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Introduction

Diuretics effectively treat the sodium and water retention

found in the syndrome of heart failure. When given

intravenously, the loop diuretic frusemide brings about

rapid symptomatic relief, an effect preceding the increase

in urinary sodium and water output by up to 30 min.

In 1966, Weinstein & Solis-Gil [1] reported that the use

of frusemide led to symptomatic improvement shortly

after its administration. They proposed that a `diuresis' was

occurring through the skin, as their patients did not exhibit

increased urine output before the improvement was noted,

but instead seemed to sweat excessively. In 1967, Biagi &

Bhapat [2] put forward the hypothesis of pulmonary

venous dilatation as the mechanism of frusemide's action.

In 1969, Bhatia et al. [3] studied this hypothesis by

administering intravenous frusemide to patients with

altitude induced pulmonary oedema. Yet it was not

until the study by Dikshit et al. [4] in 1973 that this

bene®cial effect was shown to be due to the dilatation of

peripheral capacitance vessels.

Since these early case reports and studies, the events

preceding diuresis after frusemide administration have

been widely studied. A venodilatory response has been

reproduced with and without success. Any such effect is

widely believed to occur due to the release of

prostaglandins by the veins. The effect of frusemide on

veins has been shown to be mostly an indirect one, but

frusemide may also display direct venodilator properties.

Vasoactivity of frusemide

Venodilatation in response to frusemide

In 20 patients with acute heart failure secondary to

myocardial infarction, Dikshit et al. [4] demonstrated that

frusemide had a peripheral vascular effect clearly separate

from the diuretic effect previously described. They

showed that venous capacitance, as measured in the calf,

increased and so, to a lesser extent, did peripheral blood

¯ow. More importantly, however, they observed that both

venous capacitance and blood ¯ow in the calf had

increased in just 5 min following the injection of

frusemide. At this time, the mean urinary output was

only 20 ml, and peak urine ¯ow did not occur until

30 min after the patients had been given frusemide. At

5 min, the volume of urine produced was deemed

insuf®cient to account for these haemodynamic responses.

Also recorded by Dikshit and colleagues was a reduction in

the right atrial pressure and the pulmonary capillary wedge

pressure, presumably re¯ecting a systemic venodilator

effect of frusemide. Thus, frusemide was shown to have

reduced preload acutely, before diuresis had occurred and

affected haemodynamics. This effect on the pulmonary

capillary wedge pressure has also been reproduced by

Franciosa et al. [5] in patients with acute left ventricular

failure.

This early venodilatation in response to frusemide has

also been seen in healthy volunteers, placed on a salt

restricted diet [6±9] in an attempt to mimic the functional

state of the kidney in chronic heart failure. The natiuretic

effect of frusemide was dose dependent but its veno-

dilatory effect did not seem to show the same dose±

dependency [7]. A dose greater than 20 mg did not result

in a further increase in venous capacitance.

Other loop diuretics have also been examined for the

ability to produce acute venodilatation. Bumetanide does

not appear to have the ability to increase venous

capacitance [8]. In another study, 40 mg frusemide and

12 mg piretanide both produced venodilatation, although

this study only used ®ve healthy subjects and a slightly

different technique to measure venodilatation [10]. We are

unaware of any larger studies with piretanide, and its

ability to induce venodilatation must be in doubt.

Direct and indirect venodilatation

In an attempt to clarify whether acute venodilatation is a

direct or indirect effect, frusemide has been infused into

the dorsal hand veins of healthy volunteers. It has been
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shown in one study to cause direct dilatation [8], and in

another to have no effect [11]. The difference between

these studies is most likely to be due to the use of a

different preconstrictor and perhaps a different degree of

preconstriction before the infusion of frusemide. It would

seem that frusemide may have direct venodilator proper-

ties, but it is more likely that the acute venous effect of

frusemide is predominantly indirect.

Acute arterial constriction in response to frusemide

Although frusemide seems to have an acute venodilator

effect which may be bene®cial to the failing heart its action

on arteries may be detrimental. Studies examining patients

with chronic heart failure have found that frusemide

principally causes arterial vasoconstriction. These studies

are often overlooked among the large number of studies

which describe a mainly bene®cial venodilatory action in

patients with acute heart failure secondary to myocardial

infarction or in salt depleted volunteers.

In 1985, Francis et al. [12] gave intravenous frusemide to

patients with chronic heart failure (who were receiving

digoxin and diuretic therapy for their heart failure) and

found no symptomatic improvement. Indeed potentially

deleterious systemic effects were noted, i.e. an increase in

heart rate, mean arterial pressure, right atrial and left

ventricular ®lling pressure, and a decrease in stroke

volume. All observations were before the onset of diuresis

suggesting an acute response characterized by arterial

constriction.

Kiely et al. [13] studied the response to frusemide of the

pulmonary vascular system in healthy volunteers. Pul-

monary and systemic vascular resistance (estimated by

means of a technique using duplex ultrasound) rose in the

subjects after receiving frusemide and increasing levels of

hypoxia augmented this effect. This response could be

detrimental in patients with chronic heart failure and even

more so in those with acutely decompensated heart failure.

The acute arterial constrictor response to frusemide, as

with the venodilatory response, is most probably due to an

indirect effect. The only study, which to our knowledge

has reported the effect of an intra-arterial infusion of

frusemide, found that forearm blood ¯ow remained

unchanged [8]. However, as healthy, salt replete volun-

teers were examined, the possibility that frusemide may be

directly active in arteries in patients with chronic heart

failure (or acute heart failure secondary to myocardial

infarction) cannot be excluded.

In summary, it would appear that in patients with acute

heart failure secondary to myocardial infarction and in salt

depleted volunteers, the bene®cial venodilatory response

to frusemide predominates over arterial constriction.

However in those with chronic heart failure, a venous

relaxant effect has not been demonstrated readily and a

detrimental arterial vasoconstrictor effect seems to pre-

dominate, manifested as haemodynamic deterioration in

these studies.

Mechanism of venous and arterial responses

Reports on the mechanism of any acute venodilatory

effect brought about by intravenous frusemide are some-

what inconsistent. Again patients with chronic heart

failure, acute heart failure secondary to myocardial

infarction and sodium-depleted healthy volunteers have

all been studied. Yet from these different groups, enough

consistent observations have arisen to allow us to

determine some of the events which follow the injection

of frusemide.

Plasma renin activity has been consistently noted to rise

in the minutes following the administration of frusemide

[14], irrespective of whether venodilatation [4, 5, 15,] or

arterial constriction [12] predominates. Prostaglandins are

thought to be responsible for promoting the acute release

of renin into the circulation [16]. Inhibition of prosta-

glandin synthesis by cyclooxygenase inhibition diminishes

the level of plasma renin activity after frusemide [17, 18].

Plasma renin activity but not the venodilator effect

increases with dose [7]. This seems to suggest, that the

ability of frusemide to stimulate renin release is not

instrumental in its venodilator action. However bumeta-

nide, which does not appear to cause venodilatation, also

does not cause an acute rise in plasma renin activity

following intravenous administration [6]. Unfortunately

no other studies have addressed the lack of association

between renin release and venous relaxation, but it may

simply be due to a ®nite degree of dilatation in the veins

being achieved before the limit of renin release is reached.

Following the acute release of renin it has been assumed

that angiotensin II is formed. Indeed pre±treatment of

patients with an ACE inhibitor causes the venodilatation

in response to frusemide in salt depleted subjects to

diminish [19]. In patients with chronic heart failure, the

arterial constricting effect is similarly reduced [20].

Angiotensin II is an arterial [21] and venous vasocon-

strictor [21, 22] which induces contraction in internal

mammary arteries greater than that in saphenous vein

segments at the same concentration [23]. This effect is

probably mediated through the AT1 receptor [24±26].

Activation of the AT2 receptor is thought to counter

many of the effects of the AT1 receptor and therefore may

cause dilatation in response to angiotensin II [27±29].

When the endothelium is removed from a vein segment,

the constrictor response to angiotensin II is increased [21].

Human venous endothelial cells can produce prostaglan-

dins, in vitro, in response to angiotensin II stimulation [30].

This implies that in vivo, the endothelial cell responds to

the direct effect of angiotensin II, possibly via the AT2
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receptor, by producing prostaglandins as a compensatory

response to angiotensin II induced contraction mediated

by the AT1 receptor. Prostaglandins, produced by the

endothelium would be the obvious candidates through

which frusemide induces venodilatation in capacitance

vessels. This would also concur with the ®ndings that pre±

treatment with cyclooxygenase inhibitors diminishes the

acute effects of frusemide [8, 15].

In view of the above, it is probable that frusemide causes

prostaglandin mediated release of renin. It has been

assumed that angiotensin II is formed as a result.

Angiotensin II may cause contraction of the venous and

arterial smooth muscle via the AT1 receptor. This effect

would, seem to be outweighed in veins, but not arteries,

through the relaxation of the smooth muscle in response to

dilatory prostaglandins formed by the endothelium as a

result of angiotensin II binding to the AT2 receptor.

Therefore, in patients with acute heart failure secondary

to myocardial infarction and salt depleted volunteers,

venodilatation is primarily observed with arterial constric-

tion being less evident. Hence, with venous dilatation

rather arterial constriction being dominant, symptomatic

relief occurs (before the onset of diuresis).

Yet in patients with chronic heart failure, the venous

relaxant effect does not seem to take place, or at least seems

to be outweighed by arterial constriction. There is no

reason to suppose that this is due to any sort of tolerance.

The additional angiotensin II produced by frusemide

administration, and resultant arterial constriction, is

compensated by venodilatation in patients with acute

heart failure secondary to myocardial infarction. However,

in patients with chronic heart failure veins may be already

compensating for the higher levels of circulating angio-

tensin II [25]. Further angiotensin II may lead only to

deleterious arterial constriction, unopposed by a venous

response. Either the veins may be unable to effect any

further dilatation, or, they are unable dilate enough to

outweigh the effects of arterial vasoconstriction and

produce a bene®cial haemodynamic response.

The different outcome between salt deplete subjects and

chronic heart failure patients is harder to explain. Possibly,

chronically high angiotensin II concentrations could alter

angiotensin II receptor density and the seemingly delicate

balance between angiotensin II mediated contraction of

arteries and compensatory dilatation in veins. Chronic

structural changes may occur in the veins of patients with

chronic heart failure and this could alter their responsive-

ness to frusemide.

Direct venodilatation

Most evidence would point to an indirect method of

venodilatation for frusemide. Some investigators have

found frusemide to be a direct in vivo dilator of veins [8],

whilst others have not [11]. Pickkers et al. [8] found

frusemide to have a direct dilatory effect on dorsal hand

veins of normal volunteers and that this effect was

independent of nitric oxide by inhibiting nitric oxide

synthase with N-monomethyl-L-arginine (L-NMMA).

The concentration of frusemide at the point in the vein

where venodilatation was measured, was far less than the

supra-therapeutic concentrations used by Ellory & Stewart

[31] to inhibit the Na+/K+/2 CL-ion channels in human

red blood cells. Thus Pickkers et al. [8] concluded that

inhibition of these channels was not the mechanism by

which frusemide was working. The direct effect of

frusemide was inhibited by cyclooxygenase inhibition

and was therefore deemed to be prostaglandin dependent.

This ®nding concurs with that of investigators who

advocate an indirect mechanism of action. Furthermore, in

1998, Stanke and colleagues [23] reported that frusemide

in therapeutic concentrations can inhibit the response to

angiotensin II of internal mammary artery and saphenous

vein segments in vitro. Therefore, it can be speculated that

frusemide might have very weak angiotensin receptor

blocking properties.

The acute haemodynamic response to frusemide would

seem to depend upon a balance between indirect and

direct effects, with indirect mechanisms predominating.

The balance between these mechanisms would appear to

depend on the type of patient studied. The acute

haemodynamic response in different patient groups

would therefore appear to be dependent on how these

mechanisms equilibrate.

Frusemide and drug therapy in heart failure

As the mechanism of action of frusemide involves the

activation of the renin±angiotensin system and prosta-

glandin production it is possible that other drugs used in

the treatment of heart failure may augment or attenuate

any acute venodilatory effect produced by frusemide. The

potential for pharmacological interaction is enormous.

Digitalis has been shown to be capable of inhibiting

frusemide induced renin release [32]. Digoxin should

therefore attenuate the acute rise in venous capacitance in

the forearm capacitance vessels produced by frusemide.

Yet in a study of salt depleted healthy volunteers,

pretreatment with digoxin did not inhibit the increase

in venous capacitance and vascular resistance after

frusemide [9].

As with digoxin, propranolol has been shown to inhibit

the acute renin release caused by frusemide [33]. Yet

unlike digoxin, this does translate into an inhibition of the

acute rise in venous capacitance and forearm vascular

resistance brought about by frusemide [9]. This is

obviously potentially important and needs con®rmation.

Indomethacin has been shown to diminish the
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venodilatory effects of frusemide [8, 15] but not the arterial

vasoconstriction [15]. Most patients with chronic heart

failure take aspirin as an anti±platelet agent. Aspirin being a

cyclooxygenase inhibitor like indomethacin, could possess

the ability to inhibit the acute venodilatation produced by

frusemide. Wilson et al. [14] studied the effect of low dose

aspirin (0.5 mg kgx1 dayx1 and 1.5 mg kgx1 dayx1) on

frusemide induced renin release. At this dose acute renin

release was not inhibited but platelet cyclooxygenase

function was. Therefore it may be possible to preserve the

cardioprotective effects of aspirin yet not interfere with the

acute venodilatation produced by frusemide.

The greatest potential for interaction with frusemide is

with those drugs which modify the renin±angiotensin

system or the response to angiotensin II. ACE inhibitors

limit the acute venodilatation [19] and arterial constriction

[20] produced by frusemide. More recently the advent of

AT1 selective antagonists has provided an alternative

method of inhibiting the actions of angiotensin II.

Losartan can inhibit the arterial constriction produced

by angiotensin II in the human forearm [24, 25]. It is

possible that frusemide induced venodilatation could be

similarly augmented by AT1 selective receptor antagonists,

should angiotensin II mediate prostaglandin synthesis via

the AT2 receptor.

Conclusions

A number of factors have been shown to determine the

precise response to an intravenous bolus of frusemide in

acute heart failure. A patient's sodium status and degree of

renin-angiotensin system activation primarily determine

the acute haemodynamic response witnessed. It would also

appear that the length of time for which such activation has

been present also alters the response to frusemide. Finally

concomitant medication taken by the patient will also have

a bearing on the haemodynamic response in a patient in

the minutes following frusemide administration. All of

these variables change the delicate balance of basal vascular

tone and hence the level of arterial or venous tone from

which frusemide may effect a response, irrespective by

which mechanism it may ultimately prove to operate.
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