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Inhaled corticosteroids have both genomic and nongenomic actions on the tracheobronchial (airway) vasculature in asthma. Genomic actions involve the activation or repression of target genes associated with inflammation, and reduce inflammatory hyperperfusion in the airway. In contrast, nongenomic actions are mediated by rapid cellular mechanisms, and induce transient vasoconstriction. This article reviews recent progress on the mechanisms by which inhaled corticosteroids reverse inflammatory blood flow changes in the airway in asthma.

Inhaled corticosteroids have prominent effects on inflammatory changes of the tracheobronchial (airway) vasculature in patients with bronchial asthma. These include the inhibition of hyperperfusion, microvascular hyperpermeability, mucosal oedema formation, inflammatory cell recruitment and the formation of new blood vessels (angiogenesis) [START_REF] Charan | Bronchial vascular congestion and angiogenesis[END_REF][START_REF] Horvath | Inhaled corticosteroids: effects on the airway vasculature in bronchial asthma[END_REF]. Inhaled corticosteroids are believed to exert most of their vascular effects indirectly by suppressing inflammation in the airway [START_REF] Mcfadden | A century of asthma[END_REF].

However, recent studies revealed interactions of inhaled corticosteroids and airway blood vessels by which vascular manifestations of inflammation can be rapidly reversed in patients with asthma. These recent advances in our understanding of the cellular mechanisms may open new avenues for additional interventions in the pharmacotherapy of asthma.

Corticosteroids are known to interrupt the development of inflammation and suppress ongoing inflammatory reactions through the activation or repression of target genes [START_REF] Adcock | Glucocorticoid: effects on gene transcription[END_REF]. According to this transcriptional (genomic) model of action, the lipophilic corticosteroid molecules cross the cell membrane and bind to intracellular glucocorticoid receptors, which ultimately alter transcription through direct DNA binding (transactivation) [START_REF] Hayashi | Effects of glucocorticoids on gene transcription[END_REF] or bythe inactivation of pro-inflammatory transcription factors (transrepression) [START_REF]New twists in gene regulation by glucocorticoid receptor: is DNA binding dispensable?[END_REF] such as nuclear factor-κB [START_REF] Barnes | Nuclear factor-kappaB: a pivotal transcription factor in chronic inflammatory diseases[END_REF] and activating protein-1 [START_REF] Nguyen | Chemogenomic identification of Ref-1/AP-1 as a therapeutic target for asthma[END_REF].

Corticosteroids are the most effective drugs for suppressing asthma-associated airway inflammation mainly by downregulation of pro-inflammatory proteins. In addition to genomic actions, corticosteroids have also been shown to regulate mRNA stability and thus translation of many pro-inflammatory genes [START_REF] Wilusz | Bringing the role of mRNA decay in the control of gene expression into focus[END_REF]. Since increased mRNA degradation leads to reduced production of pro-inflammatory proteins, the Some corticosteroid effects are mediated by cellular mechanisms that are too rapid to involve gene expression [START_REF] Losel | Nongenomic actions of steroid hormones[END_REF][START_REF] Norman | Steroid-hormone rapid actions, membrane receptors and a conformational ensemble model[END_REF] and have been termed nongenomic actions.

These rapid actions are initiated by actions on membrane-bound [START_REF] Johnson | Localization of glucocorticoid receptors at postsynaptic membranes in the lateral amygdala[END_REF][START_REF] Horvath | Norepinephrine transport by the extraneuronal monoamine transporter in human bronchial arterial smooth muscle cells[END_REF] or cytoplasmic receptors [START_REF] Tumlin | Aldosterone and dexamethasone stimulate calcineurin activity through a transcriptionindependent mechanism involving steroid receptor-associated heat shock proteins[END_REF][START_REF] Croxtall | Glucocorticoids act within minutes to inhibit recruitment of signalling factors to activated EGF receptors through a receptor-dependent, transcription-independent mechanism[END_REF], or nonspecific interactions with the cell me mbrane [START_REF] Whiting | Steroid hormone-induced effects on membrane fluidity and their potential roles in non-genomic mechanisms[END_REF]. The common features of nongenomic actions include rapid onset of action and recovery after drug removal, insensitivity to blockers of gene transcription (e.g. actinomycin D) and protein synthesis (e.g. cycloheximide), and retained activity of cell membrane impenetrable corticosteroid-protein conjugates.

In this article, we review genomic and nongenomic cellular mechanisms by which inhaled corticosteroids reverse inflammatory blood flow changes in patients with asthma.

Airway blood flow in asthma

Since the vasculature typically participates in the inflammatory responses at the tissue level, airway blood flow is expected to change in an inflammatory airway disease such as asthma. In anima l models of airway inflammation such as Ascaris suum sensitized sheep, antigen challenge has been shown to cause an increase in airway blood flow [START_REF] Long | Modification of bronchial blood flow during allergic airway responses[END_REF][START_REF] Wanner | Circulation of the airway mucosa[END_REF]. These findings have now been confirmed in human subjects using recently invented noninvasive methods for airway blood flow measurements [START_REF] Kumar | Airway mucosal blood flow in bronchial asthma[END_REF][START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF][START_REF] Brieva | Effect of an inhaled glucocorticosteroid on airway mucosal blood flow in mild asthma[END_REF][START_REF] Brieva | Adrenergic airway vascular smooth muscle responsiveness in healthy and asthmatic subjects[END_REF]. By measuring the uptake of an inhaled, soluble inert gas (dimethyl-ether, DME) [START_REF] Onorato | Airway mucosal blood flow in humans. Response to adrenergic agonists[END_REF][START_REF] Scuri | Measurement of airway mucosal blood flow with dimethylether: validation with microspheres[END_REF], mean airway mucosal blood flow values (comprising about 70% of total airway blood flow) were 24% to 77% higher in patients with stable asthma than in healthy controls [START_REF] Kumar | Airway mucosal blood flow in bronchial asthma[END_REF][START_REF] Brieva | Adrenergic airway vascular smooth muscle responsiveness in healthy and asthmatic subjects[END_REF]. Using acetylene rather than DME for A c c e p t e d m a n u s c r i p t 6 measurements, airway blood flow has been confirmed to be elevated in patients with mild persistent and moderate asthma compared with healthy subjects [START_REF] Paredi | Correlation of exhaled breath temperature with bronchial blood flow in asthma[END_REF].

In the airway of asthmatics, increased blood flow is due to dilatation of resistance arteries and increased numbers of vessels in the bronchial mucosa. In animal models, most inflammatory mediators cause vasodilation [START_REF] Widdicombe | Neuroregulation and pharmacology of the tracheobronchial circulation[END_REF]. Histamine has a triphasic effect with an initial vasodilation followed by vasoconstriction, and then a long-lasting vasodilation. Sensory neuropeptides released from afferent nerves are also strong vasodilators. A number of studies have also demonstrated increased vascularity (i.e. size and number of vessels, or cross-sectional vascular area) of the bronchial mucosa in patients with asthma compared with healthy controls [START_REF] Wilson | The bronchial microcirculation in asthma[END_REF][START_REF] Chetta | Vascular component of airway remodeling in asthma is reduced by high dose of fluticasone[END_REF].

However, the contribution of increased hypervascularity to airway hyperperfusion needs to be explored.

Rapid effects on airway blood flow

Inhaled corticosteroids are known to exert their effects on the airway vasculature through genomic and nongenomic mechanisms in asthma (Fig. 1). Among these effects, corticosteroids acutely suppress airway hyperperfusion associated with asthma [START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF][START_REF] Paredi | Correlation of exhaled breath temperature with bronchial blood flow in asthma[END_REF][START_REF] Clarke | The effects of inhaled spasmogens on airway mucosal blood flo w in asthmatic subjects[END_REF]. Inhaled fluticasone propionate has been shown to decrease airway mucosal blood flow with a maximal effect about 30 min after inhalation, and a return to baseline at 90 min [START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF]. The blood flow effect increased in a dosedependent manner up to 880 µg of fluticasone propionate, with a significantly greater effect in asthmatics than in healthy controls. The vasoconstrictor action has also been demonstrated after inhalation of beclomethasone dipropionate and budesonide [START_REF] Mendes | Comparative bronchial vasoconstrictive efficacy of inhaled glucocorticosteroids[END_REF]. Since pretreatment with the selective α 1 -adrenoreceptor antagonist terazosin inhibited the effect of fluticasone propionate on blood flow [START_REF] Wanner | Nongenomic actions of glucocorticosteroids on the airway vasculature in asthma[END_REF], it is likely that Corticosteroids could increase sympathetic signal transmission and consequently vascular tone by inhibiting extraneuronal catecholamine uptake [START_REF] Iversen | Inhibition of catecholamine uptake-2 by steroids in the isolated rat heart[END_REF]. This nongenomic mechanism was demonstrated recently in dissociated rabbit aortic smooth muscle cells by showing that the inhibitory action on noradrenaline uptake occurred rapidly, was neither altered by protein synthesis nor transcription inhibitors, and could be reproduced with a corticosteroid made membrane-impermeant by conjugation to bovine serum albumin [START_REF] Horvath | Steroid sensitivity of norepinephrine uptake by human bronchial arterial and rabbit aortic smooth muscle cells[END_REF]. Furthermore, the impaired extraneuronal catecholamine uptake in atopy, which was demonstrated by comparing uptake by vascular smooth muscle cells isolated from ovalbumin-sensitized and control rabbits [START_REF] Horvath | Systemic ovalbumin sensitization downregulates norepinephrine uptake by rabbit aortic smooth muscle cells[END_REF], might lead to increased vasoconstrictor responsiveness to inhaled corticosteroids as seen in asthmatic subjects in vivo [START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF].

In recent in vitro experiments, various clinically significant corticosteroids such as budesonide and methylprednisolone have been shown to inhibit the extraneuronal monoamine transporter-mediated uptake of norepinephrine by bronchial arterial smooth muscle cells [START_REF] Horvath | Norepinephrine transport by the extraneuronal monoamine transporter in human bronchial arterial smooth muscle cells[END_REF][START_REF] Horvath | Steroid sensitivity of norepinephrine uptake by human bronchial arterial and rabbit aortic smooth muscle cells[END_REF]. This rapid (< 5 min) effect could reduce the removal of noradrenaline released from airway sympathetic nerves and, therefore, may be responsible for the rapid vasoconstrictor actions of corticosteroids.

Alternatively, the acute vasoconstrictor effect may involve other nongenomic actions of corticosteroids on vascular smooth muscle cells (Table 1). In addition, corticosteroids could disrupt the inflammatory process through rapid inhibitory actions on cellular processes or mediators related to inflammation, which might reduce inflammatory hyperperfusion in the airway in asthma ( changes, these genomic vascular actions of inhaled corticosteroids may be of therapeutic value and have received increased interest recently [START_REF] Busse | Future research directions in asthma: an NHLBI Working Group report[END_REF].

A number of studies have demonstrated that inhaled corticosteroid therapy decreases airway mucosal blood flow in patients with asthma. In a cross-sectional study, airway mucosal blood flow was higher by about 23% in corticosteroid-naive compared with corticosteroid-treated asthmatics [START_REF] Kumar | Airway mucosal blood flow in bronchial asthma[END_REF]. In interventional studies, inhaled fluticasone propionate (440 µg/day) therapy for 2 weeks reduced blood flow by about 12% and 21% in two different groups of asthma patients [START_REF] Brieva | Effect of an inhaled glucocorticosteroid on airway mucosal blood flow in mild asthma[END_REF][START_REF] Mendes | Effect of montelukast and fluticasone propionate on airway mucosal blood flow in asthma[END_REF], and additionally showed that airway blood flow returns to the pretreatment level 2 weeks after cessation of therapy.

Corticosteroids are believed to decrease blood flow in the airway mucosa largely by suppressing inflammation and the release of vasodilator mediators. This concept was supported by the fact that the effect of inhaled fluticasone propionate (440 µg/day for 2 weeks) was similar to that of the leukotriene modifier montelukast (10 mg/day) in decreasing airway blood flow in asthma patients [START_REF] Mendes | Effect of montelukast and fluticasone propionate on airway mucosal blood flow in asthma[END_REF]. Corticosteroids may also act directly on both vascular smooth muscle and endothelial cells (reviewed in [START_REF] Horvath | Inhaled corticosteroids: effects on the airway vasculature in bronchial asthma[END_REF]), thereby increasing vascular tone and reducing blow flow in the airway vasculature (Table 3).

Inhaled corticosteroids have a potential therapeutic role of reversing airway angiogenesis in asthma. In a cross-sectional study, therapy with high doses (≥ 800
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9 µg/day) of beclomethasone dipropionate was associated with a reduced vascular area of the lamina propria [START_REF] Orsida | Vascularity in asthmatic airways: relation to inhaled steroid dose[END_REF]. In interventional studies, beclomethasone dipropionate (800 µg/day) therapy for 6 months reduced the number of blood vessels and the vascular area [START_REF] Hoshino | Inhaled corticosteroids decrease vascularity of the bronchial mucosa in patients with asthma[END_REF], whereas a 6-week treatment with fluticasone propionate was effective at 1000 µg/day inhaled dose in reducing the number of blood vessels and the vascular area [START_REF] Chetta | Vascular component of airway remodeling in asthma is reduced by high dose of fluticasone[END_REF].

Perspective

Since vascular hyperperfusion is a consistent feature of tissue inflammation, airway hyperperfusion has recently been proposed as a biomarker of asthmaassociated inflammation. Thus, with the advent of a noninvasive method to measure airway blood flow [START_REF] Kumar | Airway mucosal blood flow in bronchial asthma[END_REF][START_REF] Scuri | Measurement of airway mucosal blood flow with dimethylether: validation with microspheres[END_REF], airway blood flow changes might be assessed independent of lung function as an index of disease severity and to quantitate the response to anti-inflammatory therapy. Reported reduction of airway blood flow by anti-inflammatory therapy in asthmatics [START_REF] Brieva | Effect of an inhaled glucocorticosteroid on airway mucosal blood flow in mild asthma[END_REF][START_REF] Mendes | Effect of montelukast and fluticasone propionate on airway mucosal blood flow in asthma[END_REF] and a positive correlation between exhaled nitric oxide and airway blood flo w levels [START_REF] Paredi | Correlation of exhaled breath temperature with bronchial blood flow in asthma[END_REF] lend support to this concept.

In vivo drug activity is known to depend on the drug's tissue bioavailability, which is the rate and extent to which the drug is absorbed and becomes available at the site of action [START_REF] Hammond | Determinants of steroid hormone bioavailability[END_REF]. Currently, the standard screening test to rank the relative antiinflammatory potencies and tissue bioavailabilities of corticosteroids is the McKenzie "skin blanching" test [START_REF] Mckenzie | Method for comparing percutaneous absorption of steroids[END_REF]. This test is based on the ability of corticosteroids to cause vasoconstriction in the skin after topical application [START_REF] Noon | A comparison of techniques to assess skin blanching following the topical application of glucocorticoids[END_REF], a phenomenon that is similar to the observed rapid vasoconstriction in the human bronchial mucosa [START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF]. Airway blood flow responsiveness to inhaled corticosteroids seems to be ideal in assessing how these drugs gain access to their sites of actions in the bronchial wall [START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF][START_REF] Mendes | Comparative bronchial vasoconstrictive efficacy of inhaled glucocorticosteroids[END_REF]. The airway vasculature is known to occupy a significant portion of the inner bronchial wall [START_REF] Mariassy | Morphometry of the subepithelial circulation in sheep airways. Effect of vascular congestion[END_REF]. Thus, the hypothesis that inflammatory changes of the vasculature increase mucosal thickness enough to influence airway resistance might seem reasonable. Theoretically, a small change in airway wall thickness caused by the increased sized of the vascular compartment interior to the smooth muscle layer might potentiate airway narrowing when bronchial smooth muscle shortening occurs (airway hyperresponsiveness). Although airway blood and vascular engorgement have been proposed to contribute to airway narrowing and hyperresponsiveness in asthma, the reported data are conflicting [START_REF] Csete | Vasomotion influences airflow in peripheral airways[END_REF][START_REF] Wagner | Effects of bronchial vascular engorgement on airway dimensions[END_REF]. Despite the prominent effects of inhaled corticosteroids on airway blood flow, the immediate impact of inhaled corticosteroids on lung function appears to be marginal in patients with acute asthma [START_REF] Kumar | Transient effect of inhaled fluticasone on airway mucosal blood flow in subjects with and without asthma[END_REF][START_REF] Rodrigo | Acute asthma in adults: a review[END_REF].

Since the airway circulation has an important role in the clearance of inhaled drugs (e.g. bronchodilators) from the respiratory tract, the inflammatory increase in airway blood flow is likely to have clinically undesirable effects in asthma [START_REF] Wanner | Clinical perspectives: role of the airway circulation in drug therapy[END_REF]. With respect to airway disposal of inhaled drugs, the corticosteroid induced decrease in airway blood flow is likely to enhance the action of inhaled bronchodilators by diminishing their clearance from the airway. Thus, the rapid airway vasoconstriction induced by inhaled budesonide [START_REF] Mendes | Comparative bronchial vasoconstrictive efficacy of inhaled glucocorticosteroids[END_REF] might be responsible for enhancing the bronchodilator action of inhaled formoterol as seen in patients with chronic obstructive pulmonary disease [START_REF] Cazzola | Onset of action of formoterol/budesonide in single inhaler vs. formoterol in patients with COPD[END_REF]. Since the corticosteroid-induced vasoconstriction 

Conclusions

In recent years, attention has focused on vascular components of airway inflammation because of their correlations to asthma severity, including airflow limitation and bronchial hyperresponsiveness [START_REF] Busse | Future research directions in asthma: an NHLBI Working Group report[END_REF]. Inhaled corticosteroids seem to reverse both functional and structural abnormalities of the airway vasculature through 
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 5 -transcriptional actions might also have significant implications in the pharmacotherapy of asthma[START_REF] Stellato | Post-transcriptional and nongenomic effects of glucocorticoids[END_REF].
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 7 facilitate noradrenergic signal transmission to induce neurogenic vasoconstriction.
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 8 Delayed effects on airway blood flowIn asthma, inhaled corticosteroids have been shown to counteract all the vascular manifestations of airway inflammation by inhibiting the release of vasoactive inflammatory mediators or by acting directly on vascular smooth muscle or the endothelium. Because disease severity seems to correlate with airway vascular
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 10 , analysis of the rapid vasoconstrictor action can provide information on the airway tissue bioavailability of inhaled corticosteroids, which might also depend on the aerosolized drug's physicochemical characteristics and the aerosol-generating device.

A c c e p t e d m a n u s c r i p t 11 peaks

 11 rapidly ( within 30 min after drug inhalation), simultaneous administration of inhaled corticosteroids and bronchodilators is likely to be of clinical significance.
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 18 genomic and nongenomic actions. Although the respective roles of these actions are still incomplete ly understood, the inhibitory effects on airway hyperperfusion, hyperpermeability, and angiogenesis are expected to have significant diagnostic and therapeutic implications in the management of asthma. ACKNOWLEDGEMENT G.H. is a recipient of the Bolyai Fellowship of the Hungarian Academy of Sciences, Budapest, Hungary. 53] Schmid D, Burmester GR, Tripmacher R, Kuhnke A, Buttgereit F. Bioenergetics of human peripheral blood mononuclear cell metabolism in quiescent, activated, and glucocorticoid-treated states. Biosci Rep 2000; 20(4):289-302. [54] Baccan GC, Oliveira RDR, Mantovani B. Stress and immunological phagocytosis: possible nongenomic action of corticosterone. Life Sci 2004; 75(11):1357-1368. [55] Long F, Wang YX, Liu L, Zhou J, Cui RY, Jiang CL. Rapid nongenomic inhibitory effects of glucocorticoids on phagocytosis and superoxide anion production by macrophages. Steroids 2005; 70(1):55-61. [56] Pitzalis C, Pipitone N, Perretti M. Regulation of leukocyte-endothelial interactions by glucocorticoids. Ann N Y Acad Sci 2002; 966:108-118.
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 2132211 Figure 1. Genomic and nongenomic actions of inhaled corticosteroids in the airway vasculature in patients with asthma

Figure 1

 1 Figure 1

Table 2 ).

 2 

19 TABLES Table 1 .

 TABLES1 Rapid nongenomic actions of corticosteroids in vascular smooth muscle cells

	Tissue used Rabbit aorta, human bronchial artery Rat aorta Rat aorta Rat aorta A c c e p t e d Rapid action Inhibition of the cell membrane catecholamine transporter Activation of the cell membrane Na + /H + transporter Intracellular Ca 2+ mobilization Stimulation of phosphoinositide breakdown to increase inositol-1,4,5-triphosphate levels m a n u s c r i p t Antihormon Sensitivity Ref. RU486 No effect [14, 34] RU486 Inhibition [49] Not tested [50] RU486 Inhibition [51]
	20

Table 2 .

 2 Rapid nongenomic actions by which corticosteroids could interrupt the development of inflammation and suppress ongoing inflammatory reactions

	Cell type	Rapid action	Ref.
	Neutrophils	Inhibition of degranulation	[52]
	Lymphocytes	Inhibition of membrane cation cycling	[53]
		and respiration	
	Macrophages	Inhibition of phagocytosis	[54]
	Macrophages	Inhibition of superoxide anion	[55]
		production	
	Leukocytes	Inhibition of endothelial adhesion	[56]
	Lung	Inhibition of phospholipase A 2 activity	[16]
		and arachidonic acid release