congestive heart failure[END_REF]. During infusion of such high doses, aminoguanidine would be expected to have considerable action on eNOS [START_REF] Boer | The inhibitory potency and selectivity of arginine substrate site nitric-oxide synthase inhibitors is solely determined by their affinity toward the different isoenzymes[END_REF][START_REF] Babu | Design of isoform-selective inhibitors of nitric oxide synthase[END_REF].

In contrast to patients with heart failure, aminoguanidine has no effect on forearm blood flow in healthy control subjects [START_REF] Ishibashi | An inhibitor of inducible nitric oxide synthase decreases forearm blood flow in patients with congestive heart failure[END_REF]. This suggests that patients with heart failure have altered NOS activity as compared with controls. Aminoguanidine has an augmented inhibitory action on eNOS in the presence of excess tetrahydrobiopterin, the requisite cofactor for NOS [START_REF] Wolff | Aminoguanidine is an isoform-selective, mechanism-based inactivator of nitric oxide synthase[END_REF]. Inflammatory stimuli enhance tetrahydrobiopterin synthesis, by induction of GTP cyclohydrolase I [START_REF] Walter | Induction of tetrahydrobiopterin synthesis in human umbilical vein smooth muscle cells by inflammatory stimuli[END_REF][START_REF] Katusic | Cytokines stimulate GTP cyclohydrolase I gene expression in cultured human umbilical vein endothelial cells[END_REF]. As heart failure is an inflammatory disorder, there may be increased availability of tetrahydrobiopterin as a result of increased activity of GTP cyclohydrolase I. We therefore speculate that, consistent with the work of Vallance's group [START_REF] Bhagat | Cytokine-induced venodilatation in humans in vivo: eNOS masquerading as iNOS[END_REF], the purported in vivo inhibition of iNOS seen with aminoguanidine simply reflects an enhanced inhibition of eNOS in the presence of upregulated GTP cyclohydrolase I. The possibility that these patients may have augmented (or "induced") eNOS activity as a consequence of enhanced tetrahydrobiopterin availability merits further investigation.

Considering the lack of specificity of aminoguanidine as an inhibitor of iNOS, and the possibility that eNOS activity may be upregulated during inflammation, it is likely that the effects of aminoguanidine are a consequence of inhibition of eNOS rather than iNOS. In the present study, we have been able to use a highly selective inhibitor of iNOS to demonstrate that functional iNOS activity does not appear to play a major role in the regulation of peripheral vascular tone in heart failure patients.

1400W is a highly selective inhibitor of iNOS

The present study is the first to use the iNOS inhibitor 1400W in patients with heart failure in vivo. 1400W is a monoamidine monoamine analogue that competes with Larginine to bind tightly and irreversibly to iNOS with a rapid onset of action (<5 min) [START_REF] Garvey | 1400W is a slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo[END_REF]. It is > 5000-fold more potent against purified human iNOS than eNOS and thus is the most selective inhibitor of iNOS reported to date [START_REF] Garvey | 1400W is a slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo[END_REF]. The selectivity of 1400W, both in vitro and in vivo, makes it an attractive tool for assessing the contribution of 10 Copyright 2006 The Biochemical Society iNOS [START_REF] Boer | The inhibitory potency and selectivity of arginine substrate site nitric-oxide synthase inhibitors is solely determined by their affinity toward the different isoenzymes[END_REF][START_REF] Babu | Design of isoform-selective inhibitors of nitric oxide synthase[END_REF]. As the primary aim of the study was to determine the contribution of iNOS activity to the maintenance of vascular tone, and considering that 1400W irreversibly inhibits iNOS whilst L-NMMA inhibits both iNOS and eNOS, intra-arterial drug order was not randomised. Instead, the effects of selective iNOS inhibition on forearm blood flow were observed first, followed by non-selective NOS inhibition with L-NMMA and finally, intra-arterial administration of the control vasoconstrictor norepinephrine. As a consequence, norepinephrine was noted to have a rather blunted (albeit significant) effect on forearm blood flow which is probably explained by a persistent vasoconstrictive effect of L-NMMA.

An important concern regarding this study is the possibility that the lack of effect seen with 1400W on forearm blood flow reflects a failure of 1400W to inhibit iNOS effectively in vivo at the chosen dose range (0.1-1 μmol/min). 1400W inhibits iNOS with an 8-fold higher potency than L-NMMA (EC 50 values of 0.8 μM and 6 μM respectively) [START_REF] Garvey | 1400W is a slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo[END_REF]. During infusion of 1400W at 1 μmol/min, we would predict effective end organ concentrations to be between 40-50 μM. This is > 50-fold higher than the EC 50 , and 10-fold higher than concentrations that we have demonstrated to have vascular effects in vitro in rodents [START_REF] Miller | Inducible nitric oxide synthase-derived superoxide contributes to hypereactivity in small mesenteric arteries from a rat model of chronic heart failure[END_REF]. It would therefore be anticipated that this dose is sufficient to achieve inhibition of functional iNOS activity. Indeed, we have recently demonstrated that intra-arterial infusion of 1400W, at the same doses used in the present study, results in a reduction in forearm blood flow in patients with liver cirrhosis [START_REF] Ferguson | Inducible nitric oxide synthase activity contributes to the regulation of peripheral vascular tone in patients with cirrhosis and ascites[END_REF],

an inflammatory condition associated with induction of iNOS [START_REF] Mohammed | Expression of nitric oxide synthase isoforms in human liver cirrhosis[END_REF].

Study Limitations

The discordant findings in previous reports on nitric oxide generation in heart failure may, in part, be explained by differences in the severity of heart failure, with basal nitric oxide production increasing, and stimulated release decreasing, with progression of disease [START_REF] Ishibashi | Contribution of endogenous nitric oxide to basal vasomotor tone of peripheral vessels and plasma B-type natriuretic peptide levels in patients with congestive heart failure[END_REF]. In the present study, inclusion criteria were deliberately chosen to encompass a broad range of patients, so that the response to selective iNOS inhibition could be correlated with disease severity. Almost half of the patients ( Copyright 2006 The Biochemical Society in NYHA class III or IV and thus had evidence of severe disease. Subgroup analysis confirmed that infusion of 1400W had no effect on forearm blood flow in patients in NYHA classes III or IV: -3±5% in at 1 μmol/min (95% confidence intervals: -6 to 12%, n=5; p=ns). It is therefore unlikely that the failure to detect iNOS activity was due to inadequate severity of disease in this group. It is noteworthy that almost all patients who took part in this study were prescribed diuretic, angiotensin converting enzyme inhibitor and beta blocker therapy that may have modified vascular nitric oxide effects.

Clinical Implications

In clinical conditions where iNOS activity is enhanced, one would intuitively expect inhibition of iNOS to result in vasoconstriction, as a consequence of reduced bioavailability of nitric oxide, a potent vasodilator. Vasoconstriction, in the context of heart failure, would result in reduced tissue perfusion and increased afterload, and hence a deterioration in cardiac function. However, the failure to demonstrate functional iNOS activity in the peripheral vasculature may provide an exciting opportunity to explore other potential benefits of iNOS inhibition in heart failure with less concern about the adverse effects of vasoconstriction.

Data from animal models suggest that modulation of iNOS activity may have therapeutic benefits in heart failure. Selective iNOS inhibition improves myocardial oxygen consumption and left ventricular function in dogs [START_REF] Chen | Nitric oxide modulates myocardial oxygen consumption in the failing heart[END_REF] and reverses the betaadrenergic hyporesponsiveness of papillary muscle from rats [START_REF] Gealekman | Role of myocardial inducible nitric oxide synthase in contractile dysfunction and beta-adrenergic hyporesponsiveness in rats with experimental volume-overload heart failure[END_REF] with congestive heart failure. iNOS is present in the myocardium [START_REF] Fukuchi | Heterogeneous expression and activity of endothelial and inducible nitric oxide synthases in end-stage human heart failure: their relation to lesion site and beta-adrenergic receptor therapy[END_REF][START_REF] Vejlstrup | Inducible nitric oxide synthase (iNOS) in the human heart: expression and localization in congestive heart failure[END_REF][START_REF] Haywood | Expression of inducible nitric oxide synthase in human heart failure[END_REF] and skeletal muscle [START_REF] Adams | Increased inducible nitric oxide synthase in skeletal muscle biopsies from patients with chronic heart failure[END_REF][START_REF] Riede | Inducible nitric oxide synthase in skeletal muscle of patients with chronic heart failure[END_REF] of patients with heart failure and excessive generation of nitric oxide in these tissues may in part explain the impaired myocardial contractility [START_REF] Feng | Increased inducible nitric oxide synthase expression contributes to myocardial dysfunction and higher mortality after myocardial infarction in mice[END_REF] and exercise intolerance [47].

Further clinical studies are necessary to investigate whether systemic inhibition of iNOS is a therapeutic target for improving cardiac function and exercise tolerance in heart failure patients. 

  as follows: % Change in blood flow = 100 x (I t /NI t -I b /NI b ) / I b /NI b where I b and NI b are the infused and non-infused forearm blood flows at baseline (time 0) respectively, and I t and NI t are the infused and non-infused forearm blood flows at a given time point (t), respectively.
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