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INTRODUCTION AND OUTLINE 

General Introduction 

Cardiovascular disease and diuretics 

Cardiovascular diseases remain the leading cause of death in the industrialised world. Hypertension 

directly predisposes to all of the major atherosclerotic cardiovascular disease outcomes, including 

coronary artery disease, stroke, peripheral artery disease, and cardiac failure. An elevated arterial 

blood pressure is common, asymptomatic, readily detectable and in general easy to treat. 

The discovery of chlorothiazide in 1957 has turned out to be a milestone in the treatment of arterial 

hypertension, as diuretics became the most popular drugs used for this indication for more than 30 

years. It is predicted that in the near future diuretics will remain the cornerstone of antihypertensive 

therapy, despite development of several new classes of antihypertensive agents [1], In the 1999 

WHO/ISH hypertension guideline [2] diuretics are denominated as first choice of antihypertensive 

therapy, especially in elderly patients, and in patients with cardiac failure or with isolated systolic 

hypertension. 

Apart from hypertension, symptomatic heart failure is a frequent and important indication for the use 

of diuretics. Although several classes of cardiovascular compounds are of value in the treatment of 

heart failure, optimal regulation of the hydration state by diuretic agents plays a pivotal role for 

several reasons. First, diuretics produce symptomatic benefits more rapidly than any other drug for 

heart failure. Second, diuretics are the only drugs that can adequately control fluid retention 

associated with heart failure. Third, appropriate use of diuretics is a key element in the success of 

other drugs used for the treatment of heart failure. Several diuretic drugs are used for the treatment 

of patients with edema, especially loop diuretics such as furosemide have shown to be very effective 

in edematous states associated with acute and chronic cardiac failure. 

Different types of diuretics 

Diuretics are a diverse group of compounds that possess the ability to augment net renal sodium 

excretion. Classification of the different types of diuretics is based on their well studied renal 

mechanism of action. Figure 1 shows the site of action of the different groups of diuretics in the 
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CHAPTER 1 

functional unit of the kidney, the nephron Al l diuretics except Spironolacton reach these luminal 

transport sites through the tubular f luid 

Diuretics can be divided into three mam groups defined by their specific site of action along the 

nephron and the distinct sodium transporter inhibited Acetazolamide is a selective inhibitor of 

carbonic anhydrase, wi th no effect on NaCI cotransport in the distal tubule Chemical alterations of 

carbonic anhydrase inhibitors led to the discovery of thiazide diuretics Thiazide and thiazide-like 

diuretics decrease salt reabsorption in distal convoluted tubules by inhibiting the NaCI cotransporter 

Most thiazides also act in the proximal tubule, where they inhibit the enzyme carbonic anhydrase 

Loop diuretics such as furosemide and bumetanide reduce sodium transport in thick ascending limbs 

of Henle's loop by inhibit ing the Na-K-2CI cotransporter Sodium channel inhibitors like amilonde 

reduce sodium reabsorption in collecting ducts by blocking transport through the amilonde-sensitive 

Na* channel 

Molecular cloning of each of these sodium transporters has been accomplished, and exogenous 

expression of these transporter molecules in cells al lowed the functional characterisation of each of 

the specific transporters 

Figure / Sites of action of several 

diuretics in the functional unit of the 

kidney, the nephron In the proximal 

tubule the enzyme carbonic anhydrase is 

inhibited by acetazolamide and most of 

the thiazide diuretics The Na-K-2CI 

cotransporter is expressed in the thick 

ascending limb of Henle, where it is 

inhibited by loop diuretics The NaCI 

cotransporter is expressed in the distal 

convoluted tubule This transporter is 

inhibited by the thiazide class of 

diuretics The sodium channel is formed 

from three subunils and expressed in the 

principal cells of the cortical collecting 

duct, where it is inhibited by amilonde 

type diuretics 

Thiazide diuretics 

The NaCI cotransporter in the distal convoluted tubule is the target site for thiazide diuretics The 

entry of sodium and chloride ions is a secondary active transport process depending on the 

transcellular electrochemical Na*-gradient that is maintained by the basolateral Na*-K*-adenosine 

Thiazide diuretics 

Carbonic anhydrase 
inhibitors 
Thiazide diuretics 
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INTRODUCTION AND OUTLINE 

triphosphatase (ATPase) The NaCI cotransporter was originally cloned from the flounder bladder [3] 

It is a relatively large glycoprotein with a core molecular weight of about 110 kd, the overall topology 

being similar to the Na-K-2CI cotransporter Ion transport function and diuretic sensitivity were 

characterized m Xenopus laevis frog oocytes Cotransporter RNA-mjected oocytes exhibited 

chloride-dependent tracer sodium uptake, which was specifically inhibited by thiazides such as 

hydrochlorothiazide, whereas the loop diuretic bumetanide had no effect It is thought that sodium 

binds first to the cotransporter, and then chloride Thiazides appear to bind at or near the CI site on 

the transporter protein in a competitive fashion [4] 

The thiazide-sensitive cotransporter gene, SLC12A3, has been localized to human chromosome 16 

[5,6] Mutations in the SLC12A3 gene have been linked to kindreds with the Gitelman syndrome 

[6,7] Dysfunction of the NaCI cotransporter proteins leads to renal salt wasting with subsequent 

volume depletion, hypokalemic metabolic alkalosis, and hypocalciuna, comparable with the effects 

of thiazide diuretics 

Loop diuretics 

Loop diuretics exert their renal action in the thick ascending limb During antidiuresis, the entry of 

each sodium ion across the apical membrane of thick ascending limb cells is coupled to 1 potassium 

and 2 chloride ions by the Na-K-2CI cotransporter It is a secondary active process because it depends 

on the low intracellular Na* that is maintained by the primary active extrusion of sodium from the 

cell by the basolateral Na*-K*-ATPase 

Two distinct Na-K-2CI cotransporter genes, 5LC72A7 and SLC/2A2, have been cloned and both are 

expressed in the mammalian kidney The 2 Na-K-2CI cotransporters are large proteins with a core 

molecular weight of 120-150 kd TheSLC/2A/ gene is predominantly, if not exclusively, expressed 

in the thick ascending limb [8] and macula densa cells [9] Ion transport function and diuretic 

sensitivities were determined using Xenopus laevis frog oocytes injected with synthetic messenger 

RNA (cRNA) Cotransporter cRNA-mjected oocytes exhibited high levels of potasium and chloride-

dependent "Na* uptake, specifically inhibited by bumetanide, and not by hydrochlorothiazide [10] 

Kinetic studies suggest that the order of lon-bindmg-mteraction is as follows Na* binds first, then one 

CI followed by K* and the second CI Loop diuretics appear to bind at or near the second CI site 

on the transporter protein, but bumetanide binding has been shown to depend on the presence of 

all 3 ions [11] 

Mutations in the cotransporter gene, called Bartter's syndrome, result in absence or diminished 

function of the Na-K-2CI cotransporter and mimic the effects of loop diuretic therapy This syndrome 

consists of a set of autosomal recessive disorders characterized by volume depletion and low blood 

pressure, hypokalemic metabolic alkalosis, elevated renine levels and consequently 

hyperaldosteromsm, and hypercalciuna 
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CHAPTER Ì 

Potassium sparing diuretics 

Diuretics acting on the collecting ducts are called potassium sparing, because their use results in 

diminished urinary excretion of potassium. These weak diuretics are often used concomitant with 

loop- or thiazide diuretics to reduce potassium loss and the attendant hypokalemia. 

Sodium enters the principal cell of the collecting duct down its electrochemical gradient through 

highly selective Na* channels that can be specifically inhibited by amiloride [12]. The activity of the 

epithelial Na* channel is regulated by several hormones, including mineralocorticoids and 

vasopressin. Within the kidney, aldosterone is the major sodium-retaining hormone that stimulates 

Na*-reabsorption across the epithelium. 

The amiloride-sensitive epithelial Na* channel is formed by 3 homologous subunits: a-ENaC, ß-ENaC 

and γ-ENaC. The sodium conductance generated upon expression of all 3 subunits in Xenopus 

oocytes is sensitive to both amiloride and triamterene. Because expression of an a-ENaC mutant that 

lacks the putative amiloride-binding site exhibited a greatly reduced affinity for both triamterene and 

amiloride, it seems likely that both diuretics interact with a-ENaC by very similar mechanisms and 

probably share a similar or identical binding site [13]. 

Mutations in the human ENaC genes result in two distinct inherited disorders characterized by either 

'gain-of-function'or 'loss-of-function' of the epithelial sodium channels. Mutations in β- and γ-ENaC 

causing overactivity of the sodium channel result in NaCI retention and hypertension, called Liddle's 

syndrome [14]. Mutations leading to reduction or loss of channel activity result in 

pseudohypoaldosteronism type 1. This is a rare autosomal recessive disease characterized by severe 

neonatal renal salt wasting, hyperkalemia, metabolic acidosis, and unresponsiveness to aldosterone. 

Mutations have been found in the α, β, and γ subunits of ENaC [15], 

Amiloride is known as a non-specific drug: besides inhibition of the above mentioned sodium 

channels, also blockade of a- and ß-adrenergic receptors [16], of Na7H* and Na*/Ca2* 

exchangers[1 7,18], and of the L-type Ca2* channel [19] has been demonstrated. 

All the above mentioned targets for diuretics in the kidney are also present in the vascular wall: The 

enzyme carbonic anhydrase (inhibited by acetazolamide and most of the thiazide diuretics), the NaCI 

cotransporter (inhibited by thiazide diuretics), the Na-K-2CI cotransporter (inhibited by loop 

diuretics), a- and ß-adrenergic receptors, Na*/H* exchanger, NaVCa2* exchanger and L-type Ca2* 

channels (all inhibited by amiloride). Therefore, diuretics may exert a direct interaction with the 

vessel wall and consequently influence vascular tone. 

Regulation of vascular tone 

Mechanisms that regulate vascular tone have been intensively investigated in recent years. Apart from 

the role of the autonomic nervous system and the remn-angiotensin-aldosterone system in vascular 

control, several local mediators govern (patho)physiological responses of the circulation. Endothelial 
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and vascular smooth muscle cells have been shown to produce vasorelaxant substances such as nitric 

oxide, endothelium-denved hyperpolanzmg factor, and vasodilator prostaglandins Also substances 

that increase vascular tone, such as vasoconstrictive prostaglandins and endothelin are secreted by 

cells in the vascular wall From the complexity of factors that influence vascular tone and reactivity, 

some mechanisms which are relevant to the mechanisms described in this thesis will be highlighted 

Intracellular calcium 

The intracellular signal that links systemic or local external stimuli to vascular smooth muscle cell 

contraction and relaxation appears to be the level of free cytosolic calcium, [Ca2*]. Although it is 

generally accepted that [Ca2*], plays a central role in the excitation-contraction coupling process m 

vascular smooth muscle, the relationship between calcium and tone is not a simple one Data 

obtained using intracellular calcium indicators suggest that agonists that produce similar force profiles 

still differ in the profiles in [Ca2+]i [20] With regard to this thesis and as the opposite of contraction, 

vascular smooth muscle cells can be relaxed by three possible mechanisms 

Intracellular calcium can be decreased by decreasing the influx from or by increasing the efflux 

to the extracellular compartment 

Intracellular calcium can be decreased by reducing the net release of calcium from intracellular 

calcium stores 

The sensitivity of the contractile apparatus to intracellular calcium can be decreased 

The second messenger [Ca2*], can be regulated via pharmacological modulation of specific receptors 

or ion channels on the cell membrane that initiate a cascade of biochemical events leading to 

contraction or relaxation of vascular smooth muscle. 

Calcium channels 

The most direct way to influence [Ca2*], is via modulation of transmembrane calcium channels In 

view of differences in their pharmacological properties and structural characteristics, calcium 

channels have classically been divided into several subgroups of which voltage-operated calcium 

channels (VOC, activated by changes in membrane potential) and receptor-operated calcium 

channels (ROC, activated by receptor stimulation) are the mam ones Drugs known as 'calcium entry 

blockers' directly interact with the calcium channel However, since the voltage-operated calcium 

channel is very sensitive to changes in membrane potential, any intervention that results in a change 

in membrane potential leads to either opening or closure of voltage operated calcium channels. By 

this mechanism, drugs can modulate calcium channel activity in an indirect manner by influencing 

membrane potential through interference with other ion channels 
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Potassium channels 

Potassium channels in vascular smooth muscle cells play an important role in the regulation of 

vascular tone Because the intracellular concentration of potassium is relatively high as compared 

to the exterior of the cell, opening of potassium channels allows potassium to diffuse rapidly down 

this gradient, out of the cell When potassium ions exit a cell, the plasma membrane hyperpolanzes, 

leading to closure of voltage-operated calcium channels, reducing calcium entry and decreasing 

intracellular calcium concentration, causing vasorelaxation Several types of potassium channels have 

been demonstrated with patch-clamp and/or pharmacological techniques Two types that appear to 

play an important role in the regulation of vascular tone will be focused on 

ATP-sensitive potassium channels 

As initially described in cardiac myocytes, increases m intracellular concentrations of ATP lead to 

closure of KATP channels [21] These channels are blocked by sulphonylurea derivatives, such as 

glibenclamide, and are opened by agonists, such as cromokalim and diazoxide To what degree 

activity of KATP channels contribute to the resting vascular tone appears to depend on the vascular bed 

studied Local application of glibenclamide decreases coronary blood flow [22], but does not alter 

resting forearm blood flow in vivo [23] 

Calcium-activated potassium channels 

There are at least three types of calcium-activated potassium channels, of which the large 

conductance Kca channel seems to be the most important in the regulation of vascular tone 

Kca channels are activated by small increases m intracellular calcium and may serve as a negative 

feedback mechanism to prevent the vascular smooth muscle cell from calcium overload 

Pharmacological agents, including tetraethylammomum, charybdotoxm and ibenotoxin, selectively 

block the activity of the large conductance Kca channel [24] There are indications that vascular Kca 

channels may be active under basal conditions, especially in the brain where inhibition of this 

channel leads to vasoconstriction [24] 

Besides intracellular calcium, also hypoxia, nitric oxide, estrogens, and an increase in intracellular 

pH have been demonstrated to activate the Kca channel However, up to now no pharmacological 

agent is known that specifically and selectively opens the large conductance Kca channel 

14 
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INTRODUCTION AND OUTLINE 

Many vasodilating substances produce relaxation of vascular smooth muscle cells through the release 

of a diffusible substance from the endothelium, which was initially termed endothelium derived 

relaxing factor (EDRF) and later identified as nitric oxide (NO) [25] NO relaxes smooth muscle cells 

by stimulation of guanylate cyclase, accumulation of its product cGMP, and cGMP-dependent 

modification of several intracellular processes It is a simple molecule with broad and diverse effects 

in human biology that have been recognized only recently Since the first publication of Furchgott 

and Zawadzki in 19Θ0 over 30,000 medical papers have been published using the keyword 'nitric 

oxide' 

Besides the vascular effects of nitric oxide (vasodilation, maintenance of vascular integrity, 

impairment of leucocyte adhesion to the endothelium and thrombocyte function, inhibition of 

smooth muscle migration and proliferation), similar effects are exerted by NO in smooth muscle cells 

of other organ systems Apart from these properties perhaps the most important archievement of the 

discovery of NO is the initiation of a new way of thinking about the vascular endothelium as an 

endocrine tissue, replacing the old concept considering the endothelium an inert component of the 

vessel 

Vascular effects of diuretics? 

More than four decades after their introduction, the mechanism of the antihypertensive effect of 

thiazide diuretics is still not fully clarified However, the major hypotensive effect of thiazides during 

long-term administration appears to be due to vasodilation, rather than to saluresis or loss of free 

water per se [26] It is not clear whether the vascular effects are mainly due to a direct interaction 

with the vascular wall or secondary to diuretic-induced changes in sodium balance Whereas the 

decrease in peripheral resistance may be a consequence of sodium depletion, thiazides are generally 

more effective antihypertensive agents than are loop diuretics, despite causing less salt loss An acute 

thiazide-mduced fall in blood pressure is incidentally observed, dissociated from changes in plasma 

volume in patients with renal failure [27], although there are no consistent data In animal and human 

isolated resistance arteries, hydrochlorothiazide exerts a dose-dependent direct vasodilator effect at 

therapeutic concentrations 

Especially in patients with acute left ventricular heart failure, systemic administration of furosemide 

has been reported to relieve the symptoms of pulmonary edema immediately, even before diuresis 

sets in [29] Although no direct evidence is available, it is generally believed that a reduction in 

venous return as a result of a nondiuretic vascular effect by furosemide is responsible for the rapid 

symptomatic relief for these patients [30] The mechanism of this action is not known 

In this thesis the putative presence and mechanism of the vascular actions of several diuretics was 

examined 
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Outline of this Thesis 

Questions unanswered 

Although much work has been done, it is still unclear whether or not diuretic compounds exert 

vasoactivity due to a direct interaction with the vascular wall in vivo in humans The mam problem 

with all previous in vivo studies is the systemic administration of the drug under investigation leading 

to central effects, hormonal responses, changes in sympathetic output, and alterations in blood 

pressure and plasma volume These systemic effects make it difficult to discriminate between direct 

and indirect vascular effects Also, the mechanism of action of the previously described direct 

vasorelaxant effect of hydrochlorothiazide in isolated resistance arteries needs further elucidation 

With the methods described hereafter local vasoactivity was investigated in the absence of 

hemodynamic effects linked to volume and electrolyte loss and without provoking disturbing 

systemic (counterregulatory) mechanisms In this way, the presence and the mechanisms of an acute 

and direct vascular effect of several diuretics were investigated 

Methods used 

In vitro: the microvascular myograph 

Experiments m isolated vessels seem to represent the most appropriate way to determine direct 

vascular effects of a pharmacological agent in vitro The importance of small arteries in the control 

of total peripheral resistance and their role in hypertension has been emphasized many times In the 

past, pharmacological studies were limited to large vessels because of technical difficulties Some 

20 years ago a technique for measuring isometric force development in arteries was developed into 

a working tool for the use of small arteries (200 to 500 μιη in diameter) [31] Ring segments of small 

arteries can be mounted in an organ bath on two stainless steel wires, between a displacement device 

and an isometric force transducer. This technique enables to examine the vasodilator activity in 

arteries small enough to contribute significantly to vascular resistance in vivo, so that results may 

reflect the importance of this vascular effect concerning the blood pressure lowering efficacy of the 

drug studied 
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CHAPTER 1 

In this thesis, small vessels were obtained from rat and guinea-pig mesentery, and human 

subcutaneous fat Animals were killed by cervical dislocation and human material was obtained from 

patients that underwent elective hip surgery After dissection and mounting, vessels are normalised 

to a standard resting tension representing 90% of the circumference a vessel would maintain if 

relaxed and exposed to 100 mm Hg transmural pressure This was calculated for each individual 

artery on the basis of the passive length-tension characteristics of the artery and the Laplace 

relationship [31] At this setting, near-maximal force development can be obtained and the internal 

diameters referred to were derived from this calculation 

Markers of intracellular calcium (Fura-2AM) and intracellular pH (BCECF-AM) were used to further 

elucidate the mechanism of action of the direct vascular effects of hydrochlorothiazide in vitro 

Fluorescence was measured with a Deltascan spectrofluonmeter connected to an inverted Axiovert 

35 fluorescence microscope Emission signals and vascular tone were measured simultaneously and 

acquired on-line with an A/D interface connected to an IBM computer Data were stored on an 

optical disc and later analysed off-line with commercially available software The experiments 

performed with these techniques were carried out at the department of Clinical Pharmacology and 

Therapeutics (head Prof dr Ρ S Sever), National Heart and Lung Institute, St Mary's Hospital 

Medical School, London (United Kingdom) under the supervision of Dr A D Hughes 

In vivo: venous occlusion plethysmography and dorsal hand vein distensibility 

measurements 

Most in vivo experiments described in this thesis were performed using the 'perfused forearm 

technique' in which venous occlusion plethysmography is used to measure forearm blood flow (FBF) 

This technique has been widely used to study FBF and the underlying principle is straightforward 

When venous return from the arm is obstructed and arterial inflow continues unimpeded, the forearm 

swells at a rate proportional to the rate of arterial blood flow Forearm blood flow is predominantly 

(50 to 70%) determined by the skeletal muscle vascular bed, the remainder being flow through skin 

[32] The hands should be excluded from the circulation, as blood flow in the hands is predominantly 

through the skin Consequently, there is a high proportion of arteriovenous shunts and the regulation 

of hand blood flow has different physiological and pharmacological characteristics If a 

pharmacological intervention is made in one arm via intrabrachial infusion of an agent, any change 

in ratio of blood flow between the infused and the nonmfused forearm is a direct reflection of change 

in local vascular tone in the infused forearm Expressing results in terms of the ratio of blood flow in 

the two amis provides an internal control, uses all the available data, minimizes variation, and gives 

consistent and reproducible results [33,34] 

In practice, the experiments were performed with subjects in the supine position m a quiet, 

temperature controlled room Under local anesthesia a 20-gauge catheter was inserted into the left 

brachial artery The arterial line was used both for infusion of drugs and for blood pressure 

recordings With the arm elevated just above heart level, blood flow was measured before and during 

intra-artenal infusion of various drugs simultaneously m the infused and m the nonmfused forearm 
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These measurements were made three times per minute by electrocardiography (R-top)-tnggered 

venous occlusion plethysmography using mercury-m-Silastic strain gauges. Hand circulation was 

occluded during all FBF-recordings by a wrist cuff inflated 100 mm Hg above the systolic blood 

pressure. FBF and drug administration were normalised to forearm volume (FAV) as measured with 

the water displacement method, and were expressed in mL.mm '.dL'. 

Measurements were started at least 30 minutes after mtra-arterial cannulation and 1 minute after 

occlusion of the hand circulation. The FBF measurements during the last 2 minutes of each infusion 

period were taken as the response and used for further analysis. The technique is accurate and often 

used as the standard against which other methods are judged [35]. 

To examine the interaction of a drug with the venous vascular wall, dorsal hand vein distensibility 

was measured before and after local or systemic administration of the agent under investigation with 

a linear variable differential transformer (LVDT) as described by Aellig [36] and evaluated by Alradi 

and Carruthers [37]. 

With the subject in the supine position in a temperature controlled laboratory, the arm of 

investigation was placed on a rigid support at an angle of 30° from the horizontal to allow complete 

emptying of the superficial hand veins. A sphygmomanometer cuff placed on the upper arm was then 

inflated to 45 mm Hg. A suitable large superficial vein with no apparant tributaries in the immediate 

area of examination was chosen and a 23-gauge butterfly needle was inserted into the vein. The 

lightweight probe of the LVDT was placed over the summit of the chosen vein, 10 mm downstream 

from the tip of the needle. Under these conditions dorsal hand vein distensibility is maximal during 

venous occlusion. When the venous pressure remains constant at 45 mm Hg, changes in venous 

diameter are proportional to changes in venous tone. Owing to the low venous tone present under 

these conditions [38], venodilator effects can only be quantified on veins that have been 

preconstricted. In order to examine drug-induced venodilation we used continuous infusion of 

increasing concentrations of noradrenaline to precontract the veins. Infusion of the noradrenaline 

concentration that induced a precontraction of approximately 30% of maximal vein diameter was 

sustained throughout the experiment. During these experiments blood pressure and heart rate were 

monitored every 5 minutes by an oscillometric device (Dinamap, 1846-SX) attached to the 

contralateral arm. 

Studies performed 

In the first part of this thesis (chapters 2-7), the vascular effects of hydrochlorothiazide and other 

inhibitors of the carbonic anhydrase enzyme were investigated. In particular, the effects of 

hydrochlorothiazide on vascular tone and on intracellular calcium, including interaction of 

hydrochlorothiazide with vascular potassium channels and calcium release from the sarcoplasmic 

reticulum, were examined in isolated small guinea-pig arteries (chapter 2). Since hydrochlorothiazide 

binds to and inhibits carbonic anhydrase, the role of inhibition of this enzyme in the direct vascular 

activity of thiazide diuretics was examined by the use of several selective carbonic anhydrase 
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CHAPTER 1 

inhibitors (acetazolamide, ethoxzolamide and benzolamide) and the thiazide diuretics 

hydrochlorothiazide and bendroflumethiazide. In addition to the assessment of the direct effects of 

these agents on vascular tone, intracellular pH was also measured (chapter 3). 

In patients treated with hydrochlorothiazide an impaired glucose tolerance is often observed, of 

which the mechanism of action is not clearly understood. Assuming that the effects of 

hydrochlorothiazide on vascular smooth muscle cells as obtained from the experiments in isolated 

vessels are also present in pancreatic ß-cells, a new hypothesis has been proposed to explain the 

phenomenon of 'thiazide-induced hyperglycemia' (chapter 4). 

Direct vascular effects of hydrochlorothiazide in vivo are described in chapters 5 and 6. First, the 

effects of intrabrachial hydrochlorothiazide administration on FBF were examined in normotensive 

volunteers (chapter 5). Second, direct vasoactivity of higher concentrations of hydrochlorothiazide 

was examined in normotensive subjects and in hypertensive patients. To elucidate the mechanism 

of action, additional experiments with the potassium channel antagonist tetraethylammonium and 

hydrochlorothiazide administration to patients with the Gitelman syndrome were conducted. 

Furthermore, the effects of hydrochlorothiazide were compared with the vasular effects of the 

thiazide-like agent Indapamide in both nomnotensives as well as in hypertensive patients (chapter 6). 

The last chapter of part one describes the presence and mechanism of action (with emphasis on 

endothelial prostaglandin and nitric oxide release and vascular potassium channel activation) of 

vasoactivity in the human forearm induced by the selective carbonic anhydrase inhibitor 

acetazolamide (chapter 7). 

Part II (chapters 8, 9 and 10) focuses on the vascular effects of loop diuretics. Although it is generally 

believed that the beneficial effect of loop diuretics is the result of a rapid increase in diuresis, 

substantial evidence from a large number of in vitro and in w'vo experiments has accumulated, 

showing that administration of furosemide causes direct vascular effects, which probably contribute 

to its acute clinical effects. Several mechanisms are involved in the vascular response to loop 

diuretics. The role of the renin-angiotensin-aldosterone axis, of prostaglandins, and of the direct 

effects of loop diuretics on both the arterial and venous sides of the vasculature are reviewed in 

chapter 8. 

In chapter 9 the vasorelaxant properties of furosemide and bumetanide in isolated small arteries from 

rat, guinea-pig, and humans are described. The interaction with the endothelium, prostaglandins, 

membrane potential, and with cellular calcium homeostasis was investigated. 

Since all previous in vivo experiments concerning furosemide-induced vasoactivity used systemic 

administration of the drug it is unclear whether the observed effects are due to a direct action on the 

vascular wall or are mediated via changes induced by cardiovascular reflexes or regulatory systems. 

The genuine direct effects of furosemide on arterial and venous vascular tone in vivo were studied 

in healthy volunteers. After assessment of the direct effect of furosemide on forearm blood flow and 

preconstricted hand veins, the interaction with local prostaglandin and nitric oxide release and also 

the effect of systemically administered furosemide were investigated. 
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Part III (chapter 11) focuses on the direct vascular effects of the potassium sparing diuretic amiloride. 

Chapter 11 describes the direct vascular effects of amiloride on the human vasculature in vivo and 

the interaction of amiloride with the contractile response to noradrenaline and angiotensin II. 
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[CA1*], AND VASOACTIVITY OF HYDROCHLOROTHIAZIDE 

Summary 

We examined the effect of the thiazide diuretic, hydrochlorothiazide, on intracellular calcium 

concentration ([Ca2*].) and tone in guinea-pig mesentery arteries. Vessels were mounted on a 

microvascular myograph and loaded with the Ca2'-sensitive fluorescent dye, Fura-2AM. 

Hydrochlorothiazide caused relaxation of noradrenaline-precontracted arteries associated with a fall 

in [Ca2+]i. Preincubation of arteries with hydrochlorothiazide inhibited both contraction and rise in 

[Ca2*], in response to noradrenaline. Hydrochlorothiazide did not affect tone and [Ca2*], when this 

was elevated by a combination of depolarizing potassium solution and noradrenaline. 

Hydrochlorothiazide-induced vasorelaxation and decrease of [Ca2*], was abolished by 

charybdotoxin, a blocker of large conductance Ca2'-activated Κ channels. The rise in [Ca2*], elicited 

by caffeine in Ca2*-free physiological salt solution, and presumably reflecting Ca2* release from 

intracellular stores, was not altered by preincubation with hydrochlorotiazide. Under depolarizing 

conditions hydrochlorothiazide did not alter the relationship between the extracellular concentration 

of Ca2* and [Ca2*].; however, hydrochlorothiazide caused a small reduction in the contraction 

produced for a given rise in [Ca2*], suggesting hydrochlorothiazide may cause a slight desensitization 

of the contractile machinery. 

These findings suggest that hydrochlorothiazide opens Ca2*-activated Κ channels leading to 

hyperpolarization and consequent closing of voltage-operated calcium channels. The result of this 

is an impaired influx of extracellular Ca2*, a decrease in [Ca2*]., and vasorelaxation. 
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CHAPTER 2 

Introduction 

More then four decades after their introduction in 1957, thiazide diuretics are still the mainstream 

of therapy of a large part of the hypertensive population [1] Besides the well studied effect of thiazide 

diuretics on the nephron, little is known concerning direct vascular actions of this class of drug, 

despite the fact that in the long term, thiazide diuretics act by lowering vascular resistance, rather 

than by their diuretic effect [2] Hydrochlorothiazide has been reported to relax isolated portal vein 

by Mironneau and colleagues [3], and recently relaxant effects of hydrochlorothiazide and related 

drugs have been demonstrated in human isolated small arteries [4,5] 

It has long been recognized that Ca2+ ions are necessary to trigger and maintain the cascade of 

protein activation and deactivation that leads to a contractile response in vascular smooth muscle 

cells The free concentration of Ca2* ions that is present in the cytosol of vascular smooth muscle 

cells governs, to an important extent, the activity of the contractile machinery The contraction of 

vascular smooth muscle in response to a vasoconstnctor is initiated by increases in free intracellular 

calcium ([Ca2*].) This increase of [Ca2*], arises from two mam sources influx of extracellular Ca2* 

ions, and mobilisation of intracellular calcium stores, probably associated with the sarcoplasmic 

reticulum [6] There are also indications that vasoconstrictor agents increase the sensitivity of the 

contractile machinery to [Ca2*]. [6-8] 

In the opposite case of vasodilatation, [Ca2*], can decline as a result of blockade of calcium release 

from intracellular stores or through decrease of influx of extracellular Ca2*, besides the possibility that 

some relaxants may desensitize the contractile apparatus to Ca2* [6] 

In view of the key role played by [Ca2*], in regulating vascular tone, we have studied the interaction 

between the vasorelaxant, hydrochlorothiazide and [Ca2*], in isolated small arteries (internal diameter 

approximately 300 μπι) using the fluorescent indicator, Fura-2AM Such arteries were used for this 

study since they are small enough to contribute significantly to peripheral vascular resistance in vivo 

[9] and may better reflect the behaviour of the resistance vasculature than larger upstream vessels 

Methods 

Guinea-pig mesentery was removed from male animals («300 g) killed by cervical dislocation 

Resistance vessels (internal diameter 342 ± 15 μιη) were dissected free from surrounding tissue and 

mounted on two 40 μιη wires in a single channel myograph dedicated to fluorescence measurements 

to allow simultaneous measurements of isometric tension (force) and [Ca2*], to be made 

The myograph contained 5 mL of a modified Krebs-Henseleit physiological saline solution (PSS 

composition, mmol L' NaCI 118, KCl 4 7, CaCh 5H2O 2 5, MgSO* 7H2O 1 17, NaHCOs 25 0, 

NaH2P04 2H*0 1 0, Na2EDTA 0 03, and glucose 5) maintained at 370C and aerated with 95% O2, 

5% CO2 The vessels were allowed to equilibrate for 1 hour and then set at a 'normalized' internal 

circumference 0 9 L100 estimated to be 90% of the circumference they would maintain if relaxed and 

exposed to 100 mm Hg transmural pressure L100 was calculated for each individual vessel on the 

basis of the passive length-tension characteristics of the artery and the Laplace relationship [10] This 
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procedure optimised active force generation by these vessels and the internal diameters referred to 

were derived from this calculation 

Prior to beginning of the studies, vessel viability was assessed by exposing arteries to 118 mmol L ' 

K* solution (KPSS, PSS with equimolar substitution of 118 mmolL ' Κ for NaCI), KPSS with 

noradrenaline (10 μιτιοΙΙ.'), and noradrenaline (10 μπηοΙΙ-') alone Vessels which did not 

reproducibly produce tension equivalent to more than 100 mm Hg effective pressure (by Laplace) 

in response to these stimulants were discarded 

Following assessment of vessel viability the vessels were incubated with the fluorescent calcium 

indicator Fura-2AM (6 μπιοΙ L ') for 2 hours in PSS containing 0 02% Pluromc F-127, 0 1 % cremaphor 

EL, and 0 5% dimethyl sulphoxide to improve loading as previously described [8,11] Basal tone and 

contractile response to noradrenaline and potassium were not affected by exposure to this solution 

Fluorescence was measured with a Deltascan spectrofluorimeter (Photon Technology International 

Ine South Brunswick, NJ, U S A ) connected to an inverted Axiovert 35 fluorescence microscope 

(Carl Zeiss Oberkochen, Germany) [Ca2*]i was assessed on the basis of the ratio of fluorescence 

emission measured at 510±5 nm which was evoked by excitation at 340 and 380 nm Emission 

signals and force were measured simultaneously at 4 Hz and acquired on-line using an A/D interface 

(Photon Technology International Ine , South Brunswick, NJ, U S A ) connected to an IBM AT PC 

Data were stored on an optical disc and later analysed off-line using commercially available software 

(Photon Technology International Ine, South Brunswick, NJ, U S A ) Both changes in force and 

[Ca2*]i were normalized by expressing them as a percentage of control responses to KPSS for each 

individual vessel Relaxation or fall in [Ca2*], was calculated as % reduction in stable active tone or 

[Ca2+]i immediately prior to addition of drug 

Guinea-pig mesenteric arteries do not possess tone under resting conditions, therefore the relaxant 

effect of hydrochlorothiazide was examined on precontracted vessels In some experiments a 

supramaximal concentration of noradrenaline (10 μπιοΙ L'), or noradrenaline (10 μιτιοΙ L1 ) in the 

presence of KPSS were used to precontract the vessels and a near maximal concentration of 

hydrochlorothiazide (30 μπιοΙ L1) was added once stable tone and [Ca2*], were attained In other 

experiments we examined the effect of 20 minutes preincubation with hydrochlorothiazide (30 

μιτιοΙ L ') or vehicle control on noradrenalme-mduced rise in tone and [Ca2+]i Hydrochlorothiazide 

had no effect on resting tone or [Ca2*]. We also studied the effect of charybdotoxm on 

hydrochlorothiazide-mduced relaxation in vessels precontracted with noradrenaline (10 μιτιοΙ L1) 

after pre-mcubation with charybdotoxm (100 nmol L ') for approximately 20 minutes Charybdotoxm 

was present throughout these experiments 

The effect of hydrochlorothiazide on release of Ca2* from intracellular stores was studied by 

examining the effect of caffeine (10 mmol L ') in the absence of extracellular Ca2* Vessels were 

bathed in Ca2*-free PSS (containing 1 mmol L ' BAPTA) for 3 minutes which is sufficient to remove 

extracellular Ca2*, but not do deplete intracellular stores [12] The vessel was then exposed to Ca2*-

free PSS containing 10 mmol L1 caffeine for a further 3 minutes and then washed out into PSS 

Hydrochlorothiazide (30 μιτιοΙ L') or vehicle control (0 1 % dimenthylsulphoxide) was present in PSS 

and then in Ca2*-free PSS for a total of 20 minutes before addition of caffeine 
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The effect of hydrochlorothiazide on the sensitivity of the contractile machinery to [Ca2*], was 

examined by observing the effect of hydrochlorothiazide on contractile and [Ca2*], responses to 

addition of extracellular Ca2* to a nominally Ca2*-free high potassium solution Concentrations of 

Ca2* referred to are those added to the nominally Ca2*-free high potassium solution and extracellular 

[Ca2*], is likely to differ from these Vessels were bathed in Ca2*-free KPSS for 3 minutes prior to 

cumulative addition of Ca2* (1 nmol L1 to 3 mmol L') Ca2* concentration-response curves (Ca2* 

1 nmol L ' to 3 mmol L ') were constructed after either incubation with hydrochlorothiazide for 17 

minutes in PSS prior to changing to Ca2*-free KPSS containing hydrochlorothiazide (30 μιηοΙ L ') or 

a similar incubation with vehicle control In order to exclude time- or order-dependent effects in 

these studies the order of exposure to hydrochlorothiazide or vehicle was randomized 

Drugs 

1,2-b/s(2-Aminophenoxy) ethane Ν',Ν',Ν',Ν', tetraacetic acid (BAPTA), caffeine, cremaphor-EL, 

dimethylsulphoxide, hydrochlorothiazide, noradrenaline bitartrate, and verapamil were purchased 

from Sigma (Poole, Dorset, UK) Pluromc F-127 and pre-weighed ahquots (50 μg) of Fura-2 acetoxy-

methylester (Fura-2AM) were purchased from Molecular Probes (Oregon, U S A ) One fresh aliquot 

of Fura-2AM was used for each experiment Charybdotoxm was purchased from Peptide Institute 

(Osaka, Japan) With the exception of charybdotoxm, which was stored as frozen ahquots, all drugs 

were prepared on the day of the experiments Noradrenaline was dissolved in distilled water and 

hydrochlorothiazide in dimethylsulphoxide The final concentration of dimethylsulphoxide 0 1 % 

(v/v) had no effect on vessel reactivity 

Statistics 

Data are presented as meantstandard error of mean with the number of observations in parentheses 

Data were analysed by Student's t-test, in the case of paired comparisons, or two-way analysis of 

variance (ANOVA) in the case of multiple comparisons P< 05 was considered significant 

Concentration-response data were fitted to a logistic function 

A + (B-A) 
y 

1+(10710")D 

Where y - effect at a given concentration of drug, A - minimum effect, Β = maximum effect, 

c - ECso, χ = log [drug], D = 'Hill slope', by non-linear regression using Excel 5 0 (Microsoft, 

U S A ) and a macro written by one of us (A D Η ) on an IBM compatible PC 
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Results 

The effect of hydrochlorothiazide on responses to noradrenaline and the effect of 

charybdotoxin on hydrochlorothiazide-induced responses 

As shown in Figures 1 and 2, the vasorelaxant effect of hydrochlorothiazide (30 μπΊοΜ-'1 ) was 

associated with a fall in [Ca2*].. In vessels preconstricted with noradrenaline (10 μπΊοΙΧ'') in the 

presence of KPSS, hydrochlorothiazide had no significant effect on vascular tone or [Ca2*]. (Figures 

1 and 2). Incubation with charybdotoxin (20 minutes, 100 nmol.L') had no effect on the subsequent 

contraction to noradrenaline, but under these conditions hydrochlorothiazide-induced relaxation was 

almost totally inhibited (Figures 1 and 2). This was associated with a marked inhibition of the fall in 

[Ca2*], induced by hydrochlorothiazide (Figures 1 and 2). In vessels preincubated with 

hydrochlorothiazide (30 μπΊοΜ-"1), noradrenaline (10 μπιοΙ.Ι-'') induced a significantly smaller 

increase in [Ca2*], and force than in vessels preincubated with vehicle control. Force and [Ca2*], 

responses to noradrenaline alone were 69±11% and 50±4% respectively (n-10); following 

preincubation with hydrochlorothiazide these were reduced to 29116% and 35±17% respectively 

(n - 5; P< .05 for force and [Ca2*],). 

The effect of hydrochlorothiazide on calcium release from intracellular stores 

Noradrenaline (10 μπιοΙ.Ι."1) had no effect on force (-1±2%) or [Ca2*], (0±1 %) in 3 vessels in Ca2*-free 

PSS, although endothelin-1 (100 nmol.L') induced a transient rise in force and [Ca2*], under the same 

conditions (n-2). Preincubation with the calcium channel antagonist, verapamil (10 μηοΙΧ"'), also 

abolished force and [Ca2*], responses to noradrenaline (10 μπΊοΙ.ί"') in mesenteric arteries (n-3), 

though both endothelin-1 (100 nmol.L') and vasopressin (100 nmol.L"') induced an increase in tone 

and a rise in [Ca2*], in the same arteries in the presence of verapamil (10 μπτιοΙ.ί''). It was therefore 

not possible to examine the effect of hydrochlorothiazide on noradrenaline-induced release of 

intracellular stores in this vessel. 

Caffeine induced a small and transient increase in [Ca2*], and force of respectively 37.6±12.5% and 

20.3±6.3% before and 37.7±21.7% and 18.0±5.6% after hydrochlorothiazide incubation ( n - 5 in 

both cases). The action of caffeine was not significantly affected by the presence of 

hydrochlorothiazide. 
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Figure 1: The effect of hydrochlorothiazide on force and [Ca2*]i under various conditions. 

Representative traces are shown of simultaneously measured force (% KPSS) and [Ca2*], (% KPSS) 

in guinea-pig isolated small mesenteric arteries mounted in a myograph and loaded with Fura-2AM. 

(a) Vessel was precontracted with noradrenaline (NA; 10 μηοΙΙ ' ) and hydrochlorothiazide (HCT; 

30 ymol.L ') was added once stable tone and [Ca2*], were achieved. Periods of drug exposure are 

indicated by the horizontal bars, the parallel lines interrupting the traces indicate washout of 

drug. 

(b) Vessel was contracted with high potassium solution (KPSS) and then noradrenaline (NA; 10 

ymol.L ') added. Hydrochlorothiazide (HCT; 30 ymol.L ') was added once stable tone and [Ca2*], 

were achieved. Periods of drug exposure are indicated by the horizontal bars, the parallel lines 

interrupting the traces indicate washout of drug. 

(c) Vessel was contracted with noradrenaline (NA; 10 ymol.L') in the presence of charybdotoxin 

(CTx; 100 nmol.L ') following 20 minutes preincubation with CTx. Hydrochlorothiazide (HCT; 

30 ymol.L') was added once stable tone and [Ca2*], were achieved. Periods of drug exposure 

are indicated by the horizontal bars, the parallel lines interrupting the traces indicate washout 

of drug. Calibration bar is shown. Traces are respresentative of 4 to 9 similar experiments. 
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Figure 2 Combination chart showing the effect of hydrochlorothiazide (HCT, 30 μπιοΙ L ') on 

contraction (columns) and elevated [Ca2*], (symbols) induced in guinea-pig mesenteric arteries by 

(a) noradrenaline (NA, 10 pmol L ', η-9), 

(b) noradrenaline (NA, 10 μτηοΙ L ') in the presence of a depolarizing potassium solution (KPSS, 

η - 5), and 

(c) noradrenaline (NA, 10 μτηοΙ L ') in the presence of charybdotoxm (CTx, 100 nmol L ') and 

following 20 minutes preincubation with CTx (n-4) Vessels were precontracted until stable 

tone and [Ca2*], were archieved HTC was then added Results were calculated as the % 

reduction in tone or [Ca2* I induced by HCT taking the response to Ν A as 100% Values 

represent the mean±s e mean of η observations *P< 001 by student's t-test 

The effect of hydrochlorothiazide on responses to extracellular Ca2* under depolarized 

conditions: interaction between hydrochlorothiazide and the sensitivity of the contractile 

machinery 

Ca2* concentration-response curves were constructed in the presence and absence of 

hydrochlorothiazide Data were analysed in terms of the effect of cumulative addition of extracellular 

Ca2* on isometric force (Figure 3a), [Ca2*]i (Figure 3b) and the relationship between isometric force 

and [Ca2*], derived from the previous two relationships (Figure 3c) Hydrochlorothiazide caused a 

small nghtward shift in the extracellular Ca2*-force relationship (Figure 3a), the pD: for Ca2* in the 

presence of hydrochlorothiazide was 5 2± 0 1 (n - 5), compared with 5 4±0 1 (n - 5) under control 

conditions (P= US), and there was little difference in the relationships between extracellular Ca2* and 

[Ca2*], in the presence or absence of hydrochlorothiazide (Figure 3b, pD: - 5 4±0 1 (n - 5) in both 

cases) Examination of the [Ca2*], -force relationship indicated a small nghtward shift (desensitization) 

of this curve in the presence of hydrochlorothiazide, although this difference was not found to be 

statistically significant by 2-way analysis of variance 
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Figure 3: The effect of hydrochlorothiazide (HCT; 30 μπιοΙΙ ') on responses to cumulative addition 

of Ca2* to nominally Ca2*-free depolarized conditions. 

(a) Concentration-response relationships between added extracellular Ca2* and force in the 

presence (Φ) or absence (O) of HCT. HCT was present for a total of 20 minutes prior to 

cumulative addition of Ca2*. Increase in force is expressed as % contraction to KPSS in the same 

vessel. 

(b) Concentration-response relationship between added extracellular Ca2* and [Ca2*], in the 

presence (Φ) or absence (O) of HCT. Change in [Ca2*]· is expressed as % change in [Ca2*], in 

response to KPSS in the same vessel. 

(c) Relationship between [Ca2*], and force derived from data in (a) and (b). Each value represents 

the mean±s.e.mean of data from 5 separate experiments. 
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Discussion 

This study has confirmed that hydrochlorothiazide relaxes guinea-pig isolated mesenteric small 

arteries as Calder and colleagues [13] have previously reported We have shown that this effect of 

hydrochlorotiazide is associated with a fall in [Ca2*]i and it seems likely that this fall in [Ca2*], largely 

explains the direct vasorelaxant effects of hydrochlorothiazide Both the reduction in [Ca2*], and force 

were blocked by charybdotoxin Charybdotoxin is a 37-amino acid peptide present in the venom of 

the scorpion Leiurus quinquestnatus hebraeus, which is a relatively selective inhibitor of large 

conductance Ca2'-activated K* (Kcd) channels [14,15] It inhibits K* channels by physically plugging 

the outer pore of the channel [16], but does not effect sodium or calcium channels [17] The finding 

that charybdotoxin blocks the effect of hydrochlorothiazide on both force and [Ca2*], suggests that 

these actions of hydrochlorothiazide involve opening of Ko channels to increase potassium 

permeability and hyperpolanze the cell Such a conclusion is supported by the failure of 

hydrochlorothiazide to alter tone and [Ca2*], m mesenteric arteries contracted by noradrenaline in 

the presence of potassium Under these conditions the vessels will be depolarized and the 

membrane potential will be near to Κ equilibrium potential (probably near 0 mV under these ionic 

conditions) In this case opening Kcd channels would have negligible effect on membrane potential 

and therefore should not reduce [Ca2*], or tone 

Hydrochlorothiazide had no detectable effect on caffeine-induced rises in [Ca2*], or tone Caffeine 

is a widely used pharmacological tool which releases Ca2* from intracellular stores [18], probably 

by activating channels in the sarcoplasmic reticulum involved in Ca2*-induced Ca2* release [19] The 

failure of hydrochlorothiazide to affect responses to caffeine suggests that hydrochlorothiazide 

probably does not influence tone or [Ca2*], through an action on the caffeine-sensitive store in these 

arteries In contrast, Mironneau [20] reported that Indapamide, a thiazide-like drug, depressed 

constrictions elicited by release of calcium from the endoplasmic reticulum However, despite its 

structural similarities with thiazides, there is evidence that indapamide-mduced vasorelaxation shows 

considerable differences from thiazide-mduced relaxation and probably acts through unrelated 

mechanisms [3,4] It was not possible to examine the effect of hydrochlorothiazide on noradrenalme-

mduced release of intracellular Ca2* in these studies, since noradrenaline had very little or no 

detectable effect on tone or [Ca2*], in the absence of extracellular Ca2* or the presence of verapamil, 

a calcium channel antagonist Since other agonists, endothelin-1 and vasopressin were able to 

increase tone and [Ca2*], under these conditions, these preliminary data suggest that noradrenaline 

may be unable to mobilize Ca2* from the intracellular store(s) in guinea-pig mesenteric small arteries, 

though further studies will be necessary to establish this unequivocally 

In our experiments using addition of increasing extracellular Ca2* concentrations to a nominally 

Ca2*-free depolarizing solution, we found that hydrochlorothiazide caused a small shift in the 

relationship between added extracellular Ca2* and force Although not statistically significant, this 

magnitude of shift is similar to that previously reported by Calder and others [5], which was 

interpreted by these authors as indicating a calcium antagonist action of hydrochlorothiazide Our 

data where changes in [Ca2*], were measured, do not support such a conclusion and suggest that this 

modest effect of hydrochlorothiazide is due to a reduction in sensitivity of the contractile apparatus 
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to [Ca2*], rather than interference with Ca2* entry under depolarized conditions Although such an 

effect may make some contribution to the vasorelaxant effect of hydrochlorothiazide, overall our data 

suggest that the effect of hydrochlorothiazide on Kca channels is a more important influence 

A recent study has shown that hydrochlorothiazide increased "Rb* efflux, a marker of K* efflux, from 

guinea-pig mesenteric arteries [13] A similar effect has also been seen using another thiazide drug, 

cyclothiazide, in tail artery smooth muscle [21] Both these findings are consistent with the notion 

that thiazides increase the permeability of smooth muscle membranes to K+, probably by opening 

Ko channels It is not known how hydrochlorothiazide acts on Ko channels It may be via an 

intracellular biochemical effect or by a direct interaction with the channel, electrophysiological 

studies represent the most direct approach to resolving this question 

The possibility that thiazides increase K* permeability may also have implications for thiazide-

mduced hyperglycemia In the pancreas, depolarization of the plasma membrane by inhibition of K* 

channels and opening of CI channels leading to opening of voltage-dependent Ca2* channels and 

increase of [Ca2*], is involved in the activation of insulin release [22-24] Recently it has been 

reported that hydrochlorothiazide reduced insulin release by isolated pancreatic ß-cells and that this 

was associated with a fall in glucose-stimulated "Ca^uptake [25] It is known that diazoxide, a drug 

structurally related to the thiazides, hyperpolanzes ß-cells by opening ATP-dependent Κ (ΚΛΤΡ) 

channels and that this impairs insulin release [26-28] This effect of diazoxide can be inhibited by 

agents such as glibenclamide which block ΚΛΤΡ channels and are used as clinically hypoglycaemic 

agents In contrast, blockers of ΚΛΤΡ channels do not affect thiazide-induced relaxation [4], orthiazide-

mduced e6Rb'efflux [13] Hydrochlorothiazide does not affect the activity of ΚΛΤΡ channels in the β-

cell plasma membrane [29], but the effect of thiazide on Ko channels appears not to have been 

investigated In view of our findings and those of others cited above a possible role for Ko channels 

in the inhibitory effect of hydrochlorothiazide on insulin release seems plausible 

In conclusion, we have shown that hydrochlorothiazide-mduced vasorelaxation is associated with 

decreased influx of extracellular Ca2* This phenomenon is probably mediated through activation 

of large conductance Ca2'-activated K* channels, as it was abolished by an antagonist of these 

channels, charybdotoxm As a result of these studies we postulate that hydrochlorothiazide opens 

Ca2'-activated K* channels, thereby leading to K* efflux and membrane hyperpolanzation, and 

consequent closing of voltage-operated Ca2* channels and smooth muscle cell relaxation How 

hydrochlorothiazide acts on these channels remains to be established 
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CARBONIC ANHYDRASE, PH , AND VASOACTIVITY OF HYDROCHLOROTHIAZIDC 

Summary 

Hydrochlorothiazide has been shown to exert direct vasodilator effects by activation of calcium-

activated potassium (Kca) channels in human and guinea-pig isolated resistance arteries Since 

hydrochlorothiazide binds to and inhibits the enzyme carbonic anhydrase and because Kca channel 

activation is pH-sensitive, we investigated the role of intra- and extracellular carbonic anhydrase in 

the vascular effects of thiazide diuretics Small arteries were isolated from guinea-pig mesentery and 

studied by use of a microvascular myograph technique In some experiments, tone and intracellular 

pH (pH.) was measured simultaneously with 2',7'-bis(2-carboxyethyl)-5(6)'-carboxyfluorescein 

(BCECF-AM) Bendroflumethiazide, a thiazide diuretic with minimal inhibitory effects on carbonic 

anhydrase, had little effect on noradrenalme-mduced tone (16 + 8% relaxation) compared with 

hydrochlorothiazide (74 ±12% relaxation) In contrast to hydrochlorothiazide, the action of 

bendroflumethiazide was unaffected by 100 nmol L' charybdotoxm, a selective blocker of Kca 

channels All inhibitors of carbonic anhydrase relaxed noradrenalme-mduced tone in a 

concentration-dependent manner, and this effect was blocked by charybdotoxm 

Hydrochlorothiazide and the inhibitors of carbonic anhydrase failed to relax tone induced by a 

depolarizing potassium solution Acetazolamide and hydrochlorothiazide increased pH. by 

0 27±0 07 and 0 21 ±0 04, respectively, whereas bendroflumethiazide had a much smaller effect 

0 06 + 0 03 The rise in pHi induced by any agent was not inhibited by charybdotoxm The 

vasorelaxant effect of hydrochlorothiazide is shared by other inhibitors of carbonic anhydrase 

Inhibitors of carbonic anhydrase, but not bendroflumethiazide, cause intracellular alkalmisation, 

which is associated with Kca channel opening These data suggest that the vasodilator effect of 

thiazide diuretics results primarily from inhibition of vascular smooth muscle cell carbonic 

anhydrase, which results m a rise in p H leading to Kca channel activation and vasorelaxation 
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Introduction 

Thiazide diuretics were developed in the 1950s by chemical modification of carbonic anhydrase 

inhibitors Although their blood pressure-lowering effects have been well documented, their 

mechanism of action is still not fully resolved The principal site of action of thiazide diuretics is the 

early segment of the distal nephron, where they inhibit a luminal transmembrane-coupled NaCI 

transport system In the long term, thiazides act by reducing peripheral resistance rather than by their 

diuretic effects [1], and therefore a direct vascular effect has been proposed 

Previous studies in isolated human and guinea-pig resistance arteries have established a direct 

vasodilator activity of hydrochlorothiazide This vasorelaxant response to hydrochlorothiazide was 

abolished by charybdotoxm and ibenotoxin, both selective blockers of large-conductance Ca2*-

activated potassium (Kca) channels, but not by inhibitors of other vascular K* channels [2] On the 

basis of the fact that thiazide-like drugs like cicletanme and diazoxide lead to hyperpolanzation in 

vascular smooth muscle cells [3] and the fact that hydrochlorothiazide increases e6Rb efflux, as a 

marker of K* efflux [2,4], it was proposed that hydrochlorothiazide opens Kca channels, thereby 

leading to K* efflux and membrane hyperpolanzation The resultant closure of voltage dependent 

Ca2* channels leads to a fall m [Ca2*].and vasorelaxation [5] 

In addition to [Ca2*]i, the open state probability of the Κα channel is also modulated by intracellular 

pH (pH,) Channel opening is inhibited by intracellular acidosis in carotid body cells [6], while in 

isolated blood vessels intracellular alkalimsation leads to relaxation associated with hyperpolanzation 

of the cell membrane and a consequent fall of [Ca2*]. [7] At present, how hydrochlorothiazide opens 

the Kca channel is unknown, it could act by direct interaction with the channel, or involve an 

intermediate intracellular biochemical effect 

Since it is known that most thiazide diuretics bind to and inhibit carbonic anhydrase [8], we 

hypothesized that a rise m pH. by inhibition of carbonic anhydrase could represent the mechanism 

of action by which thiazide diuretics open vascular Kca channels and relax resistance arteries We 

were able to examine the influence of carbonic anhydrase inhibitor activity since different thiazide 

compounds exert different degrees of carbonic anhydrase inhibitor activity [9] It was also possible 

to distinguish between an effect on intracellular or extracellular membrane-bound forms of carbonic 

anhydrase by the use of lipophilic and hydrophilic carbonic anhydrase inhibitors [9] 

The vasodilator effects of thiazides may contribute to their antihypertensive properties, and opening 

of Kca channels by these agents may represent a novel mode of action of these drugs in the 

vasculature 
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Methods 

Tissue and myograph procedure 

After approval of our ethics committee, guinea-pig mesentery was removed from male animals (250 

to 300 g) killed by cervical dislocation Mesenteric resistance arteries (n = 44 in total, internal 

diameter 320± 1 9 μπη) were dissected free of surrounding tissue and mounted as ring segments in 

an isometric microvascular myograph The myograph contained 10 mL physiological saline solution 

(PSS in mmolL' NaCI 118, KCl 4 7, CaCb 6H2O 2 5, MgSO« 7H2O 1 17, NaHCOs 25 0, 

NahbPO* 2H2O 1 0, NajEDTA 0 03, and glucose 5 5) maintained at 37"C and aerated with 95% O2 

and 5% CO2 The vessels were allowed to equilibrate for 1 hour and then were set at a 'normalised' 

internal circumference 0 9Lioo, estimated to be 90% of the circumference they would maintain if 

relaxed and exposed to 100 mm Hg transmural pressure This was calculated for each individual 

artery on the basis of the passive length-tension characteristics of the artery and the Laplace 

relationship [10] At this setting near-maximal force development can be obtained, and the internal 

diameters referred to were derived from this calculation 

Before start of the studies, vessels were tested for viability with the use of a depolarizing potassium 

solution (KPSS PSS with equimolar substitution of 118 mmol L ' KCl for NaCI) and noradrenaline 

(10 μιτιοΙ L ') Those vessels failing to produce a tension equivalent to 90 mm Hg to these stimulants 

were discarded 

Effects of carbonic anhydrase inhibitors on vascular tone 

Vessels were precontracted with noradrenaline (10 μιτιοΙ L'), and once stable tone was attained, 

concentration-response curves ( n - 4 for each agent, ΙΟ'-ΙΟ"15 molL1) were constructed for 

acetazolamide, benzolamide (hydrophilic) or ethoxzolamide (lipophilic) Because benzolamide has 

a lower ether/water partition coefficient and a markedly lower pKa value (3 2) than acetazolamide 

(7 4) [9], it is generally assumed that it permeates into cells very slowly and therefore more or less 

specifically inhibits the activation of extracellular carbonic anhydrase 

Interaction between carbonic anhydrase inhibitors and vascular potassium channels 

It was previously demonstrated [5, 11] that the vascular action of hydrochlorothiazide was absent in 

vessels precontracted with a depolarizing high potassium solution and also was inhibited by 

charybdotoxm, but not by antagonists of other potassium channels such as glibenclamide (ATP-

dependent K*channel) and apamin (small conductance Kca channel) [2] To demonstrate that 

carbonic anhydrase inhibitors ( n - 4 for each agent, 30 μιτιοΙ L') exert direct vasoactivity by a 

mechanism similar to that of hydrochlorothiazide, we precontracted some vessels with noradrenaline 
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in the presence of KPSS Under these depolarized conditions, potassium channel activation will have 

a negligible effect on membrane potential and therefore should not reduce calcium entry and 

vascular tone If the vasodilation induced by carbonic anhydrase inhibitors is evoked by 

hyperpolanzation of vascular smooth muscle due to increased K* conductance, its action should be 

inhibited by depolarised conditions Additionally, the vasorelaxant properties of the carbonic 

anhydrase inhibitors (30 μιτηοΙ L') were compared before and after incubation with charybdotoxin 

(n = 5, 20 minutes, 100 nmol L'), or glibenclamide (n-5, 20 minutes, 100 μπιοΙ L') in noradrenalme-

contracted vessels Charybdotoxin is a selective inhibtor of KÜ channels [12], while glibenclamide 

is a selective blocker of KATP channels [13] 

Interaction between carbonic anhydrase inhibitors, the eicosanoid system, and the 

endothelium 

The vasorelaxant effect of acetazolamide (30 μηοΙ L ') was determined with or without 30 minutes 

of preincubation with 20 μπιοΙ L ' mdomethacm Indomethacm is a potent NSAID, and it has been 

well established that NSAIDs inhibit prostaglandin synthesis by blocking the enzyme cyclooxygenase, 

which is involved in the generation of prostaglandin from arachidomc acid [14] In addition, the 

effect of endothelial removal was examined in 4 vessels Endothelium was removed from vessels 

mounted in the myograph by passing a hair through the lumen of the vessel [15] The efficacy of this 

procedure was confirmed by abolition of relaxation to endothehum-dependent vasodilators 

acetylcholine (10 μπτιοΙ L ') or substance Ρ (100 nmol L ') 

Effects of thiazide diuretics on vascular tone and their interaction with Ko channels 

If the ability of hydrochlorothiazide to activate Kca channels and relax resistance ateries is dependent 

on its carbonic anhydrase-mhibiting activity, any vascular effects of bendroflumethiazide, a thiazide 

that practically lacks carbonic anhydrase-mhibiting activity [9], should not be associated with Κα 

channel activation To test this hypothesis, we compared the vascular effects of each drug (n - 8 to 

12, 30 μπιοΙ L ') and determined whether these effects were inhibited by charybdotoxin (20 minutes, 

100 nmolL1) Because it was previously established that the vasorelaxant effect of 

hydrochlorothiazide is dose-dependent [2,11], we used the concentration that elicited the maximal 

effect 

Measurements of pH, 

In some vessels measurements of pH. were obtained as described previously [7,16] In brief, vessel 

segments were set up m a single channel myograph dedicated to fluorescence measurements and 
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incubated with 10 μ m o l L , of the acetoxymethyl ester of the pH-sensitive dye 2',7'-

bis(carboxyethyl)5,(6)'-carboxyfluorescein (BCECF-AM) Fluorescence was measured with a Deltascan 

spectrofluorimeter (Photon Technology International) connected to an inverted Axiovert 35 

fluorescence microscope (Carl Zeiss) using only quartz objectives (Ultrafluor X 10) Intracellular pH 

was assessed on the basis of the ratio of fluorescence emission measured at 510 nm, which was 

evoked by excitation at 450 and 495 nm light Emission signals and vascular tone were measured 

simultaneously at 1 Hz and acquired on-line with an analog/digital interface (Photon Technology 

International) connected to an IBM computer Data were stored on an optical disc and later analysed 

off-line with commercially available software (Photon Technology International) At the end of each 

experiment, the ratio was calibrated with 4 solutions (KVHEPES, in mmol L ' KCl 140, MgCh 1 0, 

CaCh 1 6, EDTA 0 026, glucose 10, HEPES 10 0) m the pH-range 6 8-7 4 containing nigérian (10 

μιηοΙ L') as described previously [16] Nigerian is a KVI-Γ lonophore, which will equilibrate 

intracellular and extracellular pH in high potassium buffers The first solution was applied to the 

myograph for 7 minutes and the subsequent solutions were added for 5 minutes each With the use 

of this technique, a linear regression line could be calculated and the other intensity ratios could be 

evaluated to give true pH readings 

Effect of acetazolamide, hydrochlorothiazide, and bendroflumethiazide on pHi 

Vessels were prepared as described above and the effect of acetazolamide (n= 10, 30 μηοΙ L'), 

hydrochlorothiazide (n = 10, 30 μπιοΙ L1) or bendroflumethiazide ( n - 10, 30 μιηοΙ L') on pH, was 

compared The effect of acetazolamide and hydrochlorothiazide on pH. was also examined after 

incubation with charybdotoxm ( n - 6 + 6, 100 nmol L', 20 minutes) 

Drugs and Solutions 

Azetazolamide, bendroflumethiazide, hydrochlorothiazide, indomethacm, nigérian and substance 

Ρ were obtained from Sigma Chemical Company Pluromc and pre-weighed aliquots of BCECF were 

purchased from Molecular Probes, one fresh ahqout was used for each experiment Charybdotoxm 

was purchased from Calbiochem Benzolamide and ethoxzolamide were a generous gift from 

Professor Thomas Maren (University of Florida, Gainesville, U S A ) Thiazides and carbonic 

anhydrase inhibitors were dissolved in dimethyl sulphoxide All serial dilutions were made in 

distilled water The final concentration of dimethyl sulphoxide of 0 1 % (v/v) had no effect on vessel 

reactivity 

Statistics 

All data are expressed as mean ± SEM, with the number of observations in parentheses Statistical 
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significance of values was tested with a 2-tailed paired Student's t-test Concentration-response data 

were fitted to a logistic function by non-linear regression, and pD2, the concentration of drug 

producing half-maximal response, was calculated Concentration-response data were compared in 

terms of pD? and maximum response by Student's t-test for paired data P< 05 was considered 

significant 

Results 

Effects of carbonic anhydrase inhibitors on vascular tone 

All 3 carbonic anhydrase inhibitors induced a concentration-dependent relaxation of guinea-pig 

vessels (Figure 1) The pD2 values of acetazolamide, benzolamide and ethoxzolamide were 5 7±0 1, 

6 3 ± 0 3, and 7 0 + 0 3 ( n - 4 for all), respectively The vasorelaxant effect was found not to be 

dependent upon the presence of endothelium, and responses to acetazolamide were unaffected by 

preincubation with mdomethacin (20 μιηοΙ L') (maximum relaxation to acetazolamide, 74±8%, in 

the presence of mdomethacin, 82 ± 2 % ; η = 6) The vasorelaxant effect was probably not due to 

inhibition of intracellular carbonic anhydrase, since the hydrophilic benzolamide exerted a similar 

response to the lipophilic ethoxzolamide 
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Figure 1 Concentration-response curve showing relaxant effects of carbonic anhydrase inhibitors 

acetazolamide (*), ethoxzolamide (lipophilic,*) or benzolamide (hydrophilic, O) following 

noradrenaline preconstnction Each value represents the mean ± SEM percentage of control response 

to noradrenaline of 4 arteries 
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Interaction between carbonic anhydrase inhibitors and potassium channels 

All carbonic anhydrase inhibitors failed to relax KPSS-mduced tone (n-4) The effect of incubation 

with charybdotoxin, an inhibitor of Κο channels, on the relaxation of the carbonic anhydrase 

inhibitors is shown m Figure 2 Incubation with charybdotoxin (100 nmol L ') had no effect on the 

subsequent contraction to noradrenaline The vasorelaxant effect of all three carbonic anhydrase 

inhibitors was significantly inhibited by charybdotoxin Substance Ρ (100 nmol L ') was used as a 

control, and its vasorelaxant effect was not inhibited by charybdotoxin Acetazolamide-mduced 

relaxation was unaffected by the KAIP selective antagonist ghbenclamide, relaxation to acetazolamide 

was 73 8 + 8 2 and 77 5 ± 7 7% in the absence and presence of ghbenclamide, respectively (P-NS) 

ACZ ACZ BZL BZL EZL EZL Sub Ρ Sub Ρ 
+ + + + 

CTx CTx CTx CTx 

Figure 2 Chart showing the relaxant effect (% of noradrenaline tone) of carbonic anhydrase 

inhibitors (ACZ - acetazolamide, BZL-benzolamide, EZL-ethoxzolamide, 30 μτηοΙ L ') following 

preconstriction with noradrenaline in the absence (B) and presence of charybdotoxin (O, CTx, 100 

nmol L ') Substance Ρ (Sub P, 100 nmol L ') was used as a control for charybdotoxin Each value 

represents the mean ± SEM percentage of control response to noradrenaline of 4 arteries 

* Significantly different from control (P< 001) 

Effects of thiazide diuretics on vascular tone and their interaction with Κα channels 

In agreement with previous reports [2,5,11], hydrochlorothiazide (30 μπιοΙ L ') relaxed guinea-pig 

vessels (74 ±12%, P< 001), and this effect was almost totally abolished by charybdotoxin (P< 001) 

In contrast, bendroflumethiazide had little effect on vascular tone (relaxation 16 + 8%, n = 12) The 

small relaxation seen m response to bendroflumethiazide was not significantly inhibited by 

charybdotoxin (Figure 3) 
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Figure 3 Chart showing the relaxant effect of thiazide diuretics hydrochlorothiazide (HCT, 30 

/jmo/ L ') and bendroflumethiazide (BFM, 30 μτηοΙ L ') following preconstriction with noradrenaline 

in the absence (M) and presence of charybdotoxm (D, 100 nmol L ') Each value represents the 

mean±SEM percentage of control response to noradrenaline of 8-12 arteries 

* Significantly different from control (P< 05) 
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F;gure 4 The effect of acetazolamide (ACZ, 30 μτηοΙ L ') and hydrochlorothiazide (HCT, 30 

μτηοΙ L ') on intracellular pH (pH,) Also shown for reference is the effect of aeration with 100% 

ΟΜΎα COi (0% CCU Representative traces are shown of measured pH, in relaxed arteries mounted 

in a microvascular myograph and loaded with BCECF-AM as described in Methods Periods of drug 

exposure are indicated by horizontal bars, drug was washed out as indicated (w/o) Calibration bar 

is shown Traces are representative of 10 similar experiments 
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Effects of carbonic anhydrase inhibitors and thiazides on pH, 

Resting pH. in isolated guinea-pig mesenteric arteries was 7 18±0.19 ( n - 15). As shown in Figure 

4, the vasorelaxant effect of acetazolamide and hydrochlorothiazide was associated with a rise in 

pH.. Bendroflumethiazide caused a small rise in pH., but this was not statistically significant. In 

vessels incubated in charybdotoxin, the acetazolamide- and hydrochlorothiazide-mduced rise in phi 

was not significantly affected (Figure 5). 

A 
HCT HCT BF M 

+ 
CTx 

Figure 5: Chart showing the peak effect of acetazolamide (ACZ; 30 μτηοΙ.ί '), hydrochlorothiazide 

(HCT; 30 μτηοΙΙ ') and bendroflumethiazide (BFM, 30 μποΙ L ') on intracellular pH (in the absence 

(β, η-W) and presence (D, η-6) of charybdotoxin (CTx, WO nmol.L ')). Each value represents the 

mean±SEM of η observations. *: P<.01 by Student's t-test. 

Discussion 

Our experiments were designed to determine to what extent inhibition of carbonic anhydrase by 

thiazide diuretics accounts for their direct vasodilator effects. We have shown that at clinical relevant 

concentrations, the vasorelaxant effect of hydrochlorothiazide attributable to Kca channel opening 

is shared by other agents that inhibit carbonic anhydrase. In contrast, even a high concentration of 

bendroflumethiazide, a thiazide that practically lacks carbonic anhydrase-inhibiting activity, only 

minimally affected vascular tone. Furthermore, both hydrochlorothiazide and acetazolamide 

increased p H in association with opening the Kca channel, while bendroflumethiazide had minimal 

effects on either pHi or tone. Since the effect of hydrochlorothiazide and acetazolamide on pH. was 

also present in vessels premcubated with charybdotoxin, a blocker of the Kca channel, we conclude 

that the rise in pH. is likely to be a cause and not a consequence of Kca channel activation and/or 

vasorelaxation. Since we have previously reported that charybdotoxin also inhibits the fall in 
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intracellular calcium induced by hydrochlorothiazide [5], it is also unlikely that changes in 

intracellular calcium account for the rise in pH. Therefore, we conclude that inhibition of carbonic 

anhydrase may play a primary role in the vasodilator effect of hydrochlorothiazide Although our 

findings concentrate on the carbonic anhydrase-inhibiting properties and not on inhibition of the 

NaCI cotransporter by thiazide diuretics, these mechanisms may be interrelated, since studies in rat 

distal colon demonstrated that thiazide-mduced inhibition of NaCI absorption is directly due to 

inhibition of mucosal carbonic anhydrase [17] However, to our knowledge NaCI-cotransport has not 

been demonstrated m vascular smooth muscle cells 

Carbonic anhydrase inhibition and pH, 

Relatively few studies have focused on the effects of inhibition of carbonic anhydrase on pH. and 

tone in vascular smooth muscle cells In agreement with our findings, acetazolamide has also been 

reported to increase phi in turtle bladder cells [18], kidney cells [19], choroid plexus epithelial cells 

[20], and the mandibular gland [21] Under different conditions and in different cells, acetazolamide 

has also been reported to decrease [22], or have no effect [23] on pHi The mechanism of action of 

the acetazolamide-induced rise in pHi is not completely understood, but most reports focus on a 

intracellular accumulation of HCO3 [24,25] due to inhibition of CI/HCO3 exchange In addition, an 

acetazolamide-sensitive inward chloride pump, different from the CI/HCO3 exchange and Na-K-2CI 

cotransporter has been reported in rat arterial vascular smooth muscle cells [26] Others found the 

same acetazolamide-induced inhibition of renal CI/HCOJ exchange in vivo and suggested that in the 

presence of acetazolamide, H* extrusion continues, but the rate of reaction of OH with CO2 is 

diminished due to carbonic anhydrase inhibition [19,27] In our experiments the hydrophilic 

benzolamide was approximately as effective as acetazolamide and ethoxzolamide, indicating that 

inhibition of the extracellular membrane-bound form of carbonic anhydrase is responsible for the 

intracellular alkalimzation. Ko channel activation, and vasorelaxation It is unclear how inhibition 

of this enzyme can mediate changes in pH., but it seems possible that this extracellular enzyme might 

modulate CI/HCO3 exchange, resulting in an attenuated HCO3 extrusion and increase in pH. The 

present study does not allow definite conclusions on the mechanism of the acetazolamide-induced 

increase in p H , but our observation that the vascular action and the pH. effect are shared by a 

thiazide diuretic that also exerts carbonic anhydrase-inhibiting activity and not by a thiazide that 

lacks this effect suggests that both effects may be due to inhibition of carbonic anhydrase 

pHi and vascular tone 

One of the various ways (for review see [28]) m which changes of pH. could alter the force 

development in smooth muscle cells is through potassium channel modulation, since marked effects 

of ρΗ,οη the Kca channel have been reported in various tissues [29,30,31] Since the vasorelaxant 

action of hydrochlorothiazide is inhibited by charybdotoxm, we hypothesized that a pH. change, due 
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to the carbonic anhydrase-mhibitmg activity of the drug, was the trigger for Kca channel activation 

In isolated type I cells of the neonatal rat carotid body, the K* current that was inhibited by 

intracellular acidosis was also inhibited by charybdotoxin and not by apamm [6], suggesting that the 

K* current is carried through 'large conductance' Kca channels In accordance, the vascular effects 

of hydrochlorothiazide have also been reported to be inhibited by charybdotoxin and ibenotoxm 

[2,5,11], but not by apamm [2,11] 

Direct vasoactivity of carbonic anhydrase inhibitors 

Although we used the carbonic anhydrase inhibitors in the present study as a tool to elucidate the 

mechanism of action of thiazide diuretics, the observation that acetazolamide is a direct vasodilator 

at clinically relevant concentrations in isolated resistance arteries is an interesting finding in itself 

The vascular effects of acetazolamide have been well studied, especially on the cerebral vasculature 

[32], but our finding that the vasorelaxant effect of acetazolamide is associated with a rise in phi and 

Kc* channel activation is completely novel We found that the dose-dependent vasorelaxant effect 

of acetazolamide is caused by opening of Kca channels and not mediated by other K* channels, the 

eicosanoid system or the endothelium 

In vivo, systemic administration of acetazolamide can produce pronounced hypercapnia Because 

hypercapma is a potent dilator of cerebral blood vessels [33] it is possible that the direct vasodilator 

mechanism that we describe does not account for the cerebral vasodilation in response to 

acetazolamide In our experiments in isolated arteries, the maximal response to acetazolamide is 

reached within minutes, whereas the maximal vasodilator response in the carotid vascular bed after 

systemic administration of acetazolamide takes up to 1 hour [32] Furthermore, the acetazolamide-

induced vasodilation of cerebral vessels appears to be dependent on prostaglandin synthesis, but not 

on nitric oxide release, since it was found to be inhibited by mdomethacm [34], but not by N^mtro-L-

argmme [35], an inhibitor of nitric oxide synthase In contrast, our results indicate that the direct 

vasorelaxant effect of acetazolamide is independent of both local prostaglandin synthesis and the 

endothelium It is assumed that cerebral vessels are sensitive to a fall in extracellular pH [36], 

whereas our data concentrates on the rise in pH. 

In contrast to the well-studied effects of acetazolamide on the cerebral vasculature, not much is 

known about its direct vascular effects m other vascular beds Since vascular effects appear to depend 

on inhibition of carbonic anhydrase activity, this could account for contradictory reports regarding 

the vasoactivity of acetazolamide Vascular carbonic anhydrase activity varies from organ to organ 

and also between species [37] It has been reported that rabbit aorta does not contain carbonic 

anhydrase activity [3Θ], and, in agreement, thiazide diuretics that exert carbonic anhydrase inhibiting 

activity do not relax isolated rabbit arteries (A D H , unpublished data 1996) It was reported that the 

direct vasorelaxant effects of hydrochlorothiazide are present m human and guinea-pig vessels, but 

not in rat resistance arteries [39], and it is of interest that acetazolamide fails to change pH, m rat 

mesenteric resistance arteries (Aalkjaer C , written communication, 1997) 
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It is difficult to speculate whether the aforementioned properties of acetazolamide and 

hydrochlorothiazide play a role during long-term administration of the drugs in humans. In the 

present study we used rather high concentrations of the thiazide diuretics and carbonic anhydrase 

inhibitors; however, the concentration-response curves show that direct vascular effects are seen at 

clinically relevant concentrations [39]. Furthermore, the antihypertensive effects of thiazide diuretics 

take several weeks to reach their maximum and also wear off slowly after termination of therapy. This 

may suggest that slow accumulation in the target organ takes place, especially since the thiazide-like 

agent Indapamide was found at a 9 times higher concentration in vascular smooth muscle cells than 

in the plasma [40]. Consequently, despite the high concentrations used in this study, it is conceivable 

that the mechanism described may be relevant to the actions of these agents in vivo after long-term 

administration. 

Conclusion 

We have previously shown that hydrochlorothiazide relaxes human [39] and guinea-pig [2,5,11,39] 

isolated arteries by opening Kca channels. This effect of hydrochlorothiazide is not shared by 

bendroflumethiazide and seems related to its activity as an inhibitor of carbonic anhydrase. At 

clinically relevant concentrations, other inhibitors of carbonic anhydrase also relax vascular smooth 

muscle via activation of Kca channels associated with an increase in pH.. In view of the efficacy of 

the hydrophilic inhibitor, benzolamide, this effect probably does not involve an effect on intracellular 

carbonic anhydrase. As a result from our studies, we propose that acetazolamide and thiazide 

diuretics that inhibit anhydrase activity produce intracellular alkalosis of vascular smooth muscle 

cells. The rise in p H as a consequence of inhibition of carbonic anhydrase, appears to activate the 

Kcd channel, resulting in hyperpolarization of the vascular smooth muscle cell, reduction of voltage-

dependent calcium channel activity, fall in [Ca2*], and vasorelaxation. It is possible that this novel 

mechanism of vasodilation contributes to the antihypertensive action of thiazides in vivo. 
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THIAZIDE-INDUCED HYPERGLYCEMIA 

Summary 

Although glucose intolerance may develop in about 3% of hypertensive patients treated with thiazide 

diuretics, the mechanism behind this side effect is largely unknown In the pancreas depolarization 

of the ß-cell plasma membrane by inhibition of potassium channels leads to opening of voltage-

dependent calcium channels Increased intracellular calcium is critically involved in of insulin 

release 

Diazoxide, a drug structurally related to the thiazides, hyperpolanses the ß-cells by opening of KATP 

channels, thus impairing insulin release This effect of diazoxide can be inhibited by glibenclamide, 

an ATP-sensitive K* channel blocker, that is clinically used as a hypoglycemic agent Diazoxide 

exerts direct vasodilator activity by activating the same K* channel in vascular smooth muscle cells 

By contrast, hydrochlorothiazide reduces both insulin release and 45Ca2* uptake in pancreatic ß-cells 

this effect is not inhibited by glibenclamide 

Recently we have shown that hydrochlorothiazide relaxes vascular smooth muscle cells also via 

inhibition of calcium influx This effect on vascular tone and [Ca2*], was associated with an increase 

in "'Rb* efflux (as marker of K'efflux) and was inhibited by charybdotoxin, a blocker of large 

conductance calcium-activated potassium (Kca) channels but not by glibenclamide 

Since Kca channels are also expressed in the pancreatic ß-cell, we postulate that opening of these 

channels by hydrochlorothiazide leads to hyperpolanzation and consequent closing of voltage 

operated calcium channels resulting in decreased intracellular calcium and reduced insulin release 
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Introduction 

Thiazide diuretics have been first-line treatment for hypertension for over 30 years and their efficacy 

has been reinforced by recent trials, especially in elderly patients (Table) [1,2] However, almost from 

the time of their introduction there has been concern for their metabolic effects, including 

hypokalemia and other electrolyte disturbances More controversially, most but not all reports 

indicate that the thiazides impair glucose tolerance in non-diabetic subjects [3] and can aggravate 

diabetes mellitus, particularly in non-msulm-dependent (NIDDM) patients [4] This is generally 

regarded as a dose-related adverse effect [5,6] but there is also a temporal component which has 

emerged during long-term follow-up of thiazide-treated patients [7] The glucose intolerance is 

usually reversible after discontinuation of treatment [6,8], though this may take 6 months or more 

It has been suggested that this 'wrong direction' side-effect of thiazides could be one of the reasons 

of the relatively modest -but still significant- protective effect towards ischaemic heart disease [9], 

although there is no direct evidence for this view 

Although glucose intolerance may develop in about 3% of hypertensive patients treated with thiazide 

diuretics [6,8] the mechanism underlying this side effect is only sparsely studied and remains largely 

unknown Several potential mechanisms have been proposed These can be grouped under two 

headings 

inhibition of insulin secretion by the ß-cell, either directly or secondary to hypokalemia [4, 10] 

reduction in peripheral sensitivity to insulin, again either as a direct effect or as a consequence 

of hypokalemia and hypomagnesemia [11-13] 

It has also been suggested that hypokalemia is an aggravating factor rather than a primary stimulus 

in diuretic-associated hyperglycemia [14] 

From the literature we have noted a striking similarity of action on pancreatic ß-cells and the vascular 

system of drugs that modulate potassium channels On the basis of these reports and of our own 

experiments on the vascular effects of hydrochlorothiazide and related compounds, we propose a 

novel hypothesis regarding the mechanism of the diabetogenic effects of thiazides 

Table Thiazides and thiazide-like diuretics in clinical use 

Thiazides 
Bendroflumethiazide ( - bendrofluazide) 

Chlorothiazide 
Cyclopenthiazide 

Hydrochlorothiazide 
Hydroflumethiazide 
Structurally related drugs with similar properties 
Chlorthalidone 
Metolazone 
Xipamide 
Structurally related drugs with possible differences in mechanism 
Cicletamne 
Indapamide 
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In the pancreas, depolarization of the plasma membrane by closure of potassium channels and 

opening of cation and chloride channels leads to an opening of voltage dependent calcium channels 

and influx of calcium [15-17] The resultant increase of intracellular calcium is crucial to the proces 

of insulin release Diazoxide, a drug structurally related to the thiazides, hyperpolanzes pancreatic 

ß-cells by opening a specific class of ATP-dependent potassium (KATP) channels and the consequent 

hyperpolanzation impaires insulin release [18-20] For this reason diazoxide is used in the 

management of hypoglycemia due to insulinoma It is believed that the potassium channel opening 

properties of diazoxide are also responsible for its vasorelaxant activity in vitro and in vivo [21,22] 

Both pancreatic and vascular effects of diazoxide can be inhibited by suphonylurea dérivâtes such 

as glibenclamide [19,20,23], which are used in NIDDM [24,25] Sulphonylureas close the KATP 

channel resulting in depolarization of the ß-cell membrane, thereby promoting an influx of calcium 

via the opening of voltage-dependent calcium channels [19,20] Other openers of the KATP channel, 

such as mcorandil and pmacidil, also inhibit insulin secretion [26,27], although at concentrations 

much higher than required for smooth muscle cell relaxation In fact, during clinical use mcorandil 

does not significantly affect the plasma glucose level [28] By contrast, conventional thiazides do not 

interact with this type of potassium channel 

Calcium-activated potassium channels 

Like the KATP channel, the large-conductance calcium-activated potassium (Kca) channel is also 

expressed in both pancreatic ß-cells [29] and vascular smooth muscle cells [30] In the ß-cell of the 

rat the Kca channel can be blocked by quinine [29], although it must be stressed that quinine is not 

selective for these channels In humans, treatment with quinine is associated with hypoglycemia due 

to stimulation of insulin release [31], presumably due at least in part to inhibition of Kca channels 

Quinine is also known to cause inner ear disturbances including tinnitus, hearing loss, and vertigo 

and this is thought to be due at least in part to vasoconstriction [32] and consequent ischemia [33] 

Such a hypothesis is consistent with the increasingly recognized role of Kca channels in the regulation 

of vascular tone [34] 

It has recently been reported that hydrochlorothiazide at low concentrations (0 1 to 1 0 μιηοΙ L') 

reduces insulin release in vitro This action was associated with a fall m glucose-stimulated "Ca2* 

uptake m ß-cells [35] As discussed above, influx of calcium is one of the most distal steps m 

stimulus-secretion coupling in pancreatic ß-cells and is crucial to insulin release [16] As we will 

describe in the following section, the action of hydrochlorothiazide on calcium influx into the 

pancreatic ß-cell shows a striking similarity with its effect on calcium entry into vascular smooth 

muscle cells 
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New experimental data 

The mechanism of the antihypertensive effect of the thiazides remains controversial There is general 

agreement that there is a reduction in plasma volume during the first 1 or 2 weeks of thiazide 

therapy, which is usually commensurate with the fall in blood pressure However, with continued 

treatment the plasma volume tends to return to normal while the blood pressure reduction is 

maintained, implying that peripheral resistance must be diminished Several reports have supported 

this hypothesis by more direct estimation of the peripheral resistance [36] The mechanism of the 

vascular effect is not understood 

Our group has been among the very few to study the acute vascular effects of the thiazides In 

experiments with isolated guinea-pig arteries and vessels from human subcutaneous fat we have 

found that hydrochlorothiazide relaxes vascular smooth muscle cells in clinically relevant 

concentrations [37] through inhibition of calcium influx [38] This effect of hydrochlorothiazide is 

associated with an increase in "''Rb* efflux, a marker of K* efflux [39], indicating that 

hydrochlorothiazide increases membrane permeability to K* ions, probably by opening K* channels 

The effects of hydrochlorothiazide on vascular tone, [Ca2H]i and e6Rb* efflux were inhibited by 

charybdotoxm and ibenotoxm, both relatively selective blockers of Kca channels [37,38] By contrast, 

the KATP channel blocker glibenclamide, and apamm, a blocker of small conductance Ko channels, 

did not affect hydrochlorothiazide-mduced vasorelaxation or e6Rb* efflux [39] This is consistent with 

a previous report showing that hydrochlorothiazide does not affect the opening of single KATP 

channels in the ß<ell plasma membrane [40] These data suggest that the opening of Kca channels 

rather than KATP channels mediates the acute effects of thiazides on vascular smooth muscle cells 

Interestingly, electrophysiological studies have shown that cicletanme, a thiazide-like drug containing 

a furopyndme group, causes membrane hyperpolanzation in isolated canine femoral arteries [41] 

probably by an action on Kca channels Since these channels are present in pancreatic ß-cells [29] 

and by analogy with the potassium channel opening properties of diazoxide it is very likely that the 

effect of hydrochlorothiazide on Ko channels would be to hyperpolanse the ß-cell membrane, 

leading to a reduced insulin release This effect could explain the inhibitory action of 

hydrochlorothiazide on insulin production 

At present it is unclear how thiazides act on Ko channels It is possible that they interact directly with 

the Ko channel, but an indirect effect on the channel via an intracellular signalling mechanism is also 

possible Ongoing studies m our department suggest that the K* channel opening properties of 

hydrochlorothiazide may depend on changes in intracellular pH (pH.) Effects of hydrochlorothiazide 

on pH· appear, in turn, to be associated with the ability of the drug to inhibit carbonic anhydrase 

activity [42] Others have shown that pre-treatment with acetazolamide, an inhibitor of carbonic 

anhydrase, caused decreased glucose tolerance in mice and decreased secretion of insulin m isolated 

pancreatic islets [43], although no human data is available for this drug However, it should be 

emphasized that direct evidence concerning the role of carbonic anhydrase inhibiting activity is 

lacking, though we have found the vasorelaxant activity of bendroflumethiazide, a very weak 

inhibitor of carbonic anhydrase [42], to be much smaller than that of acetazolamide and 
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hydrochlorothiazide and this action was not inhibited by charybdotoxin. This suggests that 

bendroflumethiazide does not act on Kca channels. 

Summary and hypothesis 

We can therefore summarise the following experimental findings, partly from our own studies and 

partly from the work of other groups: 

calcium influx is an essential component in stimulus-secretion coupling in pancreatic p-cells and 

excitation-contraction coupling in vascular smooth muscle cells 

thiazides inhibit calcium influx in these cells 

thiazides (e.g., 10 μπιοΜ-' hydrochlorothiazide) also inhibit calcium entry in small mesenteric 

arteries 

in vascular smooth muscle thiazides increase potassium permeability probably via large 

conductance Kca channels, resulting in membrane hyperpolanzation and the closure of voltage-

operated calcium channels. 

Thiazide . + . Diazoxide 

Figure 7: Representation of hypothesis. Activation of ATP-sensitive potassium channels (ΚΛΤΡ) or of 

large-amplitude calcium-activated potassium channels (Kci) increase potassium conductance and 

hyperpolarise the cell membrane in the pancreatic ß<ells, thereby reducing calcium entry through 

voltage-operated calcium channels (VOC) and so inhibiting insulin secretion. 

We therefore propose the hypothesis illustrated in Figure 1 as an explanation for at least part of the 

adverse effect of thiazides on glucose homeostasis: in the absence of direct experimental evidence 

it omits mention of the possible role of carbonic anhydrase inhibition. 
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In summary: 

1. Thiazide diuretics directly or indirectly open the large-conductance Kca channel in the plasma 

membrane of the pancreatic ß-cell. 

2. This increases potassium permeability and causes hyperpolarization of the membrane, inhibiting 

calcium influx through voltage-operated calcium channels. 

3. The reduction in intracellular calcium attenuates insulin release by the ß-cell. 

We do not know whether the interaction with this class of ion channels is a significant mechanism 

for the chronic antihypertensive effects of the thiazides and we are not making any such proposal in 

our hypothesis. Our in vitro studies relate to acute responses to relatively high drug concentrations 

and may be of limited relevance for drugs which take weeks to archieve their maximal blood 

pressure-lowering effects. On the other hand it is known for the thiazide-like drug Indapamide that 

during chronic treatment accumulation of the drug in the vascular smooth muscle cell takes place 

to levels 9 times greater than the plasma concentration [44]. 

It is entirely possible that other, peripheral, diabetogenic actions of thiazides may be important. 

However, we believe that ours is a plausible hypothesis. It raises the possibility that thiazides or 

thiazide-like drugs can be developed with few if any metabolic side-effects. Indapamide is structurally 

related to the thiazides but does not interact with Kca and KATP channels [37] and has less effect on 

glucose, lipid and uric acid homeostasis [45]. Its exact mode of action remains uncertain, though it 

may act partly through blockade of voltage-operated calcium channels [37,46]. 

It should be noted that attempts have been made to synthesise compounds specificially intended to 

interact with Kca channels, but to date these are neither potent nor selective [47]. 
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VASOACTIVITY of HYDROCHLOROTHIAZIDE IN VIVO 

Summary 

Recently, hydrochlorothiazide has been shown to relax vascular smooth muscle in vitro in clinically 

relevant concentrations by the opening of calcium-activated potassium channels, leading to 

hyperpolanzation and consequent closing of voltage-operated calcium channels Long-term 

administration of hydrochlorothiazide reduces peripheral vascular resistance in vivo in man These 

results indicate that hydrochlorothiazide has hemodynamic activity, and we therefore examined the 

direct vascular action of this drug in vivo 

Forearm vasodilator responses to the infusion of a placebo and five increasing doses of 

hydrochlorothiazide into the brachial artery were recorded by venous occlusion strain-gauge 

plethysmography (perfused forearm technique) in eight normotensive male volunteers Venous 

samples were taken from an ipsilateral antecubital vein at the end of each infusion period to measure 

the hydrochlorothiazide concentration 

Plasma concentrations of hydrochlorothiazide averaged 3 5±0 3 μg mL ' at the highest infusion rate 

This concentration leads to a 60110% relaxation in vitro and is more than 10 times the therapeutic 

plasma concentration Despite these supratherapeutic levels, we were unable to demonstrate a 

change in forearm blood flow and vascular resistance Also, no significant changes were observed 

in blood pressure and heart rate 

In contrast to in vitro results, hydrochlorothiazide does not exert any direct vasoactivity in the 

forearm vascular bed of healthy normotensive male volunteers at (supra)therapeutic plasma 

concentrations 
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Introduction 

Thiazide-diuretics are widely used and considered treatment of first choice in most patients with 

essential hypertension as they reduce the risk of stroke and other cardiovascular events [1] Evidence 

is accumulating that their efficacy is at least partly due to a direct hemodynamic action During 

chronic thiazide administration, the plasma volume returns to baseline and peripheral resistance 

decreases [2], suggesting a vascular action besides the diuretic effects Chronic treatment with 

thiazides has also been reported to reduce the vasoconstrictor action of noradrenaline m both 

normotensives and hypertensive patients [3,4] An acute diuretic-induced fall in blood pressure is 

mcidently observed, dissociated from changes m plasma volume m patients with renal failure [5], 

although there are no consistent data 

In animals, parenterally administered hydrochlorothiazide causes an immediate fall in blood pressure 

associated with inhibition of the vasopressor response to stimulation of adrenergic vasomotor fibers, 

while prolonged treatment with hydrochlorothiazide in rabbits and dogs has been reported to inhibit 

noradrenalme-mduced vasoconstriction both in vivo and in vitro [6] 

In the past few years concentration-dependent relaxant effects of clinically relevant concentrations 

of hydrochlorothiazide have been demonstrated in human and guinea-pig isolated resistance arteries 

[7] This vasodilator activity is associated with a fall in intracellular Ca2* [8] Its action is inhibited by 

charybdotoxm, a blocker of large conductance Ca2*-activated K* channels but not by glibenclamide, 

a blocker of ATP-sensitive K* channels [7] In summary, it seems that hydrochlorothiazide increases 

the permeability of smooth muscle membranes to K* [9], probably by opening Kca channels, thereby 

leading to K*efflux [10] and membrane hyperpolanzation, and consequent closing of voltage 

operated Ca2* channels and smooth muscle relaxation 

The present study was aimed to investigate the putative direct vascular effects of hydrochlorothiazide 

in humans in vivo 

Methods 

Subjects 

The study protocol was approved by the Ethics Committee of our hospital and informed written 

consent was obtained from each subject before participation Eight healthy male volunteers were 

submitted to clinical examination before admission to the study None of the subjects smoked or was 

on any kind of medication The age, weight, height, body mass index, forearm volume and 

systohc/diastolic blood pressure of these subjects were, respectively, 24 B+5 0 yrs, 78 5±4 7 kg, 

186±5cm, 22 7±1 6 k g m 2 , 1088±133 mL and 127±9/73±9 mm Hg The subjects were instructed 

to eat their usual diets, but to abstain from chocolate and alcohol and caffeine-containing beverages 

24 hours preceding the experiment 
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Experiments 

The experiments were performed during a 3-hour immobilization period in the supine position m a 

quiet and temperature-controlled laboratory as descibed previously [11] Briefly, the left brachial 

artery was cannulated for drug infusion and blood pressure monitoring After occlusion of the hand 

circulation, forearm blood flow was measured in both arms with venous occlusion plethysmography 

using mercury-m-silastic strain gauges The forearm blood flow of the contralateral arm was used as 

a time-control value so that systemic effects could be observed and vasoactive effects could be 

expressed as a quotient of the left and right arm [12] Each infusion period lasted 10 minutes and was 

alternated with a 10 minutes pause during which the wrist cuff was deflated to allow recovery of the 

hand circulation In four subjects the highest dose of hydrochlorothiazide was infused for 20 minutes 

instead of 10 minutes On the ipsilateral side an antecubital vein was cannulated for blood sampling 

Drugs and solutions 

On the day of each experiment hydrochlorothiazide was reconstituted from a sterile powder, diluted 

in 1 4% sodium bicarbonate (pH 7 4) to a concentration of 0 1 mg mL ' and passed through a 0 22-

μιτι Millipore (Milford, Massachusetts, USA) filter Further dilutions were prepared immediately 

before the experiment Consequently, 1 4% sodium bicarbonate was used during the placebo 

infusion period 

The experiment started with a single-blind infusion of placebo, and then the diuretic was infused for 

10 minutes at each of five increasing rates (0 1, 0 3, 1 0, 3 0, and 10 0 μgmιn' per 100 mL forearm 

tissue) During the last minute of each infusion period of 10 minutes, an ipsilateral venous blood 

sample was taken and plasma diuretic concentrations were measured by chromatography [13] 

Statistics 

All data are expressed as mean±SEM Forearm blood flows were averaged from the last 8 minutes 

of each infusion period Ratios of forearm blood flow were calculated by dividing the ipsilateral by 

the contralateral forearm blood flow 

Analysis of variance for repeated measures was used to test for differences in forearm blood flow 

during the increasing drug concentrations P< 05 (two-sided) was considered significant 

69 



CHAPTER 5 

Results 

Ratios of infused to control forearm blood flow and ipsilateral venous plasma concentrations of 

hydrochlorothiazide are shown in Figure 1. During five increasing doses of hydrochlorothiazide there 

was no significant effect on forearm blood flow compared to the placebo infusion. Using the data of 

the last 2 minutes of infusion (instead of the last 8 minutes) did not change these results. The vascular 

resistance (quotient of blood pressure and forearm blood flow) of the hydrochlorothiazide-infused 

forearm averaged 68.7±6.5 AU during placebo, rising to 86.6±9.2 AU at the highest dose (P = NS). 

Regional hydrochlorothiazide plasma concentrations ranged from 0.04±0.003 at the lowest dose to 

3.510.3 μg.mL' (comparable to 10 μπΊοΜ.'') at the highest dose. The hydrochlorothiazide infusion 

of 20 minutes in four subjects showed no significant effects on forearm blood flow or vascular 

resistance. 

Intra-arterial blood pressure and heart rate (respectively 124±4/64+2 mm Hg and 58±2 bpm during 

placebo and 128±4/67±2 and 58±3 during the highest hydrochlorothiazide dose) did not change 

significantly during the experiments. 

placebo 0.1 

Hydrochlorothiazide infusion rate 

(pg mm"1 dL"') 

Figure 1: Ratio of forearm blood flow in hydrochlorothiazide (HCTZ)-infused to conto/ arm as 

measured by venous occlusion plethysmography (left axis) and local venous hydrochlorothiazide 

concentrations during an intra-arterial infusion of placebo and five increasing doses of 

hydrochlorothiazide (right axis). Values are expressed as mean±SEM (η - Θ). 

Discussion 

In contrast to in vitro experiments by our group [8] and others [7,9,10], and studies on vasoactivity 

after long-term systemic administration [2-4], the present study showed that intra-arterial 

administration of hydrochlorothiazide exerted no direct effects on the forearm vascular bed of male 
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normotensive volunteers. As expected with this technique, there were no blood pressure or heart rate 

changes during the experiments to suggest any acute effect. So, despite considerable evidence that 

hydrochlorothiazide exerts direct vasoactivity our in vivo findings suggest that in pharmacologically 

relevant concentrations hydrochlorothiazide is not directly vasoactive in the forearm vascular bed. 

At the highest infusion rate, the mean plasma concentration reached 3.5±0.3 μg mL'1 (approximately 

10 μποΙ.ί'). This concentration resulted in a 60±10% vasodilation in vitro of human subcutaneous 

resistance vessels [7] and was 10 to 30 times the therapeutic plasma concentration in subjects with 

normal renal function [14]. The protein-bound fraction was not measured, but expected to be in the 

normal range from 22% [15] to 55% [16]. Thus, even after correction for protein-bound fraction the 

drug concentration remains well above therapeutic levels. 

There are a number of potential explanations for this discrepancy between our in vitro and in vivo 

results. First, the in vitro experiments are performed on resistance arteries from subcutaneous fat or 

the mesenteric vascular bed. In contrast, the current in vivo experiments predominantly refer to 

resistance arteries of skeletal muscle. Second, during in vitro experiments, hydrochlorothiazide can 

gain access to the outside of the vessel, allowing direct exposure of the drug to the vascular smooth 

muscle cell, instead of the physiological condition of exposure from the inside of the vessel to the 

endothelium as in the perfused forearm technique. Apart from being an anatomical barrier, the 

endothelium is important in modulating vascular tone, which could be of significant importance. The 

possibility that hydrochlorothiazide may influence Ca2*-activated K+ channels in endothelial cells 

as well as vascular smooth muscle cells and so affect endothelial modulation of tone cannot be 

excluded. Third, it has been established previously [3,4] that in vivo chronic chlorothiazide 

administration attenuated the vasoconstrictor response of forearm vessels to noradrenaline. Therefore, 

the mechanism of thiazide-induced vasodilation in vivo might be a drug-induced reduction in the 

effect of endogenous vasoconstrictor influences, such as noradrenaline, angiotensin II or sympathetic 

nervous tone. In patients with essential hypertension, who are known to have an increased vascular 

reactivity, the vascular effects of hydrochlorothiazide might be more pronounced than in 

normotensive subjects. This suggestion is in accordance with observations that the antihypertensive 

action of hydrochlorothiazide is related to the severity of the hypertension. This implies that 

hydrochlorothiazide has no hypotensive action in normotensive subjects [17] and may therefore exert 

no vascular action in these subjects. 

In conclusion, in contrast to our in vitro observations, hydrochlorothiazide did not have a direct 

vasorelaxant effect in skeletal muscles in vivo in normotensive subjects. 
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HYDROCHLOROTHIAZIDE, Κ* CHANNEL ACTIVATION IN Vivo 

Summary 

Hydrochlorothiazide and Indapamide are thought to exert their hypotensive efficacy through a 

combined vasodilator and diuretic effect, but in vivo evidence for a direct vascular effect is lacking. 

The presence and mechanism of a direct vascular action of hydrochlorothiazide in vivo in humans 

were examined and compared with the thiazide-like drug Indapamide. 

Forearm vasodilator responses to infusion of placebo and increasing doses of hydrochlorothiazide 

(8, 25, and 75 μg.min"'.dL"1) into the brachial artery were recorded by venous occlusion 

plethysmography. Dose-response curves were repeated after local tetraethylammonium (TEA) 

administration to determine the role of potassium channel activation and in patients with the 

Gitelman syndrome to determine the role of the thiazide-sensitive NaCI cotransporter in the 

vasodilator effect of hydrochlorothiazide. Vascular effects of hydrochlorothiazide were compared 

with those of Indapamide, in both normotensive (mean arterial pressure: 85±7 mm Hg) and 

hypertensive (mean arterial pressure: 124+16 mm Hg) subjects. 

At the highest infusion rate, local plasma concentrations of hydrochlorothiazide averaged 11.0±1.6 

μg.mL'' and those of Indapamide averaged 7.2±1.5 μg.mL"1. In contrast to Indapamide, 

hydrochlorothiazide showed a direct vascular effect (maximal vasodilation 55±14%, P- .013), which 

was inhibited by TEA (maximal vasodilation after TEA 13±10%, P=.02). The response was not 

dependent on blood pressure, and was similar in patients with Gitelman syndrome, indicating that 

absence of the NaCI cotransporter does not alter the vasodilatory effect of hydrochlorothiazide. The 

vasodilator effect of hydrochlorothiazide in the human forearm is small and only occurs at high 

concentrations. The mechanism of action is not mediated by inhibition of vascular NaCI cotransport, 

but involves vascular potassium channel activation. In contrast, Indapamide does not exert any direct 

vasoactivity in the forearm vascular bed. 
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Introduction 

Since the discovery of chlorothiazide in 1957, commemorated as the greatest breakthrough in the 

history of antihypertensive treatment, thiazide diuretics have subsequently become the most 

prescribed drugs in the world, with hypertension as their main indication. Amazingly, their 

mechanism of hypotensive action is still not fully clarified, probably because multiple effects are 

involved. Primarily, thiazides are known as diuretics exerting their effect in the kidney. However, the 

major hypotensive effect of thiazides during long-term administration appears to be due to 

vasodilation, rather than to saluresis or loss of free water per se [1,2,3]. It is not clear whether the 

vascular effects are mainly due to a direct interaction with the vascular wall [4,5] or secondary to 

diuretic-induced changes in sodium balance [6,7,8]. 

In animal and human isolated resistance arteries, hydrochlorothiazide exerts a dose-dependent direct 

vasodilator effect at therapeutically relevant concentrations. Since it is unknown whether the NaCI 

cotransporter is also present in vascular smooth muscle cells, inhibition of this cotransporter, the 

primary site of action in the kidney, has not been associated with the direct vascular effects of 

hydrochlorothiazide. Studies investigating the mechanism of this action revealed that it depended 

on activation of vascular potassium channels [9,10]. The type of potassium channel activated, 

appears to be the large conductance calcium-activated potassium (Kca) channel, since the vascular 

action of thiazides is inhibited by Kca blockers like tetraethylammonium (TEA) [11], charybdotoxin 

[9,10,12] and iberiotoxin [9], but not by blockers of other vascular potassium channels [9,10]. 

In a previous in vivo study, the direct vasoactivity of hydrochlorothiazide could not be confirmed in 

the human forearm [13]. Among other reasons, dosage of hydrochlorothiazide and initial level of 

blood pressure may have influenced the results, since the antihypertensive action is related to the 

initial blood pressure [14]. 

Since Indapamide is a thiazide-like agent with antihypertensive properties at doses that provoke 

minimal diuretic effects [15], its mode of action is thought to be due to a combined diuretic and 

vasodilator effect. Low urinary excretion and specific accumulation into arterial smooth muscle of 

this lipophilic molecule may provide a rationale for this profile. The vasodilator effect of Indapamide 

has been demonstrated in various animal studies, but was not confirmed in isolated human resistance 

arteries [16]. 

We wished to investigate the presence and mechanism of a direct vascular effect of 

hydrochlorothiazide at high concentrations in normotensive and hypertensive subjects. Experiments 

with the potassium channel antagonist TEA and experiments in patients with the Gitelman syndrome 

[17,18,19] enabled us to investigate the role of Kc channel activation and NaCI cotransporter in the 

direct vascular action of hydrochlorothiazide. Furthermore, we wanted to compare the effects of 

hydrochlorothiazide with the thiazide-like agent Indapamide, for which a vascular action is claimed 

to be even more pronounced [15]. 
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Methods 

Subjects 

After the approval of the Ethics Committee of our hospital and the written informed consent of each 

subject was obtained, we studied 24 normotensive volunteers, 12 hypertensive patients and 2 

patients with Gitelman syndrome The Gitelman syndrome [17] is characterised by the absence of 

the thiazide-sensitive NaCI cotransporter throughout the body [18] These patients represent a unique 

group to study the role of inhibition of NaCI cotransport in hydrochlorothiazide-mduced vasoactivity 

Previous DNA analysis had confirmed the diagnosis of the patients who participated in our study 

[19] 

Demographic characteristics of all groups are summarized in the Table Healthy volunteers and 

hypertensive patients who were taking prescription drugs (except for oral contraceptives) or aspirin 

or other nonsteroidal anti-inflammatory drugs were excluded Patients with the Gitelman syndrome 

ended their use of nonsteroidal anti-inflammatory drugs 2 days before the experiment, but continued 

their other medications (magnesiumcarbonate, potassium tablets, clomipramine, amilonde, and 

diazepam) Participants were asked to refrain from drinking alcohol or caffeine containing beverages 

for at least 24 hours before their studies 

Table Baseline demographic characteristics of all participants 

Parameter 

male/female 

age (yrs) 

height (cm) 

weight (kg) 

BMI (kg m2) 

FAV (mL) 

SBP (mm Hg) 

DBP(mm Hg) 

HR(bpm) 

Normotensives 

12 12 

22±2 

180±7 

70+7 

22±1 

1020±130 

125±10 

67±6 

61±7 

Hypertensives 

5 7 

47±7 

172±7 

75±13 

25±3 

980±170 

162119 

95±16 

62±8 

Gitelman syndrome 

1 female 

42 

160 

51 

20 

750 

97 

52 

66 

1 male 

46 

171 

84 

29 

1250 

111 

63 

67 

Values are presented as mean±SD BMI indicates body mass index, FAV, forearm volume, SBP, 

systolic blood pressure (measured intra-artenally), DSP, diastolic blood pressure (measured intra-

artenally), HR, heart rate (measured by ECC) 

Procedures 

After local anesthesia (lidocame 2%) was induced, the left brachial artery was cannulated with a 20-

gauge catheter (Angiocath, Deseret Medical, Becton Dickinson, Sandy, UT, USA) for drug infusion 
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(automatic syringe infusion pump, type STC-521, Terumo, Tokyo, Japan) and blood pressure 

monitoring (Hewlett Packard GmbH, Böblingen, Germany) All blood pressures mentioned were 

acquired from these mtra-artenal measurements Mean arterial pressure (MAP) was determined by 

the electronically integrated area under the brachial arterial pulse-wave curve and averaged per 

forearm blood flow (FBF) measurement A second catheter was inserted in a deep ipsilateral 

antecubital vein to obtain venous blood samples during the last minute of each infusion Plasma 

concentrations of hydrochlorothiazide and Indapamide were measured by high-performance liquid 

chromatography according to a previously described method [20] At least 30 minutes after intra

arterial cannulation and 1 minute after occlusion of the hand circulation (inflation of a wrist cuff to 

200 mm Hg), FBF was measured in both arms 3 times a minute by ECG-tnggered venous occlusion 

plethysmography with the use of mercury-m-Silastic strain gauges (Hokanson EC4, DE Hokanson, 

Washington, DC, USA) [21] The upper arm collecting cuffs were simultaneously inflated to 45 to 50 

mm Hg with a rapid cuff mflator (Hokanson E-20) FBF and drug administration (automatic syringe 

infusion pump, type STC-521, Terumo, Tokyo, Japan) were normalised to forearm volume as 

measured with the water displacement method and is expressed in milliliters per minute per deciliter 

(mL mm ' dL ') Baseline FBF was measured for 5 minutes, during which vehicle control was infused, 

after which the increasing dosages of hydrochlorothiazide, Indapamide, or noradrenaline were 

administrated in a single-blind manner for 5 minutes each Each measurement period lasted 

maximally 10 minutes and was alternated by a 5-minute pause, during which the wrist cuff was 

deflated to allow recovery of the hand circulation The mean FBF of the last 2 minutes recorded at 

each infusion rate was taken as the response and used for further analysis In the normotensive group, 

infusion of the highest dose of Indapamide was continued for 20 minutes instead of 5 minutes 

Protocols 

Direct vascular effects of hydrochlorothiazide 

Four protocols with hydrochlorothiazide were conducted 

Protocol A1 Effect of hydrochlorothiazide in normotensive and hypertensive sub/ects 

In 6 normotensive subjects and in 6 hypertensive patients, hydrochlorothiazide was infused mtra-

artenally at a rate of 8, 25, and 75 μg mm ' dL ' The patients with essential hypertension were newly 

diagnosed or discontinued their medication 4 weeks before entering the study 

Protocol A2 Effect of hydrochlorothiazide on noradrenalme-mduced vasoconstriction 

Long-term treatment with thiazides inhibits the vasoconstrictor action of noradrenaline in both 

normotensive and hypertensive subjects [22,23] To examine the acute effects of hydrochlorothiazide 

at a therapeutic plasma concentration, we assessed the vasoconstrictor response to mtra-arterially 

administered noradrenaline (10, 30, and 100 ng mm ' dL') before and after local administration of 
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hydrochlorothiazide (1 0 μg mm ' dL ') in 6 normotensive volunteers There was a 30 minute pause 

between the 2 noradrenaline dose-response curves, and hydrochlorothiazide infusion was initiated 

before the second noradrenaline dose-response curve Previous experiments revealed that intra

arterial infusion of this hydrochlorothiazide dose did not change basal FBF and led to clinically 

relevant concentration in the infused forearm [13] 

Protocol A3 Involvement of potassium channel activation in hydrochlorothiazide-induced 

vasodilation 

In vitro studies indicate that hydrochlorothiazide-induced vasoactivity is mediated by KG· channel 

opening Since charybdotoxin and ibenotoxm (the 2 most selective blockers of the Kca channel) are 

too toxic for human application, we chose TEA to investigate the role of Kca channel activation in the 

vascular effects of hydrochlorothiazide TEA has been used as a ganglion blocker in a total dose of 

500 mg (ι ν ) in patients with peripheral vascular disease [24] and normal subjects [25] TEA 

antagonizes different types of potassium channels with varying degrees of potency [26], but the 

compound has been shown to selectively block single Kca channels m arterial smooth muscle at 

concentrations below 1 mmol L' [26,27] In the normotensive group of protocol A2 (n = 6), we 

administered TEA intra-artenally at an infusion rate of 0 1 mg mm ' dL ', calculated to lead to a local 

plasma concentration of approximately 0 5 mmol L ' The hydrochlorothiazide dose-response curve 

was repeated after a pause of 30 minutes and 10 minutes of local TEA administration TEA 

administration was continued during the hydrochlorothiazide infusions 

In a previous study we found that sodium mtroprusside-mduced vasodilation was not inhibited by 

TEA, indicating that TEA is not a nonspecific inhibitor of vasodilation (Pickkers, unpublished data, 

1998) 

Protocol A4 Involvement of inhibition of vascular NaCI cotransport in hydrochlorothiazide-induced 

vasodilation 

The renal effects of hydrochlorothiazide are the result of inhibition of the electroneutral NaCI 

cotransporter in the early segment of the distal tubule [28] The presence of this cotransporter in 

vascular smooth muscle cells and its possible role in modulation of vascular tone have not been 

determined Two patients with the Gitelman syndrome, who lack the NaCI cotransporter [18,19], 

were studied during protocol A2 as described above 

Direct vascular effects of Indapamide 

Protocol Β1 Effect of high dose Indapamide in normotensive and hypertensive subjects 

Analogous to protocol A2 (see above), Indapamide (8, 25, and 75 μg mm ' dL ') was infused mtra-

artenally m 6 normotensive and 6 hypertensive subjects A previous set of experiments in 

normotensive volunteers using intra-artenal infusion rates of 0 1 to 10 μg mm ' dL ' revealed that this 

concentration range did not change FBF (n = 6, data not shown) 
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Drugs and solutions 

On the day of use, hydrochlorothiazide, Indapamide and TEA were reconstituted from a sterile 

powder (Sigma), diluted in NaHCOs 1 4% (hydrochlorothiazide) or NaCI 0 9% (Indapamide and 

TEA) to a concentration of 0 1, 0 1 and 1 0 mg mL1, respectively and passed through a 0 22-μπ\ 

Millipore (Milford, Massachusetts, U S A ) filter Further dilutions were prepared immediately before 

the experiment Noradrenaline (ampoule 1 mg mL1) was also freshly dissolved m NaCI 0 9% just 

before the experiment 

Data analysis, calculations and statistics 

The effects of hydrochlorothiazide and Indapamide were analysed by comparing the hemodynamic 

variables at baseline and at the increasing dosages by 1-way ANOVA with repeated measures Post 

hoc comparisons between the different dosages were made by Student's t-tests including Bonferrom 

correction Paired Student's t-tests were used for the assessment of the effect of TEA on baseline 

parameters To evaluate the effect of potassium channel blockade on the hydrochlorothiazide 

responses, 2-way repeated-measures ANOVA was performed on the changes from baseline 

Comparisons of the effects between different groups was performed by 1 -way ANOVA with repeated 

measures The mean FBF of the last 2 minutes recorded at each infusion rate was taken as the 

response Changes in FBF were compared with values obtained during baseline measurements and 

expressed as percent change in ratio of the infused and nomnfused arm compared to the baseline 

ratio to correct for small baseline differences between the first and second part of the experiment By 

using the ratio of the FBF measurements, the nomnfused arm can be considered a contemporaneous 

control for the infused arm [29] 

All data are expressed as mean±SEM of π experiments, unless indicated otherwise A Ρ value < 05 

was considered statistically significant 

Results 

Effects of hydrochlorothiazide in normotensive and hypertensive subjects 

In normotensive subjects, basal FBF values in the experimental and control arm were 1 6+0 1 and 

1.5±0 2 mL mm ' dL ', respectively Infusions of 8, 25, and 75 μg mm ' dL ' hydrochlorothiazide led 

to local plasma concentrations of 0 8±0 18, 3 30±0 49 and 11 02±1 63 μg mL', respectively, and 

an increase in the ratio of the infused and nomnfused forearms of 6±5, 12±8, and 55±14% (ANOVA 

with repeated measures, P=.013) as shown in Figure 1 (left panel) Post hoc analysis revealed 

significant increases in FBF for the last 2 hydrochlorothiazide doses No significant effects were 

detected on blood pressure (119±5/70±4 at baseline versus 122±4/69±3 mmHg during infusion of 
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the highest dose, MAP:86±4 versus 86+3 mm Hg), heart rate (57±1 versus 58±1 bpm) and FBF in the 

noninfused arm (1.5+0.2 versus 1.7+0.3 mL.min'1 .dL"1). Similar results were obtained in hypertensive 

patients: basal FBF's, blood pressure and heart rate were 2.410.4 and 2.5±0.4 mL.min'VdL"1, 

163±8/102±9 mm Hg and 62±4 bpm. Hydrochlorothiazide-induced vasodilation reached a 

maximum of 30±18% but this failed to reach statistical significance (P=.09) in this group. However, 

the vasodilator response was not significantly different from that in normotensive subjects {P- .57). 

In addition, increase in FBF or fall in forearm vascular resistance was not correlated with the initial 

blood pressure or initial forearm vascular resistance (data not shown). 

Local infusion of noradrenaline into the brachial artery attenuated FBF dose-dependently (baseline 

FBF 2.2±0.3 in the infused arm and 2.0±0.3 mL.min'1.dL'1 in the noninfused arm), with no effects on 

FBF in the noninfused arm, blood pressure (MAP, from 82±5 to 84±4 mm Hg) and heart rate (from 

53+9 to 52±9 bpm). This vasoconstriction was not inhibited by local infusion of hydrochlorothiazide 

(vasoconstriction induced by 10, 30, and 100 ng.min'VdL'1 noradrenaline alone: 53+7, 63±8, and 

77±5%, compared to noradrenaline in the presence of hydrochlorothiazide: 58±4, 58±7, and 

7415%, P-NS). 
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Figure J: Percent change in FBF ratio (infused/noninfused arm) during graded intrabrachial infusions 

of hydrochlorothiazide or Indapamide compared to placebo infusion as measured by venous 

occlusion plethysmography (mean±SEM). The Ρ value refers to the statistical analysis by ANOVA 

with repeated measures over the complete dose-response curve. 

Left panel: Direct vasoactivity of hydrochlorothiazide in normotensive subjects (n-6, Ρ-0.013), 

hypertensive subjects (n - 6, P- 0.09) and patients with Citelman syndrome (n - 2). There were no 

significant differences between the groups studied. 

Right panel: Direct vasoact/V/'ty of Indapamide in normotensive (n-6, P-NS) and hypertensive 

subjects (n-6, P-NS). 
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Mechanism of action of hydrochlorothiazide-induced vasodilation 

Role of Kci channel activation 

Figure 2 demonstrates the inhibition of hydrochlorothiazide-induced vasodilation by TEA 

TEA infusion into the brachial artery had no significant effect on baseline FBF (n -6 , from 1 9±0 2 

to 1 9±0 2 m L m m ' d L ' after 10 minutes, P-NS) Some subjects who were infused with TEA 

experienced paresthesia in the infused arm In addition, fasciculations of the forearm muscles were 

occasionally observed All symptoms disappeared within 10 minutes after termination of the TEA 

infusion Throughout these experiments, there were no significant changes in contralateral FBF, blood 

pressure, and heart rate (data not shown) 

Hydrochlorothiazide-induced vasodilation in the normotensive subjects was significantly attenuated 

when the dose-response curve was repeated in the presence of TEA (-7±4, -9±9 and 13±10%, 

difference P- 02 compared with hydrochlorothiazide-induced vasodilation in the absence of TEA, 

see above) 

Role of NaCI cotransport inhibition 

In 2 patients with the Gitelman syndrome basal blood pressure, heart rate, and FBF in the infused and 

nomnfused arm were 104±7/58±6 mm Hg, 66±0 3 bpm, 1 6±0 4 mL mm ' dL' and 2 5±0 1 

mL mm ' dL ', respectively Hydrochlorothiazide infusions increased FBF in the infused forearm 

(vasodilation in patient I 23, 39, and 100%, vasodilation in patient II, 4, -4, and 26%), with no 

relevant effects on blood flow in the nomnfused arm and the other hemodynamic parameters (Figure 

1, left panel) The vasodilation in these 2 patients was not significantly different from that in 

normotensive and hypertensive subjects 
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F/gure 2 Direct vasoactivity of hydrochlorothiazide in normotensive subjects in the absence (Φ) and 

in the presence (O) of the potassium channel blocker TEA (0 1 mg mm ' dL') Ρ value refers to the 

statistical difference as analyzed by ANOVA w/th repeated measures over the complete dose-

response curve Direct vasoactivity of hydrochlorothiazide P- 013, inhibition by TEA P- 02 
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Effects of Indapamide in normotensive and hypertensive subjects 

During mtra-artenal infusion of Indapamide (infusion rate 8, 25, and 75 μ g m ι n , dL'), plasma 

concentrations of Indapamide were 0 45±0 06, 0 98±0 19 and 7 22+1 54 μζ mL ' Figure 1 (right) 

illustrates the vascular effects of mtrabrachial infusion of these dosages of Indapamide No 

hemodynamic (blood pressure and heart rate) or direct vascular (FBF) effects were observed in 

normotensive subjects (blood pressure 129±3/68+3 mm Hg) or in hypertensive patients (blood 

pressure 161 ±13/91 ±5 mm Hg) Sustained infusion of the highest Indapamide dose for 20 minutes 

did not change FBF 

Discussion 

The mam conclusions of the present study are that hydrochlorothiazide exerts a direct vasodilator 

effect in the human forearm at supratherapeutic plasma levels, and that this action is mediated by 

activation of vascular potassium channels and not by inhibition of a putative vascular NaCI 

cotransporter Furthermore, hydrochlorothiazide-induced vasodilation is not shared by the thiazide-

like agent Indapamide 

Although vascular effects of thiazide diuretics were suspected almost from their introduction in the 

late 50's [22,23], no direct in vivo evidence was available In experiments in which plasma volume 

and total peripheral vascular resistance were calculated before and after long-term treatment with 

hydrochlorothiazide, it was found that after weeks to months of treatment plasma volume returned 

to baseline values, whereas blood pressure was still suppressed [1,2,3] This indicated an attenuated 

peripheral resistance, and thus vasodilation Since then, there have been speculations regarding 

whether this action is due to a direct interaction with the vascular wall [4,5,22], or secondary to the 

initial renal salt loss [6,7,8] 

Previous studies have shown that long-term treatment with hydrochlorothiazide attenuated the 

vasoconstrictive effects of noradrenaline m both normal and hypertensive subjects [22,23] Various 

mechanisms of action could be responsible for this effect, e g , a direct interaction with the a-

adrenergic receptor or through modulation of catecholamine plasma levels or the sympathetic nerve 

system Our study indicates that there is no direct interaction between the α-adrenergic receptor and 

hydrochlorothiazide In addition, various in vitro studies with isolated animal and human resistance 

arteries have demonstrated convincingly that hydrochlorothiazide and related compounds exert a 

direct vasodilator effect [9-12,16] Subsequent experiments showed that this effect was mediated by 

opening of vascular calcium-activated potassium channels resulting in hyperpolanzation and 

reduction m intracellular calcium m the smooth muscle cell The present study provides the first 

evidence that in vivo hydrochlorothiazide is also able to exert a direct vasodilator effect through 

activation of vascular potassium channels, independent of its renal effects 
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Mechanism of action of hydrochlorothiazide-induced vasodilation 

The principal renal site of hydrochlorothiazide action is the electroneutral NaCI cotransporter in the 

distal tubule [28] To our knowledge, it is unknown whether this cotransporter is also present in 

vascular smooth muscle cells, and whether it is of importance in the vascular action of 

hydrochlorothiazide Patients with the rare disease known as Gitelman syndrome are characterised 

by the absence of the thiazide-sensitive NaCI cotransporter [18] Since the vasodilator effect of 

hydrochlorothiazide was in the same order of magnitude in 2 of these patients compared to the the 

controls, we conclude that presence of the NaCI cotransporter does not play an important role in this 

effect 

A wide range of vasodilator/ compounds of different chemical structure have been found to act by 

opening of potassium channels [30,31] The direct vasodilator actions of thiazide diuretics on isolated 

vessels are associated with an increase in Rb*-efflux (as a marker for lO-efflux) [10,32], and 

hyperpolanzation of the plasmamembrane and are inhibited by selective blockers of the Kca channel 

[9-12] From these experiments, the role of vascular potassium channel activation in the direct 

vascular activity of hydrochlorothiazide is evident The present study provides evidence that the 

mechanism of action described in vitro is also operational in vivo 

The most important question -whether this direct vascular effect contributes to the blood pressure 

lowering efficacy- remains unanswered for several reasons First, vasodilation in vivo is only achieved 

at plasma concentrations of hydrochlorothiazide that are higher than those normally reached during 

long-term oral treatment However, both hydrochlorothiazide and Indapamide are known to 

accumulate in vascular smooth muscle cells [15], and the antihypertensive action of 

hydrochlorothiazide is of slow onset In our experimental setup, higher plasma concentrations might 

be needed to reach similar drug concentrations in the vascular smooth muscle cell compared to long-

term systemic treatment with lower dosages Somewhat counter to this view is the fact that the 

increase in FBF after hydrochlorothiazide administration reached steady state within 1 to 2 minutes 

and prolongation of the highest dose of Indapamide to 20 minutes had no additional effect However, 

accumulation of the diuretics in vascular smooth muscle may take days to weeks rather than minutes 

Second, blood pressure reduction after long-term treatment with diuretics is related to the level of 

initial blood pressure [14] By contrast, in our studies hydrochlorothiazide tended to induce less 

vasodilation in hypertensive patients and we found no correlation between the initial blood pressure 

or forearm vascular resistance and the direct vascular effect of hydrochlorothiazide It should be 

noted however, that the hypertensive patients were significantly older that the normotensive controls 

and that factors such as age or endothelium damage may have influenced these results 

Whether the reduction in peripheral resistance after long-term therapy with hydrochlorothiazide is 

due to Kca channel activation is still unresolved One option to investigate whether Κα channel 

activation is an important component in the reduction of peripheral resistance after long-term therapy 

with hydrochlorothiazide would be to assess the effect of potassium channel blockade on basal FBF 

In our experiments, TEA had no significant effect on basal FBF, whereas under conditions when the 

Kca channel is activated, TEA may reduce FBF This approach to demonstrate potassium channel 

activation has been reported before, since TEA had no effect on basal vascular tone of coronary 
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arteries in the nonischemic myocardium but significantly reduced coronary blood flow in the 

ischemic heart, indicating that ischemia activates vascular potassium channels [33] Therefore, if 

long-term treatment with hydrochlorothiazide reduces peripheral vascular resistance by increasing 

the open state probability of Ko channels in vascular smooth muscle cells, intra-artenal 

administration of an antagonist (e g , TEA) should decrease FBF 

Although the observed vasodilator action of hydrochlorothiazide is small, one should realize that the 

diuretic effects of hydrochlorothiazide prevent the normal counterregulatory effects of vasodilators, 

such as fluid and sodium retention Therefore, a small vasodilator effect associated with the absence 

of counterregulatory sodium retention may well explain the efficacy of thiazides in the treatment of 

hypertension 

Indapamide 

A wealth of data from animal experiments and clinical pharmacological studies, including long-term 

therapeutic trials, has established extensive knowledge of the vascular activity of Indapamide 

Nevertheless, direct mdapamide-mduced vasoactivity measured in humans in vivo has never been 

reported Indapamide has been reported to increase resting muscle blood flow by 38% after 1 week 

of systemic treatment in patients with essential hypertension, as measured with a xenon washout 

technique [34], but whether this effect is due to a direct or indirect (e g , counterregulatory) effect is 

unclear Data from in vitro experiments with animal tissue have shown that Indapamide directly acts 

on vascular smooth muscle by inhibiting the slow inward calcium current [35] This results m a 

reduced 45Ca2* uptake in arteries stimulated with noradrenaline or a depolarizing potassium solution 

[36] and vasorelaxation at concentrations similar to those seen therapeutically in blood (IC50-8O 

nmol L ') [16] In these experiments, Indapamide seems to exert calcium channel antagonistic effects 

In contrast to the aforementioned results obtained from animal experiments, the lack of a direct 

vascular effect of Indapamide in our experiments is in agreement with data from studies with isolated 

arteries of human origin [16] It appears that species differences explain these contradictory results 

and that human vessels may not be sensitive to Indapamide Our experiments exclude the presence 

of an acute, direct vascular effect of therapeutic and supratherapeutic plasma concentrations of 

Indapamide in the human forearm of normotensive and hypertensive subjects 

In conclusion, we found that similar to in vitro experiments, hydrochlorothiazide exerts a direct 

vascular effect in vivo probably mediated by activation of vascular potassium channels and unrelated 

to the presence of the NaCI cotransporter This direct interaction of hydrochlorothiazide with the 

vascular wall could contribute to its antihypertensive efficacy Whether this mechanism is of 

importance during long-term systemic treatment remains to be established 
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ACETAZOLAMIDE, Κ* CHANNEL ACTIVATION IN VIVO 

Summary 

The selective carbonic anhydrase inhibitor acetazolamide is known to increase blood flow in several 

organs Acetazolamide directly dilates isolated resistance arteries associated with activation of 

calcium-activated potassium (Kc«) channels We examined both the presence and mechanism of the 

direct vascular action of acetazolamide in vivo in humans 

Forearm vasodilator responses of 30 healthy volunteers to infusion of placebo and increasing doses 

of acetazolamide (1, 3, and 10 mg mm' dL') into the brachial artery were recorded by venous 

occlusion plethysmography, before and after local administration of L-NMMA (0 2 mg mm ' dL ', an 

inhibitor of NO-synthase, η -β), indomethacm (5 0 μ g m ι n , dL', an inhibitor of prostaglandin 

synthesis, η - 6 ) , glibenclamide (10 μ g m ι n l dL', an inhibitor of KAIP channels, π-6), tetraethyl-

ammomum (0 1 mg mm ' dL', an inhibitor of Kca channels, η = 6) or placebo (NaCI 0 9%, η = 6) 

Lower dosages of acetazolamide did not affect vascular tone (n - 6) 

Acetazolamide infusions increased forearm blood flow from 2 41 ± 0 17 to 2 9 9 ± 0 18, 4 0 9 ± 0 26, 

and 6 77±0 49 mL mm ' dL' in the infused forearm (P< 001), with no significant changes in the 

nomnfused forearm, blood pressure or heart rate Acetazolamide-mduced vasodilation was not 

inhibited by L-NMMA, indomethacm, or glibenclamide but was significantly attenuated by TEA 

(vasodilation 23 ±6, 82±19, 241 ±38% versus 27 + 8, 44 + 22, 42±35%, P< 01) 

We conclude that acetazolamide exerts a direct vasodilator effect m vivo m humans mediated by 

vascular Kca channel activation This makes acetazolamide the first drug known that specifically 

modulates this channel 
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Introduction 

Acetazolamide has been used widely as a selective inhibitor of carbonic anhydrase [1] A number 

of studies has been published on vascular properties of acetazolamide, mostly concentrating on the 

cerebral [2-4] and retinal [5] circulation All studies used systemic administration of the drug, which 

limits the possibility to interpret the results as a direct interaction with the vascular wall or an indirect 

systemic metabolic or counterregulating effect However, we have recently found that acetazolamide 

exerts a dirert vasodilator effect in isolated guinea-pig resistance arteries This effect is associated with 

a change in smooth muscle cell pH and subsequent opening of calcium-activated potassium (Kca) 

channels, as acetazolamide-mduced vasodilation is inhibited by charybdotoxm, a highly selective 

blocker of this channel [6] Opening of vascular potassium channels hyperpolanzes the cell 

membrane, leading to closure of voltage-operated calcium channels A blunted calcium influx results 

in a decrease in cytoplasmic calcium levels and vasorelaxation [7] 

In the past few years there has been an increasing interest in the role of potassium channels in the 

cardiovascular system [8] The Kca channel is present in human vascular smooth muscle and the 

physiological importance of the channel in the regulation of arterial tone is emerging as it is now 

clear that myogenic tone [9] and flow-mediated vasodilation [10] are regulated by the Kca channel 

in many tissues 

In view of the presence of the enzyme carbonic anhydrase in vascular smooth muscle cells [11], aim 

of the present study was to determine if acetazolamide induces vasodilation in vivo in humans due 

to a direct action on the vascular wall, and if so, whether the mechanism of action is similar as found 

in isolated vessels Since systemic administration does not permit one to distinguish between direct 

and indirect vascular effect of a drug, we used the perfused forearm model to examine the direct 

effect and mechanism of action of acetazolamide on forearm vascular tone 

Methods 

Subjects 

After the approval of the Ethics Committee of our hospital and the written informed consent of each 

subject we studied a total of 42 (21 males) non-smoking, non-obese healthy volunteers, aged 18 to 

33 years Their demographic characteristics are summarized in table 1 Volunteers who were taking 

prescription drugs (except for oral contraceptives) or acetylsalicylic acid or other non-steroidal anti

inflammatory drugs were excluded 

Procedures 

The experiments were performed with subjects in the supine position in a quiet, temperature 

controlled room (23°C to 24°C) Under local anesthesia (hdocame HCl 20 mgmL1) a 20-gauge 
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catheter (Angiomat, Deserei Medical, Becton Dickinson, Sandy UT, U.S.A.) was inserted into the left 

brachial artery connected w i t h an arterial pressure monitoring line (Viggo Spectramed, 5269-129) 

to a Hewlett Packard 7Θ353Β monitor (GmbH, Böblingen, Germany). The arterial line was kept 

patent with saline infusion (3 mL.h ' with 2 U heparin.mL'1 added) and was used for infusion of drugs 

and for blood pressure recordings. Mean arterial pressure (MAP) was determined by the electronically 

integrated area under the brachial arterial pulse-wave curve and averaged per FBF measurement. 

With the arm elevated just above heart level, blood f low was measured simultaneously in the infused 

and noninfused forearm three times per minute by electrocardiography-tnggered venous occlusion 

plethysmography (Hokanson E20 rapid cuff inflator) using mercury-in-Silastic strain gauges 

(Hokanson EC4, D.E. Hokanson, Washington, D.C., U.S.A.) as previously described [12]. To ensure 

that forearm blood f low (FBF) recordings were due predominantly to the forearm skeletal muscle 

resistance arteries, the hand circulation was occluded during all FBF-recordings by a wrist cuff 

inflated 100 mm Hg above the systolic blood pressure [13]. FBF and drug administration (automatic 

syringe infusion pump, type STC-521, Terumo, Tokyo, Japan) were normalised to forearm volume 

(FAV) as measured wi th the water displacement method, and was expressed in mL.min ' .dL '. 

Measurements were started at least 30 minutes after intra-arterial cannulation and one minute after 

occlusion of the hand circulation. 

Table Ì: Demographic data for ail participants. 

Total group Acetazol Acelazol Acelazol Acetazol Acelazol Acelazol SNP 
(mean±SD low dose Time-conlr +L-NMMA +indometh +TEA tglibencl +TEA 
[range]) 

Age 23 ±3 
(yrs) [18-33] 
Male/ 21/21 
Female 
Height 180 ±9 
(cm) [158-197] 
Weight 68.5±10 5 
(kg) [50-85] 
BMI 21.1±20 
(kgm2) [17.6-25.1] 
FAV 957±190 
(mL) [700-1300] 
SBP 125±10 
(mmHg) [100-148] 
DBP 65±6 
(mm Hg) [53-80] 
MAP 85±7 
(mm Hg) [69-98] 
HR 64±8 
(bpm) [51-81] 

25±4 26±2 24±3 21 ±2 23±3 21±2 22±2 

3/3 3/3 3/3 3/3 3/3 3/3 3/3 

183±1.2 178±106 177±7 178±9 181±6 180±5 182±9 

69.5±116 68.2±9.4 66.0±11.2 64.1±10.6 71.9±7.9 68.7±9.7 71.7±10.0 

20.6±14 21.4±13 21 0±2.6 20.0±1.6 

967±239 908±137 925±208 883±134 

126±9 122±4 124±5 128±12 

65±6 69±7 66±5 63±5 

84±7 87±7 86±5 85±7 

62±8 65±8 60±6 63±8 

22.0±1.9 21.3±2.7 21.5±1.3 

992±164 983±201 1060±163 

125±9 124±15 122±2 

67±7 63±8 62±4 

86±7 83±10 82±5 

69±6 69±9 63±4 

Values are presented as mean±SD. BMI indicates body mass index; FAV, forearm volume; SBP, systolic blood 

pressure; DBP, diastolic blood pressure (both measured inlra-artenally); HR, heart rate (measured by ECG). 

93 



CHAPTER 7 

Protocols 

Low dose acetazolamide experiments 

In 6 subjects, baseline forearm blood flow was measured for 5 minutes. Hereafter, increasing dosages 

ofacetazolamide(0.1,0.3, 1.0,3.0, 10,30, 100, 300, and 1000 μg.minl.dL'') were administered for 

4 minutes each. Each measurement period lasted 8 to a maximum of 10 minutes and was alternated 

by a 5 minutes pause during which the wrist cuff was deflated to allow recovery of the hand 

circulation. 

High dose acetazolamide experiments 

The second series of experiments were conducted as described above, and intrabrachial infusion of 

acetazolamide at rates of 1, 3, and 10 mg.min'1 .dL' were administered to 30 subjects. After 

termination of the last infusion period, extinction of the vasodilator blood flow response was 

measured after 10, 20, and 30 minutes At t - 4 5 minutes, the protocol was repeated after and during 

infusion of one of the antagonists or without a pharmacological intervention (NaCI 0.9%, to obtain 

time-control values) in 5 groups of 6 subjects each. 

Time control experiments 

After the first part of the experiment as descibed above, the second part of the experiment was started 

with local infusion of NaCI 0.9%. After obtaining baseline measurements for 5 minutes, the 

acetazolamide dose-response curve was repeated during concomitant NaCI 0.9% infusion. 

Involvement of vascular prostaglandin- and nitric oxide-release in acetazolamide-

induced vasodilation 

Cerebral vasodilation after systemic administration of acetazolamide was inhibited by mdomethacin 

[2], but not by NOLAG [14], an inhibitor of NO-synthesis. To study the role of vascular release of 

prostaglandins and nitric oxide in acetazolamide-induced vasodilation, we performed the following 

experiments: In the second and third subgroup of 6 subjects, the second part of the experiment was 

initiated by a 10 minutes intra-arterial infusion period of mdomethacin (5.0 μg.min''.dL'1) or L-NMMA 

(0.2 mg.min'.dL') after which the acetazolamide dose-response curve was repeated during 

concomitant infusion of the antagonist. Equipotent dosages of L-NMMA have been used before and 

have been shown to sufficiently attenuate vasodilation due to vascular NO synthesis [15]. In a set of 

previous experiments adequate cyclo-oxygenase inhibition was confirmed by the absence of 

thromboxane B2 formation in vitro in blood drawn from an antecubital vein of the indomethacm-

infused forearm, determined by a RIA using 3H-TxB2 as tracer [de Hoon and Pickkers, submitted]. 
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Involvement of potassium channel activation in acetazolamide-induced vasodilation 

It has been shown that m isolated resistance vessels, acetazolamide-induced vasodilation is inhibited 

by charybdotoxm, a selective blocker of Kca channels, but not by glibenclamide, a selective 

antagonist of KAIP channels [6], indicating that acetazolamide-induced vasoactivity is mediated by Kca 

channel activation Since charybdotoxm cannot be administered to man because of its toxicity, we 

used mtra-arterial administration of the potassium channel blocker tetraethylammomum (TEA) to 

investigate the role of Kca channel activation m the vascular effects of acetazolamide TEA has been 

administered parenterally to man before, as a ganglion blocker in a total dose of 500 mg (ι ν ) m 

patients suffering from peripheral vascular disease [16] and in normal subjects [17] TEA antagonizes 

different types of potassium channels with varying degrees of potency [18], but the compound has 

been shown to block single Kca channels of arterial smooth muscle and to be relatively selective for 

this channel at concentrations below 1 mmol L1 (Half-block, Κι«:200μΓηοΙ L') [18-20] In 6 subjects, 

we used mtra-arterial administration of TEA at an infusion rate of 0 1 mg mm ' dL ', calculated to lead 

to a local plasma concentration of approximately 0 5 mmol L' [21] In the second part of the 

experiment, after 10 minutes of TEA infusion, measurements of FBF and subsequent infusions of 

acetazolamide were started TEA administration was continued during the acetazolamide infusions 

Two series of control experiments were conducted to exclude a non-specific inhibition of 

vasodilation by TEA and to address possible non-selective actions of TEA on KAIP channels 

First, to investigate if TEA is a non-specific inhibitor of vasodilation we examined its effect on 

vasodilation induced by a drug that exerts its effect independent from vascular potassium channels: 

sodium mtroprusside In a group of 6 subjects the increase of FBF to mtrabrachial administration of 

SNP (0 2, 2 0, and 6 0 μg mm ' dL ') was assessed m the absence and presence of TEA (0 1 

mg mm ' dL '), in a fashion similar as described above for the acetazolamide experiments 

Second, we have found that the vasodilation to ATP-dependent K* channel opener diazoxide is also 

partly inhibited by TEA (Pickkers, unpublished data 1999), indicating that TEA might also block 

vascular KAIP channels m the perfused forearm To confirm that the acetazolamide-induced 

vasodilation is solely mediated by the Kca channel, we used mtra-arterial administration of the KAIP 

selective blocker glibenclamide (10 μg.mιn1 dL') as a negative control for the acetazolamide-induced 

vasodilation. The dose of glibenclamide we used was three times higher than the dose that has been 

demonstrated to significantly attenuate the responses to the KAIP channel opener diazoxide m the 

forearm vascular bed [22] 

Drugs and solutions 

Acetazolamide (Diamox 500 mg ampoule, ΑΗΡ Pharma), Ncmonomethyl-L-arginine (L-NMMA)-

acetate (Clmalpha), indomethacm (Indocid PDA 1 mg, Merck Sharp and Dome) and glibenclamide 

(2 mg vial, Hoechst) were diluted in NaCI 0 9% immediately prior to the experiments For the other 

potassium channel antagonist experiments we used sterile tetraethylammomum (TEA) On the day 

of the experiment TEA was reconstituted from a sterile powder (Sigma), diluted m NaCI 0 9% to a 
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concentration of 1 mg mL ' and passed through a 0 22 μιτι Millipore (Milford, Massachusetts, U S A ) 

filter Sodium nitroprusside (Nipride, 50 mg, Roche) was dissolved in 2 mL glucose 5%, further 

diluted in NaCI 0 9% just before the experiments and protected from light Saline was used as 

placebo infusion All drugs and placebo infusions were administered at the same infusion rate of 100 

μ ί π ι ι η ' α ί ' 

Data analysis, calculations and statistics 

The effects of acetazolamide were analysed by comparing the hemodynamic variables at baseline 

and at the increasing dosages by one-way analysis of variance (ANOVA) with repeated measures 

Post-hoc comparisons between the different dosages were made by Scheffé-F-tests including 

Bonferrom correction Paired Student t-test was used for the assessment of the effects of L-NMMA, 

mdomethacm, TEA and glibenclamide on baseline parameters In order to evaluate the effect of the 

intervention (NO-synthase blockade, prostaglandin synthesis blockade and potassium channel 

blockade) on the acetazolamide or sodium nitroprusside responses, two way repeated measures 

ANOVA was performed on the changes from baseline Since the mean arterial blood pressure was 

not affected by either drug infusion (see results), FBF-changes were assumed to represent changes in 

forearm vascular tone, and forearm vascular resistance was not calculated [23] The mean FBF of the 

last 2 minutes recorded at each infusion rate was taken as the response Changes m FBF were 

compared with values obtained during baseline measurements and expressed as absolute values or 

as percentage change in ratio of the infused and nomnfused arm compared to the baseline ratio to 

correct for small baseline differences between the first and second part of the experiments with the 

various inhibitors By using the ratio of the FBF measurements, the nomnfused arm can be concerned 

as a contemporaneous control for the infused arm [23] 

All data are expressed as mean + SEM of η experiments, unless indicated otherwise A P-value< 05 

was taken as statistically significant 

Results 

Baseline characteristics 

Baseline characteristics of all studied groups are presented in Table 1 
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Cardiovascular responses to local acetazolamide administration 

In the first series of experiments, intrabrachial administration of acetazolamide 0.01 μg.min '.dL ' to 

1 mg.min '.dL1 (n = 6) did not change blood flow m the infused forearm (3.2±0.4 mL.min '.dL' at 

baseline to 3.0±0.4 mL.min'.dL' at the last dose, P-NS). There were also no changes in FBF m the 

contralateral arm (2.6 + 0.5 to 2.3 + 0.5 mL.min'1 .dL'), nor in blood pressure and heart rate (data not 

shown). 

To assess the vascular response to graded infusion of higher acetazolamide concentrations, the data 

of the first dose-response curve for all experiments with the higher acetazolamide dosages were 

pooled (n-30). Table 2 summarizes the results of this analysis. High dose acetazolamide infusions 

induced a dose dependent increase in FBF from 2.4±0.2 at baseline to 3.0±0.2, 4.1 ±0.3 and 

6.8±0.5 mL.min'.dL', which was significantly different from baseline for all three dosages. The 

dose-dependency was supported by significant differences between all dosages (Scheffé-F-tests: 

P<.05). After cessation of the last infusion of acetazolamide, FBF decreased (from 6.8±0.5 

mL.min'.dL'1 at the last acetazolamide infusion) to 2.3±0.2, 1.8±0.2 and 1.9±0.2 at t - 1 0 , 20 and 

30 minutes, respectively. Thus, within 20 to 30 minutes the FBF was identical to the baseline level, 

indicating total extinction of the vasodilator response. As shown in table 2, there were no changes 

in blood flow in the noninfused forearm (from 2.2±0.2 at baseline to 2.1 ±0.2 mL.min'1 .dL"' during 

the last dose) or changes in blood pressure or heart rate during acetazolamide infusion, arguing 

against an acute systemic vascular effect of the dosages used. 

Table 2: The results of graded intra-artenal acetazolamide infusion on hemodynamic parameters 

Acetazolamide fBf"1^ pBpnonmh.-d Vasodilation SBP DBP HR 

dose (mg.min '.dL') (mL.min'.dL·') (mL.min '.dL') (%) (mm Hg) (mm Hg) (bpm) 

Baseline 

1.0 

3.0 

10.0 

After 30 minutes 

2.2±0.2 

3.0±0.2* 

4.1 ±0.3* 

6.8±0.5* 

1.9±0.2 

2.2±0.2 

2.4 + 0.2 

2.0±0.2 

2.1 ±0.2 

1.6±0.1 

-
36±7* 

116±12* 

244±9* 

10±4 

124±2 

124±2 

125 + 2 

125±2 

126±1 

66±1 

66±1 

67±1 

71±1 

69±1 

65±2 

67±2 

64±2 

64±2 

60±2 

Values are presented as mean ± SEM (η - 30). FBFm'used: Forearm blood flow in the infused arm. 

FBF"0""'1'"^: Forearm blood flow in the noninfused arm. Vasodilation: Percentage vasodilation 

calculated as 100% multiplied by (FBF ratio during acetazolamide infusion minus FBF ratio at 

baseline), divided by FBF ratio at baseline. SBP: Systolic blood pressure (measured mtra-arterially). 

DBP: Diastolic blood pressure (measured intra-arterially). HR: Heart rate (measured via FCC). 

* Ρ < .05 post hoc Scheffé F-tests (significantly different versus baseline, versus wash out value, as 

well as versus previous dose). 'FBF"'""0' and 'Vasodilation' had P<.000l by repeated measures 

ANOVA, all other parameters were not significantly different by repeated measures ANOVA. 
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Time control experiments 

Before conducting experiments where the acetazolamide dose-response curve was repeated after and 

in the presence of one of the inhibitors, time control experiments were carried out to investigate the 

repeatability of the vasodilator response In the subset of experiments where the acetazolamide 

infusions were repeated after 45 minutes using NaCI 0 9% as the pharmacological intervention, 

acetazolamide led to a maximum vasodilation of 2 2 8 ± 5 6 % at the first and 2 8 6 ± 4 9 % at the second 

dose response-curve There was no significant difference between the percentage vasodilation 

between this first and second series of measurements (figure 1, right panel), indicating good 

repeatability of the dose-response curve During both acetazolamide experiments, there were no 

significant changes in contralateral FBF, blood pressure or heart rate 
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Figure 1 Percentage increase in the ratio of the infused and nomnfused arms during graded 

acetazolamide infusion, both in the absence (Φ) as well as during concomitant infusion (O) of TEA 

(left panel) or placebo (right panel) is presented as mean±SEM The P-value refers to the statistical 

difference between conditions for these responses as analysed by repeated measures ANOVA 

Involvement of vascular autacoid release in acetazolamide-induced vasodilation 

Nitric oxide 

Figure 2 (left panel) illustrates the percentage vasodilation to the three increasing acetazolamide 

dosages m the absence and presence of L-NMMA infusions In this group acetazolamide increased 

the ratio of FBF at a maximum of 219 + 38% in the absence of L-NMMA Administration of L-NMMA 

reduced FBF from 2 0 ± 0 5 to 1 2 ± 0 1 mL m m ' d L 1 (paired t-test, P< 05) with no significant change 

in the contralateral FBF (from 1 7 ± 0 4 t o 1 6 ± 0 4 mL mm ' dL 1 ), blood pressure (123 ± 2 / 6 6 ± 2 to 

1 2 3 ± 2 / 6 9 ± 2 mm Hg) or heart rate (61 ± 3 to 6 0 ± 2 bpm) Compared to this new baseline the 

maximum percentage vasodilation induced by acetazolamide was 2 5 3 ± 2 1 % , not significantly 

different when compared with the first dose response curve 
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Prostaglandins 

The right panel of figure 2 demonstrates the interaction of acetazolamide and indomethacin 

Maximum vasodilation to acetazolamide was 219 + 27% in this group Indomethacin did not change 

FBF (1 8 ± 0 3 to 1 8 ± 0 3 mL mm ' dL ') or other hemodynamic parameters significantly, and the 

vasodilator response to acetazolamide was also unchanged (maximum 199±34%, P=NS) 
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Figure 2 Percentage increase in the ratio of the infused and noninfused arms during graded 

acetazolamide infusion, both m the absence (Φ) as well as during concomitant infusion (O) of L-

NMMA (left panel) or indomethacin (right panel) is presented as mean±SEM The P-value refers to 

the statistical difference between conditions for these responses as analysed by repeated measures 

ANOVA 

Involvement of potassium channel activation in acetazolamide-induced vasodilation 

Figure 1 (left panel) demonstrates the effect of TEA on the forearm vasodilator response to 

acetazolamide Baseline FBF after 10 minutes of TEA administration was 1 9 ± 0 4, compared to 

1 9 ± 0 4 mL m m ' d L ' at the start of the experiment (P-NS) Acetazolamide-induced vasodilation 

averaged 23±6, 82±19, and 241 ±38% in the absence of TEA and 27±8, 44±22, and 42±35% 

in the presence of TEA (P< 01) The concomitant infusion of acetazolamide and TEA elicited no 

significant changes in contralateral FBF (from 1 7 ± 0 3 at baseline to 1 3 ± 0 2 mL mm ' dL' at the 

highest acetazolamide dose), blood pressure (from 125 ± 3/71 ± 3 to 128±4/77±4 mm Hg) or heart 

rate (from 65 ± 3 to 68 ± 4 bpm) 

The mtra-arterial infusion of TEA did not change the forearm vasodilator response to sodium 

mtroprusside (Figure 3, left panel) In the absence of TEA, the percentage increase in ratio of the 

infused and noninfused arms for the three increasing dosages SNP averaged 75±11, 366±38 and 

740±78%, while these values were 78±23, 485±66 and 991 ±190% during concomitant TEA 

administration (P-NS) No significant effects on systemic hemodynamics were observed during the 

combined infusion of SNP and TEA (The contralateral FBF was 2 1 ±0 3 before and 2 0 ± 0 4 
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ml mm ' dL ' during the highest SNP dose) 

As demonstrated in figure 3 (right panel), the vasodilator response to acetazolamide was not 

attenuated by local glibenclamide infusion In this last series of experiments, maximum 

acetazolamide-mduced vasodilation were 209 + 33 and 292±44%, in the absence and presence of 

glibenclamide, respectively (P- NS) Local glibenclamide infusion itself did not change FBF in either 

arm (infused arm from 1 8±0 3 to2 0±0 4 mLmin' dL', noninfused arm from 2 2 ± 0 3 t o 2 4 ± 0 5 

mLmin' dL'), blood pressure (from 125±6/67±4 to 126 + 6/68 + 3 mm Hg) or heart rate (from 63±3 

to 65 + 3 bpm) 
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Figure 3 Percentage increase in the ratio of the infused and noninfused arms during graded 

acetazolamide infusion (left panel), both in the absence (0) as well as during concomitant infusion 

of glibenclamide (O) and during graded sodium nitropmsside infusion (right panel), both in the 

absence (0) as well as during concomitant infusion of TEA (O) are presented as mean±SEM The P-

value refers to the statistical difference between conditions for these responses as analysed by 

repeated measures ANOVA 

Discussion 

Our study is the first to demonstrate that acetazolamide exerts a direct vascular effect in vivo We 

showed that local administration of acetazolamide induces rapid vasodilation in the human forearm, 

without affecting blood pressure, heart rate and blood flow in the noninfused arm This indicates a 

direct local vascular effect of the drug, independent of its renal effects and possible actions on other 

organs Although an interaction between acetazolamide and prostaglandin and NO production has 

been found in different tissues [24,25], acetazolamide-mduced vasodilation appeared to be 

independent of these autacoids in the human forearm, since local mdomethacm and L-NMMA 

administration had no inhibitory effect on the acetazolamide-mduced vasodilation Consequently, 

our data support the conclusion that vascular autacoid release does not attribute to the vasodilatory 

response to mtra-artenal acetazolamide infusion in man In contrast, vasodilation was almost totally 

abolished by the potassium channel blocker TEA 
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Role of potassium channel activation 

From data obtained in experiments m isolated arteries [6] we postulated that activation of vascular 

Kca channels may represent the mechanism of vascular action of acetazoiamide in vivo In the 

absence of a highly selective Kca channel inhibitor that can be administered to humans, we used the 

less selective blocker TEA Tetraethylammomum has been administered parenterally to humans 

before [16,17] The vascular effects of Κα channel inhibition in isolated arteries is variable, as some 

studies reported an increase in basal tone for instance in cerebral arteries [8], but others found no 

change for example m human and guinea-pig resistance arteries [7,27] Recently, it was published 

that TEA decreased coronary blood flow in ischemic heart, but not in non-ischemic hearts m open-

chest dogs [28], indicating that TEA is a vasoconstrictor only when the Κα channel is activated 

Systemic administration in humans increases peripheral blood flow due to ganglion blockade [16,17], 

but in our experiments, mtra-arterial administration (distal from ganglia) of TEA had no significant 

effect on baseline FBF 

Despite its lack of effect on baseline FBF, TEA almost totally abolished acetazolamide-mduced 

vasodilation in the human forearm Control experiments showed that acetazolamide-mduced 

vasodilation was not inhibited by the ΚΛΤΡ channel antagonist glibenclamide Studies with 

nitroprusside excluded non-specific inhibitory effects of TEA From these results we conclude that 

acetazolamide-mduced vasodilation m the human forearm is mediated by Κα channel opening Up 

to now, no other agent that specifically opens the Κα channel is known NS-004, a putative opener 

of the Κα channel, has recently been shown not to be specific nor selective for the Κα channel [29] 

Thus acetazoiamide could be the first specific Κα channel opener Clearly, electrophysiologic studies 

in isolated vascular smooth muscle cells need to be performed to define the mechanism of 

acetazolamide-mduced modulation of Κα channels 

Besides the possibilty of a direct interaction with the Κα channel, it is also possible that 

acetazoiamide acts via an indirect effect, e g , through a second messenger or through metabolic 

effect Inhibition of carbonic anhydrase reduces the capacity of the red blood cells to carry CO2, 

thereby increasing tissue pC02 [30] The autoregulatory response to local hypercapma is vasodilation 

[31,32], in order to increase tissue blood flow, washing out the excess of CO2 From our studies, we 

cannot exclude that a build-up of tissue CO2 is responsible for K-channel activation [33] Interestingly, 

it has been reported that increasing pC02 hyperpolanses the plasma membrane of isolated small 

arteries [34], and we have found that CO2 induces vasodilation and that this response is inhibited by 

blockers of Κα channels [35] The role of K-channel activation m the interaction between pC02 and 

vascular tone has been insufficiently studied and requires more attention 

Also, in in vitro experiments, we have demonstrated that the vasorelaxant effect of several carbonic 

anhydrase inhibitors and thiazide diuretics is triggered by a rise in intracellular pH due to the 

carbonic anhydrase-inhibitmg activity of the drug, leading to Κα channel activation and relaxation 

[6] These observations make it plausible that acetazoiamide activates the Κα channel through an 

indirect metabolic effect and not via a direct interaction with the channel 

Although the action of acetazoiamide appears to be similar to previous findings m isolated resistance 

arteries [6], the calculated acetazoiamide concentration needed to exert a comparable effect in vivo 
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is much higher. Besides the possible barrier function of the endothelium in our experiments (in the 

in vitro experiments the drug is administered from the outside of the vessel directly onto the vascular 

smooth muscle cells), the difference in species and vascular beds could play an important role. It is 

known that carbonic anhydrase activity varies between species and from organ to organ [36-38]. 

Isolated vessels were obtained from mesenteric or subcutaneous fat tissue, whereas forearm blood 

flow predominantly reflects foreami muscle perfusion. Other differences between in vivo and in vitro 

condition may also be important. We have recently found that, independent of the route of 

administration (from the outside of the vessel or via the luminal space) vasodilation induced by Ko 

channel activation is less in isotonic pressurized vessels than in unpressunzed vessels in a 

conventional wire myograph [39]. At present, the origin of this disparity is not clear, but it could also 

explain the difference between the in vitro and in vivo results. 

In conclusion, we report that intra-arterial infusion of acetazolamide directly dilates resistance arteries 

in the human forearm, and that this vasodilation is not dependent on local prostaglandin or NO 

release, but mediated by vascular Ko channels. This novel mechanism of action of acetazolamide 

deserves further attention, since no other drug is known that specifically modulates the vascular Ko 

channel. 
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VASOACT/WTYOF LOOP DIURETICS, REVIEW 

Summary 

Although it is generally believed that the beneficial effect of loop diuretics is the result of a rapid 

increase of diuresis, substantial evidence, from a large number of in vitro and in vivo experiments, 

has accumulated showing that administration of furosemide causes direct vascular effects, which 

probably contribute to its acute clinical effects Several mechanisms are involved in the vascular 

response to loop diuretics The role of the renm-angiotensm-aldosterone axis, prostaglandins and the 

direct vascular effects of loop diuretics on both the arterial and venous parts of the vasculature are 

discussed 
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Introduction 

Diuretic therapy has shown to be effective in the treatment of acute and chronic heart failure The 

potent loop diuretics, furosemide and bumetamde, are frequently used in the treatment of disease 

states characterized by fluid and sodium retention After intravenous administration of furosemide, 

clinical relief of symptoms often precedes the increase in diuresis in patients with acute heart failure, 

suggesting the presence of an extrarenal effect Although it is generally believed that the beneficial 

effect of loop diuretics is the result of a rapid increase of diuresis, substantial evidence, from a large 

number of in vivo and in vitro experiments, has accumulated showing that administration of 

furosemide causes vascular effects, which probably contribute to its acute clinical effects 

At first sight the reports on the vascular nondiuretic effects of furosemide seem conflicting However, 

a great deal of the disparity in the results seem to be due to differences in the vascular bed studied 

(arterial or venous, renal or pulmonary, etc ), the species studied, the timing (acute vs chronic 

effects), systemic vs local effects, direct vs indirect effects, and differences in disease states In this 

paper, the literature on vascular effects of loop diuretics (with emphasis on furosemide) is reviewed 

with reference to the differences in experimental protocols Finally, some general conclusions are 

drawn, and suggestions for future investigations are given 

In vitro studies 

The direct vascular effects of furosemide are difficult to study in vivo because of interfering 

counteracting mechanisms which may even completely mask direct effects In a number of in vitro 

studies the presence of Na-K-2CI cotransporter activity has been demonstrated in endothelial as well 

as vascular smooth muscle cells [1-3], and this observation represents a primary focus of interest with 

regard to the vascular effects of furosemide However, inhibition of Na-K-2CI cotransporter activity 

occurs only at high furosemide concentrations These concentrations are reached in the renal tubule, 

but not in the cardiovascular system [4] It should be emphasized that in all in vitro studies much 

higher concentrations were needed to induce vascular responses than in the human in vivo situation 

An additional difference causing much higher concentrations of free furosemide is the absence of 

protein binding in the media used 

The in vitro studies focussing on the vascular effects of furosemide are summarized in table 1 In the 

early 1970s an inhibitory effect of furosemide on the vasoconstrictor response to noradrenaline and 

angiotensin II was observed in the rat portal vein [5] It was demonstrated that incubation with 

furosemide causes a membrane hyperpolanzation of 5 5 mV in the relaxed rabbit pulmonary artery 

[6] Many vasodilatory agents act by hyperpolanzation of the plasma membrane and subsequent 

closure of voltage operated calcium channels, so this observation is consistent with, and possibly 

explains the direct vasodilatory action of furosemide 

Furosemide appeared to have a direct vascular effect m the perfused mesenteric vascular bed of the 

rat [7] In an in vitro study with arterial vascular smooth muscle in segments of rabbit blood vessels, 

furosemide (20 μg mL') induced a small decrease in resting tension [8] 
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In the isolated rabbit central ear artery, a direct relaxing effect of furosemide on isolated vessel 

segments was concentration-dependent (0.1 to 1.0 mmol.L ' furosemide) [9]. It was demonstrated that 

inhibition of Na-K-2CI cotransport activity or hyperpolarization of the membrane was unlikely to be 

the sole mechanism responsible for the vasorelaxant effect of furosemide. 

In an in vitro study using dogs it was demonstrated that furosemide did not have a direct effect on 

arterial smooth muscle, but exhibits selective venorelaxant activity [10]. The magnitude of this effect 

was most pronounced in the pulmonary vascular bed. Moreover, the vasorelaxant activity of 

furosemide was independent of endothelium, nitric oxide, cGMP and prostanoids. 

The role of the endothelium in the direct vascular effects of furosemide is still unclear. Whereas in 

one report on an ex vivo experiment showed that the effect of furosemide on the response to 

sympathetic stimulation was endothelium-dependent [11], others did not find an important role for 

the endothelium in mediating the relaxation caused by furosemide in vitro [9]. The discrepancy 

between these results with respect to the endothelium-dependency may be caused by different 

concentrations of furosemide studied and by the use of albumin containing solutions [8]. 

Table 1 : In vitro experiments on the vascular effects of furosemide 

Vasculature Species Drug cone Main effects Ref 

Arterial 

Aorta 

Mes 

Cea and renal 

Cea 

Pul, mes, tib 

Tail 

Venous 

Portal 

Portal 

Pulmonary 

Rabbit 

Rat 

Rabbit 

Rabbit 

Dog 

Rat 

Rat 

Rabbit 

Dog 

SSOMgmL' 

1-81 MgmL' 

20 Mg mL ' 

20-330 μξ,πίΐ ' 

32-960 Mg.mL ' 

5 mg.kg'' 

1-100 Mg.mL' 

20 Mg.mL ' 

32-960 MgmL ' 

Hyperpolarization and relaxation of smooth muscle cells [6] 

Dose-dependent inhibition of response to noradrenaline [7] 

Inhibition of response to noradrenaline, attenuated by albumin [Θ] 

Direct endothehum-mdependent relaxing effect [9] 

No relaxation of precontracted arteries [10] 

Endothelium-dependent reduction of electrical stimulated contraction [11] 

Reduction of response to noradrenaline and angiotensin II [5] 

Inhibition of response to noradrenaline, attenuated by albumin [8] 

Endothelium-mdependent relaxation of norepmephrin-mduced [10] 

contraction 

Cea: central ear artery; Mes: mesenterial; Pul: pulmonary; Tib: anterior tibial artery. 

'Administered dose in stead of furosemide concentration. 

In vivo studies after systemic administration 

During the 1970s interest increased in the vascular effects of diuretics. With the development of tools 

to monitor changes in hemodynamic parameters, these effects could be described more 
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appropriately. In most of these studies, as discussed in the next paragraph and summarized in table 

2, loop diuretics were administered systemically. However, it should be noted that changes in 

hemodynamic parameters observed directly after administration of the loop diuretic do not 

necessarily imply direct vasoactivity of the loop diuretic. 

A study by Dikshit is one of the first reports that focussed on the vascular effects of loop diuretics 

[12]. In 20 patients with left ventricular failure, intravenous administration of furosemide caused a 

prompt fall in left ventricular filling pressure, which was accompanied by an increase in venous 

compliance, the latter being a marker for venodilation. These phenomena preceded an increase in 

urine and electrolyte output. In dogs, furosemide produced a rapid reduction in pulmonary wedge 

pressure and an increase in venous compliance even though the ureters were ligated [13]. These 

observations indicate that this venous effect may not have been the result of a decrease in plasma 

volume. The dissociation of diuretic and vascular effects was confirmed in a study with hypertensive 

patients: despite a fall in blood pressure, plasma volume did not change after administration of 

furosemide in combination with a high salt intake [14]. In patients with peripheral edema and mild 

hypertension the use of furosemide resulted in a decrease in mean arterial pressure, cardiac output 

and total peripheral resistance, whereas the venous capacitance increased without change in plasma 

and blood volume [15]. However, the dissociation between venodilation and plasma volume is not 

always obvious. In patients with mild heart disease or hypertension, 80 mg i.v. furosemide caused 

a decrease in right atrial pressure, pulmonary arterial pressure and pulmonary artery wedge pressure 

(signifying increased venous compliance), together with a decrease in cardiac index within 20 

minutes [16]. In this study, a hemoconcentration was observed as well, suggesting that the 

hemodynamic effects were secondary to intravenous volume reduction through diuresis. 

The relationship between hemodynamic and hormonal changes after furosemide injection and during 

chronic furosemide treatment were studied in patients with congestive heart failure [17]. Cardiac 

output decreased significantly after furosemide injection (1 mg.kg body weight '), reached its nadir 

after 90 minutes and returned to baseline within 4 hours. The mean pulmonary arterial pressure 

decreased steadily throughout the 4 hour observation. These changes were not accompanied or 

preceded by changes in plasma renin activity, angiotensin II or aldosterone. In this study patients 

were on a fixed diet, urine losses were not replaced isovolumetrically. After continuous oral 

furosemide therapy during 8 to 10 days reciprocal changes between hemodynamic and hormone 

indices were observed. As the diuretic response diminished, cardiac output and pulmonary arterial 

pressure declined, whereas the renin-angiotensin system was activated. This suggests that during 

chronic therapy plasma renin activity and angiotensin II might counteract the vasodilatory effects of 

furosemide. However, there are some reports that are in disagreement with this hypothesis [18,19]. 

In patients with severe congestive heart failure, intravenously administered furosemide caused an 

early fall in stroke volume index and a quick transient increase in the systemic vascular resistance, 

a rise in mean arterial blood pressure (within 20 minutes after injection), associated with an increase 

in plasma renin activity, noradrenaline and plasma arginine vasopressin levels [18], These results 

were strengthened by the outcome of a study in spontaneously hypertensive rats [19], in which 

furosemide (3 mg.kg1) caused an early fall in stroke volume and cardiac index. A decrease in mean 

arterial blood pressure was observed after a delay of 2 to 4 hours, which sustained for 6 to 8 hours 
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after injection Total peripheral vascular resistance increased substantially and returned to baseline 

range within 24 hours The supposed mechanisms involved in the differences between the acute and 

chronic effects include an adaptation of baroreflex activity, a direct vasodilatory effect of diuretics, 

a decreased reactivity of the vascular system to pressor stimuli, a reduction of extracellular body fluid 

volume, and/or the production of endogeneous vasodilator substances mediated by furosemide 

The dose-dependency of the vascular effects of furosemide was characterized in healthy volunteers 

by using dosages ranging from 5 to 80 mg [20] Increases in venous capacitance were observed 5 

minutes after ι ν administration of 5 and 10 mg furosemide Over the dose range 20 to 80 mg, no 

significant increases were observed However, after 10 minutes venous responses showed significant 

increases in venous capacitance, equally for all used dosages An oral dosage of 80 mg furosemide 

produced a rise in venous capacitance, 15 minutes after administration and a decrease in forearm 

bloodflow 15 to 60 minutes after administration A decrease in calf blood flow was observed within 

15 minutes following administration of furosemide, regardless of salt balance or use of mdomethacm 

[20] This latter effect of furosemide was associated with a rise in plasma renin activity and was not 

observed in anephric patients [21] 

Table 2 In vivo experiments on the acute hemodynamic effects of furosemide 

Species 

(disease stale) 

Dose Main effects Ref 

Human (AHF) 

Dog (ligaled ureters) 

Human 

(hypertension) 

Human 

(hypertension) 

Human 

(hypertension) 

Human (CHF) 

Human (CHF) 

Rat (hypertension) 

Human (salt 

depleted) 

0 5-1 0 mg kg' iv Decrease PWP, increase VC, MAP and CO unchanged 

2 mg kg ' Decrease PWP, PAP, increase VC, SVR, MAP unchanged 

120-4000mg day ' po Decrease MAP, blood volume unchanged 

[12] 

[13] 

[14] 

120-200 mg day ' po Decrease MAP and SVR, increase VC, blood volume [15] 

unchanged 

80 mg iv Decrease PAP and PWP and blood volume, VC forearm [16] 

unchanged 

Imgkg·' Decrease PAP and CO [17] 

1 3±0 6 mg kg ' iv Decrease SVI, increase MAP and SVR [18] 

3 mg kg"' iv Decrease CO and SVI, increase SVR [19] 

5-80 mg iv Increase VC [20] 

AHF acute heart failure, CHF chronic heart failure, CO cardiac output, iv intravenously, MAP 

mean arterial pressure, PAP pulmonary arterial pressure, po orally, PWP pulmonary wedge 

pressure, SVI stroke volume index, SVR systemic vascular resistance, SVI stroke volume index, VC 

venous capacitance 
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The role of the kidneys 

In an attempt to elucidate the role of the kidneys in the hemodynamic effect of furosemide, vascular 

responses were studied in functionally anephric hypertensive patients [21]. In contrast to experiments 

in subjects with normal renal function, intravenously administered furosemide caused a significant 

increase in forearm blood flow of 55% within 15 minutes, whereas venous capacitance, weight 

hematocrit and plasma renin activity were unchanged (see table 3). Possibly, this represents a direct 

vascular effect of furosemide, which becomes unmasked in the absence of counteracting 

mechanisms, such as the renin-angiotensin system. In another study, the effect of intravenously 

administered furosemide on venous capacitance and calf blood flow was compared in healthy 

volunteers and anephric patients [22]. Venous capacitance increased in healthy volunteers, but not 

in anephric patients. Moreover this effect of furosemide required a salt-retaining state and it could 

be blocked by the use of the cyclo-oxygenase blocker indomethacin, suggesting an important role 

for renal prostaglandins in the systemic vascular effects of furosemide. 

Furosemide (5 mg.kg') attenuated the vasoconstrictor responses of the mesenteric blood vessels in 

the rat to both exogeneous angiotensin II and noradrenaline [23]. Acute bilateral nephrectomy or 

treatment with indomethacin (2 mg.kg"' i.v.) completely prevented this inhibitory effect. In a 

subsequent report the inhibitory effect of furosemide on the vasoconstrictor response to sympathetic 

nerve stimulation was absent after chemical renal medullectomy [24]. The authors explained this ef

fect by postulating that in the renal medulla nonprostanoid vasodilatory lipids are produced, which 

mediate the vasodilatory effect of furosemide [25]. Intrarenal prostaglandins probably are involved 

in the release of such a lipid. Although substantial evidence of a direct vascular effect of furosemide 

is available from several in vitro experiments (see foregoing and table 1 ), a coincidence of hormonal 

changes with the observed vascular effects was not considered. 

Table 3: Experiments on the role of the kidney in the vascular effects of furosemide 

Species (disease state) Dose Main effects Ref 

Human (functionally anephric) Smgkg' iv Increase FBF, unchanged SBP, VC, weight, hematocrit, PRA [21] 

Human (anephric) 80 mg iv VC and BP unchanged [22] 

Rat (acute nephrectomy) 5 mg kg"'iv Complete inhibition of vasoconstrictor response to NA and [23] 

ATM 

Dog (ligation ureters) 2mgkg , i v Decrease PAP and PWP, increase SVR and VC, BP [13] 

unchanged 

Dog (acute nephrectomy) 2 mg.kg'1 iv no hemodynamic changes [13] 

AT //: angiotensin II; BP: blood pressure; FBF: forearm blood flow; iv: intravenously; NA: 

noradrenaline; PAP: pulmonary arterial pressure; PRA: plasma renin activity; PWP: pulmonary wedge 

pressure; SBP: systolic blood pressure; SVR: systemic vascular resistance; VC: venous capacitance. 
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The renin angiotensin aldosterone system 

The release of renin is controlled by three mechanisms the intrarenal baroreceptor, the sympathetic 

nervous system and the macula densa receptor [26] Results of some studies show a participation of 

prostaglandins in the renin release [27-29] It was demonstrated that prostaglandins mediate renin 

release in response to intrarenal baroreceptor stimulation [30] On the other hand renin release due 

to symthathetic nerve stimulation is prostaglandin independent [31] Micropuncture experiments in 

rats indicate that renin release resulting from macula densa receptor stimulation during sodium 

deprivation is prostaglandin dependent [29], whereas in dogs the macula densa mechanism of renin 

release could be blocked by inhibition of prostaglandin synthesis [32] It is known from ex vivo 

experiments that furosemide exerts a direct stimulating effect on renin secretion [33] In the isolated 

perfused rat kidney, furosemide-stimulated renin secretion did not require an intact PGI2 -synthesis 

[34] The authors proposed that increased prostaglandin production and increase of renin release after 

furosemide administration is not causally related, but may be based on a common response to 

changes in sodium balance In fact, prostaglandin synthesis could even be a counteracting 

mechanism participating in the vasoconstrictor action of angiotensin II [35] 

The importance of angiotensin II in the vascular effects of 5 mg intravenously administered 

furosemide was studied in healthy volunteers [36] Captopril 50 mg abolished the acute increases in 

venous capacitance and attenuated the increase in forearm vascular resistance The mechanism 

suggested is that angiotensin II is formed secondarily to furosemide-stimulated renin release, and that 

the decrease in forearm blood flow is the result of the vasoconstrictive effect of angiotensin II 

Angiotensin II receptors are virtually absent in veins, so the net effect appears to be venodilation due 

to the angiotensin-induced release of vasodilatory prostaglandins from the kidney [36] This view may 

not be entirely correct, as it has been demonstrated that angiotensin II has a direct venoconstnctive 

effect on the human dorsal hand vein [37] 

To determine whether the vascular effects of furosemide are shared by bumetamde, another 

frequently used loop diuretic, the vascular and renal effects of equipotent dosages of furosemide and 

bumetamde were compared in healthy volunteers with moderate [38] and severe salt depletion [39] 

In case of moderate salt depletion, both furosemide (10 and 100 mg) and bumetamde (250 μg and 

2 5 mg) caused an increase in renal blood flow in both dosages Changes m peripheral vascular 

responses did not differ from placebo Both treatments led to an acute increase in urinary 

prostaglandin metabolite excretion (which may be a reflection of an increased renal blood flow) and 

plasma renin activity (the latter not increased by bumetamde 250 μg) Angiotensin II was increased 

significantly 30 minutes after 100 mg furosemide and 2 5 mg bumetamde Plasma noradrenaline was 

not influenced by any of the treatments [3Θ] In contrast with these observations was the vascular 

response on furosemide (10 and 20 mg) and bumetamde (250 and 500 μg) m marked salt depletion 

[39] Significant reductions in forearm blood flow were observed after both furosemide dosages, but 

not after either one of bumetamde dosages Both drugs had no significant influence on venous 

capacitance Furosemide induced an increase in plasma renin activity, whereas bumetamde did not 

The differences between furosemide and bumetamde with regard to acute arterial vasoconstrictive 
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activity may be attributed to the ability of furosemide (and the disability of bumetamde) to stimulate 

acute renin release from the kidney 

The discrepancy between the results of this study [39] and the study by Johnston et al [38] with 

respect to vascular effects may be caused by differences in the degree of salt depletion This is 

emphasized by others [17,40] There are no in vitro studies that compare the vascular effects of 

furosemide and bumetamde 

As illustrated in the foregoing paragraphs, the total body sodium content is an important factor in the 

modulation of the indirect vascular response to furosemide Administration of a loop diuretic to a salt-

deplete subject may further activate the renin-angiotensin system causing a more pronounced arterial 

vasoconstriction 

Prostaglandins 

In 1975 it was shown in dogs that pretreatment with the cyclo-oxygenase inhibitor mdomethacin 

blocked the increase in renal blood flow caused by furosemide [41] Since then several studies 

explored the role of prostaglandins m the natriuretic and vascular réponses to furosemide 

[30,34,40,42-52] It is of importance to distinguish the effects of circulating prostaglandins of renal 

origin from prostaglandins produced m the local (extrarenal) vascular bed, since the furosemide-

mduced vascular effects may well be dependent on prostaglandins locally produced in the vessel 

wall However, in in vivo experiments it is difficult to study these two sources of prostaglandins 

separately 

The kidney releases PGI2, PGE2, PGF21 and tromboxane A2 [42] PGI2 and PGE2 possess important 

vasodilator/ properties under conditions of prior vasoconstriction Prostaglandin-mduced vasodilation 

plays an important role in the mamtamance of the glomerular filtration and perfusion by dilatation 

of the afferent arteriole m a salt-deplete state, when the renin-angiotensin system is activated [53] 

Furosemide has been shown to increase the urinary excretion of prostaglandin [38,50,52] Whether 

this is caused by increased renal blood flow or by increased production of prostaglandins is unclear 

On the other hand, the reports on the effects of inhibition of prostaglandin synthesis on furosemide-

mduced natnuresis are conflicting, probably due to varying salt balances during the experiments [42] 

In healthy volunteers PGl2-mduced renin release and furosemide-mduced renin release was 

associated with renal PGI2 formation [54] In a study performed in normotensive volunteers, 

mdomethacin (75 mg) decreased both the peak urine flow rate and total sodium excretion within 1 

hour of a 30 mg ι ν furosemide dose, while an increase in renal plasma flow and glomerular filtration 

rate after furosemide was inhibited [48] The increase of urinary excretion of PGE2 was abolished by 

mdomethacin The urinary excretion of a metabolite of systemic PGI2 was unaltered after furosemide 

injection The authors stated that the early hemodynamic effects of furosemide depend on an 

increased synthesis of prostaglandins, particularly PGE2 and probably also PGI2 However, it is 

questionable whether the nonrenal effects are a result of increased circulating prostaglandin levels 

[24,43] Arguments that underscore these doubts are prostaglandins are very labile, rapidly 
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metabolized and increased plasma levels of prostaglandins have never been measured after 

furosemide administration. 

Although the studies mentioned above suggest that furosemide induces an increment of renal 

prostaglandin production, they do not clarify whether systemic prostaglandin synthesis -the local 

production in the extrarenal vasculature- is increased by furosemide. Mediation of the cardiovascular 

effects of furosemide by vascular products of the arachidonate metabolism were studied in ex v/vo 

experiments, using an isolated perfused canine lung lobe [47]. Furosemide decreased the mean 

pulmonary artery pressure. This direct arterial vasodilatory activity of furosemide was similar to that 

of PGh and could be inhibited with indomethacin, suggesting that furosemide induces a local 

production of PGh in resistance and/or capacitance vessels. Recently, an in vitro study was published 

showing that furosemide in primary cultured bovine aortic endothelial cells stimulated the formation 

of endothelium-derived kinin, a potent stimulator of endothelial NO and PGh formation [43]. These 

experiments suggest that hemodynamic effects of furosemide are mediated by prostaglandins released 

from the local vasculature. 

Furosemide 

Vascular Via inhibition 

prostaglandin 

synthesis? 

\ S 

of Na-K-2CI 

cotransport 

Renal prostaglandin 

synthesis 

Angiotensin I 

Figure 1: Diagrammatic scheme illustrating the possible mechanisms of furosemide-induced 

vasoactivity on artery and vein. The upper part of the figure represents direct vascular effects, 

whereas the lower part represents the vascular effects mediated by hormonal changes. 
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Conclusions 

Although in the past 25 years much research has been done, the exact mechanism by which 

furosemide induces its vascular effects remains unclear. In figure 1 the mechanisms involved in the 

vascular effects are shown. It seems clear that both direct and indirect mechanisms play a role. The 

venous vascular response to furosemide appears to be a direct effect, while the arterial response in 

vitro only occurs at supratherapeutic concentrations, and probably is mediated and modified by other 

factors like the degree of salt depletion, renin, angiotensin II and prostaglandins in vivo. The 

prostaglandins are either produced by the kidneys or by the endothelium, whereas the precise role 

of the endothelium has not yet been completely clarified. 

Much attention has been paid to the arterial response, while the effects on the venous component 

have only been roughly monitored, due to the lack of sensitive techniques to monitor local venous 

effects. However, especially in patients suffering from cardiac failure, the venous vasodilation might 

be of importance in the observed acute beneficial effects. 

There are two methods available to study direct vascular effects in vivo. First, direct effects on 

resistance arteries in the human forearm can be studied with the perfused forearm technique. Using 

this method direct vasoconstrictive or vasodilator effects on resistance arteries in the human forearm 

can be examined by drug administration into the brachial artery and venous occlusion 

Plethysmographie recordings [55]. Second, with a linear variable differential transducer it is possible 

to measure direct venous vascular effects on a selected dorsal hand vein [56,57]. With these methods 

it is possible to examine local vascular effects without provoking systemic counterregulatory effects. 

In a quest to explore the genuine direct vascular effects of loop diuretics in vivo, these methods 

provide the best options for future studies. 
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VASOACTIVITY of loop DIURETICS IN VITRO 

Summary 

Besides its diuretic action, the loop diuretic furosemide may also induce a rapid vasodilator effect 

that contributes to its short-term therapeutic properties In contrast, it has been suggested that 

bumetamde lacks this effect We examined the effects of furosemide in comparison with bumetamde 

on isolated resistance arteries from different species, and investigated the mechanism of the acute 

direct vasorelaxant action 

Isolated resistance arteries were isolated from rat and guinea-pig mesentery, and human 

subcutaneous fat Vessels were mounted on an isometric myograph, and the effects of furosemide 

and bumetamde were examined on tone induced by high potassium or noradrenaline In addition, 

the role of the endothelium, prostaglandin synthesis, and Ca2* metabolism in the action of these 

diuretics was investigated 

Both loop diuretics induced concentration-dependent relaxation of resistance vessels irrespective of 

the contractile agent used, indicating that changes in membrane potential do not play a major role 

in their action Bumetamde was approximately 10 times more potent than furosemide The maximal 

effect of furosemide was greatest in rat and least in human arteries In guinea-pig arteries, both 

furosemide and bumetamde caused a rightward shift in the concentration-response curve to 

extracellular Ca2* Pre-mcubation with furosemide had a more marked inhibitory effect on 

vasopressm-mduced contraction than contraction induced by high potassium Incubation with 

indomethacm or mechanical removal of the endothelium did not inhibit the loop diuretic-induced 

relaxation 

At high concentrations, loop diuretics exert direct relaxant effects on isolated resistance arteries Loop 

diuretics may have weak calcium antagonist properties or affect coupling between intracellular Ca2* 

and force production Whether this action is related to inhibition of Na-K-2CI cotransport is 

uncertain In view of the high concentrations of loop diuretic required to observe relaxation, it is 

unlikely that this effect is of clinical relevance 
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Introduction 

The ability of furosemide to relieve symptoms due to lung edema and to reduce elevated left atrial 

pressure before diuresis sets in [1], suggests that this agent also affects the vasculature in vivo. 

Although the vasodilator properties of furosemide appear to be mainly confined to the venous 

vascular bed [2,3], studies in hypertensive patients have demonstrated that furosemide can cause falls 

in blood pressure that are dissociated from changes in plasma volume [4]. Venodilation has been 

studied in vitro [2,5] and in vivo [3,6], and has been proposed to be mediated by inhibition of Na-K-

2CI cotransport [2] and/or prostaglandin release [3,7,8]. The density of Na-K-2CI cotransporters in 

arterial vessels is much lower than in veins [2] and at present there are contradictory results 

concerning possible direct effects of furosemide on arterial tone in vitro. 

In rabbit arteries, a high furosemide concentration (IO3 mol.L') caused a slowly developing small 

hyperpolarization. This effect has been proposed to account for the vasodilator activity of loop 

diuretics [9]. Vasorelaxation mediated by membrane hyperpolarization implies that under 

depolarized circumstances when the membrane potential is effectively 'clamped' (e.g., using a high 

potassium solution) the relaxation should be abolished. Evidence relating the role of changes in 

membrane potential to the vascular action of loop diuretics is equivocal, as furosemide has been 

reported to relax contraction induced by high extracellular potassium in one study [10], but not in 

another [11]. 

Furosemide may also affect vascular tone via actions on the endothelium. Furosemide has been 

reported to increase the formation of nitric oxide and prostacyclin in isolated endothelial cells [12] 

and relaxation of rat tail artery by furosemide has been reported to be endothelium dependent [13]. 

However, in rabbit ear artery furosemide-induced relaxation was reported to be independent of 

endothelium [10]. Indomethacin and related cyclooxygenase inhibitors have also been reported to 

inhibit furosemide vasodilation in most [2,3,7,8] but not all studies [14]. 

Species differences could account for these contradictory findings [15], but at present it has not been 

established whether loop diuretics can relax human resistance arteries. Interestingly, human in vivo 

experiments suggest that the direct vascular effects of furosemide may not be shared by bumetanide 

[16], a related loop diuretic that also inhibits Na-K-2CI cotransport. 

The aim of this study was to obtain a better understanding of the mechanism of furosemide-induced 

vasodilation and to compare these effects with bumetanide. Isolated resistance arteries from rat, 

guinea-pig and human origin were studied to explore possible species differences. Resistance arteries 

(internal diameter approximately 300 //m) were used since vessels of this size contribute significantly 

to total peripheral resistance in vivo [1 7] and represent a relevant in vitro model to study direct 

vascular actions of drugs that modulate blood pressure. 
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Methods 

Myograph procedure 

Rats and guinea-pigs were killed by cervical dislocation and the mesentery was removed Human 

resistance arteries were obtained from patients undergoing elective surgery Use of this tissue 

conformed to local ethics committee guidelines Patients using non-steroidal anti-inflammatory agents 

or antihypertensive therapy were excluded from the study 

Small arteries were dissected free of surrounding tissue and mounted as ring segments (length 2 mm) 

in an isometric microvascular myograph [18] The myograph contained 10 mL of a modified Krebs 

solution (in mmol L ' NaCI 118, KCl 4 7, CaCh 6H2O 2 5, MgSCU 7ΗιΟ 1 1 7, NaHCOj 25 0, 

NahhPO« 2H2O 1 0, Na2EDTA 0 03, and glucose 5 5), maintained at 37"C and aerated with 95% O2 

and 5% CO2 

The vessels were allowed to equilibrate for 1 hour and then set at a 'normalised' internal 

circumference 0 9Lioo, estimated to be 90% of the circumference they would maintain if relaxed and 

exposed to 100 mm Hg transmural pressure This was calculated for each individual artery on the 

basis of the passive length-tension characteristics of the artery and the Laplace relationship [18] At 

this setting, active force development is optimal and internal diameters were derived from this 

calculation The diameters of the vessels used were (in μπι) rat 268 ± 14 (n = 9), human 343 ±28 

(n-13), guinea-pig 390±17 (n»29) Before the start of the experiments, vessels were tested for 

viability using a depolarizing potassium solution (KPSS modified Krebs solution with equimolar 

substitution of 118 mmol L' KCl for NaCI) and noradrenaline (10 μιτιοΙ L'), vessels not producing 

a tension corresponding to a pressure > 90 mm Hg in response to both stimulants were discarded 

Vascular effect of furosemide and bumetanide in rat, guinea-pig, and human isolated 

vessels precontracted with noradrenaline or KPSS 

Since the small arteries used do not possess significant intrinsic tone in the absence of an agonist, 

vessels were precontracted to demonstrate relaxant effects After precontraction with supramaximal 

concentrations of noradrenaline (10 μπιοΙ L1) or KPSS, cumulative concentration-response curves 

were constructed for furosemide (IO-8 to 103 mol L') and bumetanide (10"° to 10" mol L') in rat, 

guinea-pig, and human vessels Relaxation was calculated as % reduction of precontracted tone 

Interaction of furosemide with vascular prostaglandin synthesis and the endothelium 

Concentration-response curves were also obtained in the presence of 20 μιτιοΙ L ' mdomethacm, a 

cyclooxygenase inhibitor (preincubation time 10 minutes) The effect of mechanical removal of the 

endothelium was also examined Endothelium was removed from vessels mounted in the myograph 
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by passing a hair through the lumen of the vessel [19] Efficacy of this procedure was confirmed by 

abolition of relaxation to the endothelium-dependent vasodilator methacholme (30 μιτιοΙ L ') 

Interaction of furosemide with the contraction to KPSS or vasopressin 

Since vasopressin has been reported to stimulate Na-K-2CI cotransport, the effect of furosemide on 

vasoconstriction in response to a supramaximal concentration of vasopressin (0 1 μιηοΙ L ') was 

compared with its effect on contraction in response to KPSS m guinea-pig arteries Vasopressin does 

not induce stable tone, so in these studies vessels were premcubated with furosemide 

(3 mmol L ') or bumetanide (0 3 mmol L ') for 20 minutes prior to addition of the contractile stimulus 

Interaction of furosemide with calcium homeostasis 

To examine the effect of loop diuretics on Ca2*-induced tone, the effect of 20 minutes preincubation 

with furosemide (3 mmol L ') or bumetanide (0 3 mmol L ') was examined on contraction in response 

to addition of extracellular Ca2* in depolarized vessels Vessels were bathed in a Ca2*-free KPSS 

solution at 370C, to which Ca2* was added cumulatively in the presence or absence of furosemide 

or bumetanide 

Drugs 

Bumetanide, furosemide, mdomethacm and noradrenaline were obtained from Sigma Chemical (The 

Netherlands) or Sigma-Aldnch Ltd (Dorset, UK) Vasopressin was purchased from Clmalfa 

(Switzerland) Stock solutions of furosemide (0 1 mol L1) and bumetanide (0 01 mol L') were 

prepared by dissolving the drugs in dimethyl sulphoxide (DMSO), subsequent dilutions were made 

in distilled water The final concentration of DMSO in the organ bath did not exceed 0 5% (v/v) 

Stock solutions of mdomethacm (0 01 molL') were prepared using ethanol and the final 

concentration of ethanol in the organ bath was 0 2% (v/v) Control experiments indicated that the 

concentrations of these solvents did not affect the contractile responses to KPSS or noradrenaline All 

other agents were made up m distilled water and the concentration for each chemical or drug is 

expressed as final concentration in the organ bath 
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Statistics 

Results are expressed as mean ± SEM with the number of observations in parentheses. Statistical 

comparison were made by repeated measures analysis of variance, one-way analysis of variance 

(ANOVA) followed by Bonferroni Multiple Comparisons Test, or a Student's t-test, as appropriate. 

A Ρ value <.05 was considered significant. 

Results 

Vascular effect of furosemide and bumetanide in rat, guinea-pig, and human isolated 

vessels precontracted with noradrenaline or KPSS 

Furosemide and bumetanide had no effect on basal tone. The effect of furosemide on rat, human, and 

guinea-pig resistance arteries after precontraction with noradrenaline (10 μιτιοΙ.!.'1) or KPSS is shown 

in figure 1. Under both conditions furosemide induced a rapid concentration-dependent relaxation 

evident at concentrations in excess of 10 μΓηοΙ.Ι. '. The effect of bumetanide is shown in Figure 2. 

Comparison of these data suggested that bumetanide was approximately 10 times more potent than 

furosemide. Concentration response relationship did not differ significantly depending on the type 

of precontraction (KPSS or noradrenaline) used (by repeated measures ANOVA). Since the effect of 

both agents was not significantly affected by depolarization with KPSS, their action is unlikely to be 

due to changes in potassium permeability or membrane potential. Responses to both diuretics were 

most marked in rat vessels and least prominent in human vessels. 
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F/gure J: 

(A) Concentration-response curves showing the relaxant effect of furosemide (3x 70"6- 1(f3 moil ') in 

rat (9; η - 6) and guinea-pig (Ο; η - 26) mesenteric arteries and human subcutaneous arteries (O; 

η-10) after precontraction with depolarizing potassium solution (KPSS, 118mM KCl). 

(Β) Concentration-response curves showing the relaxant effect of furosemide (3x10"6-/ 0 3 mol.L ') 

in rat (*; n- 5) and guinea-pig (O; n-21) mesenteric arteries and human subcutaneous arteries 

(Π; η-5) after precontraction with noradrenaline (1 mmol.L '; NA) Each value represents the 

mean±SEM of η observations * - P<.05, ** - P<.01 compared with rat, f - P<-05 

compared with guinea-pig. 
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Figure 2 

(A) Concentration-response curves showing the relaxant effect of bumetanide (Iff6-IO4 mol L ') 

in rat (*, η - 3) and guinea-pig (Ο, n-14) mesenteric arteries and human subcutaneous arteries 

(D, η-3) after precontraction with depolarizing potassium solution (KPSS, 1Î Bmrnol L ' KCl) 

(Β) Concentration-response curves showing the relaxant effect of bumetanide (ÌO^-W mol L ') in 

rat (*, η-3) and guinea-pig (Ο, η-5) mesenteric arteries after precontract/on with 

noradrenaline (10 μτηοΙ L ', Ν A) Each value represents the mean ± SEM of η observations 

* indicates P< 05 compared with rat 

Interaction of furosemide with prostaglandin synthesis and the endothelium 

The effect of incubation with indomethacin on the relaxant activity of furosemide in guinea-pig and 

human arteries is shown in figure 3 Incubation with indomethacin did not affect KPSS-mduced tone 

or relaxation in response to furosemide Similarly removal of endothelium had no significant effect 

on maximum relaxation in response to furosemide (1 0 mmol L ') or bumetanide (0 1 mmol L ') 

(Figure 4) 
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Figure 3: 

(A) Concentration-response curves showing relaxant effect of furosemide in guinea-pig mesenteric 

arteries after KPSS precontract/on in the absence (Ο; η-5) and presence (Μ; η-5) of 

indomethacin (20 μτηοΙΙ 'J. Furosemide-mduced vasodilation was not significantly inhibited by 

mdomethacin as analyzed with ANOVA with repealed measures. 

(B) Concentration-response curves showing the relaxant effect of furosemide in human 

subcutaneous arteries after KPSS precontraction in the absence (Ο; η-3) and presence (Μ; η-3) 

of indomethacin (20 μ/πο/.ί '). Furosemide-mduced vasodilation was not significantly inhibited 

by indomethacin as analyzed with ANOVA with repeated measures. 

Furosemide Bumetanide 

Figure 4: 

Bar chart showing the relaxant response to furosemide (30 mmol.L ') and bumetanide (30 μτηοΙ L ') 

following precontraction with noradrenaline ( 10 μ/πο/. ί. '; ΝΑ) in the presence (open bars; + E) or 

absence (solid bars; -E) of functional endothelium. Each value represents the mean±SEM of 4 to 5 

artery segments. 
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Interaction of furosemide with the contraction to vasopressin or KPSS 

In resting vessels in PSS, addition of vasopressin (10 μιηοΙ.ί1) resulted in a transient contraction as 

has been previously reported [20]. Preincubation with furosemide (20 minutes, 30 mmol.L"1) inhibited 

responses to vasopressin to a greater extent (P<.05) than KPSS-induced contraction (Figure 5). 
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Figure 5: 

Bar chart showing the contractile response to KPSS (K) or vasopressin (10 μπιοΙ.Ι. '; V) in the absence 

(open bars) or presence (solid bars; + F) of furosemide (30 mmol.L ') in guinea-pig mesenteric arteries. 

Each value represents the mean ± SEM of 8 artery segments. 

*: P<.05, **: P<.01 by Student's t-test. 

Interaction of furosemide with calcium homeostasis 

Figure 6 shows that furosemide (20 minutes, 30 mmol.L ') caused a small, but significant shift to the 

right in the extracellular calcium-force relationship (P<.001 by ANOVA). Incubation with 

bumetanide (30 μπιοΙΙ'1) resulted in a shift of similar magnitude, although the reduction in log ECso 

did not achieve statistical significance. The log ECso values for the Ca2 t concentration-response 

curves in the absence and presence of furosemide were -3.25 ±0.18 and -2.94 + 0.25, respectively 

(n = 8; P<.01), and-3.39 ±0.08 and -3.01 ±0.17 in the absence and presence of bumetanide (n = 5; 

Ρ-.08) 
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Figure 6 

(A) Concentration-response curves to extracellular Ca2* added to guinea-pig mesenteric arteries 

bathed in a Ca2*-free KPSS solution in the absence (V) and presence (Y) of furosemide (30 

mmol L ') Each value represents the mean ± SEM of 8 artery segments 

(B) Concentration-response curves to extracellular Ca2* added to guinea-pig mesenteric arteries 

bathed in a Ca2*-free KPSS solution in the absence (0) and presence (Φ) of bumetanide (30 

μτηο/ L ') Each value represents the mean ± SEM of 5 artery segments 

Discussion 

Experiments in isolated vessels are a useful way to determine whether a pharmacological agent exerts 

direct effects on the vasculature Vasodilator activity in isolated arteries small enough to contribute 

significantly to vascular resistance in vivo [17] may reflect the importance of this effect in the 

hypotensive efficacy of the drug In these studies we found that furosemide exerts vasodilator activity 

in isolated small arteries, but this effect was modest and only occurred at high concentrations 

Moreover, of the three species studied, human vessels showed the least relaxation in response to the 

drug Compared to furosemide, bumetanide was approximately 10 times more potent on an 

equimolar basis The mechanism of action of this direct vascular effect appeared to be independent 

of the membrane potential, the release of prostaglandins, and the presence of the endothelium, but 

related to cellular Ca2* metabolism 

Previous reports have shown that furosemide causes hyperpolanzation of rabbit aorta [9] It has been 

proposed that this occurs as a result of a change in the equilibrium (reversal) potential for CI ions 

secondary to Na-K-2CI cotransport inhibition This hyperpolanzation has been proposed to account 

for the vascular activity of loop diuretics [9] However, in our studies diuretic-induced relaxation was 

similar irrespective of whether vessels were contracted by noradrenaline or high potassium solution 

This observation implies that a change in membrane potential does not play a major role in loop 

diuretic-induced relaxation in these preparations The difference in time course of the furosemide-

mduced hyperpolanzation as reported by Kreye et al [9] (namely takes 180 minutes to develop) and 
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relaxation as found in the present study (within 2 to 4 minutes), also suggests a distinct mechanism 

of action. 

Our findings in resistance arteries appear similar to those of Tian et al. [10], who reported that the 

vasorelaxant effect of furosemide in rabbit ear artery was not affected by depolarization and was 

independent of endothelium. Nevertheless, there are some indications that inhibition of Na-K-2CI 

cotransport could play a role in the vasorelaxant action of loop diuretics. Firstly, Na-K-2CI cotransport 

has been described in vascular smooth muscle cells, and is inhibited by furosemide [21]. Indeed, the 

vasorelaxant effects of the diuretics correspond well with their reported potencies as inhibitors of Na-

K-2CI cotransport [2]. Secondly, some vasoconstrictors (e.g., angiotensin II and vasopressin) are 

associated with activation of Na-K-2CI cotransport [22] and furosemide has been reported to inhibit 

the contractile response to angiotensin II to a greater extent than noradrenaline [23]. Because of the 

rapid tachyphylaxis to angiotensin II observed in isolated arteries [24], we used vasopressin as 

another agonist that stimulates the Na-K-2CI cotransporter. In concordance with the previous 

observation with angiotensin II, we found that the contraction to vasopressin was more susceptible 

to inhibition by furosemide than contraction to KPSS. 

It is not clear how inhibition of Na-K-2CI cotransport could affect vascular tone other than by altering 

membrane potential. It is possible that changes in intracellular ion concentrations or cell volume 

resulting from inhibition of the cotransporter could affect excitation contraction coupling in smooth 

muscle. Changes in intracellular sodium ([Na*].) for example could alter intracellular calcium [Ca2*], 

via the NaVCa2* exchanger. NaVCa2* exchange has been studied most extensively in cardiac 

muscle. Inhibitors of the NaVK* ATPase, such as ouabain, are believed to act by increasing [Na*]. 

and increasing [Ca2*], via NaVCa2* exchange. If inhibition of Na-K-2CI cotransport reduced [Na*]·, 

then increased Ca2+ extrusion by the NaVCa2* exchanger might be anticipated to attenuate 

contractility. Interestingly, furosemide has been reported to be a direct negative inotropic agent [25]. 

If a similar mechanism existed in vascular smooth muscle this could also account for the relaxant 

action of loop diuretics. However, in contrast to the well established role of NaVCa2* exchange in 

the heart, there is less consensus about its importance in the modulation of arterial tone [26,27]. In 

our study, inhibition of the response to increasing external calcium by furosemide was in the same 

order of magnitude as its vasorelaxant effect in precontracted vessels. Moreover if this were the 

mechanism of action of these drugs it might be expected that substitution of extracellular Na* by K* 

would affect their action. This was not seen. Further studies examining the effect of loop diuretics on 

intracellular ion concentrations will be required to clarify this issue. 

Both loop diuretics were found to shift the relationship between extracellular Ca2* and contraction 

by half a log unit to the right. This suggests that loop diuretics may inhibit Ca2* influx, stimulate 

[Ca2*], extrusion, or alter the sensitivity of the contractile machinery to [Ca2*].. Which of these 

mechanisms contributes to the action of loop diuretics requires further study, however, it has been 

reported that furosemide blocks Ca2* uptake in the rat aorta in response to α-adrenergic receptor 

activation [10]. 
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Clinical relevance 

Loop diuretics inhibit Na-K-2CI cotransport at concentrations in the range of 10's to IO3 mol.L'. After 

systemic administration furosemide is more than 95% protein-bound in vivo and it is believed that 

such high concentrations are only achieved in the loop of Henle as a result of renal concentration. 

There appears no reason to suppose that the vasculature would be exposed to similarly high 

concentrations of the drug. It is therefore doubtful whether the in vitro results observed in this study 

have any therapeutic relevance. Moreover, of the three different species examined in these studies, 

human resistance arteries appeared least sensitive to the vasorelaxant effects of loop diuretics. In our 

view, changes in arterial tone in man after systemic administration of furosemide are unlikely to 

involve a direct interaction of the drug with the arterial vascular wall and are more likely to reflect 

indirect effects on vascular resistance. 
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V A S O A C T / W T Y OF FUROSEMIDE IN VIVO 

Summary 

In humans, hemodynamic changes observed within minutes after systemic administration of 

furosemide are often referred to as direct vasoactivity However, these immediate changes do not per 

se imply a direct vascular effect We have examined the genuine direct vascular effects of furosemide 

on the human forearm vascular bed and dorsal hand vein 

Arterial vascular activity Forearm blood flow in response to infusion of increasing dosages of 

furosemide into the brachial artery was recorded by venous occlusion plethysmography Local 

plasma concentrations of furosemide reached a maximum of 234 + 40 μg mL ' during the highest 

infused dose, but did not significantly affect the ratio of flow in the mfused/nonmfused arm 

Venous vascular activity Venous distensibility of a dorsal hand vein was measured using a linear 

variable differential transformer During precontraction with noradrenaline five increasing dosages 

of furosemide (1 to 100 μg mm ') were locally administered Additional experiments, using local 

administration of mdomethacm or N^monomethyl-L-argmme (L-NMMA), were carried out to 

determine if effects were dependent on local prostaglandin- or nitric oxide-synthesis, respectively 

Also the effects of systemic administration of furosemide were examined Local administration of 

furosemide led to a dose-dependent venorelaxation of 18±6% at the first to 72+16% at the last 

dose Indomethacin almost completely abolished furosemide-mduced venorelaxation, whereas L-

NMMA had no effect Systemic administration of furosemide resulted in a time-dependent increase 

of venous distensibility, reaching 45 ± 11% after 8 minutes 

Furosemide does not exert any direct artenal vasoactivity in the human forearm, even at 

supratherapeutic concentrations In contrast, at concentrations estimated to be in the therapeutic 

range, we observed a dose-dependent direct venodilator effect on the dorsal hand vein that appears 

to be mediated by local vascular prostaglandin synthesis 
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Introduction 

The loop diuretic furosemide has been the standard treatment for heart failure for several decades. 

Apart from its primary diuretic action, furosemide is also thought to have effects on the cardiovascular 

system. In heart failure, systemic administration of a loop diuretic has been reported to relief the 

symptoms of pulmonary edema immediately, even before diuresis sets in [1,2]. Although these effects 

are referred to as direct vascular effects, systemic administration of a drug does not permit distinction 

between a direct action on the vascular wall versus changes induced by cardiovascular reflexes or 

regulatory systems. 

It is well established that furosemide itself causes the release of renin, thereby increasing levels of 

angiotensin II [3-5], as well as of prostaglandins from the kidney [6]. The effects on these two 

vasoactive hormonal systems have been associated with arterial vasoconstriction and venous 

vasodilation observed after systemic administration of the drug [3,4]. Conversely, various in vitro 

experiments indicate that furosemide, sometimes at rather high concentrations, does exert a direct 

vasodilator effect on isolated arterial [7,8] and venous vessels [9]. In the in vivo situation, this 

furosemide-induced direct arterial vasodilation could be blunted by the vasoconstrictive effects of 

angiotensin II after systemic administration, and it is not clear whether the previously reported in vivo 

venodilation [1,3,10] is the result of a direct or indirect effect of furosemide on venous smooth 

muscle cells. Thus, up to now it is unknown whether furosemide-induced effects on systemic 

hemodynamics are the result of a direct or indirect action of the drug on the vasculature in vivo. 

In the present study, we thoroughly investigated the genuine direct vascular effects of furosemide on 

resistance arteries in the forearm and on the dorsal hand vein of healthy subjects. To this end, we 

used the perfused forearm technique and the LVDT technique, respectively. With these methods, 

interpretation of the results will not be confounded by direct effects on kidney or reflex effects 

secondary to changes in blood pressure or total plasma volume. 

Methods 

Subjects 

Several protocols using two techniques were conducted for this study, all approved by the local 

ethics committee. Before participation written informed consent was obtained from a total of 60 

healthy volunteers. Participants were asked to refrain from drinking alcohol or caffeine-containing 

beverages for at least 24 hours before their studies. Salt intake was not restricted. None of the 

participants smoked or used any medication (including analgesics). All experiments were performed 

in a single-blind fashion in a temperature-controlled laboratory (23°C to 24°C for the perfused forearm 

experiments and 28 °C to 290C for the venous distensibility measurements) with the subject in supine 

position. 

Demographic characteristics of the participants are summarized in the Table. 
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Table: Demographic characteristics of the study groups 

Ν (male/female) 

Age (yrs) 

Weight (kg) 

Height (cm) 

BMI (kg.nv2) 

SBP 

DBP 

Arterial vasoaclivily 

22(21/1) 

25.9±1.2 

77.3±1.4 

1Θ3±2 

23.010.4 

128±3 

73±1 

Venous vasoactivity 

38 (33/5) 

47.0119.1 

75.016.8 

18216 

22.712.0 

134122 

8019 

Data are mean±SD. 

BMI: Body mass index; SBP: Systolic blood pressure; DBP: Diastolic blood pressure. 

Arterial vascular activity measurements 

Two protocols were conducted in a total of 22 subjects to assess the direct arterial vasoactivity of 

loop diuretics. First we examined the direct arterial vasoactivity of furosemide and bumetanide and 

second, the effect of locally administered furosemide on noradrenaline-induced vasoconstriction. The 

perfused forearm technique was used for both protocols. For this technique the left brachial artery 

was cannulated with a 20-gauge catheter (Angiocath, Deseret Medical, Becton Dickinson, Sandy, UT, 

USA) after induction of local anesthesia (lidocaine 2%). This catheter was used for drug infusion 

(automatic syringe infusion pump, type STC-521, Terumo, Tokyo, Japan) and blood pressure 

monitoring (Hewlett Packard GmbH, Böblingen, Germany). At least 30 minutes after intra-artenal 

cannulation, baseline values of forearm blood flow (FBF) were measured in both arms three times 

per minute by ECG-tnggered venous occlusion plethysmography using mercury-in-Silastic strain 

gauges (Hokanson EC4, DE Hokanson, Washington, DC, USA) [11]. To ensure that forearm blood 

flow recordings referred predominantly to the forearm skeletal muscle resistance arteries, the hand 

circulation was occluded during all FBF recordings by a wrist cuff inflated 100 mm Hg above the 

systolic pressure [12]. The upper arm collecting cuffs were simultaneously inflated to 45 to 50 mm 

Hg with a rapid cuff inflator (Hokanson E-20). In all experiments, we also inserted a catheter into a 

deep ipsilateral forearm vein. During the last minute of each drug infusion period of 10 minutes, a 

venous blood sample was taken and drug concentrations were measured by high-performance liquid 

chromatography assay as previously described [13]. The forearm blood flow of the contralateral arm 

was used as a time-control value so that systemic effects could be observed and vasoactive effects 

could be expressed as a quotient of the infused and noninfused arm. The mean of the last 3 minutes 

recorded at each dose was taken as the response. 
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Direct arterial vasoactivity of loop diurectics 

Dosages of furosemide were normalized to forearm volume (water displacement method) Total 

infusion rate was kept constant at 100 μ ι mm ' 100 mL forearm volume' Furosemide was infused 

at 1, 3, 10, 30, and 100 μg mm ' dL ' in 8 subjects In another 6 subjects, furosemide was infused at 

1000 μg mm ' dL ', for 6 minutes In 4 subjects, we administered bumetanide (0 025, 0 075, 0 25, 

0 75, and 2 5 μg mm ' dL ') instead of furosemide to perceive possible differences in vasoactivity 

between these two loop diuretics 

Effect of furosemide on noradrenaline-induced vasoconstriction 

Animal data suggest that furosemide may exert an antivasoconstrictor effect, because the drug did 

not directly dilate mesenteric resistance vessels, but rather inhibited the vasoconstrictor effect of 

noradrenaline and angiotensin II [14] To study this possible mechanism in humans, we measured 

the reduction of FBF in response to cumulative intra-artenal noradrenaline infusions in the absence 

and presence of local furosemide administration In 4 subjects, noradrenaline was infused at 10, 30, 

and 100 ng mm ' dL ' before and after local administration of furosemide (10 μg mm ' dL ' for 20 

minutes, preceded by a 30-minute interval after the first noradrenaline dose-response curve) Previous 

experiments revealed that mtrabrachial infusion of this dose of furosemide led to clinically relevant 

concentrations in the infused forearm 

Venous vascular activity measurements 

Four protocols were carried out to determine the venous vasoactivity of furosemide The direct 

venous effect of locally administered furosemide was examined, after which involvement of vascular 

prostaglandin and NO synthesis was assessed Also, the venous effect of of systemic administration 

of furosemide was examined All protocols were conducted by the LVDT technique, in which venous 

distensibility of a dorsal hand vein was measured with the LVDT as described by Aellig [15] and 

evaluated by Alradi and Carruthers [16] A total of 51 experiments were performed in 28 young and 

10 elderly subjects Regression analysis established that there was no significant correlation between 

age and percentage venodilation ( r- 18, P=NS), after which all data were pooled 

With the subject in the supine position in a temperature-controlled laboratory (280C to 29"C), the arm 

of investigation was placed on a rigid support at an angle of 30° from the horizontal to allow 

complete emptying of the superficial hand veins A sphygmomanometer cuff placed on the upper aim 

was then inflated to 45 mm Hg A suitable large superficial vein with no apparent tributaries in the 

immediate area of examination was chosen and a 23-gauge butterfly needle was inserted into the 

vein The lightweight (0 2-g) probe of the LVDT was placed over the summit of the chosen vein, 10 

mm downstream from the tip of the needle Under these conditions, dorsal hand vein distensibility 
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IS maximal during venous occlusion When the venous pressure remains constant at 45 mm Hg, 

changes in venous diameter are proportional to changes in venous tone 

Owing to the low venous tone present under these conditions [1 7], venodilator effects can only be 

quantified on veins that have been preconstncted In order to examine furosemide-mduced 

venodilation, we used continuous infusion of increasing concentrations of noradrenaline to 

precontract the veins Infusion of the noradrenaline concentration that achieved a precontraction of 

approximately 30% of maximal vein diameter was sustained throughout the experiment Previous 

experiments from our laboratory showed that this method has a good reproducibility in 15 subjects, 

the coefficient of variation of the maximal vasoconstrictor response to noradrenaline (before and after 

an interval of 2 hours) was 9% In addition, noradrenaline dose-response curves on different days did 

not differ significantly from each other Sustained infusion of noradrenaline alone resulted m a stable 

vasoconstrictor response (70±7% contraction after 10 minutes and 73±6% after 60 minutes, n - 10), 

indicating the absence of tachyphylaxis to noradrenaline During the experiment, blood pressure and 

heart rate were monitored every 5 minutes by a Dmamap 1846 SX (Tampa, USA) attached to the 

contralateral arm 

Direct venous vasoactivity of furosemide 

In a total of 20 subjects, NaCI 0 9% (0 1 mL mm ') was replaced by five increasing doses of 

furosemide (1, 3, 10, 30, and 100 μg mm ') at the same infusion rate for 10 minutes each The cuff 

was deflated for 30 seconds every 5 minutes At the end of the experiment saline was infused again, 

still with concomitant noradrenaline infusion 

Involvement of vascular prostaglandin synthesis in the direct venous vasoactivity of 

furosemide 

In vivo, an increase in the venous capacitance induced by systemically administered furosemide has 

been reported to be mhibitable by indomethacm [3] This observation suggests a role for 

prostaglandins as a mediator of vasoactive effects of furosemide The source of the prostaglandins 

involved in this mechanism may be the kidneys, because they may release prostaglandins into the 

systemic circulation, alternatively, local production in the peripheral vasculature could be involved 

[18] To determine the role of the nonrenal prostaglandins in the venous vasoactive effects of 

furosemide, we examined the effect of locally administered indomethacm (12 5 μg mm ', 10 minutes) 

on the furosemide-mduced venous vasoactivity In 8 subjects furosemide (100 μg mm ') together with 

a placebo (NaCI 0 9%, 0 1 mL mm ') was locally infused into a preconstncted vein for 10 minutes 

Venodilation was assessed, after which placebo was replaced by indomethacm for 10 minutes and 

venodilation was assessed again 

To exclude a possible constrictor response by indomethacm alone, control experiments were 
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performed in 4 subjects to détermine the effect of indomethacin (12 5 and 125 μg mm ') on baseline 

venous tone 

Involvement of vascular nitric oxide synthesis in the direct venous vasoactivity of 

furosemide 

Nitric oxide (NO) is a potent vasodilator released by vascular endothelial cells Although the 

furosemide-mduced vascular effects in vitro appear to be independent of the endothelium [7], a 

recent study showed that furosemide augmented the NO production of isolated cultured endothelial 

cells [18] To study the role of NO in the furosemide-mduced venous vasoactivity, we repeated the 

protocol as described above, now using L-NMMA (60 μg mm '), instead of indomethacin, to inhibit 

NO-production Extensive studies have shown that this dose of L-NMMA has no effect on basal 

venous tone [19] and is able to block the venodilation caused by acetylcholine [20] 

Effect of systemic administration of furosemide on dorsal hand vein distensibility 

All previous reports concerning the effects of furosemide on human vein capacitance used systemic 

administration To examine whether furosemide administered systemically in therapeutic dosages 

exerts a comparable vasodilator activity in comparison with locally administered furosemide, we 

administered furosemide (40 mg) intravenously in the contralateral arm in 15 subjects Venous 

distensibility of the precontracted hand vein was recorded during the following 8 minutes 

Drugs 

Furosemide solutions were freshly prepared from 2 mL ampoules containing 10 mg mL ' furosemide 

as a disodium salt (Lasix, Hoechst Manon Roussel) and were further diluted in physiological saline 

immediately before each experiment Noradrenaline (1 mg ampoules), indomethacin (Indocid PDA, 

Merck Sharp and Dohme, 1 mg), and L-NMMA-acetate (Clmalfa) were dissolved in physiological 

saline immediately before use 

Data analysis 

Data are expressed as mean ± SEM, unless mentioned otherwise and were analyzed by Student's t-test 

or repeated measures ANOVA for paired data if appropiate If ANOVA showed that a significant 

difference existed between conditions, it was followed by post-hoc t-tests (including Bonferrom 

correction) for each furosemide concentration to determine dose dependency or time dependency 
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Linear regression analysis was performed on the relation between age and percentage furosemide-

induced venodilation (correlation coefficient according to Pearson). A P-value < .05 was considered 

to indicate significance. 

Direct arterial vasoactivity. To reduce the variability of blood flow data and to correct for systemic 

changes, the ratio of the forearm blood flow measurements in the infused and noninfused arm was 

calculated for each time point, with the noninfused arm used as a contemporaneous control for the 

infused arm [21]. The FBF values of the last 3 minutes of each drug infusion were averaged to one 

value. 

Direct venous vasoactivity. The response of noradrenaline-induced constriction was measured and 

furosemide-induced effects were expressed as the percentage attenuation of the average control 

constriction. All results are expressed as a percentage of baseline vein size. The furosemide-induced 

venodilation was determined during the last 3 minutes of each furosemide infusion. 

Results 

Systemic effects 

Forearm volume (of the infused arm) was 984 + 32 mL. During the arterial vasoactivity experiments, 

blood pressure, heart rate, and FBF in the noninfused arm did not change significantly after 

intrabrachial infusion of furosemide. During local administration of furosemide in the venous 

vasoactivity experiments, blood pressure increased over approximately 1 hour from 113 ± 2/62 ± 1 

to 116±2/66±2 mm Hg (for systolic and diastolic blood pressure P-.03 and P=.001, respectively, 

ANOVA repeated measures). There was no change in heart rate (61 ± 2 to 61 ± 2 bpm, P- NS). 

More relevantly, blood pressure increased within 5 minutes after systemic administration of 40 mg 

of furosemide from 118±1/68±2 to 121±2/71±2 mm Hg (P-.01 and P<.0001, respectively, 

Student t-test). Heart rate remained unchanged (63 ±2 to 65 ± 1 bpm). 

Direct effects on FBF 

Ratios of infused to control FBF and ipsilateral venous plasma concentrations of furosemide are 

shown in figure 1 (top panel). During five increasing dosages of furosemide, there was no significant 

effect on forearm blood flow compared to the placebo infusion. In 6 subjects, we infused furosemide 

1000 μg.min'.dL' for 6 minutes, leading to local furosemide plasma concentrations of 2 3 4 i 4 0 

μg.mL''. In these subjects, furosemide increased FBF in the infused arm slightly, by 23±9.7% 

(P< .05) without a significant effect on the FBF ratio of the infused and noninfused arm (P- .08). 

Intra-arterial bumetanide infusions led to local plasma concentrations ranging from 39±11 to 

1748 ±327 ng.rnL'' and also failed to alter forearm blood flow (data not shown). 
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Effect of furosemide on noradrenaline-induced vasoconstriction 

As shown in figure 1 (bottom panel), local infusion of noradrenaline into the brachial artery led to 

a dose-dependent decrease in FBF (P< .001 ), with no significant effect on systemic blood pressure. 

This vasoconstriction was not inhibited by local infusion of furosemide (P-NS). 
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Figure I: Direct arterial vasoactivity of furosemide. 

Top panel: Bars represent mean ± SEM measured local plasma concentrations of furosemide (right 

axis). Line graph shows mean ± SEM FBF ratio (infused/noninfused arm) during intrabrachial infusions 

of furosemide (left axis) as measured by venous occlusion plethysmography. There was no significant 

change in FBF. Values are presented as mean ± SEM of 8 and 6 experiments. 

Bottom panel: Ratio of FBF during intrabrachial noradrenaline administration, both in the presence 

of placebo (Φ) and after and during concomitant infusion of furosemide (10 ßg.min '.dL ', O). 

Constrictor response to noradrenaline (P<.001) was not inhibited by local furosemide administration 

(P - NS). Values are presented as mean ± SEM of 4 experiments. Ρ values refer to statistical differences 

between conditions for these dose responses as analyzed by ANOVA with repeated measures over 

complete dose-response curves. 

Direct effects on dorsal hand vein distensibility 

Vein diameter of the participants was 0.74 ±0.05 mm. On average, infusion of noradrenaline 

constricted the vein of investigation to 31 ± 2 % of the control size. 
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Figure 2 demonstrates that continuous infusion of furosemide results in a dose-dependent attenuation 

of the constrirtor effect of noradrenaline (P<.0001). Post hoc t-tests (with Bonferrom correction) 

revealed a dose-dependent venodilation between doses of 0, 1, 10, and 100 μg.min',. This direct 

venodilating effect of furosemide was rapid in onset. After the last furosemide infusion was replaced 

with NaCI 0.9% infusion, venodilation waned within a few minutes. 

Local furosemide 
administration 

0 1 2 3 4 5 

Furosemide infusion rate (pg mm'1) 

Systemic furosemide 
admristraüon 

t 60 
i 
S 40 
se 

20 
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F/gure 2: Direct venous vasoactivity of furosemide. 

Top panel: Percentage increase in venous distensibility of a noradrenaline-constricled dorsal hand 

vein before and during increasing doses of local furosemide infusions. Values are mean ± SEM of 20 

experiments. Horizontal axis indicates dose infused per minute, not final concentration. 

Bottom panel: Percentage increase in venous distensibility of a noradrenalineconstriaed dorsal hand 

vein after contralateral systemic administration of furosemide (40 mg) at 2, 4, and 8 minutes after 

bolus injection. Values are mean ± SEM of 15 experiments. Ρ values refer to statistical differences 

between conditions for these dose- or time-dependent responses as analyzed by ANOVA with 

repeated measures over complete dose-response curves. 

Involvement of vascular prostaglandin synthesis in the direct venous vasoactivity of 

furosemide 

In 8 subjects, furosemide-induced venorelaxation was assessed in the absence and presence of local 

indomethacin administration. Figure 3 (left panel) shows that indomethacin inhibits fruosemide-

induced venodilation, because in this subgroup, furosemide dilated the vein by 54±17% and 

furosemide in combination with indomethacin, by 14±17% (P=.025). 
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Control experiments showed that indomethacin itself had no constrictor effect on basal vein tone 

When baseline vein distensibility is taken as 100%, indomethacin 12 5 and 125 μg mm ' led to a 

vemdistensibiltyof 101 4 ± 0 5 and 100 2 ± 1 2%, respectively ( n - 4 , P-NS) 
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Figure 3 Percentage increase in venous distensibility of a noradrenaline<onstricted dorsal hand vein 

induced by local administration of furosemide (100 μg mm ') both in the presence of placebo and 

after and during concomitant infusion of indomethacin (12 5 μg mm ', left panel, P< 025) or L-

NMMA (60 /ig mm ', right panel, P-NS) Values are mean±SEM of 16 experiments The Ρ values 

refer to statistical differences between conditions as analyzed by Student's t-test for paired data 

Involvement of vascular nitric oxide synthesis in the direct venous vasoactivity of 

furosemide 

Figure 3 (right panel) shows that furosemide-mduced venorelaxation was not inhibited by local L-

NMMA administration In this subgroup, venorelaxation was 60± 11 % before and 53 ±14% after 

placebo was replaced by L-NMMA ( n - 8 , P = NS). 

Effect of systemic administration of furosemide on dorsal hand vein distensibility 

As shown in figure 2 (right panel), parenteral administration (contralateral antecubital vein) of 40 mg 

furosemide led to increases in vein diameter of 18 + 8, 26±11, and 4 5 ± 1 1 % at 2, 4, and 8 minutes, 

respectively (P< 01) Post hoc tests (Bonferrom) revealed that venodilation was significantly different 

from baseline at t = 4 minutes (P- 028) and 8 minutes (P- 001) 

Discussion 

It is generally accepted that the reduction in venous return as a result of a nondiuretic vascular effect 

of furosemide is therapeutically important in achieving rapid symptomatic relief for patients with left 

ventricular heart failure The mechanism of this action is unclear Because of the absence of data on 
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the direct vasoactivity of furosemide in vivo, we examined the vascular effects of local furosemide 

administration on arterial and venous vessels in humans Our data strongly suggest that furosemide 

does not exert any direct arterial vasodilator or antivasoconstrictor activity in the human forearm but 

does have a direct venodilator effect, which is associated with vascular prostaglandin synthesis 

Direct effects on forearm arterial blood flow 

Our results demonstrate the absence of a direct effect of loop diuretics on FBF during mtra-arterial 

infusions, which result in clinically relevant plasma concentrations in the infused forearm The 

absence of vasoactivity in this concentration range is consistent with most previous experiments on 

isolated arteries [7,8] In these in vitro experiments, direct vasodilator properties of furosemide were 

observed only at concentrations above ICT1 mol L ', whereas in our first series of experiments, the 

furosemide concentration at the highest infusion rate reached 47± 10 μg mL', equivalent to 1 4x10'' 

mol L ' To examine the direct arterial effects of furosemide at very high concentrations in vivo, we 

infused furosemide 1000 μg mm ' dL1 into the brachial artery, leading to a local concentration of 

234±40 μg mL' (0 71x103 mol L') Even at these supratherapeutic concentrations, only a negligible 

increase in FBF was observed 

In the rat, furosemide did not change baseline mesenteric blood flow, but systemic administration 

did inhibit the decrease in blood flow produced by angiotensin II and noradrenaline [14] In contrast, 

we observed no effect of local furosemide on noradrenalme-mduced attenuation of FBF From our 

studies, we conclude that furosemide does not exert any direct arterial vasodilator or 

antivasoconstrictor activity in the human forearm As such, the previously reported decrease in FBF 

after systemic administration of furosemide [3,4,22] is probably due to an indirect effect of the drug, 

in particular a stimulation of the renin-angiotensin system [5] Of course, our experiments do not 

allow us to exclude direct arterial vasoactivity of furosemide in other vascular beds, e g , the lung or 

kidney 

Direct effects on dorsal hand vein distensibility 

The present investigation shows that furosemide exerts a direct vasodilator effect on preconstricted 

dorsal hand veins Time-control experiments demonstrated that this effect of furosemide cannot be 

explained by a spontaneous reduction in noradrenalme-mduced constriction over time The local 

concentration of furosemide cannot be estimated precisely because the venous flow was not 

measured in these studies However, if the flow in the dorsal hand vein is assumed to be 1 mL mm ' 

(5% of arterial FBF [23]), furosemide plasma concentrations can be estimated to range from 0 2 to 

20 μ§ mL ' during our dose-response studies Systemic administration of 40 mg furosemide leads to 

a plasma concentration of 3 8 ± 0 3 μg mL ' m the first 15 minutes in normal subjects [24], which is 

within the range of the estimated plasma concentrations This, as well as the observation of a similar 
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venodilator effect after systemic administration of 40 mg of furosemide, suggests that the increase of 

venous compliance observed after systemic administration of furosemide may be the result of direct 

effects on the venous circulation Compared with other substances such as mtroprusside [25] and 

substance Ρ [26], which exert venodilatory properties at an infusion rate of nanograms per minute, 

furosemide is much less potent However, its effect does have clinical relevance, especially in the 

first few minutes after parenteral administration 

Mechanism of action 

Two hypotheses concerning the direct vascular effects of furosemide emerge from the literature The 

first hypothesis focuses on furosemide-mduced inhibition of vascular Na-K-2CI cotransport, whereas 

the second is directed to the role of prostaglandins in the vascular activity of furosemide 

Na-K-2CI cotransport inhibition 

The presence of Na-K-2CI cotransport in endothelial and vascular smooth muscle cells has been 

established, but its role in the regulation of vascular tone is unclear [25-27] In a recent report, 

furosemide relaxed canine venous but not arterial vessels taken from a variety of vascular beds [9] 

In the same vessels, Na-K-2CI cotransport distribution was determined, and the magnitude of the 

vasodilator effect was found to correlate with Na-K-2CI cotransport distribution The correlation 

between Na-K-2CI cotransport distribution and vascular activity suggests a role for this cotransporter 

in the vascular action of furosemide However, inhibition of renal Na-K-2CI cotransport occurs at IO"1 

to 103 mol L' furosemide [30], concentrations 10 to 50 times the local concentration in the hand 

vein, and the importance of this action of furosemide to its venodilator properties remains uncertain 

Augmented prostaglandin synthesis 

The effect of systemic administration of furosemide on venous capacitance has been compared 

between healthy subjects and anephric patients Venous capacitance increased in healthy volunteers, 

but not in anephric patients [3] This effect could be blocked by pretreatment of the cyclooxygenase 

inhibitor indomethacin, suggesting a role for renal prostaglandin release m the vascular effects of 

furosemide Our results indicate that renal prostaglandin synthesis is not necessarily important for 

the direct venous vasodilation, because the release of renal prostaglandins cannot have been 

stimulated after the local furosemide infusions This does not rule out the possibility that furosemide-

mduced vasodilation is mediated by activation of vascular PGI2 synthesis Lundergan et al [31], using 

an isolated canine lung lobe perfused with autologous blood at constant flow, demonstrated that 

furosemide-mduced decreases m pulmonary artery perfusion pressure were mediated by 

prostaglandins because they were abolished by treatment of the lung with indomethacin Recently, 

it was shown in cultured bovine aortic endothelial cells that furosemide stimulated the production 

of prostacyclin and NO at clinically relevant concentrations [18] In our study, the direct venodilator 

effect of furosemide on veins was almost totally abolished by local administration of indomethacin, 

indicating that this direct vascular effect is dependent on local vascular prostaglandin synthesis It is 
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unclear whether the endothelial or the vascular smooth muscle cell is the source of the prostaglandin 

production augmented by furosemide. In vivo endothelial stripping with distilled water [32] seems 

a possibility to address this question, but these experiments are quite invasive, and NSAID treatment 

will be necessary to prevent blood clotting [32], which will obscure the interpretation of the 

furosemide-induced venodilation. It is unknown whether the furosemide-enhanced vascular PGh 

production [1Θ] is the consequence of a nonspecific action of furosemide or of inhibition of the 

vascular Na-K-2CI cotransporter. Furthermore, the effect of systemic treatment with indomethacin or 

other NSAIDs on the furosemide-induced venorelaxation and its clinical implications are unknown. 

The venorelaxation persisted after addition of L-NMMA, so it appears that the effect is not mediated 

by endothelial NO release. 

Conclusions 

The present study provides the first evidence that furosemide, at therapeutic concentrations, exerts 

no direct vasodilator or antivasoconstrictor effect on arterial resistance vessels in the human forearm 

but rather directly dilates veins in humans. The direct venodilation was inhibited by local 

indomethacin administration but not by blockade of NO synthesis, indicating that the direct vascular 

venodilation is dependent on local prostaglandin but not on NO production. Hemodynamic changes 

observed directly after systemic administration of furosemide are probably due to a direct venodilator 

effect of the drug. 
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VASOACTIVITY or AMILORIDE IN VIVO 

Summary 

Besides an evident diuretic effect, amiloride has been shown to exert direct vasoactivity in various 

animal experiments, whereas human data on this issue are lacking Inhibition of NaVhT exchange, 

α-adrenergic blockade, and sodium and calcium channel antagonism have been proposed as possible 

mechanisms of this action Although the role of NaVH* exchange in vascular tone modulation is not 

completely clear, various vasoconstrictive agents (e g , angiotensin II) enhance its activity We 

examined the direct effects of amiloride on human arterial vasculature in vivo Forearm vasodilator 

responses to the infusion of placebo and amiloride (n-10, 0 1 to 100 μg mm ' dL ') into the brachial 

artery were recorded by venous occlusion strain-gauge plethysmography Reduction of forearm blood 

flow (FBF) after local administration of noradrenaline or angiotensin II was measured before and after 

local amiloride administration Amiloride increased the ratio of the mfused/nonmfused FBF at the 

highest dosages (10, 30, and 100μgmιn1 dL') with 1419, 17±14, and 58±23 % (P= 0 002, repeated-

measures analysis of variance) In contrast to noradrenalme-mduced vasoconstriction, the 

vasoconstrictor response to angiotensin II was significantly attenuated by amiloride (P-0 02) 

At high concentrations, amiloride exerts direct vasodilator activity in human arterial vasculature in 

vivo This effect appears not to depend on α-adrenergic receptor blockade, but shows interaction 

with angiotensin II, an activator of NaVH* exchange 

155 



CHAPTER 11 

Introduction 

Amiloride belongs to the group of potassium sparing diuretics and is clinically used mainly as an 

adjunct in the treatment of hypertension [1] The putative renal site of action is the electrogenic 

sodium channel in the distal tubulus of the nephron [2], although blockade of a- and ß-adrenergic 

receptors also was reported in renal cortical membranes [3] and vascular smooth muscle [4] In 

different organs, interaction of amilonde with NaVH* exchange [5-8], NaVCa2* exchange [9,10], 

and the L-type Ca2* channel [11] has been demonstrated Because all these channels, receptors, and 

exchangers also are present in vascular smooth muscle cells [12], it seems likely that amilonde exerts 

a direct vascular effect (Table 1) 

Table 1 Inhibitory actions of amilonde on various tissues and species 

IC so (μιηοΙ.Ι. ') Reference 

Na* channel < Ο Ί 2, 24 

NaVI-T-exchanger 10 5,6,7,8 

ai-adrenergic receptor 8-90 3,4 

NaVCa2* exchanger 400 9,10 

Protein kinase A and C 1000 7, 31 

L-type Ca2* channel 1700 11 

(To convert to pg mi. ' divide by 3 75) 

Experiments in dogs [13] and rats [14] have shown that amilonde exerts a direct vasodilator effect 

apart from its diuretic action At a constant perfusion, an intra-arterial bolus of 100 μ§ amilonde into 

a dog forelimb produced an immediate decrease in perfusion pressure, indicating direct vasodilation 

Moreover, intra-arterial administration of 200 μg also showed an immediate and significant decrease 

in systemic arterial pressure [13] 

To examine the presence of direct vasodilator effects of amilonde in humans, changes in forearm 

blood flow (FBF) were recorded during intrabrachial amilonde administration Furthermore, to study 

the possible interaction of amilonde with the α-adrenergic receptor and the NaVH* exchanger, 

changes m FBF to noradrenaline and angiotensin II infusions were measured in the absence and 

presence of amilonde 

Methods 

Subjects 

The study protocols were approved by the Ethics Committee of our hospital and conformed with the 
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principles outlined in the Declaration of Helsinki All 28 healthy volunteers gave written informed 

consent Their demographic characteristics are summarized in Table 2 Subjects who were taking 

prescription drugs (except for oral contraceptives), aspirin, or other non-steroidal anti-inflammatory 

drugs were excluded 

Study design 

After inducing local anesthesia with lidocaine (2%), the brachial artery of the left arm was 

cannulated The experiments started after an equilibration period of 30 minutes FBF was measured 

by venous occlusion plethysmography [15] Simultaneously, circulation of the hand was arrested by 

inflating a cuff around the wrist Blood pressure was assessed mtra-arterially and heart rate was 

derived from ECG recordings 

Protocols 

Protocols were designed to assess the vascular response of amilonde itself and its effects on 

noradrenaline- or angiotensin ll-mduced vasoconstriction 

Amiloride dose-response experiments 

Because the inhibitory effect of amilonde at its various sites of action covers a wide concentration 

range [2-11,24,32], administration of amilonde over a similarly large concentration range provided 

us information about the vascular site of action Vascular effects at the low infusion rates (calculated 

local plasma concentration approximately 1 0 μg mL1) would imply sodium channel involvement, 

whereas an effect observed at the higher infusion rates (calculated maximal local plasma 

concentration approximately 30 μg mL') would suggest a role for α-adrenergic receptor blockade 

or NaVhT-exchange inhibition The median inhibitory concentration (ICso) values of the other 

putative inhibitory mechanisms of amilonde are too high to be reached in vivo In 10 subjects, FBF 

was measured during placebo (NaCI, 0 9 %) administration for 5 minutes to obtain baseline values 

Hereafter, the increasing dosages of amilonde (0 1, 0 3, 1 0, 3 0, 10, 30, and 100 μgmιn 1 dL') were 

administered for 5 minutes each Each measurement period lasted a maximum of 8 to 10 minutes 

and was alternated with a 5-minute pause during which the wrist cuff was deflated to allow recovery 

of the hand circulation 
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fffecf of amiloride on noradrenaline-induced vasoconstriction 

To study the possible role of the α-adrenergic receptor in the vascular effects of amiloride, we 

measured the reduction of FBF in response to cumulative intra-arterial noradrenaline infusions (10, 

30, and 100 ng.min'.dL"1) in the absence and presence of local amiloride administration at an 

infusion rate that hardly caused a change in FBF by itself (10 μg.min '.dL'1). There was a 30-minute 

interval between the two noradrenaline dose-response curves, and amiloride infusion continued 

during the second noradrenaline dose-response curve (n-6). 

Effect of amiloride on angiotensin ll-induced vasoconstriction 

Besides its constrictor effects mediated by the ATi receptor, angiotensin II is also known to activate 

Na7H* exchange [5,16,17]. Although the mechanism is not completely clear, activation of the 

exchanger is associated with vasoconstriction [16,18], whereas inhibition of the Na*/H* exchanger 

is associated with vasodilation [6]. To examine the role of Na*/H* exchange in the amiloride-mduced 

effects, its interaction with angiotensin II was assessed in a fashion as described earlier in the 

noradrenaline experiments (n = 6). 

Tachyphylaxia to angiotensin II was reported in isolated arteries [19] and human hand veins in vivo 

[20], but not in the perfused-forearm setup [21]. To exclude a diminished vasoconstrictor response 

during the second dose-response curve with angiotensin II due to tachyphylaxis, we conducted time-

controlled experiments (n = 6), in which the dose-response curve was repeated as described earlier 

but now without amiloride. 

Drugs and solutions 

On the day of the experiment, a sterile powder containing amiloride HCl/2 H2O (Duchefa, The 

Netherlands) was dissolved in NaCI 0.9%, to a concentration of 1 mg.mL' and passed through a 0.22 

μπι Millipore filter (Milford, MA, U.S.A.). Further dilutions were prepared immediately before the 

experiment. Noradrenaline (ampoule, 1 mg) and angiotensin II (50 μg, Clinalfa) also were freshly 

prepared and further diluted in NaCI 0.9%, before each experiment. All drugs and placebo infusions 

were administered by an automatic syringe-infusion pump at the same infusion rate of 100 

μg.min ,.dL ,. 

Statistical analysis 

The effects of amiloride, noradrenaline, and angiotensin II were analyzed by comparing the 

hemodynamic variables at baseline and at the increasing dosages by one-way analysis of variance 

(ANOVA) with repeated measures. Post hoc comparisons between the different dosages were made 
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by Student's t-tests with a Bonferroni correction for multiple comparisons Two-way repeated-

measures ANOVA was performed on the changes from baseline to evaluate the effect of amiloride 

on the noradrenaline or angiotensin II responses 

The mean FBF of the last 2 minutes recorded at each infusion rate was taken as the response 

Changes in FBF were compared with values obtained during baseline measurements and expressed 

as absolute values or percentage change from baseline to correct for small baseline differences 

between the first and second part of the experiments with the two vasoconstrictors The ratio of the 

FBF measurements was used to correct for possible systemic effects, by using the nonmfused arm as 

a contemporaneous control for the infused arm [22] All data are expressed as mean±SEM of η 

experiments, unless indicated otherwise A Ρ value < 05 was taken as statistically significant 

Results 

Table 2 shows the baseline demographic characteristics of the different study groups Male/female 

ratio was 1 1 in all groups, and there were no significant differences between the groups in the items 

mentioned in Table 2 

Table 2 Demographic characteristics of the subjects participating in the different sub-groups 

Number (m/f) 

Age (yrs) 

Height (cm) 

Weight (kg) 

BMI (kg m2) 

FAV (mL) 

SBP (mm Hg) 

DBP (mm Hg) 

MAP (mm Hg) 

HR (bpm) 

Amiloride 

Alone 

10(5/5) 

21 6±2 0 

176+4 

67 ±4 

21 6±1 1 

920±120 

122±5 

63±4 

B2±5 

65±6 

Amiloride + 

Noradrenaline 

6 (3/3) 

22 4±1 4 

179±7 

64±6 

20 1±1 4 

880±130 

119±6 

58±3 

77±4 

61 ±8 

Amiloride + 

Angiotensin II 

6 (3/3) 

22 2±1 3 

180+8 

71±13 

22 1±3 1 

990±150 

133±8 

64±4 

85±4 

65±3 

Angiotensin II 

Time-controls 

6 (3/3) 

22 8±1 3 

177±6 

67±4 

21 3±1 3 

8901150 

125±3 

67±3 

86±3 

58±4 

Data are expressed as mean±SD There were no significant differences between the subgroups 

BMI body mass index, FAV forearm volume (measured by water displacement), SBP systolic blood 

pressure, DBP diastolic blood pressure, MAP mean arterial blood pressure (all blood pressures 

measured intra-artenally during the first 30 mm of the experiment), and HR heart rate (derived from 

ECC readings) 
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Cardiovascular responses to local amiloride administration 

Intra-artenal amiloride infusions had no effect on blood pressure (from 128±3/68±2 mm Hg at 

baseline to 129+3/69±2 mm Hg at the highest infusion rate) and heart rate (from 62±3 to 65+2 

beats mm1) FBF in the infused arm was 2 2±0 3 mL mm ' dL' at baseline and 3 1±0 4 mL mm ' dL1 

(P= 002 by repeated measures ANOVA) at the highest amiloride dose There was no significant 

change in the blood flow of the nomnfused forearm (from 2 3±0 3 to 2 4±0 4 mL mm' dL', P-NS) 

The vasorelaxant effect of amiloride calculated as percentage increase m the ratio of the infused and 

nomnfused forearm is demonstrated in Figure 1 Posthoc analysis showed dose-dependency for the 

last three dosages (all Ρ values < 05) 
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Amiloride infusion rate (μς min 1 dL 1) 

Figure / Percentage change in ratio of the blood flow in the infused/noninfused arms as measured 

by venous occlusion plethysmography before and during graded intra-artenal amiloride infusions is 

presented as mean±5EM of 10 experiments The Ρ value refers to the statistical analysis by ANOVA 

with repeated measures over the complete dose-response curve 

Effect of amiloride on noradrenaline-induced vasoconstriction 

As illustrated in Figure 2, local infusion of noradrenaline into the brachial artery led to a dose-

dependent decrease in FBF in the infused arm from 2 2±0 5 mL mm ' dL ' at baseline to 0 7±0 1 

mL mm' dL' at the highest noradrenaline dose (P< 001), whereas there was no significant change 

in FBF of the nomnfused arm (2 8±0 7 to 3 0±0 7 mL mm ' dL') Systolic and diastolic blood 

pressure increased from 119±3/58±1 mm Hg to 123±4/61±1 mm Hg (P- 001 and P- 011, 

respectively) with no change in heart rate (from 62±4 to 64±2 bpm, P=NS) The vasoconstrictor 

effect of noradrenaline was not inhibited by local amiloride administration (vasoconstriction by 

noradrenaline alone, 29±6%, 50±6%, and 65±7%, vasoconstriction by noradrenaline in the presence 

of amiloride (10 μg mm ' dL ') 35±8%, 47±8%, and 63±6%, P- NS) 
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Effect of amiloride on angiotensin ll-induced vasoconstriction 

In this group, baseline FBF in the infused and nomnfused arm was 2 4±0 6 and 2 5±0 4 

mL mm ' dL ', respectively Intra-artenal infusions of angiotensin II produced a dose-dependent 

decrease of FBF in the infused arm to a maximum of 42±6% (to 1 3±0 3 mL mm ' dL ', P< 001) 

Blood flow in the nomnfused forearm did not change (from 2 5±0 4 to 2 4±0 5 mL mm ' dL ', P- NS) 

Systolic blood pressure remained unchanged (from 133±3 to 135±4 mm Hg, P-NS), whereas 

diastolic blood pressure increased from 64±2 to 68±1 mm Hg (P< 0001) There was no change in 

heart rate (65±2 vs 67+2 bpm, P = NS) 

0 10 30 100 

Noradrenaline (ng mm 1 .dL 1 ) 

Figure 2 Percentage change in ratio of the blood flow in the infused/noninfused arms before and 

during graded intra-artenal noradrenaline infusions as measured by venous occlusion 

plethysmography in the absence (Φ) as well as in the presence of amiloride (W μg mm ' dL ', O) is 

presented as mean±SEM of 6 experiments The constrictor response to noradrenaline (P< 001) was 

not inhibited by local infusion of amiloride The Ρ value refers to the statistical differences between 

conditions for these dose-response relationships as analyzed by ANOVA with repeated measures 

over complete dose-response curves 

As shown in Figure 3 (left panel), local administration of amiloride attenuated the angiotensin II-

mduced reduction in FBF significantly The angiotensin ll-induced constriction was 6±9%, 22±5%, 

and42±6% in the absence of amiloride and-918%,-10±13%, and 23±11% in presence of amiloride 

(difference, P- 02) 

Time-control experiments excluded tachyphylaxia with respect to the vasoconstrictor effect of 

angiotensin II (Figure 3, right panel) Both control dose-response curves of angiotensin II attenuated 

FBF in the infused arm significantly (P< 001), whereas there was no significant difference between 

the first and the second curve (P-NS) 

161 



CHAPTER Ì 1 

20 j - ι 
20 r 

Amiloride 

-40 

Control 1 

I n=6, p=NS 

Control 2 

v ^ a 
N* 

1.0 10 100 

Angiotensine II (ng.min"' dL'1) 

Figure 3: Percentage change in ratio of the infused/noninfused arms before and during graded intra

arterial angiotensin II as measured by venous occlusion plethysmography in the absence (Φ) as well 

as in the presence of amiloride (10 μg min '.dL ', Ο (left panel), as well as without a pharmacological 

intervention to obtain time-control values (right panel). Data is presented as mean±SEM of 6 + 6 

experiments. Constrictor response to angiotensin II (P < .001 in both groups) was inhibited by local 

infusion of amiloride, whereas time<ontrol experiments showed a good repeatability of the response. 

The Ρ value refers to the statistical differences between conditions for these dose-responses as 

analysed by ANOVA with repeated measures over complete dose-response curves. 

Discussion 

The main finding of this study was that at high concentrations amiloride exerts a direct vasorelaxant 

effect on the human arterial vasculature in vivo. In view of the high concentrations required, the 

mechanism of this direct vascular action is unlikely to be mediated by inhibition of vascular sodium 

channels, but these concentrations are similar to those used in previous reports of amiloride-induced 

inhibition of the vascular Na VH* exhanger [5,6,7,8] or α-adrenergic receptor blockade [3,4]. 

The most important reason to assume that the amiloride-induced vasorelaxant effects are not 

mediated by vascular sodium channel inhibition is the lack of a significant effect on FBF during the 

low-dose amiloride infusion rates. During intra-arterial amiloride infusions up to 3.0 mL.min'.dL', 

no vascular effects were observed, although these infusions can be calculated [23] to lead to local 

plasma concentrations above 0.1 μg.mL1 (0.38 μπ-ιοΐΐ'), almost 4 times the ICso value of amiloride 

for the sodium channel [24]. If the sodium channel was of importance for a direct vascular effea of 

amiloride, the high affinity of amiloride for the sodium channel implies that effects should occur at 

low dosages. Therefore, we conclude that closure of the vascular sodium channel has no 

consequences for basal vascular tone, and we think that it is unlikely that sodium channel blockade 

plays a significant role in the vasoactivity of amiloride. 

During the highest infusion rate of amiloride, calculated plasma concentrations reached the ICso 

values that induce α-adrenergic receptor blockade and Na VhT-exchange inhibition by amiloride. 

The ICso values of amiloride to inhibit the NaVCa2* exchanger or the L-type calcium channel are so 

high [9-11] that an amiloride-mediated effect via these transport systems in vivo can probably be 
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excluded Thus on the basis of potency, it appears that the vascular effects observed at the highest 

infusion rates of amilonde are likely to be mediated by α-adrenergic blockade, attenuation of NaVH* 

exchange, or some other as yet undefined mechanism However, the absence of interaction of 

amilonde with noradrenalme-mduced contraction in vivo argues against a significant α-adrenergic 

receptor blocking action of amilonde 

N a V H * exchange activity and vascular tone 

Various vasoconstrictor agonists increase inositol triphosphate (IP3) and diacylglycerol (DAG) via 

stimulation of phosphohpase C It is thought that the sustained increase of DAG after angiotensin II 

administration may be responsible for the sustained phase in angiotensin ll-mduced contraction of 

vascular smooth muscle [25] DAG activates protein kinase C [26], which stimulates Na*/H* 

exchange [27] These findings have led to the speculation that agonist-induced Na*/H* exchange 

may play an important role in contraction of vascular smooth muscle [16,18,28] In the absence of 

a direct and selective activator of the NaVH* exchanger we used angiotensin II in this study as a tool 

to enhance NaVH* exchange [17] In concordance with the putative role of the NaVH* exchanger 

in the modulation of vascular tone and the effects of angiotensin II (stimulation) and amilonde 

(inhibition) on NaVH* exchange, we found that local administration of amilonde significantly 

inhibited the angiotensin ll-mduced response Appropriate time-control experiments confirmed 

previous results of Baan et al [21] and excluded tachyphylaxia as an explanation for the diminished 

vasoconstriction during the second dose-response curve of angiotensin II 

The NaVH* exchanger is present not only in vascular smooth muscle cells, but also in endothelial 

cells, where amilonde can modulate its activity In rat aortic strips, amiloride-mduced vasodilation 

was greatly attenuated by removal of the endothelium [29], and m canine coronary arteries, amilonde 

analogs caused endothehum-dependent relaxation, whereas amilonde itself had little effect on 

vascular tone [10] It was reported that thrombm-stimulated prostaglandin release in cultured rabbit 

microvascular endothelial cells was inhibited by amilonde [30], which may have contributed to the 

vascular effects we observed Of course, our results do not allow us to speculate about the role of 

the endothelium in the direct vasodilator effect of amilonde in the human forearm Additional 

experiments with indomethacm (to inhibit prostaglandin synthesis) and/or AZ-monomethyl-L-argmine 

(L-NMMA, to inhibit nitric oxide synthesis) must be performed to confirm or exclude endothehum-

dependency of the amiloride-mduced vasoactivity However, if the mode of action of amilonde in 

vivo involved release of a vasodilator compound such as nitric oxide, it might also be expected to 

inhibit noradrenalme-mduced vasoconstriction, which was not seen 

In view of our studies with noradrenaline and angiotensin II, we conclude that blockade of the a-

adrenergic receptor is not involved in amiloride-mduced vasodilation, but it is possible that NaVH* 

exhange inhibition is responsible for the vasoactivity of amilonde in humans in vivo Any potential 

role of the endothelium remains to be established 

A previous study compared the vasorelaxant effects of amilonde (0 5 to 1 mmol L ') with the more 

potent and selective NaVH *-exchange inhibitor hexamethylene amilonde (10 μιποΙ L ') m isolated 

163 



CHAPTER 11 

rat aortae [31]. It was found that agonist-induced contraction was inhibited by amiloride, but not by 

hexamethylene amiloride. The effects of higher concentrations of hexamethylene amiloride were not 

examined. The authors concluded that the vasorelaxant effects of amiloride are unrelated to 

inhibition of NaVH* exchange, but may be mediated by kinases involved in contraction. Although 

we did not investigate hexamethylene amiloride in our perfused forearm experiments to compare its 

effects with those of amiloride, the high concentration of amiloride needed to inhibit myosin light 

chain kinase or protein kinase C [7,32] makes this mechanism of action unlikely in our in vivo 

experiments. 

In conclusion, our study provides evidence that at high concentrations amiloride exerts a direct 

vasodilator action in the human arterial vasculature in vivo. Interaction studies suggest that the 

vasorelaxant effect of amiloride is mediated by inhibition of NaVH* exchange. Further studies are 

warranted to explore the role of the endothelium in the amiloride-induced effects. 
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SUMMARY 

Part I- Vascular effects of thiazide diuretics and other inhibitors of carbonic 
anhvdrase 

Since the discovery of chlorothiazide in 1957, commemorated as the greatest breakthrough in the 

history of antihypertensive treatment, thiazide diuretics have subsequently become the most 

prescribed drugs in the world, with hypertension as their mam indication Amazingly, their 

mechanism of hypotensive action is still not fully clarified, probably because multiple effects are 

involved Primarily, thiazides are known as diuretics exerting their effect in the kidney However, in 

part the hypotensive effect of thiazides during chronic administration may be due to vasodilation, 

rather than to saluresis or loss of free water per se It is not clear whether the vascular effects are 

mainly due to a direct interaction with the vascular wall or secondary to diuretic-induced changes 

in sodium balance (chapter 1) 

In this thesis, the direct vascular effects of thiazide diuretics were investigated First, in vitro studies 

were conducted using isolated small arteries Such arteries were used for these studies, since they 

are small enough to contribute significantly to peripheral vascular resistance in vivo Vascular effects 

of thiazides in these vessels have relevance to blood pressure regulation With a microvascular 

myograph and fura-2AM as a marker of intracellular calcium concentration ([Ca2*}), it was 

demonstrated that clinically relevant concentrations of hydrochlorothiazide induced endothelium-

independent vasorelaxation associated with decreased influx of extracellular calcium 

Hydrochlorothiazide had no effect on calcium release from intracellular calcium stores and caused 

only a modest reduction in sensitivity of the contractile machinery to [Ca2*]. The fall in [Ca2+], and 

vasorelaxation caused by hydrochlorothiazide were not due to a direct blockade of calcium channels 

by hydrochlorothiazide, but mediated by potassium channel activation With highly sensitive and 

specific potassium channel antagonists, it was found that hydrochlorothiazide activated the large-

conductance Kca channel, leading to potassium efflux and membrane hyperpolanzation, and 

consequently to closing of voltage-operated calcium channels and smooth muscle relaxation (chapter 

2) 

The next question was how hydrochlorothiazide acts on these Kca channels through a direct 

interaction with the channel, or by an intracellular biochemical effect? 

In addition to [Ca2*]., the open state probability of the Kca channel is also modulated by intracellular 

pH (pHi) Since most thiazide diuretics bind to and inhibit the enzyme carbonic anhydrase and since 

this enzyme is present m vascular smooth muscle, it was hypothesized that a rise in pH by inhibition 

of carbonic anhydrase could represent the mechanism of action by which thiazide diuretics open 

vascular Kca channels and relax resistance arteries By using different thiazide compounds with 

different inhibitory potencies against carbonic anhydrase, the influence of inhibition of this enzyme 

was examined To distinguish between an effect on intracellular or extracellular membrane-bound 

forms of carbonic anhydrase both lipophilic (membrane permeable) and hydrophihc (relatively 

membrane impermeable) carbonic anhydrase inhibitors were used Simultaneously, intracellular pH 

was measured with a marker for pH, (BCECF-AM) It was found that bendroflumethiazide, a thiazide 

with minimal inhibitory effects on carbonic anhydrase activity, had little effect on vascular tone 

compared with hydrochlorothiazide The small relaxation seen in response to bendroflumethiazide 
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was not inhibited by charybdotoxin, a selective blocker of Kca channels. In addition, 

bendroflumethiazide had no effect on pHi in isolated resistance arteries. In contrast, 

hydrochlorothiazide caused intracellular alkalinization, and all three carbonic anhydrase inhibitors 

caused dose-dependent vasorelaxation also associated with a rise in phi and Kc* channel activation 

(chapter 3). 

Since the vasorelaxant effect was inhibited by blockade of Kd channels, but the rise in pHi was not, 

these data suggest that the vasodilator effect of thiazide diuretics results primarily from inhibition of 

vascular smooth muscle cell carbonic anhydrase, leading to a rise in pHi, and subsequently to Kca 

channel activation and vasorelaxation (Figure 1). It is unclear how inhibition of this enzyme can 

mediate changes in pHi, but it seems possible that it might modulate CI/HCCh exchange, resulting 

in an attenuated H C O J extrusion and increase in pH.. 

nodirect hydrochlorothiazide 

vasorelaxation 

Figure 1: Suggested mechanism of action of hydrochlomthiazide-induced vasorelaxation. 

Hydrochlorothiazide binds to and inhibits the extracellular membrane-bound carbonic anhydrase 

in vascular smooth muscle cells, resulting in an increase of pH,. The Kca channel is activated by the 

increase in pH,, leading to K*-efflux and hyperpolarization of the membrane. Voltage-operated Ca2* 

channels close, leading to a fall in [Ca2*]* and to vasorelaxation. Hydrochlorothiazide had no effect 

on calcium release from intracellular calcium stores (sarcoplasmic reticulum) and caused only a 

modest reduction in sensitivity of the contractile machinery to [Ca2t]i. 

On the basis of the literature and our own experiments on the vascular effects of hydrochlorothiazide 

and related compounds, a novel hypothesis was proposed regarding the mechanism of the 

diabetogenic effect of thiazides. There is a striking similarity of action on pancreatic ß-cells and the 
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vascular system of drugs that modulate potassium channels Comparable to the role of [Ca2*], in 

modulation of vascular tone, [Ca2*], is also crucial to the process of insulin release by pancreatic ß-

cells As described in the chapters 2 and 3 and summarized above, the effects of hydrochlorothiazide 

on Kca channels cause a fall in [Ca2*]i and vasorelaxation A similar action on pancreatic ß-cells can 

lead to an attenuated insulin generation and provides a possible explanation for the phenomenon 

of 'thiazide-mduced hyperglycemia' (chapter 4) 

The clinical relevance of thiazide-mduced vasodilation was investigated using the 'perfused forearm 

technique' First, in healthy normotensive subjects hydrochlorothiazide was infused into the brachial 

artery With this method, a direct vascular effect in the forearm under investigation can be measured 

with venous occlusion strain-gauge plethysmography, without evoking systemic effects Infusion rates 

leading to clinical relevant local concentrations did not exert any vasoactivity in the forearm vascular 

bed (chapter 5) Among other reasons, the dosage of hydrochlorothiazide and the initial level of 

blood pressure (absence of hypertension) may have influenced these results In chapter 6 the 

presence and mechanism of a direct vascular effect of hydrochlorothiazide at high concentrations 

in normotensive and hypertensive subjects was investigated Experiments with the potassium channel 

antagonist tetraethylammomum and experiments in patients with the Gitelman syndrome enabled 

us to investigate the role of Kca channel activation and of the NaCI cotransporter in the direct vascular 

action of hydrochlorothiazide It was found that hydrochlorothiazide exerted a direct vasodilator 

effect in the human forearm at supratherapeutic plasma levels and that this action was mediated by 

activation of vascular potassium channels In patients with the Gitelman syndrome, who lack the 

NaCI cotransporter, a similar vasodilator effect of hydrochlorothiazide was observed Furthermore, 

it was demonstrated that the thiazide-like agent Indapamide does not exert direct vasoactivity in 

humans (chapter 6) 

At the end of part I, the presence of a direct vascular effect of acetazolamide in the human forearm 

was examined In accordance with the previous in vitro experiments, pharmacological interaction 

experiments with inhibitors of nitric oxide (L-NMMA) and prostaglandin synthesis (mdomethacin) 

showed that acetazolamide-mduced vasorelaxation was independent of local nitric oxide and 

prostaglandin production In contrast, vasodilation was almost totally abolished by the Kca channel 

blocker tetraethylammomum, whereas the KATP channel antagonist glibenclamide had no inhibitory 

effect This in vivo study confirmed the aforementioned in vitro results (chapter 7) 

General conclusion 

Although vascular effects of thiazide diuretics were suspected almost from their introduction in the 

late 1950s, no direct in vivo evidence was available After elucidation of the mechanism of action 

of thiazide-mduced vasorelaxation in vitro as summarized in figure 1, the results were confirmed in 

human in vivo experiments, although much higher plasma concentrations were needed Thiazide 

diuretics are known to accumulate in vascular smooth muscle cells and the antihypertensive action 

of hydrochlorothiazide is slow in onset This may explain the reason that higher doses are needed 
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to elicit acute vascular effects in the described in vivo experiments The vasodilator effects of thiazide 

diuretics may contribute to their antihypertensive properties, and opening of Kca channels by these 

agents may represent a novel mode of action of these drugs in the vasculature However, this thesis 

does not answer the question whether the reduction in peripheral resistance after long-term therapy 

with thiazide diuretics is due to Kca channel activation It remains to be established whether this 

mechanism plays a significant role in the long-term antihypertensive effects of thiazide diuretics 

Part II· Vascular effects of loop diuretics 

Although it is generally believed that the beneficial effect of loop diuretics is the result of a rapid 

increase in diuresis, evidence has accumulated that vascular effects contribute to their acute clinical 

effects Besides direct vascular activity demonstrated in various in vitro experiments, loop diuretics 

are known to directly stimulate renin, angiotensin II and prostaglandin release, which makes it 

difficult to interpret in vivo experiments using systemic administration of the loop diuretics Several 

mechanisms involved in the vascular response to loop diuretics are reviewed in chapter 8 

Apart from differences in species and experimental setup, venous vasodilation appears to be 

mediated by Na-K-2CI cotransporter inhibition and/or prostaglandin release The density of Na-K-2CI 

cotransporters in arterial vessels is much lower than in veins and the results concerning the properties 

of loop diuretic-induced arterial vasorelaxation, including membrane hyperpolanzation and 

endothelial dependency, are contradictory To obtain a better understanding of the arterial 

vasoactivity of loop diuretics, effects of furosemide and bumetamde on isolated resistance arteries 

from rat, guinea-pig, and human origin were examined in chapter 9 It was found that furosemide 

exerted some vasodilator activity in isolated small arteries, but this effect was small and only occurred 

at high concentrations Moreover, of the three species studied, human vessels showed the least 

relaxantion in response to the drug Compared to furosemide, bumetamde was approximately 10 

times more potent on an equimolar basis The mechanism of action appeared to be independent of 

the membrane potential, the release of prostaglandins and of the presence of the endothelium, but 

related to cellular calcium metabolism The nature of the furosemide<alcium interaction is not clear 

Others have suggested that the decrease in intracellular sodium, generated by inhibition of the Na-K-

2CI cotransporter, might accelerate NaVCa2* exchange and decrease [Ca2*]., resulting in 

vasorelaxation Some vasoconstrictive agents, e g vasopressin, are known to stimulate the Na-K-2CI 

cotransporter, although it is unclear how this relates to their constrictor effect Interestingly, it was 

found that the vasoconstriction to vasopressin was more susceptible to inhibition by furosemide than 

the contraction to a depolarizing potassium solution 

In view of the high concentrations of loop diuretics needed, the very small response in human 

vessels, and the fact that furosemide is strongly protein-bound in vivo (>95%), vascular effects of 

loop diuretics in the arterial vascular bed is probably due to an indirect effect and not to a direct 

interaction of the drug with the vascular wall The putative direct arterial vasoactivity of furosemide 

is illustrated in Figure 2 
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no direct ^ — f urosemide 
endothelial effect ψ 

Na+/Ca2 + exchanger 
vasorelaxation 

Figure 2: Suggested mechanism of action of furosemide-induced arterial vasorelaxation. 

Inhibition of the endothelial Na-K-2CI cotransporter does not contibute to the arterial vasorelaxation 

induced by furosemide. High concentrations of furosemide inhibit the Na-K-2CI cotransporter 

located in the vascular smooth muscle cell membrane. The consequent fall in intracellular sodium 

could stimulate the Na*/Ca2* exchanger, and decrease [Ca2*],, resulting in vasorelaxation. However, 

as yet no evidence is available for such a mechanism. 

Two methods were used to study the direct vascular effects of furosemide in vivo: direct effects on 

resistance arteries in the forearm were examined with the aforementioned perfused forearm 

technique, and direct venous effects were recorded with a linear variable differential transducer. In 

agreement with the in vitro results, intrabrachial infusion of furosemide did not change forearm blood 

flow significantly. In contrast, a dose-dependent direct vasodilator effect on preconstricted dorsal 

hand veins was demonstrated. This effect occurred at estimated local plasma concentrations in the 

therapeutical range and was also demonstrated after an intravenous administration of 40 mg 

furosemide in the contralateral arm. It is uncertain whether inhibition of vascular Na-K-2CI 

cotransporter is of importance for the venodilator properties of furosemide, inhibition of the renal Na-

K-2CI cotransporter occurs at concentrations much higher than the local concentration in the hand 

vein. 

Finally, it was demonstrated that the vasodilator effect was dependent on local prostaglandin 

synthesis, since local indomethacin administration almost completely abolished furosemide-induced 

venorelaxation. It is unclear whether the endothelial or the vascular smooth muscle cell is the site 
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of prostaglandin production, and whether the action of furosemide is nonspecific or through 

inhibition of the vascular Na-K-2CI cotransporter (Figure 3) 

furosemide 

Figure 3 Suggested mechanism of action of furosemide-mduced venous vasorelaxation 

AA arachidonic acid, Cox cyc/ooxygenase Via a nonspecific action or via inhibition of the vascular 

Na-K-2CI cotransporter, furosemide stimulates vascular prostaglandin synthesis in the endothial 

and/or vascular smooth muscle cell Locally produced PCh causes venodilation 

General conclusion 

Loop diuretics have proven to be effective in the treatment of acute and chronic heart failure After 

intravenous administration of furosemide, clinical relief of symptoms preceding the increase of 

diuresis suggested the presence of an extrarenal effect In this thesis, a putative vascular effect of 

furosemide was examined At very high concentrations, furosemide exerted direct arterial 

vasodilation, that seems not to be of clinical importance In contrast, therapeutic concentrations did 

elicit a direct vasorelaxant effect in veins in vivo, dependent on local prostaglandin synthesis It is 

concluded that hemodynamic changes observed directly after systemic administration of furosemide 

are probably due to a direct venodilator effect of the drug Especially in patients with acute left 

ventricular dysfunction, this effect does have clinical relevance during the first few minutes after 

parenteral administration 
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Part III· Vascular effects of potassium sparine diuretics 

Amiloride belongs to the group of potassium sparing diuretics and is clinically used mainly as an 

adjunct m the treatment of hypertension As mentioned m the introduction of this thesis, amiloride 

has been shown to interact with different channels, receptors and ion-exchangers, all present in 

vascular smooth muscle cells Direct vasorelaxant activity of amiloride has been demonstrated in 

animal experiments, whereas human data was lacking To examine the presence of a direct 

vasodilator effect of amiloride in humans, changes in forearm blood flow were recorded using venous 

occlusion plethysmography during intrabrachial amiloride administration Furthermore, to study the 

possible interaction of amiloride with the α-adrenergic receptor and the Na*/H ' exchanger, changes 

in forearm blood flow to noradrenaline and angiotensin II infusions were measured in the absence 

and presence of amiloride It was demonstrated that amiloride infusions calculated to lead to local 

plasma concentrations equaling approximately 4 times the ECso value of amiloride for the sodium 

channel did not change forearm blood flow It was concluded that closure of the vascular sodium 

channel has no consequences for basal vascular tone and that it is unlikely that sodium channel 

blockade plays a significant role in the vasoactivity of amiloride Vasodilation was observed during 

the highest infusion rate of amiloride, at calculated plasma concentrations reaching the ICso values 

of amiloride that induce α-adrenergic receptor blockade and NaVhT exchange inhibition Hence, 

on the basis of potency it appears that the vascular effects observed at the highest infusion rates of 

amiloride are likely to be mediated by α-adrenergic receptor blockade, attenuation of NaVhT 

exchange or some other as yet undefined mechanism The absence of an interaction of amiloride 

with noradrenaline-induced contraction in vivo, argues against a significant α-adrenergic receptor 

blocking action of amiloride However, administration of amiloride significantly inhibited the 

angiotensin ll-mduced response, in concordance with the putative role of the NaVH* exchanger m 

the modulation of vascular tone and the effects of angiotensin II (stimulation) and amiloride 

(inhibition) on NaVH* exchange (Figure 4) 

In isolated resistance arteries, a reduction in p H is associated with force development There are 

indications that the NaVH* exchanger, which is of importance for the controle of pH., is either 

quiescent or operates at a very low rate in isolated arteries Since vasoconstriction is associated with 

a decrease in pH., and an increase m pHi by thiazide diuretics is associated with vasorelaxation, it 

is difficult to explain by what mechanism inhibition of NaVH* exchange by amiloride is responsible 

for the changes in vascular tone observed Possibly the decrease in pH. is not important for vascular 

tone, while the decrease in [Na*]i may lead to activation of the Na VCa2* exchanger, resulting a 

decrease of [Ca2*], and vasorelaxation 

General conclusion 

High concentrations of amiloride exert direct vasodilator activity in vivo Interaction studies suggest 

a possible role of inhibition of vascular NaVH* exchange, but evidence is circumstantial and clinical 

relevance is far from clear 
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amiloride 

vasorelaxation 

Figure 4: Suggested mechanism of action of amilonde-induced vasorelaxation. 

High concentrations of amiloride may inhibit the vascular Na*/H* exchanger in endothelial or 

vascular smooth muscle cells. With no evidence available, the consequent fall in intracellular 

sodium could stimulate the Na*/Ca2* exchanger, resulting in a decrease of [Ca2*]* and 

vasorelaxation. Blocking of the vascular amiloride-sensitive sodium channel is not of importance for 

its vasodilator effect. 

Final Remarks 

The experiments described in this thesis have shown that diuretics may directly affect vascular tone. 

Thiazide diuretics appear to have arterial vasodilator properties based on their carbonic anhydrase 

inhibiting activity, leading to an increase in pH. and potassium channel activation. Loop diuretics are 

far more effective in the venous system than in the arterial system, where their activity appears to 

depend on an augmented prostaglandin production in the vascular wall. The mechanism and clinical 

relevance of the modest vasodilator effect of amiloride is not clear. 

The discovery of these drugs initiated an era of effective and widely available pharmacological 

treatment of cardiovascular diseases such as hypertension and heart failure. Although they are old, 

they still belong to the most prescribed drugs world wide. The results described in this thesis have 

shown that they exert vascular activity, partly through mechanisms that have only recently been 

recognized to affect vascular tone. 
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Deel I: Vasculaire effecten van thiazidediuretica en andere remmers van het 
enzvm carbo-anhvdrase 

Chemische modificatie van carbo-anhydraseremmers leidde in 1957 tot de ontdekking van 

chloorthiazide, hetgeen thans wordt gezien als de grootste doorbraak in de geschiedenis van de 

medicamenteuze behandeling van patiënten met hoge bloeddruk. Sindsdien behoren diuretica 

(vochtuitdrijvende middelen) van de thiazidesoort tot de meest voorgeschreven geneesmiddelen ter 

wereld, met hoge bloeddruk als voornaamste indicatie. Meer dan 40 jaar later is het 

bloeddrukverlagend mechanisme van deze middelen nog steeds niet geheel opgehelderd, 

waarschijnlijk omdat meerdere werkingsmechanismen een rol spelen. Het mechanisme van het 

water- en zoutuitscheidend vermogen van deze middelen is nagenoeg geheel opgehelderd. Er zijn 

echter sterke aanwijzingen dat tijdens chronisch gebruik niet zozeer het effect op de nieren, maar 

vaatverwijding verantwoordelijk is voor het bloeddrukverlagend effect van thiazidediuretica. Het is 

nog onduidelijk of dit een directe interactie met de vaatwand betreft, of dat dit secundair is aan de 

effecten op de nier (hoofdstuk 1). 

In dit proefschrift werd de directe interactie van thiazidediuretica met de vaatwand onderzocht. Ten 

eerste werden in v/tro-experimenten verricht met behulp van kleine geïsoleerde arteriële bloedvaatjes 

met een diameter van circa 0,3 mm. Deze zogenaamde weerstandsarterieen leveren de belangrijkste 

bijdrage aan de totale perifere vaatweerstand en zijn daarom van belang voor de bloeddrukregulatie. 

Voor het bloeddrukverlagend effect van thiazidediuretica zou een vaatverwijdend effect op deze 

vaatjes verantwoordelijk kunnen zijn. 

Met behulp van een microvasculaire myograaf en fura-2AM als merkstof voor de intracellulaire 

calciumconcentratie ([Ca2*]i) in de gladde spiercellen van de bloedvaatjes werd aangetoond dat 

hydrochloorthiazide in klinisch relevante concentraties endotheelonafhankelijke vaatverwijding 

geeft. Deze vaatverwijding gaat gepaard met een verminderde instroom van extracellulair calcium. 

Hydrochloorthiazide had geen effect op het vrijkomen van calcium uit intracellulaire opslagplaatsen 

en veroorzaakte slechts een minimale afname van de gevoeligheid van het contractiele apparaat voor 

[Ca2*],. De [Ca2*], daling en de vaatverwijding onder invloed van hydrochloorthiazide kwam 

weliswaar tot stand door een verminderde instroom van extracellulair calcium, maar dit bleek niet 

te berusten op een directe blokkade van calciumkanalen. Met zeer gevoelige en specifieke blokkers 

van kaliumkanalen werd aangetoond dat hydrochloorthiazide het calcium-geactiveerde kaliumkanaal 

(Kca-kanaal) opent. Opening van deze kaliumkanalen leidt tot uitstroom van intracellulair kalium, 

hetgeen de membraanpotentiaal hyperpolariseert. Voltagegevoelige calciumkanalen sluiten hierdoor, 

met als gevolg een daling van het [Ca2*], en uiteindelijk vaatverwijding (hoofdstuk 2). 

De volgende vraag was hoe hydrochloorthiazide dit Kcrkanaal opent: door een direct effect op het 

kanaal, of indirect door bijvoorbeeld een intracellulair biochemisch effect? Het Kcrkanaal is namelijk 

niet alleen gevoelig voor de intracellulaire calciumconcentratie, maar onder andere ook voor de 

intracellulaire pH (pH.). De meeste thiazidediuretica remmen het enzym carbo-anhydrase, dat onder 

meer aanwezig is in de gladde spiercellen van de vaatwand en van invloed zou kunnen zijn op de 

pH·. Zou remming van het carbo-anhydrase door hydrochloorthiazide leiden tot een verandering van 

de pHi, waardoor het Kcrkanaal opent en vaatverwijding ontstaat? 
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Met behulp van verschillende thiazidediuretica, waarvan de mate van remming van het carbo-

anhydrase enzym bekend is, werd de rol van remming van dit enzym onderzocht Tevens was het 

mogelijk om met water- en vetoplosbare carbo-anhydraseremmers de invloed van remming van het 

extracel lu la ire en intracellulaire enzym te onderscheiden Tegelijkertijd met het meten van de 

vaattonus van geïsoleerde weerstandsvaatjes werd met behulp van de merkstof BCECF-AM de pH. 

bepaald 

Geen effect χ-- hydrochloorth iaz ìde 

vaatverwijdinR 

Figuur 1 Werkingsmechanisme van hydrochloorthiazide-gemduceerde vaatverwijding 

Hydrochloorthiazide bindt en remt het extracellulaire enzym carbo-anhydrase in de gladde 

spiercellen van de vaatwand, met als gevolg een sti/ging van de pH, Het Kca-kanaal wordt 

geactiveerd door de stijging van de pHi, hetgeen resulteert in uitstroom van kaliumionen en 

membraanhyperpolansatie Door de hyperpolansatie sluiten voltage-gevoelige calciumkanalen met 

als gevolg een daling van het [Ca2*], en vaatverwi/ding Hydrochloorthiazide had geen effect op het 

vrijkomen van calcium uit intracellulaire opslagplaatsen (sarcoplasmatisch reticulum), en 

veroorzaakte slechts een geringe daling van de gevoeligheid van het contractiel apparaat voor 

[Ca2*], 

Er werd aangetoond dat bendroflumethiazide, een thiazidediureticum dat slechts minimale remming 

van het enzym carbo-anhydrase veroorzaakt, m vergelijking met hydrochloorthiazide slechts een 

geringe vaatverwijding bewerkstelligde Dit effect kwam met tot stand door Kù-kanaalactivatie, want 

blokkade van het Kcrkanaal met charybdotoxme verminderde de vaatverwijding door 

bendroflumethiazide met Tevens had bendroflumethiazide vrijwel geen effect op de pH, van de 

gladde spiercellen In tegenstelling hiermee veroorzaakte hydrochloorthiazide en de andere carbo-
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anhydraseremmers wel een stijging van de pH. in de geïsoleerde vaatjes Het dosis-afhankelijke 

vaatverwijdende effect van de carbo-anhydraseremmers was, net als het vaatverwijdende effect van 

hydrochloorthiazide, afhankelijk van Kcrkanaalactivatie (hoofdstuk 3) Omdat het vaatverwijdende 

effect wel, maar de stijging van de pH. niet werd geremd door blokkade van Kca-kanalen, is het 

waarschijnlijk dat het vaatverwijdende effect van thiazidediuretica wordt veroorzaakt door remming 

van het enzym carbo-anhydrase in de gladde spiercel van de vaatwand Dit leidt tot een stijging van 

de pHi met als gevolg activatie van Ka-kanalen en vaatverwijdmg (Figuur 1) Het is nog onduidelijk 

hoe remming van dit enzym leidt tot verandering van de pH., maar er zijn aanwijzingen dat de 

CI/HCOj-uitwisselmg wordt geremd, waardoor de HCOs-uitstroom wordt belemmerd en de 

intracellulaire pH stijgt 

Op basis van eerder gepubliceerde artikelen en de bovengenoemde resultaten werd een nieuwe 

hypwthese voorgesteld die het diabetogene effect van thiazidediuretica zou kunnen verklaren Deze 

gedachte komt voort uit het feit dat insulmesecretie door de ß-cel van de alvleesklier m belangrijke 

mate gereguleerd wordt door de kaliumkanaalactiviteit en de daarmee samenhangende [Ca2+]i Zoals 

beschreven in hoofdstukken 2 en 3 en op de vorige pagina's samengevat, leidde het effect van 

hydrochloorthiazide op Kei-kanalen tot daling van [Ca2*} en vaatverwijdmg Een vergelijkbaar effect 

op de ß-cel zou kunnen leiden tot een verminderde aanmaak van insuline en zou het fenomeen van 

'thiazide-gemduceerde hyperglycémie' kunnen verklaren (hoofdstuk 4) 

De klinische relevantie van de thiazide-gemduceerde vaatverwijdmg werd onderzocht met behulp 

van de 'geperfundeerde onderarmstechniek' Ten eerste werd m gezonde proefpersonen (zonder 

hoge bloeddruk) hydrochloorthiazide gemfundeerd m de arteria brachialis ter hoogte van de 

elleboogsplooi Met deze methode zou een vaatverwijdend effect m het onderarmsvaatbed kunnen 

worden aangetoond met behulp van veneuze-occlusie plethysmografie, zonder dat er systemische 

effecten optreden Infusiesnelheden die leidden tot klinisch relevante concentraties van 

hydrochloorthiazide hadden geen enkel effect op de onderarmsdoorbloedmg (hoofdstuk 5) De 

lokale concentratie van hydrochloorthiazide en de afwezigheid van hoge bloeddruk van de 

proefpersonen zouden onder meer van invloed op dit resultaat kunnen zijn In hoofdstuk 6 werd het 

vaatverwijdende effect van hogere doseringen hydrochloorthiazide onderzocht bij gezonde 

proefpersonen en patiënten met hoge bloeddruk Experimenten met de kaliumkanaalblokker 

tetraethylammomum en experimenten bij patiënten met het syndroom van Gitelman, maakten het 

mogelijk om de rol van kaliumkanaalactivatie en van de aanwezigheid van de NaCI-cotransporter 

in vivo te onderzoeken Het bleek dat hoge concentraties hydrochloorthiazide een direct 

vaatverwijdend effect hadden in de onderarm en dat dit effect afhankelijk was van 

kaliumkanaalactivatie BIJ patiënten met het syndroom van Gitelman, die worden gekenmerkt door 

afwezigheid van de NaCI-cotransporter, werd een vergelijkbaar vaatverwijdend effect gezien 

Daarnaast bleek dat het thiazide-achtige middel Indapamide geen vaatverwijdend effect had 

(hoofdstuk 6) 

Tenslotte werd aan het einde van deel 1 het vaatverwijdende effect van de carbo-anhydraseremmer 

acetazolamide m de onderarm onderzocht In overeenstemming met de eerdere in vitro 
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experimenten bleek uit interactie-experimenten dat de vaatverwijding die door acetazolamide 

veroorzaakt wordt onafhankelijk is van lokale stikstofmonoxide- en prostaglandmeproductie De 

acetazolamide-gemduceerde vaatverwijding werd echter vrijwel geheel geremd door Kca-

kanaalblokkertetraethylammomum, terwijl de KAïp-kanaalantagonist glibenclamide geen remmend 

effect liet zien Deze in v/vo-experimenten bevestigden de eerder genoemde in vitro-experimenten 

(hoofdstuk 7) 

Conclusie 

Hoewel vanaf de introductie van thiazidediuretica in 1957 werd vermoed dat deze middelen 

vasculaire effecten hadden, was er geen direct in v/vo-bewijs voorhanden Na opheldering van het 

vaatverwijdende effect van hydrochloorthiazide in vitro, zoals samengevat m figuur 1, werden deze 

resultaten bevestigd in in vivo-expenmenten Waarom er in vivo veel hogere doseringen nodig zijn 

om vaatverwijding te bewerkstelligen is met geheel duidelijk Het is bekend dat thiazidediuretica 

zich langzaam ophopen in de gladde spiercellen van de vaatwand en het maximaal 

bloeddrukverlagend effect van hydrochloorthiazide pas na weken ontstaat Dit zou de verklaring 

kunnen zijn waarom acute vaatverwijdende effecten in vivo pas bij hogere doseringen worden 

waargenomen Het vaatverwijdende effect van thiazidediuretica zou kunnen bijdragen aan het 

bloeddrukverlagend effect van deze middelen en de beschreven kaliumkanaalactivatie weerspiegelt 

een nieuwe kijk op de interactie met de vaatwand van deze groep geneesmiddelen In hoeverre het 

beschreven vaatverwijdende effect een rol speelt met betrekking tot het bloeddrukverlagend effect 

van hydrochloorthiazide op lange termijn staat nog met vast 

Deel II: Vasculaire effecten van hsdiuretica 

Algemeen wordt aangenomen dat de snelle toename van de unneproductie verantwoordelijk is voor 

de gunstige werking van hsdiuretica bij acuut hartfalen, maar er zijn aanwijzingen dat effecten op 

de vaatwand bijdragen aan met name de acute klinische effecten 

Naast een directe interactie van hsdiuretica met de vaatwand zoals aangetoond in diverse in vitro 

experimenten, stimuleren hsdiuretica tevens de productie van renine, angiotensme II en 

Prostaglandines Interpretatie van resultaten van in vivo-expenmenten waarbij het hsdiureticum 

systemisch werd toegediend, wordt hierdoor bemoeilijkt De verschillende mechanismen betrokken 

bij de vasculaire respons op hsdiuretica worden m hoofdstuk 8 toegelicht. 

Ondanks de verschillen in diersoorten en onderzoeksmethoden, wordt veneuze vaatverwijding door 

hsdiuretica als gevolg van remming van de Na-K-2CI-cotransporter of remming van 

prostaglandmeproductie het meest consistent beschreven De dichtheid van de Na-K-2CI-

cotransporter m artende vaten is veel lager dan m veneuze vaten, en eerdere exjDenmenten met 

betrekking tot artenele vaatverwijding door hsdiuretica, inclusief membraanhyperpolarisatie en 
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effecten op het endotheel, laten wisselende resultaten zien Om een beter inzicht te verkrijgen in de 

arteriele vaatverwijdende eigenschappen van hsdiuretica werden de effecten van furosemide en 

bumetamde op geïsoleerde weerstandsvaatjes van ratten, cavia's, en mensen onderzocht (hoofdstuk 

9) Er werd aangetoond dat hoge concentraties van furosemide nauwelijks een vaatverwijdend effect 

hadden, en het geringste effect werd gevonden m vaatjes van menselijke origine Vergeleken met 

furosemide was eenzelfde concentratie bumetamde circa 1 O-maal effectiever Het 

werkingsmechanisme bleek onafhankelijk te zijn van de membraanpotentiaal, de 

prostaglandineproductie en van de aanwezigheid van het endotheel, maar wel gerelateerd aan het 

calciummetabohsme De aard van deze interactie is met duidelijk In de literatuur wordt 

gesuggereerd dat de daling van intracellulair natrium (door remming van de Na-K-2CI-cotransporter) 

de Na7Ca2+-uitwisseling activeert, hetgeen leidt tot een daling van het [Ca2*], en vaatverwijdmg 

Geen effect ^ - f u r o s e m i d e 
op endotheelcel f 

Na+/Ca2+ -uitwisselaar 
vaatverwijdinR 

Figuur 2 Voorgesteld mechanisme van furosemide-gemduceerde arteriele vaatverwiiding 

Remming van de Na-K-2CI<otransporter op de endotheelcel draagt niet bij aan het arteriele 

vaatverwijdende effect van furosemide Hoge concentraties furosemide remmen de Na-K-2CI-

cotransporter in het membraan van de gladde spiercel in de vaatwand, met als gevolg daling van het 

intracellulaire natrium Dit leidt tot act/vat/e van de Na*/Ca2*-uitwisseling, daling van het [Ca2*], en 

vaatverwiiding Op dit moment ζηη er geen experimentele gegevens voorhanden die dit 

mechanisme ondersteunen 

Van sommige vaatvernauwende middelen, bijvoorbeeld Vasopressine, is het bekend dat ze de Na-K-

2CI-cotransporter activeren, hoewel de relatie met het vaatvernauwend effect onduidelijk is 
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Furosemide bleek in staat om de vasoconstrictieve respons op Vasopressine in grotere mate te 

remmen dan de vasoconstrictie onder invloed van een depolanserende kaliumoplossmg Gezien de 

benodigde hoge concentraties van de lisdiuretica, het geringe direct vaatverwijdende effect, en het 

feit dat furosemide in vivo sterk eiwitgebonden is, maakt dat de eerder beschreven arteriele 

vaatverwijding door lisdiuretica waarschijnlijk wordt veroorzaakt door een indirect effect en met 

door een directe interactie met de arteriele vaatwand Het mechanisme van het direct arteriele 

vaatverwijdende effect van furosemide is geïllustreerd m figuur 2 

Twee methodes werden gebruikt om de vasculaire effecten van furosemide in vivo te bestuderen 

Met de eerder genoemde geperfundeerde onderarmstechniek werden effecten op de weerstandsvaten 

in de onderarm onderzocht, en met behulp van de zogenaamde LVDT-techmek (lineaire variabele 

differentiële transducer) werden effecten op het veneuze vaatbed bestudeerd In overeenkomst met 

de in v/tro-resultaten, hadden intra-artenele infusies van furosemide geen significant effect op de 

onderarmsdoorbloeding Daarentegen werd wèl een dosisafhankelijk vaatverwijdend effect 

aangetoond in geprecontraheerde venen op de handrug Dit effect trad op bij geschatte lokale 

concentraties m het therapeutische gebied en trad tevens op na intraveneuze toediening van 40 mg 

furosemide in de contralaterale arm Het is onduidelijk of remming van de Na-K-2CI-cotransporter 

door furosemide van belang is voor het veneuze vaatverwijdende effect, m de nier wordt deze pas 

bij veel hogere concentraties furosemide geremd 

Tenslotte bleek het veneuze vaatverwijdende effect van furosemide prostaglandme-afhankelijk, 

omdat de vaatverwijding werd geremd door lokale toediening van indometacme Het is onduidelijk 

of de prostaglandmeproductie in de endotheelcel of de gladde spiercel van de vaatwand plaatsvindt, 

en of dit een aspecifiek effect van furosemide is of dat het verloopt via remming van de Na-K-2CI-

cotransporter (figuur 3) 

Conclusie 

Lisdiuretica zijn bewezen effectief in de behandeling van acuut en chronisch hartfalen Na 

intraveneuze toediening van furosemide, ontstaat vaak al een klinische verbetering van de 

symptomen voorafgaand aan de toename van de urmeproductie Dit suggereert een extrarenaal effect 

van furosemide BIJ zeer hoge concentraties veroorzaakte furosemide een matig arteneel 

vaatverwijdend effect dat met van klinisch belang lijkt te zijn Echter, therapeutische concentraties 

veroorzaakten een direct veneus vaatverwijdend effect in vivo, afhankelijk van lokale 

prostaglandmeproductie Hemodynamische veranderingen direct na systemische toediening van 

furosemide worden waarschijnlijk veroorzaakt door een direct veneus vaatverwijdend effect van het 

middel Met name bij patiënten met acuut hartfalen is dit effect van klinisch belang gedurende de 

eerste paar minuten na intraveneuze toediening 
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furosemide 
/ " \ + " > Γ A i i i Na-K-2CI-cotra 2CI-cotransporter 

endotheel

cel 

vaatverwijdinR 

Figuur 3: Voorgesteld mechanisme van furosemide-geinduceerde veneuze vaatverwijding. 

Door een aspecifiek effect van furosemide of via remming van de Na-K-2CI-cotransponer wordt de 

prostaglandineproductie in de endotheelcel en/of gladde spiercel gestimuleerd. Lokaal geproduceerd 

PCh veroorzaakt veneuze vaatverwijding. 

Deel III: Vasculaire effecten van kaliumsparende diuretica 

Amiloride behoort tot de kaliumsparende diuretica en wordt in de praktijk vooral gebruikt in 

combinatie met andere bloeddrukverlagende middelen. Zoals in de inleiding van dit proefschrift 

beschreven, is van amiloride aangetoond dat het een remmend effect heeft op verschillende 

membraangebonden kanalen, receptoren en ionenuitwisselaars, die ook aanwezig zijn in de gladde 

spiercellen van de vaatwand. Directe vaatverwijding van amiloride was reeds aangetoond bij dieren; 

vasculaire effecten bij de mens werden niet eerder onderzocht. 

Om een eventueel direct vaatverwijdend effect van amiloride bij de mens aan te tonen, werden 

veranderingen in de onderarmsdoorbloeding gedurende intra-arteriele amiloridetoediemngen 

geregistreerd middels veneuze occlusie plethysmografie. Daarnaast werd, om de mogelijke interactie 

van amiloride met de a-adrenerge receptor en de NaVHT-uitwisselaar te bepalen, afname van de 

onderarmsdoorbloeding door intra-arteriele infusie van noradrenaline of angiotensine II in de af- en 

aanwezigheid van amiloride gemeten. 

Infusie van amiloride die tot berekende lokale plasmaconcentraties leidde van circa 4-maal de ICso-

waarde voor blokkade van het natriumkanaal, gaf geen verandering van de onderarmsdoorbloeding. 
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Er werd geconcludeerd dat het sluiten van het natnumkanaal geen consequenties heeft voor de 

basale vaattonus, en dat het onwaarschijnlijk is dat een vasculair effect van amilonde wordt 

veroorzaakt door natriumkanaalsluitmg Vaatverwijding ontstond gedurende de hoogste 

mfusiesnelheden van amilonde waarbij berekende plasma-concentraties behaald werden die 

overeenkomen met de ICso-waardes voor remming van de a-adrenerge receptor en de NaVhT-

uitwisselaar door amilonde Mogelijk dat deze interactie verantwoordelijk is voor de vaatverwijding 

Gezien het feit dat de door noradrenaline-gemduceerd afname van onderarmsdoorbloeding met werd 

geremd door amilonde, is het onwaarschijnlijk dat de remming van de a-adrenerge receptor door 

amilonde een rol speelt Angiotensine II activeert de Na*/H*-uitwisselaar, en het vaatvernauwend 

effect van angiotensme II werd significant geremd door amilonde Dit suggereert dat remming van 

de Na*/H*-uitwisselaar door amilonde verantwoordelijk is voor het vaatverwijdende effect van het 

middel (Figuur 4) 

vaatverwiidinR 

Figuur 4 Voorgesteld mechanisme van amilonde-geinduceerde vaatverwijding 

Hoge concentraties van amilonde remmen mogeliik de Na*/H*-uitwisselaar in de endotheelcel of 

de gladde spiercel van de vaatwand Daling van de intracellulaire natnumconcentratie zou kunnen 

leiden tot act/vat/e van de de Na*/Ca2*-uitwisselaar, daling van [Ca2*], en vaatverwijding Op dit 

moment ζηη er geen experimentele bewijzen voor dit mechanisme voorhanden Blokkade van het 

amilonde-gevoelige natnumkanaal in de vaatwand is met verantwoordelijk voor het vaatverwijdende 

effect van amilonde 

In geïsoleerde weerstandsvaatjes is een daling van de intracellulaire zuurgraad gekoppeld aan een 

toename van de vaattonus Er zijn aanwijzingen dat in rust de Na7H*-uitwisselaar, die van belang 
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IS voor de regulatie van de intracellulaire pH, met of zeer weinig actief is Gezien het feit dat daling 

van de pHi gepaard gaat met vaatvernauwing en stijging van de pH (bijvoorbeeld door 

thiazidediuretica) met vaatverwijding, is het moeilijk te begrijpen hoe remming van de NaVH*-

uitwisselaar door amilonde tot vaatverwijding leidt Mogelijk dat het effect van de daling van de pH 

teniet wordt gedaan door de daling van [Na*]i, waardoor activatie van de Na7Ca2*-uitwisselaar leidt 

tot een daling van [Ca2*], en vaatverwijding. 

Conclusie 

Hoge concentraties amilonde leiden tot vaatverwijding in vivo Interactie-experimenten suggereren 

dat remming van de Na*/H'-uitwisseling een rol speelt, maar de bewijsvoering is indirect en de 

klinische relevantie is nog verre van duidelijk 

Slotopmerkingen 

De experimenten m dit proefschrift beschreven laten zien dat diuretica op een directe manier de 

vaattonus kunnen beïnvloeden Thiazidediuretica vertonen arteriele vaatverwijding door remming 

van het enzym carbo-anhydrase, hetgeen leidt tot een stijging van de pH en opening van 

kaliumkanalen in de gladde spiercellen van de vaatwand Lisdiuretica hebben geen effect op het 

arteriele, maar wel op het veneuze vaatsysteem Dit effect lijkt veroorzaakt te worden door een lokaal 

toegenomen prostaglandmenproductie in de vaatwand. Het mechanisme en de klinische relevantie 

van het milde vaatverwijdende effect van amilonde is nog onduidelijk 

De ontdekking van bovengenoemde geneesmiddelen stond aan het begin van een tijdperk van 

effectieve en gemakkelijk beschikbare farmacotherapie voor cardiovasculaire aandoeningen zoals 

hoge bloeddruk en hartfalen De resultaten in dit proefschrift beschreven laten zien dat deze 

geneesmiddelen vaatverwijdende eigenschappen bezitten, gedeeltelijk via mechanismen die pas 

recent van belang zijn gebleken voor de modulatie van de vaattonus. 
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behorend bi j het proefschrift 

Vascular effects of diuretics 
P. Pickkers 

De door thiazide-diuretica veroorzaakte remming van het enzym carbo-anhydrase is 

verantwoordelijk voor de door deze middelen veroorzaakte vaatverwijding. 

In vivo heeft hydrochlorothiazide pas in zeer hoge doseringen een direct vaatverwijdend effect, 

dat qua werkingsmechanisme overeenkomt met de in vitro experimenten, namelijk kalium-

kanaal activatie. In hoeverre dit effect verantwoordelijk is voor het bloeddrukverlagend effect 

van thiazide diuretica is nog met duidelijk. 

BIJ de mens heeft het lisdiureticum furosemide geen effect op artenéle, maar vertoont wel een 

direct vaatverwijdend effect op veneuze vaten. Deze veneuze vaatverwijding is het gevolg van 

furosemide-gemduceerde stimulatie van prostaglandine-aanmaak in de vaatwand. 

Van de verschillende werkingsmechanismen van het kaliumsparend diureticum amilonde lijkt 

met inhibitie van het natrium-kanaal, maar remming van IMaVH* exchange verantwoordelijk te 

zijn voor het direct vaatverwijdend effect in de onderarm. 
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