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A randomized, double-blind placebo-controlled study was conducted to compare the effects of 
two chemically unrelated ‘loop” diuretics, furosemide (40 mg) and bumetanide (2 mg) on 
the bronchoconsttictor response to inhaled adenosine S-monophosphate (AMP) in 12 subjects 
with asthma. In eight additional volunteers with asthma, we also carried out a separate 
randomized double-blind study to examine in more detail the time course of change in 
bronchial reactivity to inhaled AMP after administration of nebulized fumsemide and 
bumetanide. Inhaled loop diuretics significantly increased the provocative concentration of 
AMP causing a 20% fall in forced expiratory volume in I second (FEV,) from the value of 
21.2 mglml (range, 2.5 to 96.9 mglml) after placebo administration to 83.4 mglml (range, 11.3 
to 345.0 mglml) (p c 0.01) and 33.8 mglml (range, 4.7 to 120.9 mglml) @ c 0.05) after 
administration of furosemide and bumetanide, respective& After placebo administration, the 
provocative concentration of AMP causing a 20% fall in FEV1 (PC,, AMP) at 10, 30, and 
120 minutes did not differ significant&; their geometric mean (range) values were 57.8 mglml 
(10.9 to 341.0 mglml), 55.0 mglml (13.2 to 304.1 mglml), and 52.8 mglml (14.4 to 252.2 
mglml), respective& When compared with placebo, inhaled furosemide significantly reduced the 
airway responsiveness to AMP at all time points; the PC,, AMP values at 10, 30, and 120 
minutes were 154.6 mglml (29.4 to 658.7 mglml) @ < O.Ol), 142.6 mglml (25.5 to 439.9 
mglml) (p < O.Ol), and 103.9 mglml (12.5 to 605.5 mglml) 0, c 0.05), respectively. The PC,,, 
values for AMP after pretreatment with bumetanide were significantly increased up to 110.2 
mglml (25.9 to 639.0 mglml) (p < 0.01) and to 92.0 mglml (21.6 to 531.7 mglml) (p c 0.05) 
at 10 and 30 minutes, respectively. At 120 minutes, inhaled bumetanide failed to affect AMP 
airway responsiveness; the PC,, AMP was not significantly different from that of placebo, with 
a value of 71.5 mglml (22.6 to 318.0 mglml). We conclude that comparable equidiuretic doses 
of furosemide and bumetanide are effective in attenuating the airway response to AMP with 
furosemide being approximately 2.5 times more potent than bumetanide (p < 0.01). The time 
course of change in bronchial reactivity to AMP is similar for both drugs with a peak effect 
at 10 minutes. It is possible that the mechanism(s) underlying the protective effects of inhaled 
loop diuretics in asthma may be distinct from those responsible for their diuretic properties. 
(J ALLERGY CLIN IMMUNOL 1993;92:288-97.) 
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The “loop” diuretic, furosemide, when admin- 
istered by inhalation has been shown to protect 
the asthmatic airways against various bronchocon- 
strictor stimuli such as allergen,* ultrasonicaIly 
nebulized di~,tilled water,’ exercise,’ cold air,4 so- 
dium metabisulfite,5 methacholine,6 and adeno- 
sine 5’-monophosphate (AMP).6 “Loop” diuretics 
such as furosemide and bumetanide act by reduc- 
ing salt reabsorption in the thick ascending limb 
of the loop of Henle’ via the inhibition of the 
Na+~~-adenosinet~phosphatase responsible for 
the Na-K-Cl cotransport across the tubular epi- 
thelium.“, 9 When present at the basolateral side, 
“loop” diuretics inhibit Cl- flux by a number of 
epithelia, possibly by an action on a linked 
Na+/CI- entry process,” which supports the view 
that the drug may act by blocking the Na+/K+- 
adenosinetriphosphatase. 

The mechanisms underlying the protective ef- 
fects of these drugs in experimental models of 
clinical asthma are not yet understood. Although 
the inhibitor effects of inh~ed ~rosemide in the 
airways in the absence of bronchodilatation might 
be exp1aine.d by a suppressive action on airway 
mast cells, additional possibilities may include the 
capacity of this drug to locally generate protective 
prosta~an~~ins with unctions effects, to enhance 
bronchial blood flow and thus affect the kinetics 
of the clearance of bronchoconstrictor stimuli, 
and finally to inhibit neural pathways.” 

AMP causes dose-related bronchoconstriction 
when inhaled by subjects with atopi? and non- 
atopic13 asthma. ~though the mode of action of 
adenosine in causing bronchoconstriction in 
asthma is not known with certainty, activation of 
inflammatory cells, particularly mast cells, is the 
most likely possibility. l4 Indeed, adenosine aug- 
ments imn~~ologically stimulated histamine re- 
lease from rat peritoneal mast cells,15 human lung 
mast cells,” and periphera1 blood basophi1s17 by a 
mechanism likely to involve A,-purinoceptor stim- 
ulation. The enhancement of mast cell degranu- 
lation by adenosine in vitro is compatible with the 
obse~ation that in atopic and nonatopic subjects 
with asthrna the selective histamine H, receptor 
antagonists, terfenadine and astemizole, are able 
to almost totally inhibit bronchoconstriction in- 
duced by inhaled A?vIP.139 l8 Enhancement of mast 
cell mediator release may not be the only mecha- 
nism that accounts for the bron~h~nstriction 
provoked by inhaled AMP. In addition, local neu- 
ral reflexes of both cholinergic” and noncholin- 
ergic origix?” may also contribute to the response. 

Having demonstrated that in a group of sub- 
jects with asthma inhaled furosemide was more 
effective in attenuating bronchoconstriction pro- 
voked by AMP than by metha~ho1~e,6 we have 
now investigated whether this protective effect 
extends to another “loop” diuretic. Two chemi- 
cally unrelated “loop” diuretics, furosemide, an 
anthranilic acid derivative, and bumetanide, a 
3-a@nobenzoic acid derivative, have been com- 
pared for their effects in protecting against AMP- 
induced bronchoconst~ction. The study took the 
form of a randomized, double blind, placebo- 
controlled study of 12 subjects with asthma, with 
bumetanide being administered as an aerosol at 
one-twentieth the concentration of furosemide to 
ensure an adequate dose of b~etanide and to 
reflect their relative potencies as Wop” di- 
uretics.” 

Most studies have measured changes in airway 
response after administration of nebulized diuret- 
ics only at a single time point, and little is known 
of the change in bronchial reactivity with time. 
Because the timing of measurements may be 
important in comparative studies, we undertook a 
separate randomized, double-blind trial in eight 
additional subjects with asthma to examine in 
more detail the time course of change in bron- 
chial reactivity to inhaled AMP after treatment 
with nebulized furosemide and bumetanide. 

METHODS 
Subjects 

A total of 20 subjects with asthma (10 men) with a 
mean (it SEM) age of 42.2 years ( as.4 years), partic- 
ipated in the study (Table I). They were nonsmokers, 
and all except three were atopic as defined by positive 
skin prick test results ( > 2 mm wheal response) to two 
or more common aeroailergens ~~e~~~o~~~~ 
~tero~yssin~~ Lt. far&q, mixed grass pollen, mixed tree 
pollen, cat fur, dog hair, mixed feathers, ASJXYQ#&Z 
fumigatus, Candida a&cans [Bencard, Brenfford, Mid- 
dlesex, England]). All patients had baseline forced 
expiratory volume in 1 second (FEV,) greater than 
70% of their predicted values or greater than 2.0 L. 
None of them were receiving orally admin~tercd cor- 
ticosteroids, theophylline, or sodium cromoglycate on a 
regular basis. Bronchodilators were withheld for 8 
hours before each visit to the laboratory, although 
subjects were allowed to continue use of inhaled corti- 
costeroids as usual. None of the subjects were studied 
within 4 weeks of an upper respiratory tract infection or 
exacerbation of their asthma. Subjects gave their writ- 
ten informed consent, and the study was approved by 
the Southampton University and Hospitals Ethical 
Committee. 
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TABLE I. Characteristics of subjects studied 

Baseline FEV, 
Subject No. Sex Age IW (% predicted) 

1 F 25 96 
2 M 65 91 
3 M 36 95 
4 M 44 88 
5 F 52 80 
6 M 27 82 
7 M 44 72 
8 M 52 75 
9 F 30 123 

10 F 24 95 
11 F 29 85 
12 F 18 81 
13 M 57 87 
14 M 59 110 
15 M 64 117 
16 F 21 97 
17 F 40 129 
18 M 55 98 
19 F 54 121 
20 F 47 86 

Mean + SEM 42.2 r 3.4 92.9 + 3.1 

‘Atopic, positive (t ) immediate skin test to one or more allergens. 

Atopy* 

+ 

+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 

PC, methacholine 

(m9hl) 

0.86 
0.38 
0.52 
0.60 
1.21 
0.43 
0.31 
0.44 
1.42 
1.15 
0.11 
0.08 

0.47t (0.08-1.42) 

TGeometric mean (range). 

Bronchial provocation 

Pulmonary function was measured before and during 
the provocation as the FEV, with a dry wedge spirom- 
eter (Vitalograph, Buckinghamshire, England); the first 
of two consecutive measurements was used for analysis. 
Methacholine (Sigma Chemical Co., Poole, Dorset, 
England) and AMP (Sigma Chemical Co., St. Louis, 
MO.) were made up in 0.9% sodium chloride to pro- 
duce a range of increasing doubling concentrations of 
0.03 to 64.00 mg/ml(O.2 to 327 mmol/L) and 0.78 to 800 
mg/ml (8.96 to 1151.4 mmol/L), respectively. The solu- 
tions were administered as aerosols generated from a 
starting volume of 3 ml in a disposable Inspiron mini- 
nebulizer (C. R. Bard International, Sunderland, En- 
gland) driven by compressed air at 8 L/min. Under 
these conditions, the nebulizer has an output of 0.48 
ml/min and generates an aerosol with a mass median 
particle diameter of 4.7 em.** While wearing a nose 
clip, each subject inhaled the aerosolized solutions via a 
mouthpiece as 5 breaths from end tidal volume to full 
inspiratory capacity.” All of the bronchial provocations 
were carried out at the same time of day. 

Study design 

The study consisted of two distinct phases. In the 
first phase, 12 patients with asthma (nos. 1 to 12) 
attended the laboratory on five separate occasions, at 
least 72 hours apart. On the first two visits subjects 

attended the laboratory to undertake concentration- 
response studies with inhaled methacholine and AMP 
in the absence of any drug treatment. On the first 
occasion, after a 15-minute rest, three baseline mea- 
surements of FEV, were made at intervals of 3 minutes 
followed by inhalation of 0.9% sodium chloride and 
repeat FEV, measurements at 1 and 3 minutes, and the 
higher value was recorded. Provided that the FEV, did 
not fall by more than 10% of the baseline value, a 
methacholine concentration-response study was carried 
out. After administration of each methacholine concen- 
tration, FEV, was measured at 1 and 3 minutes. In- 
creasing doubling concentrations of methacholine were 
inhaled at 5-minute intervals until FEV, had fallen by 
more than 20% of the value after saline challenge, The 
fall in FEV, after each concentration of agonist was 
expressed as a percentage of the higher of the two 
baseline FEV, recordings after saline challenge. The 
percentage fall in FEV, was plotted against the cumu- 
lative concentration of agonist on a logarithmic scale, 
and the provocation concentration required to produce 
a 20% decrease in FEV, (PC;,) from the baseline value 
after saline challenge was determined by linear inter- 
polation. On the second occasion, a bronchial provoca- 
tion test with inhaled AMP was undertaken in a similar 
manner to that described for methacholine. FEV, mea- 
surements were recorded at 1 and 3 minutes after 
inhalation of each concentration of AMP, and the 
corresponding PC,, FEV, values were derived. On the 
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TABLE II. Effects of inhaled bumetanide, furosemide, and placebo on baseline FEV, values (in liters) 

Subject No. Baseline Placebo Bumetanide Furosemide 

1 3.30 3.20 3.25 3.20 
2 2.30 2.35 2.35 2.35 
3 3.50 3.60 3.50 3.75 
4 2.60 2.70 2.90 2.85 
5 2.35 2.30 2.25 2.30 
6 3.10 2.90 3.20 3.15 
7 2.10 2.10 2.00 2.20 
8 2.30 2.50 2.25 2.20 
9 4.10 4.05 4.20 4.30 

10 2.40 2.40 2.50 2.30 
11 3.10 3.05 3.05 3.15 
12 3.50 3.35 3.55 3.50 

Mean r SEM 2.89 r 0.18 2.88 k 0.17 2.92 r 0.19 2.94 t 0.20 

next three visits, subjects attended the laboratory to 
undertake concentration-response studies with inhaled 
AMP after nebulized furosemide, bumetanide, or 
matched nebulized vehicle (placebo) administered in 
double-blind fashion and in random order 10 minutes 
before challenge. On each occasion, after a 15-minute 
rest, three baseline measurements of FEV, were re- 
corded at intervals of 3 minutes. This was followed by 
inhalation of nebulized furosemide (Lasix, Hoechst, 
Frankfurt AM Main, Germany) in a concentration of 
10 mg/ml, nebulized bumetanide (Burinex, Leo, Ayles- 
bury, Engband) in a concentration of 0.50 mg/ml, or 
nebulized vehicle consisting of 0.9% sodium chloride 
adjusted to similar pH and tonicity as the drug solution 
used. The aerosol solutions were generated from a 
starting volume of 4.0 ml in an Inspiron mini-nebulizer 
driven by compressed air at a rate of 6 L/min and 
inhaled to dryness by deep tidal breathing over 7- to 
9-minute period. The same nebulizer was used for all 
studies on all subjects. The amount of furosemide and 
bumetanide delivered to the mouth was calculated by 
differential weighing and on the five occasions 
amounted to 26 + 2.1 mg (mean -C SEM) and 1.4 r 
0.2 mg, respectively. Ten minutes after inhalation of the 
furosemide, bumetanide, or matched vehicle placebo, a 
concentration-response study with AMP was per- 
formed. On each occasion, three measurements of 
FEV, after drug administration were recorded at 3 and 
5 minutes, followed by inhalation of nebulized 0.9% 
sodium chloride and repeat measurements of FEV, at 
1 and 3 m:inutes. Provided that the FEV, did not fall by 
more than 10% of the baseline value after drug admin- 
istration, l;he concentration-response study was under- 
taken. After each agonist concentration was inhaled, 
FEV, was measured at 1 and 3 minutes, and the higher 
value was recorded. Increasing doubling concentrations 
of AMP were then inhaled at 5-minute intervals until 
FEV, had fallen by more than 20% of the value after 
saline challenge or until the highest concentration had 
been administered. 

In the second phase of the study, eight subjects (nos. 
13 to 20) attended the laboratory on nine separate 
occasions, 3 to 7 days apart, in order to investigate the 
time course of changes in AMP bronchial reactivity 
with inhaled furosemide (40 mg) and bumetanide 
(2 mg). On each occasion, subjects received nebulized 
furosemide, bumetanide, or matched placebo at 10, 30, 
and 120 minutes before bronchial provocation test with 
AMP in a randomized, double-blind fashion. Thus on 
the nine visits required to complete this phase of the 
study, each subject received: (1) placebo solution at 10, 
30, and 120 minutes; (2) furosemide at 10, 30, and 120 
minutes; (3) bumetanide at 10, 30, and 120 minutes. 
The administration of the aerosol solutions and the 
challenge procedure used were identical to those de- 
scribed in phase 1 of the study. 

Data analysis 

Results are expressed as means -c SEM unless oth- 
erwise stated and p < 0.05 was accepted as the mini- 
mum level of statistical significance. Pre- and posttreat- 
ment baseline values of FEV, before bronchial chal- 
lenges were compared within each study day by means 
of Student’s t test for paired data and between study 
days by two-way analysis of variance (ANOVA). The 
repeatability of the AMP challenge procedure was 
determined according to the method described by Alt- 
man and Bland% in which the difference is plotted 
against the mean of the logarithmically transformed 
PC,, values obtained on the placebo and open study 
days. The mean and standard deviation (SD) of the 
difference between these values were then derived and 
used to calculate the coefficient of repeatability be- 
tween the results of the 2 study days. 

The slopes of the AMP concentration-response 
curves were determined by least squares linear regres- 
sion analysis and compared between post-placebo, post- 
furosemide, and post-bumetanide study days with Stu- 
dent’s t test for paired data. AMP PC,, values were 
logarithmically transformed to normalize their distribu- 
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FIG. 1. Effect of inhaled placebo (0). furosemide (B), and bumetanide (A) on the concentration- 
related falls in FEV, produced by inhaled AMP in 12 subjects with asthma. 

TABLE III. Effects of inhaled bumetanide, furosemide, and placebo on airway AMP responsiveness 

PC,, AMP (mg/ml) 

Subject No. Placebo Bumetanide Furosemide 

1 96.88 120.91 344.95 
2 12.54 48.06 53.91 
3 55.44 49.71 148.29 
4 30.34 58.06 76.25 
5 41.82 46.75 178.33 
6 25.16 78.54 62.21 
7 25.28 21.88 169.12 
8 5.70 7.17 11.33 
9 23.89 48.16 83.96 

10 88.79 108.40 221.00 
11 5.12 4.69 33.69 
12 2.47 9.50 40.19 

Geometric mean 21.20 33.82 83.35 
Range 2.5-96.9 4.7-120.9 11.3-345.0 

tion and compared by means of two-factor ANOVA 
followed by Neuman-Keuls analysis as appropriate. 
However, because log transformation may be insuffi- 
cient to normalize the data, we have also performed 
nonparametric statistical analysis of our data with 
Friedman two-way ANOVA. For each subject, concen- 
tration ratios for the protective effect of furosemide 
and bumetanide against bronchoprovocation with AMP 

were calculated individually by dividing the PC,, value 
obtained after administration of active drug by that 
obtained after administration of placebo. The relative 
efficacy of the two drugs in protecting the airways 
against bronchoconstriction provoked by AMP was de- 
rived for each subject by dividing the concentration 
ratio for furosemide by that for bumetanide and ana- 
lyzed by means of Wilcoxon signed-rank test. Concen- 
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tration ratios for furosemide and bumetanide were 
correlated by least mean squares regression analysis on 
logarithmically transformed data. 

RESULTS 
Phase 1 

There were no significant differences in mean 
baseline values of FEV, between any of the study 
days. Inhaled furosemide and bumetanide were 
well tolerated and had no effect on baseline FEV, 
(Table II). On the placebo study day the geomet- 
ric mean (range) PC, value with AMP was 21.2 
mg/ml (2.5 to 96.9 mg/ml), which did not differ 
significantly from the value of 17.9 mg/ml (3.1 to 
84.8 mg/ml) obtained on the open study day. The 
challenge procedure with AMP in this group of 
subjects was found to be repeatable with a coef- 
ficient of repeatability of 1.2 doubling dilutions 
and, for 10 of the 12 subjects, was within a single 
doubling dilution. These findings were consistent 
with the repeatability data obtained in previous 
studies with the AMP challenge.6, ‘*-” 

When compared with placebo, both furosemide 
and bumetanide protected the airways against the 
constrictor effects of inhaled AMP. Furosemide 
produced a displacement of the AMP concentra- 
tion-response curve to the right in all 12 subjects, 
whereas protection with bumetanide was ob- 
served only in nine subjects (Fig. 1) (Table III). 
Covariant analysis demonstrated that the slopes 
of the AMP concentration-response curves after 
administration of inhaled placebo and the two 
active drugs did not depart significantly from 
parallel. Inhaled furosemide had a significant pro- 
tective effect against the fall in FEV, provoked by 
AMP (Fig. 2), the geometric mean (range) PC,, 
value increasing from 21.2 after placebo adminis- 
tration to 83.4 mg/ml (11.3 to 345.0 mg/ml) after 
administration of the drug (p < 0.001). Compa- 
rable equidiuretic doses of inhaled bumetanide 
were less effective in protecting against the AMP- 
provoked fall in FEV, (Fig. 2); the geometric 
mean PC;:, value increased to 33.8 mg/ml (4.7 to 
120.9 mg/ml) @ < 0.05). When expressed as con- 
centration ratios, furosemide afforded a 3.9-fold 
(2.0 to 16.3-fold) protection of the airways against 
AMP, whereas that for bumetanide was 1.6-fold 
(0.9 to 3.9-fold). Thus in molar terms, furosemide 
was appr’oximately 2.5 times more potent than 
bumetanide in attenuating the fall in FEV, pro- 
voked by AMP (p < 0.01). No correlation could 
be found between the degree of protection af- 
forded by the two drugs (r = 0.22, p = 0.49). 

6.0-l 
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FIG. 2. Changes in provocation concentrations of AMP 
required to provoke a 20% decrease in FEV, (PC,,) after 
administration of placebo, furosemide, and bumetanide in 
12 subjects with asthma. Solid squares (/I41 refer to geo- 
metric mean values. 

Phase 2 

There were no significant differences in mean 
baseline values of FEV, between any of the 9 
study days. Neither furosemide nor bumetanide 
produced alteration in baseline FEV, values at 
any of the time points studied. When compared 
with placebo, both inhaled furosemide and bu- 
metanide significantly reduced the airway respon- 
siveness to AMP at 10 and 30 minutes, with a 
peak effect at the lo-minute time point for both 
drugs. After placebo administration, the PC& 
AMP values at 10, 30, and 120 minutes did not 
differ significantly from each other; their geomet- 
ric mean (range) values were 57.8 mg/ml (10.9 to 
341.0 mg/ml), 55.0 mg/ml (13.2 to 304.1 mg/ml), 
and 52.8 mg/ml (14.4 to 252.2 mglml), respectively 
(Table IV). Pretreatment with furosemide in- 
creased the PC2,, AMP values up to 154.6 mg/ml 
(29.4 to 658.7 mg/ml) (p c 0.01) and 142.6 mg/ml 
(25.5 to 639.9 mg/ml) @ < 0.01) at 10 and 30 
minutes, respectively. Similarly, the PC,, values 
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TABLE IV. Individual P&AMP values after inhaled bumetanide,furosemide, and placebo at 
different time points 

PC,fiMP(mg/mlI 

Subject B F P B F P B F P 
No. (10 min) (10 min) (10 min) (30 min) (30 min) (30 min) (120 min) (120 min) (120 min) 

13 25.9 55.9 11.5 22.1 60.8 19.3 25.4 41.1 21.0 
14 37.3 32.8 29.9 21.6 30.0 21.3 23.0 22.3 24.2 
15 141.8 621.3 85.9 124.1 588.2 95.9 136.9 400.7 57.8 
16 48.4 55.4 22.5 62.1 43.2 15.5 22.6 26.1 17.7 
17 403.2 533.2 341.0 353.9 639.9 274.8 233.3 605.5 205.6 
18 49.4 29.4 10.9 32.0 25.5 13.2 40.9 12.5 14.4 
19 258.0 658.7 172.5 230.9 599.7 123.9 125.5 389.4 155.0 
20 639.0 501.0 290.2 531.7 375.6 304.1 318.0 480.0 252.2 

Geometric 110.2 154.6 57.8 92.0 142.6 55.0 71.5 103.9 52.8 
mean 

Range 25.9-639.0 29.4-658.7 10.9-341.0 21.6-531.7 25.5-639.9 13.2-304.1 22.6-318.0 12.5-605.5 14.4-252.2 

B, Bumetanide; I;; furosemide; E: placebo. 

for AMP 10 and 30 minutes after bumetanide 
administration were significantly increased up to 
110.2 mg/ml (25.9 to 639.0 mg/ml) (p c 0.01) and 
92.0 mg/ml (21.6 to 531.7 mg/ml) (p < 0.05), re- 
spectively (Table IV). However, although furo- 
semide was still significantly effective in attenuat- 
ing the airway response to AMP at 120 minutes 
compared with placebo, bumetanide failed to pro- 
tect against AMP-induced bronchoconstriction at 
the same time point; the P&, values for AMP 
were 52.8 mg/ml (14.4 to 252.2 mg/ml), 103.9 
mg/ml (12.5 to 605.5 mg/ml), and 71.5 mg/ml(22.6 
to 318.0 mg/ml) for placebo, furosemide, and 
bumetanide, respectively (Table IV). 

DISCUSSION 

The present study confirms the previous obser- 
vation by us and other@ ” that inhaled furo- 
semide protects the airways of subjects with 
asthma against bronchoconstriction provoked by 
inhaled AMP. The protection afforded by furo- 
semide occurred in all of the subjects studied and 
amounted to approximately fourfold displacement 
of the concentration-response curves to the right, 
which is similar to that reported previously.6* 25 
Although comparable equidiuretic doses of bu- 
metanide were also effective in inhibiting the 
airway effect of AMP, this drug was approximately 
2.5 times less efficacious than furosemide. In 
addition, we have demonstrated that the time 
course of change in bronchial reactivity to AMP is 
quite similar, with a peak effect at 10 minutes, for 
both inhaled furosemide and bumetanide, thus 
indicating the validity of comparing relative bron- 

choprotective potencies of inhaled furosemide 
and bumetanide. 

The mechanism of the protective activity of 
“loop” diuretics in asthma remains to be estab- 
lished. In providing protection against a variety of 
different bronchoconstrictor stimuli such as aller- 
gen,’ fog,2 exercise,3 cold air,4 sodium metabisul- 
phate,’ AMP,6 and methacholine,” the inhibitory 
effects of “loop” diuretics may involve mecha- 
nisms common to all of these stimuli. 

Drugs such as furosemide produce some of 
their effect in the kidneys by the secondary pro- 
duction of endogenous prostanoids.26z 27 In human 
beings furosemide causes an increase in the 
plasma concentration of free arachidonic acid” 
and enhances the urinary excretion of prostaglan- 
dins including prostacyclin (PGI,).29 In rats, intra- 
venously administered furosemide releases pros- 
tanoids that inhibit constrictor responses in the 
peripheral vasculature.30 Taken together these 
data provide convincing evidence for furosemide’s 
capacity to generate eicosanoids with functional 
effects. That this also occurs in the airways is 
supported by a recent report in which it has been 
demonstrated that bovine tracheal mucosa pro- 
duces prostaglandin E, (PGE,) in response to 
furosemide.31 In addition, Pavord et a1.32 have 
recently shown that the protective effect of furo- 
semide against exercise-induced asthma was abol- 
ished by cyclooxygenase blockade with indometh- 
acin. It is suggested that furosemide affords pro- 
tection against exercise and related stimuli by 
releasing PGE, and PG12, which are both potent 
functional antagonists because of their capacity to 
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stimulate adenylate cyclase in the airways.33* 34 
Both human airway tissue35 and pulmonary vascu- 
lar endothelial cells36 are rich sources of PGI, and 
PGE2. In asthma inhaled PGI, affords short-term 
protectiort against several stimuli such as exer- 
cise? nebulized distilled water (fog),37 PGD,,34 
and methacholine,34 without having any consistent 
effect on basal airway calibre. Similarly, inhaled 
PGE, protects against the contractile effect of 
sodium nletabisulfite and methacholine in pa- 
tients with asthma.38 Release of PGEz and/or 
PGI, in response to inhaled “loop” diuretics 
could account for the protection against the air- 
ways’ effe:ct of AMP without changing basal air- 
way calibre. 

The capacity of inhaled ~rosemide and bumet- 
anide to reduce the airways’ response to exoge- 
nously administered bronchoprovocants may also 
result from a direct effect of these drugs on the 
bronchial epithelium and underlying vasculature. 
Through their effect on the Na-K-Cl cotrans- 
porter m~:chanism, “loop” diuretics may increase 
the chloride and water content of the periciliary 
fluid.7 In addition, furosemide is an effective va- 
sodilator3’ and, as a consequence, could enhance 
bronchial blood flow to increase the transepithe- 
lial clearance of an inhaled agonist such as AMP. 
That this also occurs in allergic airways is sup- 
ported by a recent study in which it has been 
demonstrated that in sheep sensitized to Ascaris 
suum the magnitude and duration of the antigen- 
induced airway smooth muscle constriction were 
in~uencel~ by microvascular h~e~usion.4~ 

Inhaled furosemide seems to exert a preferen- 
tial protective effect against those stimuli that 
cause bronchoconstriction in part by releasing 
spasmogenic mediators from mast cells including 
allergen,’ fog,’ exercise: and AMP.6 Recently, 
Temple et a1.41 have shown that furosemide (lop6 
to 1O-3 rnol/L) is capable of inhibiting the IgE- 
dependent release of histamine and leukotriene 
C4 from Ihuman lung fragments. Thus a modula- 
tory function on mast cells may be responsible for 
the protective effect of this and other “loop” 
diuretics on a variety of mast cell-dependent 
bronchoc’onstrictor stimuli. However, the demon- 
stration of the protective effect of inhaled furo- 
semide a:gainst methacholine6 and sodium meta- 
bisulfite-:induced bronchoconstriction’* 25 suggests 
that inhil~ition of mast cells cannot be the sole 
mechanism of action of furosemide in asthma. 

There is now some evidence that drugs such as 
furosemitie might alter neural activity in the air- 
ways. Results of a recent study by Ventresca et 

a1.42 which showed that in healthy subjects inhaled 
furosemide inhibits cough responses induced by 
low-chloride aerosols, support an effect on sen- 
sory nerves. The bronchoconstrictor effect of 
AMP is significantly inhibited by cromones”’ and 
is attenuated to some extent by anticholinergic 
agents,” which suggests that excitation of neural 
pathways may be of some importance in this 
response. Our observation of a similar degree of 
protection against AMP challenge suggests that 
loop diuretics may act on these sensory pathways. 
Further evidence for an effect on nerves is sup- 
ported by a recent investigation with guinea pig 
airways, showing that both furosemide and bu- 
metanide inhibit the airway smooth muscle con- 
traction induced by stimulation of cholinergic and 
noncholinergic nonadrenergic nerves in a dose- 
dependent manner and that this effect is indepen- 
dent of cyclooxygenase production.44 

The finding that furosemide is appreciably 
more potent than equidiuretic doses of bumet- 
anide in protecting against the airways’ response 
to AMP and the lack of correlation between the 
degree of protection afforded by the two drugs 
suggest a mechanism that is independent of the 
Na-K-Cl cotransporter mechanism. These iind- 
ings are in agreement with results of a recently 
reported randomized double-blind study, which 
demonstrated that inhaled furosemide and bu- 
metanide effectively prevented “fog”-induced 
bronchoconstriction in subjects with asthma, with 
furosemide being significantly more potent than 
bumetanide in this respect.“’ ~though both drugs 
share similar properties, it is not clear how to 
explain the observed difference in efficacy. Low 
concentrations of furosemide and bumetanide 
have different effects on prostanoid production 
and acute renin release. In vitro furosemide, but 
not bumetanide, has been shown to inhibit 1% 
hydroxyprostaglandin dehydrogenase, an enzyme 
involved in the inactivation of PGs.~~, 47 The dif- 
ference in activity of the two drugs on prostanoid 
production and catabolism has functional conse- 
quences in that bumetanide and furosemide ex- 
hibit different effects on perfused rat and rabbit 
kidneys4’ In human beings only low doses of 
intravenously administered furosemide, but not 
bumetanide, stimulate an acute elevation in 
plasma renin, which is paralleled by an increase in 
peripheral blood flow.“’ If the same applies to the 
microcirculation of the human bronchial mucosa, 
as recently indicated,4” this could lead to an in- 
creased washout of the exogenously administered 
bronchoprovocants and could also account for 
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some of the difference in protective efficacy 
against AMP-induced bronchoconstriction that is 
observed with the two drugs. 

In the present study we have extended our 
previous observations on the bronchoprotective 
properties of inhaled loop diuretics by investigat- 
ing the duration of the change in AMP airway 
responsiveness with furosemide and bumetanide 
in a separate group of subjects with asthma. Both 
inhaled furosemide and bumetanide caused atten- 
uation in bronchial reactivity to AMP, with the 
maximum changes occurring 10 minutes after 
drug administration and with a progressive reduc- 
tion over the 2 hours of observation time. Al- 
though the maximum protective effect against 
AMP-induced bronchoconstriction was reported 
at the same time point for both drugs, furosemide 
was significantly more potent and had a longer 
duration of action compared with bumetanide. A 
possible reason for these findings is that although 
both furosemide and bumetanide are weak acids 
with an identical Pk, of 3.5, bumetanide, in con- 
trast to furosemide, is highly lipid-soluble5’ and 
may not have remained in efficacious doses at its 
site of action at the time of the bronchoprovoca- 
tion tests. 

In conclusion, we have further shown that 
AMP-induced bronchoconstriction is inhibited by 
inhaled furosemide, a property also shared to a 
lesser degree by bumetanide. The time course of 
this phenomenon is quite similar for both drugs, 
with a maximum protective effect at 10 minutes. 
Possible mechanisms of action include the sec- 
ondary production of protective prostanoids, an 
increase hi the water content of the airway lining 
fluid with enhanced AMP cIearance, a direct 
inhibitory effect on mast cell activation-secretion 
coupling or a modulation of the nervous activity 
of the airways. The differences in the protective 
effect afforded by equidiuretic doses of furo- 
semide and bumetanide may reflect a mecha- 
nism of action distinct from that responsible for 
their diuretic properties. Further research is 
needed to clarify the intriguing suppressive action 
of this class of drugs on constrictor stimuli in 
asthma and to determine whether this has any 
relevance to a possible therapeutic effect in this 
disease. 
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