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Summary 

In vivo pharmacodynamic (PD) studies have a number of shortcomings: they are expensive, animal models are 
not always predictive of effects in humans and clinical studies are not always capable of demonstrating similarities 
or differences between inhaled products. Therefore, there is a need to develop effective in vitro assays for use as 
an alternative to in vivo evaluations of the drug action. Using salbutamol sulphate as an archetypal bronchodilator 
compound, the aim of this study was to develop an in vitro bioassay for drug action following delivery by an orally 
inhaled product. A cyclic adenosine monophosphate (cAMP) assay was established as a surrogate endpoint for 
muscle relaxation. When developing the cAMP bioassay, healthy airway smooth muscle (ASM) showed a dose 
response curve to forskolin, isoprenaline and salbutamol sulphate. The response to salbutamol was most 
reproducible when drug was incubated with ASM for 15 min. In a co-culture system, salbutamol sulphate was 
applied to the mucosal surface of an epithelial cell layer (Calu-3 cells) and drug activity was assayed in sub-
mucosal ASM after the drug had penetrated the epithelial cell layer. A dose-response was demonstrated in this 
model which indicated the potential for it to be interfaced with an aerosol deposition technique, e.g. the Twin 

Stage Impinger (TSI), to evaluate and compare the delivery of β2 agonists from inhaled products. 

 

Introduction 

Cell based assays have been suggested as an alternative to in vivo pharmacodynamic (PD) studies for inhaled 
drug discovery/development and regulatory purposes. PD studies are expensive and susceptible to large inter-
subject variation which can make it difficult to compare different inhaled products. Pharmacokinetic (PK) studies 
are used to establish the systemic exposure of drug delivered by an inhaled product, however such studies are 
subject to large variability and assay sensitivity has been challenged 

[1]
. If in vitro methods for showing 

bioequivalence can be established, regulatory authorities may consider introducing biowaivers to allow generic 
products to be approved without expensive in vivo studies. Therefore, in vitro methods may offer an ethical 
economic, scientific alternative to PK/PD studies. 

Pharmacopoeial methods such as the Twin Stage Impinger (TSI), Next Generation Impactor (NGI) and Anderson 
Cascade Impactor (ACI) are used to characterise the aerodynamic particle size distribution of aerosols emitted by 
inhaled products; however they provide no information regarding drug dissolution, the transport across the 
epithelium or the PD response to the delivered dose. It has been shown that the addition of an epithelial cell line, 
Calu-3, to a Transwell inserted into the lower chamber of the TSI can capture the respirable aerosol and examine 
particle dissolution and drug transport rate in an in vitro representation of the biopharmaceutical processes that 
occur in vivo 

[2-5]
. In recent studies, the ACI was modified to include Calu-3 cells grown on Snapwell inserts to 

capture aerosol fractions for evaluation 
[6]

. However, to date there are no reports of a PD bioassay being 
incorporated into these models to allow studies that link deposited aerosol particles to therapeutic action. 

The aim of this study was to optimise a co-culture model of Calu-3 cells and primary airway smooth muscle (ASM) 
which could be used to assay bronchodilator activity following delivery of drug from an orally inhaled product. 
Salbutamol sulphate was used as an archetypal β2 agonist to develop an in vitro bioassay based on the 
measurement of cyclic adenosine monophosphate (cAMP) as a surrogate for smooth muscle relaxation. cAMP is 
a secondary messenger involved in the β2 receptor signalling pathway. When a β2 agonist binds to the 
adrenoreceptor, ATP is converted to cAMP which activates further proteins downstream leading to inhibition of 
ASM contraction. Thus, an increase in intracellular  cAMP can be used as a surrogate for muscle relaxation 

[7]
.  

The primary objective was to develop a dose-responsive assay for cAMP in ASM. The second objective was to 
develop a co-culture model consisting of a layer of Calu-3 airway epithelial cells, with a layer of ASM in a 
submucosal compartment and evaluate whether cAMP measurements in this system reflect the concentration of 
agents applied to the mucosal surface of the model. 
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Methods 

Cell culture 

The epithelial cell line, Calu-3, was grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% v/v 
fetal bovine serum (FBS), 2 mM L-glutamine, 1 x nonessential amino acid solution and 50 µg/ml of gentamicin 
solution. The cell culture medium was changed every 48 h. Calu-3 cells (passage 37-42) were plated in the 12-
well Transwell at a density of 1.65 x 10

5 
cell/well. Every 48 h, the basolateral media was changed and the apical 

medium was removed to allow the cells to grow at air-liquid interface. The transepithelial electrical resistance 
(TER) was measured. Cells were used between day 11-14 and when the TER was approximately 1,000 Ω cm

2
 on 

the day of the experiment
[8]

. 

Human ASM cells (5 donors, passage 4-11) were dissected from bronchial biopsies taken from healthy donors. 
These were cultured according to methods of Kanabar et al 

[9]
. Briefly, cells were maintained in DMEM 

supplemented with 10% v/v FBS, 2 mM L-glutamine, 1 x non-essential amino acid solution, 1 mM sodium 
pyruvate, 50 µg/ml gentamicin and 2 µg/ml fungizone. The medium was changed every 72 h. ASM were plated in 
a 24-well plate in DMEM containing 10% v/v FBS at a density of 30000 cells/well for all experiments. After 24 h, 
the ASM were serum starved for 24-96 h. Serum free media was DMEM supplemented with 2mM  L-glutamine, 1 
x nonessential amino acid solution, 1 mM sodium pyruvate, 50 µg/ml gentamicin, 2 µg/ml fungizone, 0.1% v/v 
bovine serum albumin, 6.7 µg/L sodium selenite, 10 mg/L insulin and 5.5 mg/L transferrin.  

cAMP assay 

The cAMP assay was modified from the manufacturer’s protocol
10

. First, the ASM were placed in a stimulation 
buffer of phosphate buffer solution (PBS) with 3-isobutyl-1-methylxanthine (IBMX) (5 mM) for 30 min. The ASM 
were incubated with a variety of concentrations of salbutamol sulphate, isoprenaline and forskolin solutions (10

-5
 -

10
-9 

M) for different periods of time (5-30 min, Fig 1A). After the incubation period, a lysis and antibody mixture 
was added to the ASM and left for an hour. Then a prepared enzyme donor solution was added to the ASM 
mixture after the dead ASM had been transferred to a 96-well plate and left for a further hour incubation. Finally, a 
mixture of light detection reagents and an enzyme acceptor solution was added to the ASM mixture which was 
read on a bioluminescence plate reader after a further 5 h had elapsed.  
 
Bioassay for salbutamol sulphate in the co-culture model  

An epithelial cell layer was incorporated into the model to represent better in vivo airways architecture, which 

consists of an air-interfaced epithelium with submucosal structural elements. Calu-3 cells were grown at the air- 
interface on Transwells, after which different concentrations of isoprenaline and salbutamol sulphate solutions 
(10

-5
 -10

-9
 M) were added directly to the epithelial surface which was positioned above the well containing ASM 

for a period of 15 or 30 min (Fig 1B). The Transwell was removed from the well and the cAMP assay was 
performed on ASM and the TER of the epithelial cell layer was measured in a new 24-well plate. 

 

Figure 1. A schematic of the cell culture model developed to compare the potencies of active 
pharmaceutical ingredients (APIs). The API is delivered in solution either directly to healthy ASM (a) or to 
the surface of Calu-3 cells grown at an air interface (b). 

The data for the cAMP assays were presented as mean ± SEM because of the high variability between ASM 
donors, and evaluated by a repeated measures two way ANOVA between incubation periods and the different 
agonists with Bonferroni post hoc analysis, and significance reported if P<0.05 using non-linear regression to fit 
the data. Statistical testing was performed using Graph Pad Prism version 5 software.  
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Results and Discussion 

The bioassay was optimised by measuring the cAMP response in healthy ASM when different agonists (forskolin, 
isoprenaline and salbutamol sulphate) were delivered in a solution directly to the ASM and incubated for different 
periods of time. At all incubation periods, each of the agonists generated a dose response curve. The dose 
response curves were evaluated by determining the Ec50 (the lower the Ec50, the more potent the agonist), and the 
variability of the dose response for each agonist was evaluated by calculating the coefficient of variation (CV). 
The accepted level of variance in current methods to show bioequivalence between inhaled products is 15%, 
therefore an assay with a CV of less than 15% at each agonist concentration is regarded as sufficiently robust for 
pharmaceutical development. Isoprenaline, the positive control, generated the highest amount of cAMP, lowest 
CV and lowest EC50 at 15 and 30 min incubation periods and was optimal at 30 min (EC50 30 min: 3.70 x 10

-7 
M). 

Forskolin is a direct activator of adenylyl cyclase and the higher EC50 compared to isoprenaline at 5 and 15 min 
was unexpected. At a 30 min incubation period, forskolin performed more like isoprenaline and salbutamol 
(p>0.05) with a lower EC50 compared to the other incubation periods. Thus, forskolin required a longer incubation 
period compared to isoprenaline and salbutamol sulphate to activate the cAMP pathway. Salbutamol sulphate 
had the lowest EC50 at 5 min (1.87 x 10

-7 
M; p>0.05), however the largest assay variation occurred with this 

incubation period (CV >15%) when compared to 15 and 30 min incubation period (Figure 2).  
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Figure 2: The cAMP generation from healthy 
ASM when treated with a range of 
concentrations (10

-5
 -10

-9
M) of agonists 

(Forskolin (circles), Isoprenaline (squares) and 
salbutamol sulphate (triangles)) for different 
periods of time: 5 mins (A), 15 min (B) and 30 
min (C). All data was presented as n=18 (3 x 
n=6) ± SEM and have been fitted using non-
linear regression. 

 

 

The Calu-3 epithelial cell layer was built into the model to incorporate the major permeability barrier of the lungs to 
inhaled drugs. This reflected the scenario in vivo whereby a bronchodilator drug must be absorbed from the 
airway lumen before it can act on the ASM to cause relaxation. Incubation periods of longer duration were 
examined (Fig 3) as the inclusion of the Calu-3 epithelial cell layer was expected to restrict and retard the 
availability of salbutamol to the ASM after delivery to the muscosal surface of the cells. When salbutamol solution 
was evaluated in the co-culture model, the optimal assay period was 30 min (Ec50 30 min: 1.28 x 10

-7 
M; p>0.05; r

2
 

= 0.95) with a CV <15%. Isoprenaline had a similar response when the cells were treated with isoprenaline for 15 
and 30 min (Fig 3; p>0.05). This knowledge will be used in the development of the co-culture model and 
introduction of a TSI to deliver different inhaled formulations. All incubation periods will be based around 30 min. 
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Figure 3: cAMP generation in vitro from healthy airway smooth muscle cells in Transwell receiver 
chamber 15 min (A) or 30 min (B) after a range of concentrations (10

-5
-10

-9
M) of agonists, isoprenaline 

(blue circles) or salbutamol sulphate (red squares) were administered to the air-interface of a layer of 
Calu-3 cells grown on the Transwell insert (Fig 2b).  Data presented as n=12 (3 x n=4) ± SEM; fitted using 
non-linear regression. 

Conclusion 

The bioassay has the ability to determine the difference between β2 receptor agonists when they were delivered 
in solution directly to healthy ASM and when they were delivered to the ASM after application to the surface of a 
superimposed respiratory epithelial cell layer. The next stage is to interface this bioassay with the second stage of 
a TSI to allow a biological response to the delivered respirable dose to be measured. 
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