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Summary 
 

The interaction of inhaled drug molecules with transporter proteins in the airway epithelium is poorly understood, 
and its clinical significance is largely unknown. This series of experiments aimed to investigate if inhaled drug 
compounds interact with transporter-mediated trafficking by similar mechanisms in the bronchial and alveolar 
epithelium.  Furthermore the impact of continuous exposure to low concentrations of inhaled therapeutics on drug 
accumulation in in vitro airway epithelial models was assessed.  Both salbutamol and fluticasone significantly 
increased the accumulation of the P-gp substrate rhodamine-123 (rh-123) in Calu-3 and A549 cells after 17 days 
in culture.  Whilst the increased rh-123 accumulation is likely to be mediated by inhibition of the efflux transporter 
P-glycoprotein (P-gp) in A549 cells, in Calu-3 cells the data indicated that rh-123 accumulation was driven by an 
energy-independent and verapamil-insensitive pathway.  A549 cells exposed to 100 µM salbutamol and 
fluticasone for 14 days showed a significant increase (p<0.01) in rh-123 accumulation by 196±3.2 and 158±2.8% 

respectively.  This work suggests that inhaled drugs do impact the transporter-mediated trafficking of compounds 
in both the alveolar and bronchial epithelium, but are likely to do so through different mechanisms.  Furthermore, 
these studies provide evidence that long term exposure to inhaled therapeutics may impact airway 
pharmacokinetics, however further studies need to be conducted to establish the specific mechanisms involved 
and potential transporters implicated in these findings. 
 
 
Introduction 
 

The airway epithelium expresses a multitude of transporter proteins which may impact the bioavailability of 
inhaled drug molecules

1
. However, in comparison with other epithelial barriers, the lung remains poorly 

characterised regarding the activity of these transporters and their interaction and significance with inhaled 
therapeutics

2
. Whilst several human in vitro airway epithelial cell culture models are widely used to study inhaled 

drug permeability in the lung, there is no single standardised model established
3
. The complexity of the lung and 

changing epithelial morphology between the conducting and respiratory airways also creates a challenge to 
understanding drug deposition and permeation in different regions

2
. 

 
It has been demonstrated that the culture conditions for these human in vitro airway models can have a 
significant impact on the activity of epithelial membrane transporter activity

4,5
.  In particular, the ATP-binding 

cassette (ABC) transporter, P-glycoprotein (P-gp) which plays a major role in drug trafficking across several 
epithelial and endothelial barriers has been shown to have altered expression levels with increasing time in 
culture

5,6
.  Defining the interaction of inhaled drugs with transporters in the airway epithelium may help 

understand the significance of these proteins in drug delivery and disease as well as producing more 
representative and accurate predictive in vitro models for drug screening.  In this work, we aimed to assess the 
ability of marketed inhaled compounds to interact with P-gp in bronchial (Calu-3) and alveolar (A549) cell models 
using the established P-gp substrate rhodamine-123 (rh-123).  Both the immediate impact of inhaled drug 
compounds on the cellular accumulation of rh-123 was assessed over time in culture and the effect of sustained 
drug exposure on rh-123 accumulation was also evaluated. 
 
 
Materials and Methods 
 
Cell culture: Unless otherwise stated, all reagents were purchased from Sigma-Aldrich, (Poole, Dorset, UK) and 

cell culture consumables from Corning Costar (High Wycombe, Bucks, UK). Calu-3 and A549 cells (ATCC, 
Rockville, MD) were used between passages 45-50 and 33-38 respectively and cultured as previously 
described

5
. Cells were cultured on 24 well plates at a density of 1 x 10

5
 cells.cm

-2
 and maintained for up to  

17 days prior to experiments.  For inhaled drug exposure studies, between 1, 10 or 100µM of either salbutamol or 
fluticasone was introduced into the cell culture medium when the cells were seeded on the well plates and cells 
were maintained in this medium until used for experiments.  
 
Accumulation Studies: Accumulation studies were conducted using 5 µM (rh-123) using n=6 for each condition.  

Cell layers were allowed to equilibrate at 37
°
C for 60 minutes in standard buffer solution (SBS) comprising HBSS 

supplemented with 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 1% v/v dimethyl 
sulfoxide (DMSO) in the presence or absence of inhaled drug compounds; salbutamol (10 µM) or fluticasone  
(10 µM), and chemical inhibitors verapamil (50 µM) or sodium azide (15 mM).  DMSO was added to solubilise the 
compounds and had no significant effect (p<0.05) on the cellular accumulation of rh-123 compared with studies 
conducted without DMSO.  Accumulation assays were performed for a 30 minute period conducted as outlined 
previously

7
. At the end of the experiment, cells were washed with ice cold stop solution containing 15 mM sodium 



azide in PBS and cells lysed with 1%v/v triton X-100 in PBS.  Fluorescence was assessed using a 
spectrofluorometer at 515/535 ex/em.   
 
Data analysis: All accumulation datasets generated were assessed for normality and the data was found to fit a 
normal distribution.  Data were compared using a two-tailed, unpaired Student’s t-test.  Statistical significance 
was evaluated at the 99% confidence level. 
 
 
Results and Discussion 

 
The P-gp inhibitor verapamil, had no significant impact on rh-123 accumulation in Calu-3 cells at any time point 
assessed whereas the presence of verapamil significantly increased the accumulation of rh-123 within A549 cells 
after 17 days in culture (Figure 1).  Sodium azide had no impact on the accumulation of rh-123 in either cell type 
after 4 and 8 days in culture, but significantly reduced (p<0.01) the accumulation of rh-123 in Calu-3 cells and 
significantly increased (p<0.01) the accumulation of rh-123 in A549 after 17 days.  This suggests that different 

transporters mediate rh-123 accumulation in Calu-3 and A549 cells.  Whilst the data indicates the presence of a 
verapamil sensitive, energy-dependent efflux transporter in A549 cells, the same mechanism is unlikely to play a 
significant role in Calu-3 cells.  P-gp could be a potential candidate for rh-123 efflux in the alveolar A549 cell line 
and this hypothesis is supported by other studies which have confirmed the presence of P-gp in the human 
alveolar epithelium

8,9
.  In contrast, it is unlikely that P-gp has a significant role in drug trafficking in Calu-3 cells, in 

agreement with other studies
5,10

.  Both cell lines displayed altered rh-123 accumulation over time and the data 
suggest that the activity of transporters increases with length in culture, in line with other studies

6
. 

 
Fluticasone and salbutamol increased the accumulation of rh-123 in both Calu-3 and A549 cells which was 
significantly increased (p<0.01) with increasing length in culture (Figure 1).  The accumulation of rh-123 was  
2-fold greater in the presence of salbutamol after 17 days in culture for both the alveolar and bronchial epithelial 
cell lines, however in the presence of fluticasone, the accumulation of rh-123 was 6-fold greater in Calu-3 cells 
and 4-fold greater in A549 cells when compared with rh-123 uptake in the absence of fluticasone.  This suggests 
salbutamol and fluticasone inhibit an rh-123-sensitive efflux transporter in both Calu-3 and A549 cells, causing 
the increased uptake of rh-123 observed.  Whilst this may be mediated by P-gp in A549 cells, P-gp is unlikely to 
have a significant role in Calu-3 cells.  It has been demonstrated that rh-123 is a substrate for organic cation 
transporters (OCT1 and 2)

11
 and that both fluticasone and salbutamol interact with OCT

2
.  However, these have 

been characterised as uptake transporters in airway epithelial models
2,12,13

 and would be unlikely to mediate the 
rh-123 accumulation observed.  Additionally, no significant rh-123 accumulation was observed for Calu-3 cells in 
the presence of verapamil, an established OCT inhibitor

14-16
.  There is some evidence suggesting Calu-3 cells 

may express organic anion transporting polypeptides (OATP) which traffic substances in a secretory direction in 
an energy-independent manner

10
. Further characterisation is required to determine the exact mechanisms by 

which salbutamol and fluticasone interact with transporters in these models. 
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Figure 1: Relative accumulation of rh-123 in Calu-3 cells (A) and A549 cells (B) cultured on 96 well plates for 4, 8 
and 17 days in the presence of chemical inhibitors (50 µM verapamil, 15 mM sodium azide) and inhaled drugs  
(10 µM salbutamol and 10 µM fluticasone).  Data normalised to rh-123 accumulation in the absence of chemical 
compounds at the given time point.  Data shown as average ± sd for n=6 wells. * indicates p<0.01 between day 4 

and day 17 data. 
 
The impact of long term exposure of inhaled drug compounds on transporter activity in the in vitro cultures was 
assessed.  There was a significant increase (p<0.01) in rh-123 accumulation in A549 cells cultured in the 

presence salbutamol and fluticasone in concentrations 10 µM.  Furthermore a concentration-dependent effect 
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was observed with increasing drug concentrations giving rise to significantly higher levels (p<0.01) of rh-123 
accumulation.  Whilst a significant increase (p<0.05) in the accumulation of rh-123 was observed between cells 
incubated with 100 µM salbutamol for 7 and 14 days, this trend was not observed for other conditions, suggesting 
that the concentration of exposure may have more influence on the accumulation of rh-123 than the length of 
exposure.  The data indicate that long term exposure to inhaled therapeutics may impact the cellular 
accumulation and/or transport of substances.  Whether this effect is mediated by transporter proteins, is still to be 
confirmed, however if long term inhaled drug administration does alter airway epithelial permeability, these 
changes may have a significant impact on inhaled pharmacokinetics and clinical effectiveness of chronic and 
concurrent inhaled therapies. 
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Figure 2: Relative accumulation of rh-123 in A549 cells cultured in complete medium containing 1 µM, 10 µM or 

100 µM of either (A) fluticasone or (B) salbutamol for 7 and 14 days.  Data normalised to rh-123 accumulation 
cultured for the same length of time in the absence of fluticasone and salbutamol.  Data shown as average ± sd 
for n=6 wells. * indicates p<0.01 
 
 
Conclusion 
 

This study provides evidence that inhaled therapeutics can impact the accumulation of compounds trafficked by 
transporter in airway in vitro models, and that different transporter are likely to be active in different regions of the 
airways.  Although P-gp is a likely candidate responsible for mediating drug efflux in the alveolar A549 cell line, it 
is unlikely to play a significant role in Calu-3 cells where an energy-independent transport process, such as an 
OATP is more likely to be responsible for rh-123 trafficking.  Preliminary studies indicate that long term exposure 
to inhaled therapeutics may impact the cellular accumulation of known transporter substrates, however the 
mechanism of this and significance to transporter-mediated drug trafficking remains to be assessed.  Whilst, the 
transporter(s) involved remain(s) to be identified, the work highlights that a better understanding of the clinical 
relevance of these drug-transporter interactions is required.  
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