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Specific antagonism of adenosine-induced bronchoconstriction
in asthma by oral theophylline

J.S. MANN* & S. T. HOLGATE
Medicine 1, Level D, Centre Block, Southampton General Hospital, Southampton, UK

1 The airway response to increasing concentrations of inhaled adenosine and histamine
after oral theophylline or matched placebo was studied in nine asthmatic subjects.
Changes in airway calibre were followed as sGaw and FEV, and concentration-response
curves constructed.

2 Inhaled adenosine caused concentration-related bronchoconstriction and was four-
five times less potent than inhaled histamine.

3 Theophylline, which achieved a mean plasma level of 15.9 and 16.6 pg/ml on the
histamine and adenosine study days respectively, caused significant increases in FEV,
(17%) and sGaw (41-53%) whereas placebo had no effect.

4 Theophylline also protected the airways against histamine-and adenosine-induced
bronchoconstriction. However theophylline had a greater protective effect against
adenosine (concentration-ratio 17.4 for FEV, and 12.8 for sGaw) than against histamine
(concentration ratio 5.6 for FEV, and 5.4 for sGaw (P < 0.05)).

5 At therapeutic concentrations theophylline is a specific antagonist of the airway effects

of adenosine in addition to being a bronchodilator and a functional antagonist.
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Introduction

Alkyl substituted xanthines, such as 3-methyl-
xanthine (theophylline) and its diethylamine salt
aminophylline, are effective agents for the treat-
ment of acute and chronic asthma (Weinberger,
1984; Svedmyr et al., 1977). Inhibition of cyclic
3'5’-adenosine monophosphate (cyclic AMP)
phosphodiesterase (PDE) activity to increase
airway smooth muscle cyclic AMP levels has
provided an attractive biochemical mechanism
which could explain the bronchodilator effect of
methylxanthines in asthma (Butcher & Suther-
land, 1962) and the reported synergism observed
with B,-adrenoceptor agonists in relaxing air-
way smooth muscle in vitro (Triner et al., 1977).
However, attempts to extend this pharmaco-
logical model to account for the therapeutic
efficacy of methylxanthines in asthma have pro-

duced several discrepancies that require further
explanation (reviewed in Cushley et al., 1984).
An additional pharmacological activity ex-
hibited by many substituted xanthines is the
competitive antagonism of the physiological
effects of adenosine, mediated through an inter-
action with specific cell surface purinoreceptors
(Fredholm, 1980). These receptors have been
divided into A; and A, sub-types according to
whether their activation by adenosine or one of
its analogues inhibits (A;) or stimulates (A;)
adenylate cyclase to increase or decrease cellular
levels of cyclic AMP respectively (Wolff et al.,
1981; Arch & Newsholme, 1978). The concen-
trations of theophylline optimal for adenosine
antagonism, are lower than those required to
inhibit cyclic AMP PDE and fall well within the
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range of therapeutic plasma concentrations
(Fredholm, 1980; Fredholm et al., 1979). We
have recently shown that adenosine by inhala-
tion caused bronchoconstriction in asthmatic but
not normal subjects, whereas the related purine
nucleosides guanosine (Cushley et al., 1983a)
and inosine (Cushley et al., 1983b) were without
effect. Theophylline administered by inhalation,
was two-three times more effective in antagon-
ising bronchoconstriction induced by inhaled
adenosine than by histamine (Cushley et al.,
1984).

To investigate whether a similar mechanism is
relevant to theophylline at therapeutic plasma
concentrations in asthma, we have undertaken a
study comparing the effects of orally admin-
istered theophylline on bronchoconstriction in-
duced by inhaled adenosine and histamine. The
study was specifically designed to separate the
bronchodilator and non-specific anti-broncho-
constrictor effects of theophylline from any
additional activity as a specific antagonist of
adenosine.

Methods

Nine atopic asthmatic subjects, whose details
are shown in Table 1, participated in the study.
There were six males and three females and all
were non-smokers. They had mild asthma which
was being treated with inhaled steroids, and
bronchodilators (Table 1). None of the subjects
was taking theophylline preparations before
the study and all abstained from xanthine-
containing drinks and inhaled bronchodilators
for 12 h before each study day, other medica-
tions being continued as usual. All subjects gave
their informed consent and the protocol was

Table 1 Subject characteristics

approved by the Southampton University and
Hospitals Ethics Committee.

Airway calibre was measured before and after
bronchial provocation as the forced expiratory
volume in one second (FEV}) using a dry wedge
spirometer (Vitalograph, Buckingham, UK)
and as specific airways conductance (sGaw)
measured over 10 panting breaths in a pressure
compensated volume displacement body plethys-
mograph (Fenyves and Gut, Basle, Switzer-
land). Recordings of FEV; were made 1 min
after sGaw with at least 5 min between each
series of measurements, to minimise the effects
of the forced expiratory manoeuvre on resting
airway calibre (Orehek et al., 1980). Despite this
precaution, a forced expiratory manoeuvre re-
peatedly caused bronchoconstriction in one sub-
ject (No. 9) which did not recover over 10 min.
In view of this the patient only performed
measurements of sGaw throughout the study.

All inhaled drugs were administered from
Mini-Neb disposable nebulisers (Inspiron, Bard,
Sunderland, UK) as described previously
(Cushley et al., 1983a). Adenosine (Rona
Laboratories, Hitchin, UK) and histamine acid
monophosphate (BDH Chemicals, Poole, UK)
were prepared in 0.9% saline to produce a range
of concentrations from 0.0625 to 10 mg/ml for
adenosine and 0.015 to 5 mg/ml for histamine.

Theophylline levels in plasma samples were
measured by high performance liquid chromato-
graphy with an intra-assay coefficient of varia-
tion of 5% and an inter-assay coefficient of varia-
tion of 7% (James et al., 1983).

The study was single-blind and randomised.
Subjects attended the laboratory on four
occasions having fasted for 12 h. After resting
for 15 min, five baseline recordings of sGaw
followed by three recordings of FEV, were

Age Height FEV, PCsst
Subject Sex (years) (cm) () (% pred) histamine Medication*

1 M 21 178 4.43 101.1 0.04 S
2 M 22 183 4.47 98.7 0.17 —
3 M 28 175 3.91 96.3 0.29 S
4 F 22 168 3.48 103.9 0.10 S
5 M 22 177 2.74 63.4 0.02 S,B
6 M 25 177 3.54 83.9 0.32 S
7 M 22 171 3.20 78.0 0.03 S,B
8 F 22 157 1.75 57.2 0.23 S,B
9 F 26 163 2.10 67.5 0.07 S

Mean 23.3 172 3.29 83.3 0.09+

(s.e. mean) (0.8) 2.7 (0.32) 5.9)

*S, Inhaled salbutamol; B, inhaled beclomethasone diproprionate

+tPCgs geometric mean



made (baseline 1). Subjects were then given
either theophylline 500 mg as 125 mg tablets of
micronised theophylline (Riker Laboratories,
Loughborough, UK) or matched placebo. Since
one subject (no. 9, Table 1) developed nausea
and vomiting following the initial 500 mg theo-
phylline, the dose for this subject was reduced to
375 mg throughout the study. Ninety minutes
after the oral medication, three further measure-
ments of FEV, and sGaw were made (baseline
2) and 10 ml venous blood were removed and
transferred to a heparin tube for measurement
of plasma theophylline levels.

On completion of the post-drug baseline, sub-
jects inhaled 0.9% saline for 1 min followed by
two further measurements of sGaw and FEV;
(baseline 3). Nebulised adenosine or histamine
was then administered and 2 min after each
inhalation measurements of sGaw and FEV,
were made. This was repeated with doubling
concentrations of aerosol until sGaw had fallen
to 40% of the value recorded as baseline 3. On
completion of the study bronchoconstriction was
rcversed with inhaled salbutamol, 200 pg.

Baseline values of FEV, and sGaw within and
between study days were compared using
Student’s r-test for paired data and Wilcoxon’s
signed rank test respectively. Bronchoconstric-
tion induced by histamine and adenosine was
expressed as concentration response curves
which were constructed as the logarithm of the
concentration nebulised against the percentage
change in FEV; or sGaw from baseline 3. Con-
centration-response lines were derived by un-
weighted linear regression and compared for
slope and position by covariant analysis. The
concentrations of histamine or adenosine causing
a 15% fall in FEV| from baseline 3 (PCy;s) or
35% fall in sGaw (PCg;) were determined from
the concentration-response curves, and geo-
metric mean values compared by Student’s paired
t-test. The protective effect of theophylline
against adenosine- and histamine-induced bron-
choconstriction, as reflected by parallel dis-
placement of the concentration-response curves
to the right, was expressed as the concentration
ratio calculated as the ratio of PC;;s and PCgs
after theophylline to the corresponding value
after placebo. Concentration ratios were com-
pared using Student’s paired #-test.

Results

Baseline values of FEV; and sGaw did not differ
significantly on any of the study days. Mean
values (baseline 1) ranged from 3.42 + 0.31 to
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3.49 = 0.341 (% s.e. mean) for FEV; and 0.122
+0.033 to 0.145 + 0.022 s™! kPa™! for sGaw.

Ninety minutes after theophylline, mean
plasma levels reached 16.6 = 1.1 (range, 14.6-
21.0) pg/ml on the adenosine study day and 15.9
+ 1.0 (range, 12.9-21.4 pg/ml) on the histamine
study day, which were not significantly different.
Following oral theophylline mean FEV, (base-
line 2) increased significantly to 3.94 + 0.2 ]
(17%) and 3.97 = 0.31 (17%) (P < 0.005) and
sGaw to 1.91 * 0.36 (41%) and 1.89 = 0.26
(53%) (P < 0.01) on the adenosine and hist-
amine study days respectively, whereas placebo
had no effect on airway calibre.

After taking the oral placebo, both inhaled
adenosine and histamine caused concentration-
related decreases in sGaw and FEV,. The posi-
tions of the concentration-response lines ex-
pressed as the PCy;5 and PCg3;5 values, were 0.49
(range 0.07 to 1.05) and 0.61 (range 0.07 to 1.24)
mg/ml for adenosine, and 0.12 (range 0.02 to
0.25) and 0.09 (range 0.02 to 0.32) mg/ml for
histamine respectively.

The concentration-response regression lines
calculated for histamine and adenosine after
placebo and theophylline did not depart signifi-
cantly from parallel. Theophylline displaced the
FEV, and sGaw concentration-response lines
for adenosine and histamine to the right in all
subjects (Figures 1 and 2). The geometric mean
PC;,5 values calculated for histamine increased
from 0.12 mg/ml after placebo to 0.65 (range
1.49 to 11.64) mg/ml after theophylline (P <
0.001) and similarly the mean PCgs increased
from 0.09 to 0.52 (range 0.02 to 1.8) mg/ml (P <
0.001). When compared to placebo, theophyl-
line increased the geometric mean PCys for
adenosine from 0.49 to 8.47 (range 1.13 t0 36.22)
mg/ml (P < 0.001) and PCg;s from 0.61 to 7.82
(range 1.01 to 32.83) mg/ml (P < 0.001).

The geometric mean concentration-ratio for
the protective effect of theophylline on adenosine-
induced bronchoconstriction was 17.4 when air-
way calibre was measured as FEV, and 12.8
when measured as sGaw. These values were
significantly higher than the corresponding con-
centration ratios for theophylline’s effect on his-
tamine-induced bronchoconstriction, being 5.6
for FEV; (P < 0.05) and 5.4 for sGaw (P <
0.02). There was no relationship between the
effect of theophylline in increasing baseline
FEV, and sGaw or between plasma theophylline
concentrations and protection against adenosine
and histamine induced bronchoconstriction
when analysed by least squares linear regres-
sion. Similarly no relationship could be estab-
lished between the protective effect of theophyl-
line against bronchoconstriction induced by
adenosine and that induced by histamine.
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Figure 1 The individual regression lines of the response of FEV, (a) and sGaw (b) to inhalation of

histamine preceded by oral placebo, (¢—e) and by oral theophylline (0-----0).
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Discussion

The findings of this study confirm our previous
experience that inhaled adenosine is a broncho-
constrictor agent in patients with asthma, being
four—five times less potent than histamine.
Theophylline, administered as a single oral dose
to produce plasma levels which fell within the
accepted therapeutic range (10-20 pg/ml),
caused significant bronchodilatation and an-
tagonised bronchoconstriction induced by both
inhaled histamine and adenosine. However,
comparison of concentration-ratios demon-
strated that theophylline was two—three times
more effective in protecting the airways against
adenosine compared to histamine. These data
suggest that theophylline, at therapeutic concen-
trations, is a selective antagonist of adenosine-
induced bronchoconstriction in addition to being
a bronchodilator and functional antagonist of
bronchoconstriction.

In the present study oral theophylline, which
achieved a mean plasma concentration on the
two study days of 15.9 and 16.6 pg/ml 90 min
after administration, caused a 40-50% increase
in sGaw and a 17% increase in FEV;. This
bronchodilatation probably represents both a
direct effect of theophylline on constricted air-
way smooth muscle (Triner et al., 1977; Berg-
strand, 1980) and an indirect action through the
release of adrenaline from the adrenal medulla
(Higbee et al., 1982; Mackay et al., 1983).

In order to compare the bronchoconstrictor
effects of adenosine and histamine after taking
oral placebo and theophylline, concentration
response curves were constructed in which
changes in airway calibre were followed as FEV,
and sGaw following serial inhalations of increas-
ing concentrations of bronchoconstrictor agonists.
Chung et al. (1982) have recently reported that
when airway calibre is measured as sGaw, the
starting baseline value influences the subsequent
slope of a bronchoconstrictor concentration-
sGaw response curve. An increase in baseline
airway calibre reduces the slope of the concen-
tration-response line, whereas a reduction of
baseline airway calibre has the reverse effect.
If the changes in airway calibre induced by a
bronchoconstrictor agent are corrected for base-
line values by expressing the airway response in
the form of percentage change from baseline,
then the concentration-response curves are
parallel (Chung et al., 1982; Mann et al., 1984).
Despite theophylline’s bronchodilator action in-
haled adenosine and histamine still caused bron-
choconstriction. When the airway responses to
the inhaled agonist after placebo and theophyl-
line were expressed as percentage change in
FEV, or sGaw from the post-drug baseline, the

concentration-response lines were parallel
(Figures 1 and 2). This enabled the positions of
the concentration-response lines to be compared
as the provocative concentrations of inhaled
agonist causing a 15% reductionin FEV, or 35%
reduction in sGaw, and the relative potencies of
theophylline as an antagonist of histamine and
adenosine to be calculated as concentration-
ratios.

Application of this approach demonstrated
that therapeutic plasma concentrations of theo-
phylline not only produced bronchodilatation
but also antagonised the bronchoconstrictor
effect of inhaled histamine, as indicated by con-
centration ratios of 5.6 and 5.4 when airway
calibre was measured as FEV, and sGaw respec-
tively. This is in contrast to our previous finding
that theophylline administered by inhalation had
minimal bronchodilator activity and also exerted
little protection against inhaled histamine
(Cushley et al., 1984). Theophylline by inhalation
has a weak short-lived bronchodilator effect in
asthma (Cushley & Holgate, 1985), which
probably reflects its rapid transit from the lung
into the pulmonary circulation (Thompson et al.,
1982). Since theophylline is not known to be an
H;-histamine or a muscarinic cholinergic re-
ceptor antagonist, its ability to protect against
histamine-induced bronchoconstriction indi-
cates functional antagonism similar to that re-
ported for other bronchoconstrictor stimuli
(Jones et al., 1984; Olsson & Persson, 1976). We
have, however, been unable to establish a rela-
tionship between the ability of theophylline to
cause bronchodilatation and protect against
histamine-induced bronchoconstriction, pos-
sibly suggesting that these two pharmacological
activities may have differing mechanisms. The
bronchodilator activity of ,-adrenoceptor
agonists has also been divorced from their anti-
bronchoconstrictor effect (Salome et al., 1983;
Bandouvakis et al., 1981).

The present study has demonstrated that
theophylline was two-three times more effective
in protecting asthmatic airways against the bron-
choconstrictor effect of adenosine when com-
pared to that of histamine. No correlation could
be established between the relative potency of
theophylline’s protective effect on histamine
and adenosine, suggesting that in addition to
functional antagonism, theophylline exerts a
specific action in antagonising the constrictor
effect of adenosine. We have previously re-
ported that theophylline by inhalation, at con-
centrations which have no effect on baseline
airway calibre, afforded a three—four fold greater
protection against the airway effect of adenosine
compared to that of histamine (Cushley et al.,
1984). The preferential action of theophylline,



when administered by two different routes,
against the airway effects of adenosine suggest
an effect of theophylline mediated at the level of
cell surface adenosine receptors (Fredholm,
1980).

Adenosine is released from animal lung tissue
under hypoxic conditions and with antigen
challenge (Mentzer et al., 1975; Fredholm, 1981).
Adenosine release has also been reported from
purified preparations of rat serosal and mouse
cultured bone marrow derived mast cells upon
IgE-dependent challenge (Marquardt et al.,
1984). These observations, together with our
recent finding of three—four fold increases in
circulating levels of adenosine in parallel with
bronchoconstriction following antigen bronchial

References

Arch, J. R. S. & Newsholme, E. A. (1978). The control
of the metabolism and the hormonal role of
adenosine. In Essays of biochemistry, ed. Campbell,
P. W. & Aldrich, W. N., 14, 82-123. New York:
Academic Press.

Bandouvakis, J., Cartier, A., Roberts, R., Ryan, G.
& Hargreave, F. E. (1981). The effect of ipratro-
pium and fenoterol on methacholine- and hist-
amine-induced bronchoconstriction. Br. J. dis.
Chest, 75, 295-305.

Bergstrand, H. (1980). Phosphodiesterase inhibition
and theophylline. Eur. J. resp. Dis, 61 (Suppl.
109), 37-44.

Billing, B., Dahlgvist, R., Garle, M., Hornblad, Y.
& Ripe, E. (1982). Separate and combined use of
terbutaline and theophylline in asthmatics. Effects
related to plasma levels. Eur. J. resp. Dis., 63, 399—
409.

Butcher, R. W. & Sutherland, E. W. (1962). Adenosine
3'5'-phosphate in biological materials. J. biol.
Chem., 237, 1244-1250.

Chung, K. F., Morgan, B., Keyes, S. J. & Snashall,
P. D. (1982). Histamine dose-response relation-
ships in normal and asthmatic subjects. Am. Rev.
resp. Dis., 126, 849-854.

Cushley, M. J. & Holgate, S. T. (1985). Bronchodilator
actions of xanthine derivatives administered by
inhalation in asthma. Thorax (in press).

Cushley, M. J., Tattersfield, A. E. & Holgate, S. T.
(1983a). Inhaled adenosine and guanosine on air-
way resistance in normal and asthmatic subjects.
Br. J. clin. Pharmac., 15, 161-165.

Cushley, M. J., Tattersfield, A. E. & Holgate, S. T.
(1983b). Adenosine antagonism as an alternative
mechanism of action of methylxanthines in asthma.
Agents Actions, 13, 109-113.

Cushley, M. J., Tattersfield, A. E. & Holgate, S. T.
(1984). Adenosine induced bronchoconstriction in
asthma. Antagonism by inhaled theophylline. Am.
Rev. resp. Dis., 129, 380-384.

Fredholm, B. B. (1980). Theophylline actions on
adenosine receptors. Eur. J. resp. Dis., 61 (Suppl.
109), 29-36.

691

provocation (Mann et al., 1983), indicate that
local release of this nucleoside in the airways
may contribute to bronchoconstriction in asthma.
If this occurs in clinical asthma, then at least
some of the therapeutic effect of theophylline
may be mediated by antagonism of adenosine’s
constrictor effect, though further research will
be required to define whether this action is
therapeutically significant.

Antagonism of adenosine in asthma

This work was supported by an MRC project grant no.
G 82198745 A.

The writers thank Mr J. Bass of Riker Laboratories,
Loughborough, for supplying the micronised theo-
phylline and placebo tablets and Mrs M. Dowling and
Mrs S. Foulkes for typing the manuscript.

Fredholm, B. B. (1981). Release of adenosine from rat
lung by antigen and compound 48/80. Acta Physiol.
Scand., 111, 507-508.

Fredholm, B. B., Brodin, K. & Strandberg, K. (1979).
On the mechanism of relaxation of tracheal muscle
by theophylline and other cyclic nucleotide phos-
phodiesterase inhibitors. Acta Pharmac. Tox., 45,
336-344.

Higbee, M. D., Kumar, M. & Galant, S. P. (1982).
Stimulation of endogenous catecholamine release
by theophylline: a proposed additional mechanism
of action for theophylline effects. J. Allergy clin.
Immunol., 70, 377-382.

James, H. C., Gamlen, T. R. & Batstone, G. F. (1983).
An appraisal of a fluoroimmunoassay technique
for the determination of blood theophylline con-
centration. Ann. clin. Biochem., 20, 251-252.

Jones, T. R., Hamilton, J. T. & Lefcoe, N. M. (1984).
Variations in the relative potencies of broncho-
dilators in the presence and absence of carbachol-
induced tone. Can. J. Physiol. Pharmac., 54, 358
361.

Mackay, A. D., Baldwin, C. J. & Tattersfield, A. E.
(1983). Action of intravenously administered
aminophylline on normal airways. Am. Rev. resp.
Dis., 127, 609-613.

Mann, J. S., Cushley, M. J. & Holgate, S. T. (1984).
Effect of vagal blockade on adenosine-induced
bronchoconstriction in asthma. Thorax, 39, 230-
231.

Mann, J. S., Renwick, A. G. & Holgate, S. T. (1983).
Antigen bronchial provocation causes an increase
in plasma adenosine levels in asthma. Clin. Sci.,
65, 22p.

Mentzer, R. M., Rubio, R. & Berne, R. M. (1975).
Release of adenosine by hypoxic canine lung tissue
and its possible role in pulmonary circulation. Am.
J. Physiol., 229, 1625-1631.

Marquadt, D. L., Gruber, H. E. & Wasserman, S. 1.
(1984). Adenosine release from stimulated mast
cells. Proc. Nat. Acad. Sci., 81, 6192-6196.

Olsson, O. A. T. & Persson, C. G. A. (1976). Effects
of B-adrenoceptor stimulators papaverine and



692 J. S. Mann & S. T. Holgate

theophylline on guinea-pig trachea contracted by
different drugs. Acta Pharmac. Tox., 38, 281-283.

Orehek, J., Charpin, D., Velardocchio, J. M. &
Grimaud, C. (1980). Bronchomotor effect of
bronchoconstriction-induced deep inspirations in
asthmatics. Am. Rev. resp. Dis., 121, 297-305.

Salome, C. M., Schoeffel, R. E., Yan, K. & Woolcock,
A. J. (1983). Effect of aerosol fenoterol on the
severity of bronchial hyper-reactivity in patients
with asthma. Thorax, 38, 854-858.

Svedmyr, K., Mellstrand, T. & Svedmyr, N. (1977). A
comparison between effects of aminophylline,
proxyphylline and terbutaline in asthmatics. Scand.
J. resp. Dis., Suppl. 101, 139-146.

Thompson, P. J., Kemp, M. W., McAllister, W. &
Turner-Warwick, M. (1982). The use of amino-

phylline by inhalation. Br. J. clin. Pharmac., 14,
463-464

Triner, L., Vulliemoz, Y. & Verosky, M. (1977).
Cyclic 3'5’-adenosine monophosphate and bron-
chial tone. Eur. J. Pharmac., 41, 37-46.

Weinberger, M. (1984). The pharmacology and thera-
peutic use of theophylline. J. Allergy clin.
Immunol., 73, 525-540.

Wolff, J., Londos, C. & Cooper, D. M. F. (1981).
Adenosine receptors and the regulation of adeny-
late cyclase. Adv. Cyclic Nucleotide Res., 14, 199-
214.

(Received October 4, 1984,
accepted December 29, 1984)



