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ABSTRACT: The renin-angiotensin system is activated in acute severe asthma. The
precise mechanism of activation is at present unknown, but may involve, 3,-agonists,
catecholamines or proteases released in airway inflammation.

This study aims to identify potential factors involved in the activation of the renin-
angiotensin system in acute asthma.

Forty asthmatics with severe exacerbations of asthma, assessed by measurement of
peak expiratory flow rate (mean (sp) 35 (18) % predicted), oxygen saturation (94 (4) %)
and pulse rate (108 (16) beats-min!) were recruited. Nineteen (48 %) asthmatics had
elevated plasma angiotensin II levels (median (interquartile range) 10.9 (4.3-23.5)
pg-mL- (normal range 3-12 pg-mL-1)) and 10 (25%) had elevated plasma renin con-
centration (22.0 (10.0-50.0) uU-mL! (normal range 9-50 1 U-mL-1)). Plasma renin and
angiotensin II correlated strongly, implying renin-dependent angiotensin II for-mation.
No correlation was found between plasma salbutamol, adrenaline, nor-adrenaline,
endothelin-1, histamine, eosinophilic cationic protein, serum angio-tensin-converting
enzyme (ACE) activity, total immunoglobulin E (IgE), urea and electrolytes, indica-
tors of the severity of the attack, atopic status, blood pressure and renin or angi-
otensin II levels.

We conclude that although a subpopulation of asthmatics appear to have raised
renin and angiotensin II during attacks of acute, severe asthma, the mechanism of
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The renin-angiotensin system is activated in acute
severe asthma, although not in all asthmatics [1, 2]. The
mechanism of this activation is unclear, but recent evi-
dence has shown elevation of renin and angiotensin II in
response to nebulized and intravenous salbutamol [3, 4]. A
wide variation in plasma [3,-agonist levels has been found
in acute asthmatics in previous studies [5], and could,
therefore, account for the variation in renin and angi-
otensin II levels.

However, the degree of activation of the renin-angi-
otensin system following administration of B,-agonists is
less than that seen in acute asthma, suggesting an addi-
tional mechanism. The generation of angiotensin II via an
"alternative" pathway, through the action of inflammatory
proteases [6] either circulating or locally within the air-
ways, could occur in addition to the "classical" activation
of the renin-angiotensin system. Endogenous catechola-
mines released during an acute attack of asthma [7] could
stimulate adrenoceptors on juxtaglomerular cells in the
kidney [8] resulting in renin release, and may act synergis-
tically with systemically absorbed albuterol.

Serum angiotensin-converting enzyme (ACE) levels
vary between individuals and correlate with a genetic poly-
morphism of the ACE gene [9]. Homozygotes for the
deletion polymorphism have a higher ACE activity [10],
and, therefore, the capacity to produce greater levels of

angiotensin II in response to activation of the renin-angi-
otensin system. Thus, serum ACE activity could contrib-
ute to the variation seen in angiotensin II levels in acute
asth-ma.

We hypothesize that activation of the renin-angiotensin
system in acute severe asthma is partly due to high levels
of circulating [,-agonists in some asthmatics, and that
other factors, as suggested above, may also contribute, pos-
sibly with a synergistic effect. Thus, we have examined
the associations between renin, angiotensin II and multi-
ple factors during acute attacks of asthma, with particular
emphasis on the mechanisms outlined above.

Materials and methods

Patients

Forty adult asthmatic patients (26 females and 14
males; mean (sp) age 45 (17) yrs) were recruited into the
study. All presented nonconsecutively at the accident and
emergency department, with acute exacerbations of asth-
ma unresponsive to their regular medication and requiring
hospital admission for treatment. Admission parameters
were measured with peak expiratory flow rate (PEFR) 35
(18) % predicted, oxygen saturation 94 (4) %, cardiac fre-
quency 108 (16) beats-min!, systolic blood pressure 139.5
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Table 1. — Characteristics of patients studied on
admission to hospital

Age yrs 457
PEFR % pred 35(18)
FEV1 % pred (n=19) 52 (28)
Cardiac frequency beats-min’! 108 (16)
Oxygen saturation %* 94 (4)
Pa,0, kPa* 11.3 (4.6)
Pa,Co, kPa* 4914
SBP mmHg 139.5 (22.8)
DBP mmHg 86.0 (16.0)
Sex M/F 16/26
Smokers n 21

Results are presented as mean and spb in parenthesis with n=40
unless otherwise stated in text. *: values obtained when patients
receiving supplementary oxygen. PEFR: peak expiratory flow
rate; FEV1: forced expiratory volume in one second; % pred:
percentage of predicted value; Pa0,: arterial oxygen tension;
Pa,co,: arterial carbon dioxide tension; SBP: systolic blood pres-
sure; DBP: diastolic blood pressure; M: male; F: female.

(22.8) mmHg, and diastolic blood pressure 86.0 (16.0)
mmHg. Spirometry was not measured during the acute
admission but premorbid values were available for 19 of
the 40 subjects studied (table 1). Arterial blood gas values
were measured, with mean arterial oxygen tension (Pa,0,)
11.3 (4.6) kPa and arterial carbon dioxide tension (Pa,CO,)
4.9 (1.4) kPa; however, due to the acute nature of the ad-
missions, 12 of the 40 patients were already receiving sup-
plementary oxygen at concentrations ranging 24—100%.
The values for Pa,0, therefore, probably overestimate the
true Pa,0, on breathing air alone.

All patients received treatment with nebulized salbuta-
mol, 31 received oral prednisolone (dose range 15-40
mg), 13 received intravenous hydrocortisone, one received
intravenous salbutamol, and one intravenous aminophyl-
line. Thirty three patients were taking regular inhaled cor-
ticosteroids, 11 were previously taking oral prednisolone,
seven oral theophylline, nine inhaled salmeterol, and one
was receiving no medication. Thirty nine patients used
inhaled P,-agonists as required (nine via a home neb-
ulizer), seven inhaled ipratropium bromide, one inhaled
sod-ium cromoglycate, and one was using oral 3,-ago-
nists. Only two were receiving regular diuretic treatment
and none were taking ACE inhibitors.

Ethical approval for the study was obtained from the
Glasgow West Ethics Committee and written, informed
consent was obtained from the study volunteers prior to
entering the study.

Sample collection

All patients had blood samples taken within 24 h of
admission (mean (sp) time postadmission 13.5 (9.6) h) for
estimation of renin, angiotensin II, plasma salbutamol,
serum ACE activity, adrenaline, noradrenaline, histamine,
eosinophilic-cationic protein (ECP), endothelin-1, immu-
noglobulin E (IgE), sodium, potassium, urea and creati-
nine. Plasma salbutamol levels were measured 3.4 (1.9) h
following the previous dose of salbutamol, and an estima-
tion made of the cumulative dose of salbutamol adminis-
tered in the previous 24 h. All samples were immediately
placed on ice until separated by centrifugation at 4°C for

15 min at 3,000xg. Plasma or serum was then removed
and kept frozen at -20°C until analysis.

Plasma assays

Renin. The plasma renin concentration was measured by
an antibody-trapping technique [11]. The intra-assay co-
efficient of variation is 5.5% and interassay variation
is 11%. The reference range for our laboratory is 9-50
pU-mL-.

Angiotensin II. The assay for angiotensin II was a modi-
fied radioimmunoassay (RIA), which uses C-18 cartridges
(Sep-Pak; Waters, Milford, MA, USA) to extract angi-
otensin II from plasma [12]. The intra-assay coefficient of
variation is 6.4% and interassay variation 10%. The refer-
ence range for our laboratory is 3—12 pg-mL-1.

Catecholamines. The assays for adrenaline and noradren-
aline used a liquid chromatography technique with elec-
trochemical detection [13]. Both the intra- and interassay
coefficients of variation are below 10%. The reference
ranges for our laboratory are up to 0.4 nmol-L-! for adren-
aline and up to 5.0 nM for noradrenaline.

Endothelin-1. Endothelin-1 was measured by RIA using
a commercially available kit (Nichols Institute, Saffron
Walden, UK). The intra-assay coefficient of variation is
4.5% and the interassay variation 6.8%. The reference
range for our laboratory is 1.6-4.9 pg-mL-L.

Salbutamol. The salbutamol assay was a high perform-
ance liquid chromatography (HPLC) with solid phase ex-
traction using a mobile phase of 39.4% methanol, 59.1%
acetonitrile and 1.5% ammonium acetate [14]. Salbutamol
was extracted from plasma using Bond-Elite silica car-
tridges (Jones Chromatography Ltd., Mid Glamorgan,
UK) and then HPLC (10cm Scherisorb S3W-Silica, Hich-
rom, Berkshire, UK) was performed and the drug detected
in the effluent by an LS-1 Fluorescence Detector (Perkin-
Elmer, Beaconsfield, UK). The intra-assay coefficient of
variation is 3.9% and the interassay variation is 4.1%.

Angiotensin-converting enzyme activity. Serum ACE
activity was determined by a continuous monitoring spec-
trophotometric method based on the hydrolysis of N-(3-
(2furyl)-acryly)-L-phenylalanyl- glycyl-glycine [15]. The
intra-assay coefficient of variation is 1.7-6.3% and the
interassay variation is 3.7-9.7%. The normal range for our
laboratory is <88 U-L-L.

Histamine. The assay for plasma histamine was a RIA
using a kit (Immunotech S.A., Marseille, France) with
high-affinity monoclonal antibodies to acylated histamine,
following an acylation step on the sample. The sensitivity
of the assay is 0.2 nM. The intra-assay coefficient of vari-
ation is 3.4-8.9% and the interassay variation is 6.4—
13.0%. The normal range is <10 nM.

Eosinophilic cationic protein. The ECP assay was a dou-
ble antibody radioimmunoassay using a commercially
available kit (Pharmacia UK Ltd, Milton Keynes, UK).
The sensitivity of the assay is <2 pg-L-1. The intra-assay
coefficient of variation is 4.8—-10.9%. The normal range
for the assay is <20 pg-L-.
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Immunoglobulin E. Total serum IgE was measured with a
Phadebas radioallergosorbent test (RAST) kit (Pharmacia,
UK) according to the manufacturer's recommendations.
Quality control of the assay was continually assessed by
the satisfactory performance of daily internal control sam-
ples and monthly national control samples. An estimate
of error was made at 20%, based on the coefficient of var-
iation of the measurements of the same internal quality
control samples over 50 consecutive weeks. The normal
range for our laboratory is <120 International kilo Units
(kU)-L-L.

Electrolytes. The sodium and potassium assays used
standard ion selective electrodes. The normal range for
our laboratory is 135-144 mM for sodium and 3.5-5.1 mM
for potassium.

Renal function. The assay for urea used a standard urease
method. The normal range for our laboratory is 2.5-7.5
mM. The assay for creatinine used the Jasse method
measuring in infra-red. The normal range for our labora-
tory is 60—-110 uM.

Statistical analysis. Spearman's Rank correlation coeffi-
cient was used to analyse correlations between the varia-
bles and, as multiple tests were performed a p-value less
than 0.001 was considered significant.

Results

The results of the assays measured are shown in figure
1. Although the levels of renin and angiotensin II were not
elevated in the study group as a whole, a subpopulation of
asthmatics had raised levels of renin and angiotensin II
above the normal range for our laboratory assays, suggest-
ing activation of the renin-angiotensin system in these
patients (fig. 2). Nineteen (48%) of the patients had ele-
vated angiotensin II levels, and 10 (25%) had elevated plas-
ma renin. There was a strong correlation between renin
and angiotensin II levels (Spearman's rank correlation co-
efficient (p)=0.942; p<0.001).

Adrenaline and noradrenaline correlated strongly with
each other (p =0.794; p<0.001), although all except one
patient had adrenaline levels within the normal range.
Noradrenaline levels were elevated in only three of the
40 asthmatics. Histamine correlated positively with ECP
(p=0.412; p=0.008), and negatively with oxygen satura-
tion (p= -0.473; p=0.002). Sixteen patients (40%) had
raised plasma endothelin-1 levels which correlated nega-
tively with PEFR (p=-0.37; p=0.02). The plasma salbuta-
mol level measured correlated with the estimated dose of
salbutamol administered in the previous 24 h (p=0.327;
p=0.045).

No association was found between renin or angiotensin
II levels and plasma levels of salbutamol, adrenaline, nor-
adrenaline, endothelin-1, serum total IgE, histamine, ECP,
serum ACE activity, renal function (urea, creatinine) or
electrolytes (sodium, potassium), measures of the clinical
severity of the asthma attack (oxygen saturation, PEFR) or
the cumulative doses of salbutamol or steroids adminis-
tered (table 2).
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Fig. 1. — Scatter plot illustrating the plasma levels measured in asth-

matics during acute exacerbation. Bars indicate median values. Ref-
erence ranges are stated in the text. IgE: immunoglobulin E; ECP:
eosinophil cationic protein; ACE: angiotensin-converting enzyme; ET-1:
endothelin-1.
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Fig. 2. — Correlation between plasma renin and angiotensin II levels

(p=0.94). Dotted lines indicate the upper limit of the normal range for
plasma renin and angiotensin II in our laboratory. The line is the linear
regression line

Table 2. — Spearman's rank collection coefficient (p) for
the correlations between renin and angiotensin Il and the
parameters measured

Renin Angiotensin II

Renin - 0.94#%*
Angiotensin II 0.94%#%%* -
Plasma salbutamol 0.26 0.11
Adrenaline 0.29 0.35
Noradrenaline 0.17 0.22
Histamine -0.02 -0.07
Endothelin-1 0.13 0.09
Serum ACE Activity -0.10 0.03
Eosinophilic cationic protein 0.11 0.10
Immunoglobulin E 0.15 0.16
Urea -0.10 -0.08
Creatinine 0.23 0.26
Sodium -0.07 -0.04
Potassium -0.01 -0.03
PEFR 0.11 0.20
Oxygen saturation 0.33 0.40
Age -0.24 -0.20

ACE: angiotensin-converting enzyme; PEFR: peak expiratory
flow rate. ***: p<0.001.

Blood pressure as a group mean (sp) showed a systolic
blood pressure of 139.5 (22.8) mmHg and diastolic blood
pressure of 86.0 (16.0) mmHg. No difference was found
in blood pressure between those with elevated plasma re-
nin (mean (sp) 135 (16.5) mmHg systolic, and 81.1 (15.1)
mmHg diastolic) and those without (140.9 (24.4) mmHg
systolic, and 87.5 (16.2) mmHg diastolic), or in those with
elevated plasma angiotensin II (135.5 (15.4) mmHg systo-
lic and 82.6 (12.7) mmHg diastolic) and those without
(143.0 (27.4) mmHg systolic and 89.0 (18.2) mmHg dia-
stolic). There was no correlation between systolic or dia-
stolic blood pressure measurements and either renin or
angiotensin II levels.

Discussion

This study examines the mechanism of activation of the
renin-angiotensin system in acute asthmatics, evidence of

which has been identified in our previous work [1, 2].
It confirms activation of the renin-angiotensin system in
some, but not all, individuals with acute severe asthma, in
addition to examining the plasma levels of circulating
inflammatory mediators, endogenous catecholamines and
salbutamol. Angiotensin II is a weak bronchoconstrictor
in vitro [16, 17] and in vivo [1], potentiates the effect of
other bronchoconstrictor agents, such as methacholine
both in vitro and in vivo [16], and endothelin-1 in vitro
[17], but not histamine [18].

Endothelin-1, a potent vasoconstrictor and bronchocon-
strictor, has been isolated from human respiratory epithe-
lial cells [19] and contributes to bronchoconstriction in
asthma [20]. Circulating levels of endothelin-1 are raised
in some patients with acute asthma [21] but not in others
[22, 23]. In the present study, plasma endothelin-1 levels
were raised in 16 patients (40%), correlating negatively
with PEF suggesting involvement in bronchoconstriction.

Histamine, derived from mast cells, is involved both
in the early and late allergic asthmatic responses [24]. In
this study, plasma histamine was elevated in nine subjects
(22%), correlating negatively with oxygen saturation pos-
sibly reflecting either histamine-induced bronchospasm or
an increase in histamine release due to hypoxia.

Eosinophils are elevated in the blood and bronchoalve-
olar lavage (BAL) fluid of asthmatics and correlate with
the severity of the disease [25]. ECP is released from acti-
vated eosinophils, is a marker of eosinophil activity and is
elevated in serum from asthmatics, providing an indicator
of inflammatory airflow obstruction [26]. In this study,
serum levels of ECP were elevated in 10 subjects (25%).

Although there was elevation of the above inflamma-
tory mediators in some asthmatics, exhibiting varying
degrees of correlation with the severity of the attack, no
relationship was identified with the plasma levels of renin
and angiotensin II. These mediators do not appear to have
a major role either directly or synergistically in activation
of the renin-angiotensin system.

The findings of this and our previous work pose the
question as to what purpose activation of the renin-angi-
otensin system serves in acute asthma. It is unclear
whether this represents a pathological phenomenon or is a
physiological response. In either case, the mechanism of
activation is unclear, although several potential routes
exist.

Pathological activation of the renin-angiotensin system

The renin-angiotensin system may be activated by di-
rect stimulation of renin secretion through activation of re-
nal juxtaglomerular - and [3,-adrenoceptors [8] by either
,-agonists, adrenaline or noradrenaline. Recently, the 3,-
agonist, salbutamol, administered both intravenously and
by nebulization, has been shown to cause activation of the
renin-angiotensin system by a renin-driven, ACE-depend-
ent mechanism [3, 4]. In acute asthmatic patients, there is
a marked variation in the plasma levels of salbutamol [5],
and also variation in the systemic absorption of nebulized
salbutamol [27]. In acute asthmatic attacks, the high doses
of By-agonists administered may reasonably be expected
to stimulate renin release, since they are in excess of doses
shown to cause elevation of renin and angiotensin II in a
previous study. Our study shows a wide range of plasma
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salbutamol levels, which correlate with the estimated dose
administered over the preceding 24 h. However, we have
been unable to demonstrate any correlation between
serum levels of salbutamol and plasma levels of renin and
angiotensin II.

Similarly, noradrenaline, which is raised in acute asth-
ma [7] and following histamine-induced bronchoconstric-
tion [28], induces renin release in vitro, a mechanism
which is potentiated by theophylline [29]. In the present
study, levels of noradrenaline were elevated in only three
cases, in contrast to previous studies [7, 30], and no corre-
lation was found with either renin or angiotensin II.

The lack of any significant elevation of catecholamines
makes the possibility of an additive or synergistic effect
with salbutamol on the juxtaglomerular adrenoceptors to
stimulate renin release unlikely. As adrenaline is not ele-
vated, the acute asthma attack and admission to hospital
do not appear to cause sufficient stress to contribute to ac-
tivation of the renin-angiotensin system.

The role of hypoxia in activation of the renin-angio-
tensin system is controversial; whilst it potentiates ex-
ercise-induced activation of the system [31], it does not
directly increase renin and angiotensin II at rest [32]. In
the current study, no correlation has been identified bet-
ween oxygen saturation and Pa,0, and renin or angiotensin
II levels.

Variation in serum ACE activity is known to exist in the
population as the result of an insertion/deletion polymor-
phism of the ACE gene [9]. Individuals who are homo-
zygous for the deletion have a higher serum ACE activity
[10], and achieve higher levels of angiotensin II follow-
ing infusion of angiotensin I [33]. A higher ACE activity
could potentially explain the elevation of angiotensin II in
the subjects studied, but would not account for the raised
renin levels. However, no correlation was found between
serum ACE activity and angiotensin II levels.

Polymorphisms of the other components of the ren-
in-angiotensin system, in particular the angiotensinogen
gene [34], which is the rate-limiting element, could affect
angiotensin II levels. Therefore, if a subgroup of asthm-
atics had the propensity to produce higher amounts of
angiotensinogen, that, in combination with other stimuli
such as exogenous [3,-agonists, could theoretically lead
to the production of higher levels of angiotensin II for a
given increase in renin release.

The strong correlation of plasma renin and angiotensin
II levels indicates that the formation of angiotensin II is
renin-dependent, presumably via the action of ACE. Thus,
formation of angiotensin II by an alternative pathway,
such as the action of nonspecific proteolytic enzymes [6],
is unlikely. Although such alternative pathways do not ap-
pear to contribute to circulating levels in acute asthma,
this does not preclude a role at a local tissue level in the
airway.

Physiological activation of the renin-angiotensin system

Elevation of mean systolic blood pressure has been doc-
umented in acute asthmatics [7]. The absence of raised
blood pressure in those asthmatics with elevation of renin
and angiotensin II levels in the current study is, therefore,
surprising. The release of renin and subsequent angioten-
sin II formation in acute asthma may be part of a physio-
logical homeostatic regulatory mechanism to maintain an

adequate blood pressure in the face of arterial vasodil-
atation. Histamine has vasodilator properties but no corre-
lation was found with renin or angiotensin II levels. Bra-
dykinin is a potent bronchoconstrictor and also causes
arterial vasodilation and capillary leakage [35]. Plasma
kinin is elevated in acute asthma and has been found in
BAL fluid from asthmatics following allergen challenge
[36]. Therefore, bradykinin-induced vasodilation could trig-
ger activation of the renin-angiotensin system, but brady-
kinin levels have not been estimated in this study.

The renin-angiotensin system is also activated by a drop
in renal perfusion pressure caused by a reduction in renal
artery flow due to local factors or a reduction in systemic
blood pressure. In acute severe asthma, raised intra-tho-
racic pressure produces mechanical impairment of car-
diac diastolic ventricular filling (pulsus paradoxus) lead-ing
to an intermittent drop in systemic blood pressure, which
may stimulate the renin-angiotensin system. The levels of
urea and creatinine measured in this study are normal,
making a chronic disturbance of renal function unlikely,
but no inferences can be made about acute changes in renal
function.

Electrolyte imbalance, in particular hyperkalaemia, can
stimulate renin release. Administration of salbutamol is
known to cause a shift of potassium ions intracellularly re-
sulting in hypokalaemia [37] and, thus, would antagonize
renin release. No significant abnormality of sodium and
potassium levels was found in the present study popula-
tion.

In conclusion, the role of the renin-angiotensin system
in asthma remains incompletely understood. Although
raised levels of renin and angiotensin II are found in a sub-
group of acute severe asthmatics, the mechanism of acti-
vation of the renin-angiotensin system and the un-
derlying physiological role, if any, remain to be clarified.
Various potential mechanisms of activation have been sug-
gested above but our results do not support any single fac-
tor. The increased levels of many inflammatory mediators
and cytokines, as well as exogenously administered medi-
cations, during acute asthmatic attacks may interact syner-
gistically to activate the system, but our analysis has failed
to provide evidence to support this. Of the parameters
measured in our study, none have discriminated bet-ween
the subgroup with elevated renin and angiotensin II levels
and those without.
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