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Summary 

Inhaled adenosine induces bronchoconstriction and inflammation in asthma and can therefore be used for 
bronchial challenge testing. Bronchial challenge tests are sometimes performed with nebulised solutions of 
adenosine 5’-monophosphate (AMP). The nebulised AMP test has several disadvantages, including long 
administration times and a maximum concentration that does not induce sufficient bronchoconstriction in all 
patients. Using aerosolised dry powder adenosine instead of nebulised AMP may improve adenosine delivery to 
the lungs. However, it remains to be elucidated whether comparable effects are obtained when administering the 
challenge using a powder versus droplet presentation, and when using adenosine versus AMP. The aim of this 
study was to compare the bronchoconstrictor responses to the different delivery methods in an allergic guinea pig 
model. 

The PreciseInhale
®
 system was used to generate dry powder aerosols of AMP and adenosine for pulmonary 

administration, with an MMAD of 1.81 μm and 3.21 μm, respectively. In a small proof-of-principle study, 
bronchonconstrictor responses to these dry powder aerosols in passively sensitised guinea pigs were compared 
to the responses to nebulised and intravenously administered AMP and adenosine. Airway obstruction in 
response to the challenges was measured as an increase in total lung resistance (RL) and decrease in dynamic 
lung compliance (Cdyn). All six administrations successfully induced bronchoconstriction in this animal model. The 
time to maximal response was comparable for both inhaled administration methods and the bronchoconstriction 
produced by adenosine and AMP was similar, but the magnitude of response varied: iv > dry powder > 
nebulisation. The next step will be to investigate dose-response to the dry powder aerosols. 

 

 

Introduction 

Bronchial hyperresponsiveness (BHR) is present in nearly all patients with asthma and in the majority of patients 
with chronic obstructive pulmonary disease (COPD).

[1]
 BHR refers to an abnormal increase in airflow limitation in 

response to airway exposure to nonspecific stimuli and can be measured by means of a bronchial challenge 
test.

[2]
 The gold standard for quantifying BHR is methacholine, which acts directly on airway smooth muscle 

cells.
[3]

 However, use of the indirectly acting stimulus adenosine may provide significant diagnostic benefits, since 
BHR to adenosine is more relevant to the disease pathology airway inflammation than BHR to methacholine.

[4,5]
 

On this basis it has been argued persuasively that adenosine bronchial challenge testing provides a more reliable 
non-invasive tool for monitoring disease activity and an improved method for assessing the response to anti-
inflammatory treatments.

[6]
 Moreover, recent findings suggest that challenging with adenosine may improve 

diagnostic discrimination between asthma and COPD.
[7]

  

Until recently, the only way to deliver adenosine to the lungs was by means of nebulisation. To this end, solutions 
of adenosine 5’-monophosphate (AMP) rather than adenosine itself have been used because of AMP’s higher 
aqueous solubility. Following inhalation, AMP is rapidly hydrolysed to adenosine by the ubiquitous enzyme 5’-
nucleotidase. However, nebulisation of AMP has a number of drawbacks. First, there is a restrictive maximum 
concentration based on solubility that does not result in BHR in all patients.

[7,8]
 Moreover, the high AMP 

concentrations required for the test have been shown to greatly affect nebuliser performance, which may have 
implications for the test outcome.

[9]
 This lack of a suitable delivery method means that bronchial challenge testing 

with adenosine has yet to be exploited to its full potential. 

Delivery of adenosine as a dry powder aerosol is a promising strategy to overcome the issues identified 
above.

[10,11]
 However, it remains to be elucidated whether comparable effects are obtained when administering 

dry adenosine versus dissolved AMP. A recent study showed that not only adenosine exerts pharmacological 
responses, but also AMP elicits effects directly (on dendritic cells) by binding to adenosine receptors without 
being hydrolysed first.

[12]
 These findings stress the importance of thoroughly characterising the biological 

responses to the physically (powder versus droplet) and chemically (adenosine versus AMP) different aerosols.  

 

To elucidate the biological responses to AMP and adenosine, an animal model is required that mimics the 
response to these compounds in man as closely as possible. Criteria that have been defined to characterise this 
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bronchoconstrictor response include upregulation by the disease process, mast cell involvement, and 
tachyphylaxis.

[13]
 Work at King’s has previously demonstrated that guinea pigs that are sensitised with ovalbumin 

then subjected to relatively mild allergen display such effects mediated by the A1 receptor,
[14]

 which is up-
regulated in biopsies from asthmatic patients.

[15]
 This model is an excellent tool to study the biological responses 

to AMP and adenosine in vivo.  

A relatively new technique to administer dry powder aerosols to animals is the PreciseInhale system (Inhalation 
Sciences, Sweden). This system generates an aerosol cloud in a very efficient way, approaching the primary 
particle size of the powder. Administered dose is accurately controlled per animal, resulting in lower variability 
between animals. Comparing guinea pig airway responses to the aerosols generated with this system to 
nebulised aerosols allows the effect of adenosine versus AMP and the effect of powder versus solution 
administration to be investigated. The aim of this study was to prepare dry powder formulations of AMP and 
adenosine, then compare the airway obstruction induced by dry powder AMP and adenosine to nebulised 
formulations in an allergic guinea pig model. 

 

Methods 

AMP and adenosine (Sigma-Aldrich, UK) were micronised using an Alpine AS 50 jet mill (Hosakawa, Germany) 
by applying a nozzle pressure of 3 bar and a milling pressure of 1 bar. The primary particle size distributions 
(PSDs) of the micronised compounds were measured with a HELOS BR laser diffraction apparatus (Sympatec, 
Germany) using a 100 mm (R3) lens and the FREE calculation mode based on the Fraunhofer theory.  
 
Powder samples were loaded into the PreciseInhale dosing chamber in accurately weighed doses of approx. 1 
mg (adenosine) or 0.7 mg (AMP). The particle size distribution of the aerosol was determined by cascade 
impaction analysis using a Marple cascade impactor by gravimetric measurement. The fractions available for 
bronchial, alveolar and total lung deposition were calculated using Multiple-Path Particle Dosimetry Model 
software (ARA, US) and a breathing simulation model for the guinea pig (tidal volume 1.7 mL and 60 
breaths/min). 

Male Dunkin-Hartley guinea pigs were passively sensitised as described before
[16]

 and subsequently randomised 
into six treatment groups: iv AMP 1 mg/kg, iv adenosine 0.77 mg/kg, nebulised AMP 10 mg/mL (10 s), nebulised 
adenosine 7.7 mg/mL (10 s), dry powder AMP 280 µg and dry powder adenosine 215 µg (three to four animals 
per group). Animals were anaesthetised by isoflurane inhalation and iv propofol to allow for spontaneous 
breathing and subsequently intratracheally cannulated. Dry powder AMP and adenosine were administered with 
the PreciseInhale system, whereas for nebulisation a DeVilbiss nebuliser was used. 

Airway obstruction was measured as an increase in total lung resistance (RL) and decrease in dynamic lung 
compliance (Cdyn) using a pneumotachograph. Results are expressed as percentage change from baseline.  

 

Results 

The powders obtained after micronisation had an X50 (X10, X90) of 1.40 µm (0.65 µm, 3.38 µm) for AMP and of 
1.42 µm (0.66 µm, 2.93 µm) for adenosine respectively. Adenosine was micronised twice using the same settings 
to obtain a powder with a PSD comparable to AMP. Dispersion with the PreciseInhale system had a yield of 27% 
for AMP and 10% for adenosine. Figure 1 shows the aerodynamic PSDs of the two compounds.  

Although AMP and adenosine had very similar primary PSD, the PSD in the aerosol clouds from the 
PreciseInhale system were different (Figure 1). AMP exhibited an MMAD of 1.81 µm (GSD 2.18) while for 
adenosine an MMAD of 3.21 µm (GSD 1.76) was found. This can be explained by the difference in yield. 
Adenosine had a much lower yield and based on the difference in PSD it can be assumed that it was especially 
the finest fraction (< 1 µm) that did not come out of the aerosol chamber. Since these very fine particles are also 
likely to be exhaled, the total lung deposition fraction calculated to be higher for adenosine (48% of the delivered 
dose) than for AMP (31%), with quite comparable ratios between bronchial and alveolar deposition (70:30 for 
adenosine and 63:37 for AMP). The system corrects for these deposition fractions allowing precise control over 
the dose that is administered to individual animals. 
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Figure 1 - Aerodynamic particle size distribution of the delivered dose of AMP (left) and adenosine (right) generated 
with the PreciseInhale system obtained with cascade impaction analysis. The dotted line indicates the 
MMAD. n = 3, mean and SD are shown. 

 

The bronchoconstrictor responses after the different administrations of adenosine and AMP are shown in Table 1. 
All administrations induced bronchoconstriction, although three individual animals were unresponsive (most likely 
due to failure in sensitisation). Two of the unresponsive animals received nebulised adenosine and one received 
adenosine iv. Overall, quite large variations were found in the amount of bronchoconstriction induced (RL), 
especially in the iv groups. The rank order in the magnitude of response was iv > dry powder > nebulised solution 
for both compounds. No difference was observed between the responses to adenosine and AMP. The time to 
maximal response was around 9 min for all inhaled administrations, whereas it took only 3 min after iv 
administration of either compound.  

 

Table 1 - Bronchoconstrictor responses in sensitised guinea pigs following exposure to adenosine or AMP 
administered as dry powder aerosol, nebulised aerosol, or intravenously. 

 Adenosine AMP 

dry powder nebulisation iv dry powder nebulisation iv 

n = 4 n = 4 n = 4 n = 4 n = 3 n = 3 

RL maximal 
increase (%) 

153 ± 77 61 ± 31* 203 ± 156** 83 ± 27 33 ± 5 171 ± 78 

Cdyn maximal 
decrease (%) 

49 ± 7 13 ± 12* 61 ± 5** 35 ± 10 30 ± 16 52 ± 5 

Time to maximal 
response (min) 

8.5 ± 1.2 9.2 ± 0.8* 2.9 ± 0.9** 9.8 ± 2.4 9.0 ± 1.9 3.6 ± 2.0 

RL: total lung resistance; Cdyn: dynamic lung compliance. Mean ± SEM shown. * n = 2: two animals excluded that did not 
respond, ** n = 3: one animal excluded that did not respond 

 

Discussion 

In this study a new delivery system was used to administer aerosolised compounds to animals. The PreciseInhale 
system was shown to effectively disperse micronised formulations of AMP and adenosine. The system’s 
advanced feedback system, based on measurement of light scattering at the outlet of the aerosol chamber, 
enabled precise control of the dose that is administered to the individual animals, thereby reducing the variation of 
delivered dose per animal. The difference in time to maximal response between the inhaled administrations and iv 
administration can be explained by the time it takes for the compounds to distribute in the lung following 
deposition at the mucosal surface. The differences in response size between the three administration methods 
are likely due to dosimetry, where the largest dose was delivered by iv, followed by dry powder and the dose 
delivered by nebulisation was the lowest. The dry powder dose was based on the estimated deposition following 
from administration by nebulisation, but these values were not corrected for particle size or any exhaled fraction. 
Dose-response studies for all three methods would be necessary to determine how the delivered doses relate to 
each other.  
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Conclusions 

Dry powder aerosols of AMP and adenosine suitable for inhalation were obtained using the PreciseInhale system. 
Although these aerosols differed slightly in their aerodynamic particle size distribution, their deposition patterns 
are expected to be similar. The system controls the dose that is inhaled by an individual animal enabling equal 
lung doses for each individual animal to be obtained by changing the amount that is aerosolised.   

Both dry powder and nebulised aerosols of adenosine and AMP induced bronchoconstriction in sensitised guinea 
pigs. The time to maximal response was comparable for both inhaled administration methods. Dose-response 
studies are required to investigate further the characteristics of the bronchoconstriction produced by dry powder 
aerosols. 

 

References 

1
  Postma D, Kerstjens H: Characteristics of airway hyperresponsiveness in asthma and chronic obstructive pulmonary 

disease, Am J Respir Crit Care Med 1998; 158: ppS187–S192.  

2
  Sterk PJ, Fabbri LM, Quanjer PH, Cockcroft DW, O’Byrne PM, Anderson SD, Juniper EF, Malo J-L: Airway 

Responsiveness: Standardized challenge testing with pharmacological, physical and sensitizing stimuli in adults, Eur Respir 
J 1993; 6(Suppl. 16): pp53–83.  

3
  Cockcroft DW: Provocation Methods: Direct Challenges, Clin Rev Allergy Immunol 2003; 24: pp19–26.  

4
  van den Berge M, Meijer RJ, Kerstjens HAM, de Reus DM, Koeter GH, Kauffman HF, Postma DS: PC(20) adenosine 5’-

monophosphate is more closely associated with airway inflammation in asthma than PC(20) methacholine, Am J Respir Crit 
Care Med 2002; 165: pp1546–1550.  

5
  de Meer G, Heederik D, Postma DS: Bronchial responsiveness to adenosine 5-monophosphate (AMP) and methacholine 

differ in their relationship with airway allergy and baseline FEV1, Am J Respir Crit Care Med 2002; 165: pp327–331.  

6
  Spicuzza L, Di Maria G, Polosa R: Adenosine in the airways: implications and applications, Eur J Pharmacol 2006; 533: 

pp77–88.  

7
  Spicuzza L, Scuderi V, Morjaria JB, Prosperini G, Arcidiacono G, Caruso M, Folisi C, Di Maria GU: Airway responsiveness 

to adenosine after a single dose of fluticasone propionate discriminates asthma from COPD, Pulm Pharmacol Ther 2014; 
27: pp70–75.  

8
  Cohen J, Postma DS, Douma WR, Vonk JM, de Boer AH, ten Hacken NHT: Particle size matters: diagnostics and treatment 

of small airways involvement in asthma, Eur Respir J 2011; 37: pp532–540.  

9
  Lexmond AJ, Hagedoorn P, Frijlink HW, de Boer AH: Challenging the two-minute tidal breathing challenge test, J Aerosol 

Med Pulm Drug Deliv 2013; 26: pp380–386.  

10
  Lexmond AJ, Hagedoorn P, van der Wiel E, ten Hacken NHT, Frijlink HW, de Boer AH: Adenosine dry powder inhalation for 

bronchial challenge testing, part 1: Inhaler and formulation development and in vitro performance testing, Eur J Pharm 
Biopharm 2014; 86: pp105–114.  

11
  Lexmond AJ, van der Wiel E, Hagedoorn P, Bult W, Frijlink HW, ten Hacken NHT, de Boer AH: Adenosine dry powder 

inhalation for bronchial challenge testing, part 2: Proof of concept in asthmatic subjects, Eur J Pharm Biopharm 2014; 88: 
pp148–152.  

12
  Panther E, Dürk T, Ferrari D, Di Virgilio F, Grimm M, Sorichter S, Cicko S, Herouy Y, Norgauer J, Idzko M, Müller T: AMP 

affects intracellular Ca2+ signaling, migration, cytokine secretion and T cell priming capacity of dendritic cells, PLoS ONE 
2012; 7: e37560.  

13
  Fozard JR, Hannon JP: Species differences in adenosine receptor-mediated bronchoconstrictor responses, Clin Exp Allergy 

2000; 30: pp1213–1220.  

14
  Reynolds S, Docherty R, Robbins J, Spina D, Page CP: Adenosine induces a cholinergic tracheal reflex contraction in 

guinea pigs in vivo via an adenosine A1 receptor-dependent mechanism. J Appl Physiol 2008; 105: pp187–196.  

15
  Brown RA, Clarke GW, Ledbetter CL, Hurle MJ, Denyer JC, Simcock DE, Coote JE, Savage TJ, Murdoch RD, Page CP, 

Spina D, O’Connor BJ: Elevated expression of adenosine A1 receptor in bronchial biopsy specimens from asthmatic 
subjects, Eur Respir J 2008; 31: pp311–319.  

16
  Keir S, Boswell-Smith V, Spina D, Page C: Mechanism of adenosine-induced airways obstruction in allergic guinea pigs, Br 

J Pharmacol 2006; 147: pp720–728.  

 


