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High dose inhaled atrial natriuretic peptide is a bronchodilator in asthmatic subjects.
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ABSTRACT:  Atrial natriuretic peptide (ANP) has been shown to be an effective
bronchodilator when given intravenously, but its efficacy by inhalation has not been
assessed.

In the first part of the current study, six asthmatic subjects, mean (SEM) forced
expiratory volume in one second (FEV1) 2.09 (0.30) l, received 0.1 and 1 mg atrial
natriuretic peptide by inhalation, and in the second study five subjects, FEV1 1.92
(0.40) l, received 5 mg ANP by inhalation.  ANP was given in a placebo-controlled,
double blind, randomized manner, with measurement of FEV1 over the following
60 min.  Nebulized salbutamol was given at 60 min as a measure of the maximal
bronchodilator response attainable by conventional therapy.

No significant bronchodilator effect was seen following the 0.1 or 1 mg inhala-
tion, although the latter produced a minimal transient elevation in peripheral
atrial natriuretic peptide plasma levels.  A bronchodilator effect was seen with the
5 mg dose, which produced ∆FEV1 0.42 (0.09) l compared to 0.93 (0.13) l subse-
quently produced by salbutamol.  This effect peaked at 5 min and was no differ-
ent from placebo from 10 min onwards

We conclude that atrial natriuretic peptide may produce significant broncho-
dilation when given by inhalation in high doses, and speculate that substances which
generate cyclic guanosine monophosphate (cGMP) in airway smooth muscle war-
rant further investigation as potential bronchodilatory agents.
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Atrial natriuretic peptide (ANP) is known to be released
from the cardiac atria in response to stretch, and the bio-
logically active form circulates in man as a 28 amino
acid peptide, having diverse effects on volume and pres-
sor homeostasis.  Perhaps because ANP is secreted from
the heart, most attention has been focused on its cardio-
vascular and renal effects.  However, autoradiography
has identified ANP in animal airway smooth muscle [1],
and ANP messenger ribonucleic acid (mRNA) has also
been found in the lung [2], suggesting that ANP of
pulmonary origin may have a local autocrine effect or
may contribute to circulating plasma levels.  The lung
has also emerged as an important site of breakdown
of circulating ANP [3], a role previously thought to be
largely reserved for the kidneys

We, and others, have shown that the intravenous infu-
sion of ANP has a dose-dependent bronchodilatory effect
in the constricted (asthmatic) human airway [4–6], and
it is speculated that the mechanism of this effect may be
directly via relaxation of bronchial smooth muscle, although
this has yet to be proven.

One early animal study examined the effect of ANP
given by inhalation, and this failed to show any bron-
chodilatation or any protection against induced bron-
choconstriction in the guinea-pig [7].  The inhaled dose
was very small relative to the intravenous dose employed,

and the peptide used was a synthetic 26 amino acid ANP
fragment (8-33 C-terminal acid), which differs both in
size and structure from the human form α-hANP (1-28).
However, we have subsequently shown that inhaled ANP
is able to exert a very significant protective effect against
histamine and methacholine challenge in the hyperreac-
tive airway [8, 9].

The purpose of the current study was to examine the
possible bronchodilatory effect of ANP when given by
inhalation to the constricted human airway, and to deter-
mine any change in circulating plasma levels so pro-
duced.  The effect was compared with nebulized salbutamol
as the "gold standard'' bronchodilatory effect attainable
by conventional therapy.

Material and methods

Study subjects

Subject details are given in table 1.  All subjects were
nonsmokers and had previously demonstrated ≥25%
reversibility to inhaled salbutamol (2.5 mg) at a pre-
enrolment screening visit.  All subjects gave written
informed consent to the protocol, which was approved
by the Glasgow West Ethics Committee.



Study design

Two studies are reported, in which the methodology
was similar and which employed some overlap of sub-
jects.  Constricted asthmatic subjects were given various
doses of inhaled ANP (0.1, 1 and 5 mg) in a random-
ized, double-blind, placebo-controlled protocol.  Forced
expiratory volume in one second (FEV1) was recorded
over 60 min following ANP and compared with the sub-
sequent response to inhaled salbutamol.

Measurements. FEV1; dry wedge spirometer (Vitalograph
S, Vitalograph Ltd, Buckingham, UK).  The best of three
attempts was used for analysis, except at 2 min post-
ANP when the best of two technically satisfactory record-
ings was accepted owing to constraints of time.

Pulse/blood pressure; automatic sphygmomanometer
(EME Auto BP Monitor, EME Ltd, Brighton, UK) with
the mean of two values at each time-point used for analy-
sis.

ANP; 5 ml venous blood taken into prechilled potas-
sium ethylenediamine tetra-acetic acid (EDTA) tubes
containing 1,000 kallikrein inhibitory units aprotinin
(Bayer, Newbury, Bucks, UK) and spun within 90 min.
Following extraction of plasma on C-18 reverse phase
columns (Sep-Pak;  Waters Assoc., Milford, MA, USA),
peptide was subsequently measured by established radio-
immunoassay [10].  Inter- and intra-assay variation was
consistently less than 10%.

Catecholamines;  5 ml venous blood taken into prechilled
lithium-heparin tubes and spun within 90 min.  Cate-
cholamines were subsequently measured by established
radioenzymatic assay [11].  The limit of detection was
0.1 nmol·l-1 for both epinephrine and norepinephrine, and
the inter- and intra-assay variation was ≤10%.

Methods

Study 1.  Six subjects (Nos. 1–6) were studied (table 1),
with mean (SEM) age 33 (5) yrs and baseline FEV1 2.09
(0.30) l, equivalent to 54 (4)% predicted;  this value did
not vary significantly between study days.  Subjects

attended at the same time of day, on three separate occa-
sions at least 5 days apart.  Inhaled bronchodilator ther-
apy was discontinued for 8 h and oral bronchodilators
for 24 h; sodium cromoglycate, inhaled corticosteroids
and oral corticosteroids were continued as usual.  Twenty
minutes after insertion of an intravenous cannula, base-
line recordings were made of plasma ANP and cate-
cholamines, pulse/blood pressure and FEV1.  Thereafter,
either ANP or placebo was given by inhalation in a ran-
domized, double-blind manner, with doses of ANP cor-
responding to 0.1 or 1 mg.  All measurements were
repeated at 2, 5, 10, 20, 30, 40, 50 and 60 min after
inhalation;  and, after the 60 min evaluation, 2.5 mg neb-
ulized salbutamol was given to assess the full degree of
reversibility attainable.  Final recordings were taken 20
min after salbutamol.

Study 2.  The second study was devised after the results
of Study 1 had been analysed.  Five subjects (Nos. 1, 2,
6–8) were studied (table 1), with mean age 36 (6) yrs,
baseline FEV1 1.92 (0.40) l on the placebo day and 1.90
(0.42) l on the day of active inhalation (NS).  The study
design was exactly the same as in Study 1, with the
exception that only two visits were required when sub-
jects received either placebo or 5 mg inhaled ANP, again
in randomized, double-blind manner.

Administration of peptide.  Because of the expense of
ANP, especially in the higher doses (~£750 per patient)
it was felt important to minimize wastage during aeroso-
lization, and consequently a Mizer aerosol conservation
device was employed (Medic-aid, Pagham, Sussex, UK).
Studies using radiolabelled nebulisate have demonstrated
approximately a twofold increase in pulmonary depo-
sition of drugs aerosolized in this manner [12].  A Mic-
roneb III nebulizer (Lifecare Hospital Supplies Ltd,
Market-Harborough, UK) with a fill volume of 3.5 ml
was employed, and it was established that, when dri-
ven by compressed air at 50 psi with a flow rate of 10
l·min-1, nebulization to "dryness" took approximately 8
min and left a residual volume of ~0.9 ml.

Drugs. α-human ANP (1-28) (Bachem, Saffron Walden,
UK);  ANP was made up in 3.5 ml sterile saline (0.9%).
Placebo inhalation consisted of 3.5 ml sterile saline alone.
All trial ampoules were stored at -70°C and our own in-
house quality control confirmed that there was no loss
of potency of ANP over at least three months stored
under these conditions.

Salbutamol (Ventolin nebulizer solution; Allen &
Hanburys Ltd, Middlesex, UK);  2.5 mg administered
via Medix Compact AC nebulizer (Medix Ltd, Lutterworth,
Leicestershire, UK).

Analysis

Baseline FEV1 and ANP values between study days
were compared using Student's t-test for paired values.
The changes in FEV1 and in circulating levels of ANP
after inhalation were compared by analysis of variance.
In all cases, a p-value <0.05 was taken to be significant.
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Table 1.  –  Subject details (Study 1 included subjects
Nos. 1–6, Study 2 included subjects Nos. 1, 2, 6–8)

Sub. Sex Age FEV1 FEV1 Atopic Medication
No. yrs l % pred status

1 M 30 2.16 54 + S, SCG
2 M 20 2.96 68 + S, HBD
3 F 39 1.20 48 - S, HBD, SRS
4 M 28 2.84 65 + S, HBD
5 M 27 2.00 44 - S, HBD
6 M 55 1.37 48 - S, HBD, OC
7 M 39 1.68 51 + S, LBD, IB
8 F 36 1.37 54 + S, LBD, SRS

FEV1:  forced expiratory volume in one second;  S:  salbuta-
mol (inhaled);  LBD:  low-dose beclomethasone dipropionate
(<800 µg·day-1);  HBD:  high-dose beclomethasone dipropi-
onate (>800 µg·day-1);  SCG:  sodium cromoglycate;  SRS:
sustained release salbutamol (oral);  OC:  oral corticosteroids;
IB:  ipratropium bromide;  +:  positive;  -:  negative.



Results

Study 1.  No significant bronchodilatory effect was
observed after inhalation with either dose of ANP (table
2).  Mean (SEM) basal plasma levels of ANP were 17 (3)
pg·ml-1 on the placebo day (normal ≤50 pg·ml-1), and
were not significantly different on either day of active
inhalation.  After inhalation of the 1 mg dose ANP, there
was a minimal transient elevation of circulating levels
rising from 18 (5) pg·ml-1 basal to 28 (3) pg·ml-1 at 2
min (p<0.01 vs placebo), but returning to normal there-
after (table 2).

Study 2.  FEV1 rose significantly after ANP inhalation
at both 2 and 5 min, but was not significantly different
from placebo from 10 min onwards (table 3).  The maxi-
mal effect in ∆FEV1 was 0.42 (0.09) l, which was observed
at 5 min, but this was still less than 50% of the eventu-
al response to inhaled salbutamol (0.93 (0.13) l.  Individual
FEV1 results are presented in table 3.  Basal plasma lev-
els of ANP were comparable to those of Study 1, but
after inhalation of ANP there was greater elevation of
circulating peptide to 48 (17) pg·ml-1, peaking at 2 min
and returning to normal by 10 min (table 3).

No significant changes in pulse or blood pressure were
found even following the highest dose of inhaled ANP,
nor was there any change in circulating catecholamine
levels.

There were no side-effects during active or placebo
inhalation and no taste was attributed to ANP.

Discussion

This study is the first demonstration that high dose
atrial natriuretic peptide has significant, albeit transient,
bronchodilatory properties when given by inhalation, as
demonstrated by the mean (SEM) 22 (5)% increase in the
FEV1 value from baseline measurements 15 min after
the inhalation of 5 mg ANP.

It is appropriate to ask why such a large quantity of
ANP was required to produce bronchodilation when given
by inhalation, and the answer is probably to be found in
the way in which ANP is handled by the airway.  Local
inactivation of ANP in other physiological systems is
twofold: enzymatic degradation by the Zn2+-metallopep-
tidase endopeptidase-24.11 (neutral endopeptidase or
NEP);  and inactivation following binding to a non-guanyl
cyclase dependent "clearance" receptor [13].  The dis-
tribution of NEP in the human bronchial tree has not
been extensively investigated, but significant NEP immunore-
activity has been demonstrated to exist in epithelium,
submucosal glands, nerves and airway smooth muscle
[14–16].  More recently, NEP mRNA has been shown
to be expressed on cultured human bronchial smooth
muscle cells [17], and it is likely that NEP exists in abun-
dance in the airway.  Very little is known about clear-
ance receptors in the airway.  A recent study demonstrated
large numbers of ANP receptor sites on cultured tracheal
smooth muscle cells, fibroblasts and glial cells, and most
appeared to be of the non-guanyl cyclase coupled or
clearance type [18].

It has, so far, been assumed that ANP achieves its
effect by acting directly on airway smooth muscle.  There
is a body of evidence to support this in a number of ani-
mal models which have shown a dose-dependent relax-
ant effect of ANP or the atriopeptins (truncated forms
of ANP) in guinea-pig [7, 19, 20] and bovine [21] tra-
cheal preparations in vitro.  It should be noted from these

INHALED ATRIAL NATRIURETIC PEPTIDE IN ASTHMA 1595

Table 2.  –  Study 1 (n=6).  Mean (SEM) plasma atrial natriuretic peptide (ANP) and ∆FEV1 in response to
inhalation of 0.1 and 1 mg ANP

Time Plasma ANP  pg·ml-1 ∆FEV1 l
min

Placebo 0.1 mg ANP 1 mg ANP Placebo 0.1 mg ANP 1 mg ANP

Baseline 17 (3) 15 (3) 18 (5) - - -
2 15 (3) 18 (2) 28 (3)* 0.19 (0.17) 0.17 (0.06) 0.24 (0.10)
5 19 (3) 16 (1) 26 (5)* 0.13 (0.11) 0.21 (0.08) 0.22 (0.12)

10 19 (2) 17 (4) 22 (5) 0.23 (0.11) 0.28 (0.08) 0.24 (0.11)
20 17 (3) 13 (2) 20 (4) 0.13 (0.12) 0.18 (0.06) 0.23 (0.08)
30 19 (3) 14 (2) 16 (3) 0.22 (0.15) 0.21 (0.05) 0.20 (0.07)
40 20 (2) 16 (6) 15 (3) 0.02 (0.10) 0.16 (0.05) 0.28 (0.08)
50 20 (5) 15 (2) 17 (5) 0.10 (0.15) 0.19 (0.06) 0.22 (0.13)
60 15 (3) 17 (5) 17 (4) 0.20 (0.10) 0.21 (0.07) 0.22 (0.12)

Salbutamol - - - 1.05 (0.20) 1.05 (0.20) 0.93 (0.15)

2.5 mg nebulized salbutamol given at 60 min and FEV1 repeated 20 min later.  ANP:  atrial natriuretic peptide;  FEV1:
forced expiratory volume in one second.  *:  p<0.05 (versus placebo).

Table 3.  –  Study 2 (n=5).  Mean (SEM) plasma atrial
natriuretic peptide (ANP) and ∆FEV1 in response to inhala-
tion of 5 mg ANP

Time Plasma ANP  pg·ml-1 ∆FEV1 l
min

Placebo 5 mg ANP Placebo 5 mg ANP

Baseline 19 (3) 15 (4) - -
2 18 (5) 48 (17)* 0.02 (0.05) 0.34 (0.10)*
5 13 (5) 40 (13)* 0.05 (0.11) 0.42 (0.09)*

10 15 (3) 27 (6) 0.03 (0.07) 0.31 (0.08)
20 20 (4) 20 (3) 0.11 (0.14) 0.16 (0.12)
30 21 (5) 19 (2) 0.13 (0.09) 0.16 (0.14)
40 17 (3) 13 (3) 0.10 (0.04) 0.20 (0.20)
50 19 (3) 16 (6) 0.24 (0.11) 0.19 (0.18)
60 19 (5) 15 (4) 0.22 (0.10) 0.27 (0.17)
Salbutamol - - 0.96 (0.15) 0.93 (0.13)

2.5 mg nebulized salbutamol given at 60 min and FEV1 repeat-
ed 20 min later.  For abbreviations see legend to table 2.
*:  p<0.05 (versus placebo).



data, however, that lung parenchyma was very much less
responsive than trachea [7], and that the response to ANP
showed a degree of species dependence [7, 19].  Earlier
studies using atriopeptins failed to show any significant
relaxant effect on isolated human bronchial smooth mus-
cle [22, 23], and, more recently CANDENAS et al. [24]
have suggested that the 28 amino acid circulating form
was also without significant effect.  However, our own
work has shown that ANP does have a direct relaxant
effect in vitro, albeit at relatively high concentrations
[25], and that the inhibition of phosphoramidon sensi-
tive protease increases the effect of ANP on airway
smooth muscle.  These findings suggest that degradation
of ANP by NEP in vivo would severely limit the bron-
chodilatory effect of ANP.  High doses (5 mg) of inhaled
ANP may saturate this mechanism and so allow a bron-
chodilator effect to be seen.

If it is argued that the presence of NEP in the airway
is the principal reason why inhaled ANP is ineffec-
tive in all but the highest inhaled dose, it is somewhat
surprising that a transient elevation of plasma levels
(indicating passage of unaltered peptide into the bron-
chopulmonary circulation) was detected after the 1 mg
inhalation.  This apparent anomaly may simply be a con-
sequence of our particular methodology in employing
the Mizer aerosol conservation device, the efficiency of
which  results in an approximate doubling of the amount
of aerosol delivered to the lungs compared to a convent-
ional jet nebulizer [12].  This increased deposition is seen
both centrally and peripherally.   Peripherally-deposited
aerosol is available for absorption and subsequent detec-
tion in peripheral blood, although peak plasma levels
were 10–20 fold less than those required to produce bron-
chodilation in our previous study [4].  That the plasma
levels should be elevated so transiently simply reflects
the short half-life (~3 min) of circulating ANP [26].

Various inhibitors of NEP are available, and it might
be expected that these would augment the beneficial effect
of ANP in the airway.  Unfortunately, NEP is not spe-
cific for ANP but also cleaves a number of broncho-
spastic peptides, such as substance P, neurotensin and
bradykinin.  Whether the effect of NEP inhibition on air-
way function is advantageous or disadvantageous will,
therefore, depends upon the relative contribution made
by these various peptides.

In summary, we have demonstrated that ANP may pro-
duce significant bronchodilation when given by inhala-
tion.  Although the exact mode of action has yet to be
clarified, there now exist several biochemical and phar-
macological ways in which this effect might be aug-
mented.  We believe that this study provides further
evidence to suggest that substances which stimulate guanyl
cyclase and intracellular cGMP generation in the human
airway warrant further investigation as potential bron-
chodilatory agents.
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