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Asthma diagnosis and treatment

Rostrum

The role of endogenous and exogenous AMP
in asthma and chronic obstructive pulmonary
disease

Maarten van den Berge, MD, PhD, Riccardo Polosa, MD, PhD, Huib A.M. Kerstjens, MD, PhD,

and Dirkje S. Postma, MD, PhD Groningen, The Netherlands
Bronchial hyperresponsiveness is present in virtually all

patients with asthma and in more than two thirds of patients

with chronic obstructive pulmonary disease. Thus far,

methacholine and histamine are usually used to measure

bronchial hyperresponsiveness. Both are direct stimuli, because

they act directly on airway smooth muscle. Another possible

stimulus to measure bronchial hyperresponsiveness is AMP.

AMP is an indirect stimulus, because it acts via the release of

histamine and other mediators from immunologically primed

mast cells. There is increasing interest in the role of AMP as

a bronchoconstrictor stimulus because it has been suggested

that the concentration of AMP causing the FEV1 to decrease by

20% (PC20 AMP) may be used as a noninvasive marker of

airway inflammation. The aim of this article was to review

the literature assessing AMP’s value in asthma and chronic

obstructive pulmonary disease. (J Allergy Clin Immunol

2004;114:737-46.)
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Bronchial hyperresponsiveness (BHR) is present in
virtually all patients with asthma and in more than two
thirds of patients with chronic obstructive pulmonary
disease (COPD).1,2 Methacholine and histamine act di-
rectly on receptors of airway smooth muscle and are the
gold standard for quantifying BHR. An additional level
of complexity as to the significance of BHR has been
uncovered by using a wide range of indirect stimuli—such
as hypertonic saline, ultrasonically nebulized distilled
water, exercise performed under various climatic con-
ditions, and AMP—that elicit bronchoconstriction
through the release of inflammatory mediators.
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Once inhaled, AMP is rapidly converted to adenosine
by the ubiquitous enzyme 5#-nucleotidase. There is now
a considerable amount of evidence both in asthma and
COPD that AMP and, by implication, adenosine mainly
act via the release of histamine and other mediators from
immunologically primed mast cells.3-6

There is increasing interest in the role of AMP as
a bronchoconstrictor stimulus because it has been sug-
gested that the concentration of AMP causing the FEV1 to
decrease by 20% (PC20 AMP) may be used as a non-
invasive marker of airway inflammation.7,8 The aim of this
article was to review the literature assessing its value in
asthma and COPD. To this end, we discuss (1) the role of
endogenous adenosine in airway inflammation in asthma
and COPD, (2) the use of PC20 AMP as a marker of
inflammation in asthma and COPD, (3) the potential
drawbacks of AMP challenge, and (4) the bronchopro-
tective effect of b2-adrenoceptor agonists against PC20

AMP. We refer to Joos et al9 and Martinez-Garcia et al10

for the methodology of the PC20 AMP and the comparison
with other indirect challenges.

ROLE OF ENDOGENOUS ADENOSINE IN
ASTHMATIC AIRWAY INFLAMMATION

Adenosine is a signaling nucleotide that acts on
extracellular cell-surface receptors.11,12 Four different
7-transmembrane-spanning adenosine receptors have
been described, namely, adenosine A1, A2A, A2B, and A3

receptors.13 Human lung mast cells have been shown
to express A2A and A2B receptors, but not A1 or A3

receptors.14,15 In a recent study, only activation of the
A2B receptor resulted in mast cell activation.16,17 Thus,
there is evidence suggesting that AMP-induced broncho-
constriction is mediated by activation of the A2B receptor.

Abbreviations used

BHR: Bronchial hyperresponsiveness

COPD: Chronic obstructive pulmonary disease

MCP-3: Monocyte chemotactic protein 3
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It seems unlikely that the cyclic AMP protein kinase
pathway is responsible for adenosine-induced mast cell
mediator release, because this is not inhibited by treat-
ment of mast cells with KT5720, which completely blocks
cyclic AMP–dependent protein kinase activity.17

Alternatively, activation of phospholipase C and the
subsequent increase in intracellular calcium levels may
mediate the effects of adenosine.

Adenosine is a naturally occurring purine nucleoside
with a ubiquitous presence in human tissue. AMP is
formed by the catabolism of high-energy adenosine
phosphates such as adenosine diphosphate or ATP during
the process of energy generation. When sufficient oxygen
and energy are available, AMP is reconverted to high-
energy phosphates forming a component of the energy
cycle. However, in case of excessive cell stimulation or
hypoxia, AMP can not be reconverted and is transported
to the exterior of the cell, where it is metabolized to
adenosine by the enzyme 5#-nucleotidase. The discovery
that adenosine levels are increased in the bronchoalveolar
lavage fluid of patients with asthma and increase further
after allergen challenge raises the possibility that the
adenosine generated in asthmatic airways itself contrib-
utes to the pathogenesis of asthma.18,19 An explanation for
this finding could be that stimulation of inflammatory cells
and subsequent smooth muscle contraction during the
asthmatic inflammatory process leads to an increase in
oxygen and energy demand, thus leading to an increase in
the level of adenosine in the airway in asthma.

We have recently reported that inhalation of AMP and,
by implication, adenosine induces a rapid (within 1 hour)
inflammatory response with an increase of eosinophils
in the airway in asthmatic subjects.20 A possible explana-
tion for these findings is the release of mast cell–derived
inflammatory mediators. There are various clues that mast
cell–derived mediators could account for an influx of
eosinophils into the airway. For example, it has been
demonstrated that the proteases tryptase and chymase
provide a potent stimulus for eosinophil accumulation
after injection into the skin of guinea pigs.21-23 In addition,
inhalation of leukotriene D4 and leukotriene E4, which are
the major lipoxygenase products of mast cells, is associ-
ated with increases of eosinophils in sputum and bronchial
biopsy samples.24-26 Further, the cytokines tumor necrosis
factor-a and IL-4, which are stored preformed in the
granules of mast cells, can facilitate eosinophil recruit-
ment by upregulating adhesion molecules (vascular cell
adhesion molecule 1 and E-selectin) in the endothelial
layer of the bronchial vasculature.27,28 Another possible
explanation for the AMP-induced influx of eosinophils
into the airway might be that adenosine also exerts an
effect on A1, A2A, and A3 receptors, which have been
identified on neutrophils, eosinophils, and macrophages.
The exact consequences of their activation are difficult
to predict because various proinflammatory and anti-
inflammatory actions have been described.14,29-31 Thus,
although adenosine may well contribute to the presence or
extent of airway inflammation, it is not yet known which
adenosine receptors are involved.
Animal models provide an opportunity to specifically
investigate the role of adenosine in asthma. It has thus
been shown that mice that lack the enzyme adenosine
deaminase (and are therefore unable to break down
endogenously formed adenosine) spontaneously develop
features of asthma including BHR, enhanced mucus
secretion, airway eosinophilia, and increased IgE synthe-
sis.32,33 These asthmatic features were reversed by
exogenous administration of adenosine deaminase.
Transcript array technology was used to examine which
genes in the lung become activated by adenosine when
accumulated in adenosine deaminase–deficient mice.
Thus, overexpression of the monocyte chemotactic pro-
tein 3 (MCP-3) gene in the airway was found and was
paralleled by enhanced MCP-3 secretion. MCP-3 is
a chemokine with potent eosinophil chemotactic proper-
ties. The same study showed greatly enhanced airway
expression of molecules involved in tissue remodeling,
including vascular endothelial growth factor, osteopontin,
and fibronectin, as well as the cathepsin family of neutral
proteases. This provides a further important link between
adenosine and asthma. Thus, taken together, it could be
speculated that adenosine and adenosine receptors play an
important role in asthma.

A therapeutic potential of adenosine receptor antago-
nists and agonists may be anticipated, because it has been
shown in animal models that adenosine A1 inhibitors and
adenosine A2A agonists have a protective effect on the late
asthmatic response after allergen challenge.34,35 In this
context, it is of interest that treatment with theophylline,
which is also an adenosine A2B antagonist, has been
shown to reduce airway inflammation both in asthma and
in COPD.36,37 Although it was originally hypothesized
that theophylline acts via inhibition of phosphodies-
terases, it has been observed that the concentration of
theophylline required to effectively inhibit phosphodies-
terases in vivo was much greater than the therapeutic level
achieved in humans.38 Because theophylline also inhibits
adenosine A2B receptors at concentrations likely to occur
in vivo, this could well be an alternative explanation for its
beneficial effects in asthma and COPD.39-42

In conclusion, adenosine is likely to play an important
role in asthma and, most likely, in smokers with COPD.
The role of adenosine and adenosine receptors deserves
further study, because it may have therapeutic implica-
tions.

PC20 TO AMP AS A NONINVASIVE MARKER
OF AIRWAY INFLAMMATION IN ASTHMA
AND COPD

Asthma

Although it is generally accepted that airway inflam-
mation contributes to both the presence and the severity of
BHR, the association between airway inflammation and
direct BHR is weak.43-47 Other factors also contribute to
the presence and severity of BHR. Indeed, recent mor-
phologic and functional studies have demonstrated that
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BHR may be compounded by airway remodeling.48 It is
interesting to note that it has been demonstrated in patients
with asthma that both AMP and methacholine respon-
siveness are associated with lung function. However,
associations were stronger with methacholine than with
AMP. Conversely, sputum eosinophilia was more closely
associated with AMP responsiveness (Fig 1).49 In this
study, the PC20 AMP was performed 1 hour after PC20

methacholine, and a sputum induction was performed
1 day later. Furthermore, when these patients were treated
with corticosteroids for 2 weeks, it was found that the
steroid-induced improvement of PC20 AMPwas alsomore
closely related to the concomitant reduction in airway
inflammation than was the PC20 methacholine.50 In
agreement with this, it has been shown that the PC20

AMP is more sensitive for detecting changes in airway
inflammation after a stay of 1 month in a hypoallergenic
environment at high altitude (Davos, Switzerland).51

Prosperini et al52 studied longitudinal changes in BHR
with methacholine and AMP, as well as sputum cell
counts before, during, and up to 3 weeks after withdrawal
from a 6-week therapy with inhaled budesonide (800 mg
daily). When the 3 markers were compared, the PC20

AMP promptly detected inflammatory changes as early as
the first week of budesonide treatment, whereas changes
in PC20 methacholine and sputum cell counts could be
observed only by the fourth week of treatment. After
treatment discontinuation, PC20 AMP values returned to
near-baseline levels as early as the first week of treatment,
when methacholine responsiveness and the percentage of
sputum eosinophils were still significantly decreased. That
AMP responsiveness more closely reflects reductions in
airway inflammation after inhaled corticosteroids than
inflammatory markers in induced sputum has also been
substantiated in a study by Taylor et al,53 in which the
effect of 3 different doses of inhaled ciclesonide on PC20

AMP and sputum eosinophils was assessed. There was
a dose-dependent decrease in PC20 AMP, whereas the
reduction in the percentage of eosinophils did not differ
between doses. These data suggest that the PC20 AMP
may be one of the most accurate means of monitoring
inhaled corticosteroid requirements in asthma and of
establishing the appropriate dose needed to control airway
inflammation. These promising data, obtained in a small
population of highly selected patients with asthma, now
need to be confirmed in larger populations of patients
for longer periods of time. Finally, AMP seems to be
considerably more specific and sensitive than methacho-
line at discriminating asthma from pediatric chronic
obstructive lung disorders such as cystic fibrosis, bron-
chiolitis, pulmonary ciliary dyskinesia, and bronchiecta-
sis.54 Taken together, there is increasing evidence that
airway responsiveness to AMP may have useful clinical
applications. However, specific recommendations for
AMP challenge testing will require further work.

In this context, the recent findings of Green et al55 are
of special interest. They compared a treatment strategy
directed at normalizing airway inflammation (as reflected
by the percentage of sputum eosinophils) with a treatment
strategy guided by symptoms and lung function according
to the British Thoracic Society guidelines. Patients who
received adjustment of anti-inflammatory treatment on
the basis of the percentage of sputum eosinophils showed
a remarkable improvement in asthma control, with less
airway inflammation and BHR and fewer asthma exacer-
bations (Fig 2). In addition, the doses of inhaled cortico-
steroids did not differ between groups. Thus, this is the
first study undisputedly showing that monitoring of
airway inflammation may be important for improving
the management and outcome of asthma. Despite this
positive notion, sputum induction is unlikely to have
a place in asthma management in the foreseeable future,
given the drawbacks that limit its use in daily clinical
practice. Dedicated, highly qualified laboratory techni-
cians are needed, and the technique is time-consuming,
preventing rapid help in decision making to change
treatment. The sputum induction procedure takes at
maximum 1 hour, and processing up to the necessary
provision of percentage eosinophils takes a further 3
hours. Therefore, it is now clear that further development
and validation of other noninvasive markers of airway

FIG 1. Unadjusted relationship between PC20 methacholine and

PC20 AMP with the percentage of sputum eosinophils in patients

with asthma. Reprinted with permission from Van Den Berge et al.

2001. PC20 adenosine 5#-monophosphate is more closely associ-

ated with airway inflammation in asthma than PC20 methacholine.

American Journal of Respiratory and Critical Care Medicine. Vol

163. pp. 1546-60. Official Journal of the American Thoracic Society.

� American Thoracic Society.
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FIG 2. Cumulative asthma exacerbations in the treatment strategy directed at normalizing airway in-

flammation (as reflected by the percentage of sputum eosinophils; sputum strategy) compared with the

treatment strategy guided by symptoms and lung function according to the British Thoracic Society

guidelines (BTS strategy). Reprinted with permission from Elsevier (The Lancet, 2002, Vol 260, pp. 1715-1721).
inflammation is an important research goal. In this context,
a provocation test with AMP may well have a role. One
also needs a qualified lung function technician, but the
value of PC20 AMP is available for decision making
within 45 minutes to 1.5 hours and requires fewer
personnel. Taken together, it would be interesting to
investigate whether a treatment of asthma with inhaled
corticosteroids based on the severity of PC20 AMP leads
to better control of (eosinophilic) airway inflammation
when compared with treatment based on a doctor’s deci-
sion according to current guidelines (symptoms,b-mimetic
rescue treatment, and peak expiratory flow variability).

A possible explanation for the finding that the PC20

AMP is more closely associated with airway inflammation
than the PC20 methacholine may be that AMP indirectly
acts via the release of inflammatory mediators by mast
cells. An overall increased inflammatory cell activity, ie,
primed cells, can result in an increased production of
cytokines and other mediators that increase the number
and activation state of mast cells. As a result, more mast
cell mediators will be released after provocation with
AMP, but not with methacholine. Alternatively, the num-
ber or activation state of eosinophils may be increased
as a result of an increased production of inflammatory
mediators by mast cells, especially IL-5. It could be
speculated that airway challenges with other indirect
stimuli (eg, exercise, hypertonic saline, or mannitol) also
better reflect airway inflammation than direct stimuli, but
this has not yet formally been demonstrated with mea-
sures of inflammation, as has been performed in the case
of methacholine and AMP responsiveness.9 Furthermore,
when different direct and indirect stimuli are compared
head to head, it seems that responsiveness to AMP always
improves more than responsiveness to the direct stimulus
methacholine.52,56-60 By contrast, when bradykinin, exer-
cise, or ultrasonically nebulized distilled water is assessed,
responsiveness is frequently similar with the indirect and
direct stimuli (Table I).58,61-66 This would suggest that
AMP better reflects airway inflammation than these
indirect stimuli.

COPD

AMP can induce bronchoconstriction in subjects with
COPD as well. Although mast cells are commonly not
associated with the inflammatory process in COPD, higher
numbers of mast cells have been found by several
groups.67,68 Hyperresponsiveness to AMP has a higher
prevalence and severity in smokers than in nonsmokers (or
ex-smokers) with COPD who have comparable levels of
hyperresponsiveness to methacholine.69 This is in agree-
ment with findings of increased concentrations of tryptase
and histamine in the bronchoalveolar lavage fluid of
smokers.67,68 Although the underlying inflammatory pro-
cess is different in asthma and COPD, AMP responsive-
ness might also reflect airway inflammation in COPD.
It has been shown that subjects with COPD who have
hyperresponsiveness to AMP have higher percentages of
sputum eosinophils than those without hyperresponsive-
ness.70 The identification of sputum eosinophilia by
measuring hyperresponsiveness to AMP might create
therapeutic possibilities, because it has been found in
several studies that subjects with COPD who have higher
percentages of eosinophils in induced sputum or bron-
choalveolar lavage fluid respond better to therapy with
corticosteroids.71,72 In support of this, Rutgers et al73

previously showed in 44 subjects with COPD that the
improvement in PC20 AMP after 6 weeks of therapy with
inhaled budesonide was significantly associated with
more peripheral blood eosinophils at baseline.

Longitudinal studies in patients with COPD have
shown an association between bronchial responsive-
ness to methacholine and a subsequent decline in lung
function.74,75 For this reason, it has been speculated that
BHR is an inherent risk factor for the evolution of COPD.
It could also be argued, however, that both an increased
BHR and an accelerated decline in lung function in COPD



J ALLERGY CLIN IMMUNOL

VOLUME 114, NUMBER 4

van den Berge et al 741

A
st
h
m
a
d
ia
g
n
o
si
s
a
n
d

tr
e
a
tm

e
n
t

TABLE I. Relative effects of inhaled corticosteroids on indirect versus direct stimuli

Treatment

Study Drug Dose (mg/d) Duration (wk)

Relative effect

(indirect vs direct stimuli)

O’Connor56 BUD 1600 2 AMP > methacholine

Weersink57 FP 500 6 AMP > methacholine

Doull58 BDP 400 12 AMP > methacholine (no effect)

Meijer59 FP 500 2 AMP > methacholine

2000 2 AMP > methacholine

Ketchell60 FP 1000 Single dose AMP > histamine (no effect)

Prosperini52 BUD 800 6 AMP > methacholine

Fuller61 BUD 1200 3 Bradykinin = histamine

Doull58 BDP 400 12 No effect on bradykinin or histamine

Reynolds62 FP 440 16 Bradykinin > methacholine

Vathenen63 BUD 1600 6 Exercise = histamine

Hofstra64 FP 200 6 Exercise > methacholine

FP 500 6 Exercise = methacholine

Groot65 BDP 800 8 UNDW = histamine

Bootsma66 BDP 1500 6 UNDW = histamine

FP 750 6 UNDW = histamine

BUD, Budesonide; FP, fluticasone propionate; BDP, beclomethasone dipropionate; UNDW, ultrasonically nebulized distilled water.
are the result of smoking-related airway inflammation and
remodeling. In agreement with this possibility, several
studies have found that smoking cessation is associated
with a subsequent similar rate of decline as in never-
smokers and considerably less decline than in persistent
smokers.76,77 Whether this decreased decline in lung
function is accompanied by improvement in BHR is
unknown. In this context, the findings of Oosterhoff
et al78 are of special interest. They found that ex-smokers
with COPD have a lower level of BHR to AMP and
a similar level of hyperresponsiveness to methacholine
than smokers with COPD. This may suggest that
smoking cessation improves BHR to AMP, but not to
methacholine.78 Taken together, it now becomes in-
teresting to speculate that the level of BHR to AMP
may reflect some degree of smoking-related airway
inflammation involved in the accelerated decline in lung
function in COPD. Therefore, future studies are needed
to assess the value of BHR to AMP as a risk factor for
subsequent decline in lung function in COPD and to
assess the effect of smoking cessation on BHR to
methacholine and AMP, as well as airway inflammation,
in patients with COPD.

DRAWBACKS OF AMP CHALLENGE

There are several possible drawbacks to the use of
AMP challenge. First, the cutoff point between normal
and abnormal for the PC20 AMP is arbitrary, because no
population-based data are available. It has been proposed
to use a cutoff point of 160 mg/mL because this was
discriminatory between patients with asthma and healthy
controls in a study of Oosterhoff et al79 with a limited
number of patients. However, in other studies it was found
that a large percentage of patients with asthma is un-
responsive to AMP even after the highest concentration of
AMP applied (which is between 320 and 400 mg/mL;
above these concentrations, AMP becomes insolu-
ble).59,80,81 In a recent study of Fowler et al,80 92 (50%)
of 185 patients with a doctor’s diagnosis of asthma were
unresponsive to AMP (PC20 AMP>200mg/mL), whereas
only 45 (24%) of 185 patients were unresponsive to
methacholine. Thus, it seems that a provocation test with
AMPmay not be useful to establish a diagnosis of asthma.
Second, no published safety data are available on the use
of AMP, although thousands of adenosine challenges have
been performed by different laboratories, with no reported
serious side effects. This may become an important item
for AMP to be officially approved for use in humans both
in Europe and the United States. Third, it has been shown
that subjects with allergy but without asthma also exhibit
a bronchoconstrictor response after inhalation of AMP.3,8

An explanation for this finding could be that subjects with
allergy but without asthma also exhibit airway inflamma-
tion. Indeed, more eosinophils have been found in the
bronchial mucosa of subjects with allergy but without
asthma compared with subjects without allergy or
asthma.82 It is interesting to note that similar to the
findings in patients with asthma, it was recently demon-
strated that the PC20 AMP, but not the PC20 methacholine,
was significantly associated with inflammation in the
lower airways in subjects with allergic rhinitis in whom
the diagnosis of asthma was specifically excluded.8

Fourth, it may be that several medications specifically
inhibit the PC20 AMP, whereas they do not seem to have
a marked effect on airway inflammation. This can be
a pitfall during interpretation of the outcome of a provo-
cation test with AMP in patients with asthma and COPD.
AMP induces its bronchoconstrictor effect via the release
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FIG 3. PC20 AMP after 1 month of treatment with placebo, formoterol 24 mg once daily, or formoterol 24 mg

twice daily. The PC20 AMP was measured 12 hours after the first and last doses. The bronchoprotective effect

of formoterol significantly decreased after 1 month of treatment with both formoterol 24 mg twice daily and

formoterol 24 mg once daily. **P < .01. Reprinted with permission from Aziz et al. 1998. Subsensitivity to

brochoprotection against adenosine monophosphate challenge following regular once daily formoterol.

European Respiratory Journal. Vol 12. pp. 580-4.
of mediators (histamine, prostaglandins, and leukotrienes)
from immunologically primed mast cells. For this reason,
the PC20 AMP becomes difficult to interpret in patients
who take antihistamines, prostaglandin synthethase
inhibitors (nonsteroidal anti-inflammatory drugs), and
leukotriene inhibitors and in patients who take mast
cell–stabilizing drugs such as nedocromil or sodium
cromoglycate. Further, the use of theophylline and
enprofylline protects to a large extent against the PC20

AMP, and this could be at least partially explained by
a specific inhibiting effect on the adenosine A2B receptor.
Thus, the PC20 AMP becomes difficult to interpret in
patients who take any of the above-mentioned medica-
tions, and this has to be accounted for when the PC20 AMP
is used to monitor airway inflammation. This may be also
true for b2-agonists (see below). Fifth, it has been shown
that the number of eosinophils increases 1 hour after
AMP challenge.20 After allergen challenge, inflammation
occurs in the airway of patients with asthma; this is
represented by increases in eosinophils and is accompa-
nied by an early and late obstructive response.83 In this
context, one might consider AMP challenge to have
a negative influence on asthma. However, neither an
increase in nonspecific BHR nor a decline in FEV1 up to
24 hours after AMP challenge could be demonstrated in
the study of Phillips and Holgate.84 This makes it likely
that the increase in eosinophils is induced by mast cell
stimulation, yet without the sequel of an allergen chal-
lenge. Finally, it has been shown that the PC20 AMP, in
contrast to the PC20 methacholine or the concentration of
exhaled nitric oxide, significantly improves within 2 hours
of a single inhaled dose as low as 100 mg of fluticasone
propionate.60,85 The mechanism underlying this phenom-
enon is not well established; it has been proposed that
it involves an effect on airway mucosal blood flow and
microvascular permeability. Although the rapid protective
effect by a single dose of an inhaled corticosteroid has
never been studied in patients with asthma taking chronic
inhaled corticosteroids, the extreme sensitivity of AMP to
these drugs could be a relative disadvantage to its potential
clinical applications.

MAST CELLS, b2-ADRENOCEPTOR
AGONISTS, AND BRONCHOPROTECTION
AGAINST PC20 AMP

In recent years, there has been a tendency to attach less
importance to the role of the mast cell as an effector cell in
asthma. However, new findings have led to a resurgence of
interest in the mast cell and support a re-evaluation of its
role. In particular, the discovery that mast cells are a source
of cytokines has suggested new ways in which mast cell
activation could also participate in more persistent and
even chronic inflammatory responses.86-88 These obser-
vations have obvious implications for the role of mast
cells in both allergic and nonallergic asthma. Provocation
with AMP may therefore become a useful tool for further
exploration of the role of mast cells in asthma, because
there is now convincing evidence that the airway response
to this nucleotide is an index of mast cell number or
activity.

ß2-Adrenoceptor agonists are, next to inhaled
corticosteroids, important in the management of asthma.
The main benefit of these drugs is bronchodilation, but
additional actions include stabilization of inflammatory
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cell activity. In this context, the mast cell may be an
important target.89,90 In agreement with this, it has been
demonstrated that inhaled albuterol, terbutaline, and
formoterol provide greater bronchoprotection against
AMP-induced bronchoconstriction than against metha-
choline- or histamine-induced bronchoconstriction.91,92

This differential bronchoprotective effect of these ß2-
adrenoceptor agonists has been interpreted as mast cell
stabilization. The differential bronchoprotective effect of
formoterol seems to be greater than that of albuterol or
terbutaline, whereas no difference in bronchoprotective
effect with AMP versus methacholine was found with
salmeterol either 2 or 14 hours after a single dose.93-95 The
lack of such a differential bronchoprotective effect of
salmeterol may reflect the fact that it is a partial agonist
compared with formoterol, albuterol, or terbutaline.

The protection provided by ß2-agonists against mast
cell mediator release might be important to prevent acute
exacerbations in asthma that are partly mediated by mast
cell activation.96 This action may contribute to the
reduction in severe and mild exacerbations seen when
formoterol is added to maintenance treatment with inhaled
corticosteroids.97 Unfortunately, no studies are available
about the additive effect of salmeterol in patients with
asthma who are already taking inhaled corticosteroids.
Thus far, studies investigating the additive effect of
salmeterol have compared this with the additive effect of
a higher dose of inhaled corticosteroids.98-100 An argu-
ment against the explanation for the beneficial effect of
combination therapy with formoterol and budesonide
could be that subsensitivity to the bronchoprotective
effect against AMP develops when patients with asthma
take formoterol regularly for 1 month (Fig 3).101 These
findings suggest that the ß2-adrenoceptors present on mast
cells desensitize rapidly after daily treatment with for-
moterol. Although corticosteroids prevent the loss of
function of ß2-agonists with chronic use, this effect
occurred despite concomitant inhaled corticosteroid ther-
apy (Fig 3).101,102 It has been reported that the extent of
desensitization is highly variable between subjects and
that these interindividual differences are linked to genetic
polymorphisms in the ß2-adrenoceptor.

103 Thus, it could
be speculated that a subgroup of patients with asthma is
resistant to mast cell b2-adrenoceptor desensitization. In
this subgroup of patients with asthma, adding formoterol
to maintenance therapy with inhaled corticosteroids may
well have an additional anti-inflammatory effect.

CONCLUSIONS

Measurement of BHR not only seems to be of
pathophysiological interest, but may also be of clinical
importance. It is interesting to note that the PC20 AMP (1)
is more closely associated with airway inflammation in
asthma than the PC20 methacholine and (2) better reflects
corticosteroid-induced reduction airway inflammation.
Moreover, the PC20 AMP seems to offer substantial
advantages over other noninvasive markers of inflamma-
tion because of its exquisite sensitivity in probing changes
to airway inflammation in response to corticosteroids.
This may be important, because it has been shown that
a management plan incorporating a noninvasive marker
of airway inflammation might improve the treatment of
asthma; in this context, the PC20 AMP can be superior
to a plan based on lung function and symptom control
alone. The PC20 AMP is also associated with airway
inflammation in COPD. This might create therapeutic
possibilities, because it has been found in several studies
that subjects with COPD who have a higher number of
eosinophils respond better to therapy with corticosteroids.
Information obtained from bronchial challenge tests pro-
vides additional and complementary information about
different aspects of asthma, ranging from remodeling
over diagnosis to guidance in the optimization of anti-
inflammatory treatment. In addition, the information
obtained by direct and indirect challenges is different,
providing us with increasingly more refined information,
the applications of which are currently only partially
grasped. This intriguing research area is in full expansion
and will undoubtedly provide us with interesting new
insights into asthma, COPD, and other illnesses.
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