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Summary  

 
The human bronchiolar epithelial cell line, NCI-H441 has recently been introduced as an in vitro model for 
studying drug disposition at the distal lung air-blood barrier. Here, we determined whether levels of expression 
and function of major ATP-binding cassette transporters, P-glycoprotein (P-gp) and multidrug resistance-related 
protein-1 (MRP1) in HCI-H441 cells were comparable to those in freshly isolated human distal lung epithelial cells 
in primary culture. P-gp and MRP1 expression was quantified by immunoblot, whilst confocal laser scanning 
microscopy (CLSM) was employed to determine transporter localisation. Efflux experiments with rhodamin 123 
(Rh123, P-gp substrate) and 5,6-carboxyfluorescein-diacetate (CF, MRP1 substrate) were carried out assessing 
transporter function in vitro. Furthermore, the inhibitory effects of LY-335979 (specific P-gp inhibitor) and MK-571 

(specific MRP1 inhibitor) on Rh123 and CF efflux were investigated. Immunoblot provided evidence that NCI-
H441 cell monolayers expressed both efflux pumps on protein level. CLSM data confirmed these observations 
and moreover, revealed localisation of the transporters along apical membranes and in perimembranous vesicles. 
Rh123 and CF were both released from NCI-H441 monolayers in a time-dependent manner. This efflux could be 
inhibited by the relevant pharmacological agents. P-gp and MRP1 expression and activity in NCI-H441 cell 
monolayers were found to be consistent with data previously reported from human peripheral lung epithelial cells 
in primary cultures. The use of NCI-H441 cells to investigate efflux pump effects at the air-blood barrier can 
therefore be recommended.   
 
 
Introduction 

 
Efflux pumps from the family of the ATP-binding cassette (ABC) transporters are important in drug-resistance of 
lung cancer and have also – in the case of MRP1 – been associated with chronic obstructive pulmonary disease 
(COPD) [1,2]. In addition, the role of ABC transporters in pulmonary drug disposition is increasingly recognised 
[3].  
 
P-glycoprotein facilitates extrusion of a variety of hydrophobic, often cationic substances and among them 
several cytostatic drugs, whilst MRP1 acts as a transporter of conjugates of glutathione and several anionic, 
exogenous and endogenous compounds, e.g., leukotriene LTC4 or glutathione S-conjugates of xenobiotics [1]. P-
glycoprotein is arguably the most studied efflux pump and its functional expression in human alveolar epithelium 
in vitro was first reported by our laboratory using RT-PCR, immunoblot and functional assays [4]. Foth and co-
workers initially demonstrated MRP1 expression in epithelial cells from human peripheral lung by immunoblot, 
and later reported membrane localisation by immunofluorescence microscopy as well as protein function by 
means of carboxyfluorescein efflux studies [5,6]. Multiple reaction monitoring-based analysis using liquid 
chromatography–tandem mass spectrometry (LC–MS/MS) was employed by Sakamoto et al. to quantify the 
expression levels of membrane transporters in human lung tissues [7]. They reported that MRP1 showed the 
highest protein abundance of all ABC transporters investigated, whereas P-gp levels were significantly lower and 
mainly associated with distal lung epithelium.  
 
Recent data provided direct evidence of P-gp mediated efflux in an intact isolated rat lung model, alongside two 
isolated mouse lung models using either chemical or genetic inhibition of P-gp [8], and a study evaluating the 
pharmacokinetics of inhaled umeclidinium and vilanterol, two substances in development for the treatment of 
COPD, reported significantly increased AUC values when the bronchodilators were co-administered with oral 
verapamil, a moderate P-gp and cytochrome P450 3A4 (CYP3A4) inhibitor [9]. 
It is therefore important and timely to evaluate whether the expression and function of relevant efflux pumps in 
currently available in vitro models of pulmonary drug absorption reflects the situation in situ. The human 
bronchiolar epithelial cell line, NCI-H441 has recently been introduced as an in vitro model for studying drug 
disposition at the distal lung air-blood barrier [10]. In this study, we report expression levels and function of the 
ABC transporters, P-gp and MRP1 in HCI-H441 cells and compare those to freshly isolated human distal lung 
epithelial cells in primary culture [4,11]. 
 
 



Experimental Methods 

 
Cell culture. NCI-H441 (American Type Culture Collection, HTB-174) cells were obtained from LGC Standards 

(Teddington, UK) and cultured at 37°C in 5% CO2 atmosphere in Gibco RPMI-1640 medium (Biosciences, Dun 
Laoghaire, Ireland) supplemented with 5% foetal bovine serum (FBS), 1% sodium pyruvate, 100 U/ml penicillin 
and 100 µg/ml streptomycin (all from Sigma-Aldrich, Dublin, Ireland). The seeding density was 100,000 cells/cm

2
. 

NCl-H441 cells were routinely cultured in 75 cm
2
 growth area tissue culture flasks (Greiner BioOne, 

Frickenhausen, Germany) and passaged when approximately 80% confluence was reached. Twenty-four hours 
post-seeding in tissue culture well plates or chamber-slides, the medium was replaced with RPMI medium, which 
in addition contained dexamethasone (200 nM, Sigma-Aldrich) and ITS supplement (Roche Diagnostics Limited, 
West Sussex, UK). The culture medium was exchanged every other day and NCl-H441 cells were used for up to 
30 passages. 
 
Immunoblot. Total cell protein extracts were generated from NCl-H441 monolayers grown on 6-well plates 
(Greiner BioOne, Frickenhausen, Germany) for 8 days. Cell lysis was performed on ice in cell extraction buffer 
(Invitrogen, Karlsruhe, Germany) containing protease inhibitors (Sigma-Aldrich). Cell samples were sonicated 
twice for 10 s and then the lysate was centrifuged (10,000g at 4°C) for 20 min. The resulting supernatants were 
collected and sample concentrations

 
were determined using a standard protein assay

 
(Bio-Rad, Hemel 

Hempstead, UK) according to the manufacturer’s instructions. Protein was loaded at equal concentrations and 
separated by electrophoresis using 6% polyacrylamide gels. After electrophoresis, transfer onto immunoblot 
polyvinylidine fluoride membranes (Bio-Rad) was performed. Membranes were then blocked in 5% bovine serum 
album (BSA) in phosphate-buffered saline (PBS) with Tween 20 (pH 7.4) for at least 1 h at room temperature, 
followed by incubation overnight at 4°C with the relevant primary antibodies. Mouse monoclonal anti-P-gp 
antibody (clone D-11) antibody was obtained from Santa Cruz (Heidelberg, Germany), monoclonal mouse anti-
MRP1 antibody was purchased from Merck Millipore (Carrigtwohill, Ireland; clone QCRL-1). The antibodies were 
used at the following concentrations: P-gp (1:100) and MRP1 (1:5,000). Incubation with primary antibodies was 
followed by three washings with PBS containing 0.1% Tween 20 and subsequent incubation with the relevant 
horseradish peroxidase (HRP)-conjugated secondary

 
antibodies (at concentrations of 1:12,500 (anti-mouse 

(Promega, Medical Supply Company, Dublin, Ireland)) at room temperature for 1 h. After three additional 
washings with PBS containing 0.1% Tween 20, the peroxidase activity was detected with Immobilon Western 
chemiluminescent HRP substrate (Merck Millipore). To ensure equal loading, the level of a protein of interest was 
normalised to β-actin levels. 
  
Immunofluorescence microscopy. Lab-Tek chamber slides (Nunc, Roskilde, Denmark) were used to grow cell 
monolayers for immunocytochemisty. Cells were cultured for 8 days, before they were fixed with 4% 
paraformaldehyde solution for 10 min and then incubated for 10 min in PBS containing 50 mM NH4Cl, followed by 
permeabilisation for 8 min with 0.1% (w/v) Triton X-100 in PBS. After 60 min incubation with 200 μl of a 1:100 
(MRP1) or 1:500 (P-gp) dilution of the relevant primary antibodies, cell monolayers were rinsed three times with 
PBS, before incubation with 200 μl of a 1:300 dilution of a Alexa Fluor-labelled F(ab')2 fragment (Bio-Sciences, 
Dun Laoghaire, Ireland) in PBS containing 1% BSA. Propidium iodide (1 μg/ml in PBS) or Life Technology 
NucBlue (Bio-Sciences; 3 drops/ml) were used to counterstain cell nuclei. After 30 min of incubation, the 
specimens were again rinsed three times with PBS containing 1% BSA and embedded in FluorSave anti-fade 
medium (Merck, Nottingham, UK). Images were obtained using a confocal laser scanning microscope (Zeiss 
LSM 510, Göttingen, Germany) with the instrument’s settings adjusted so that no positive signal was observed in 
the channel corresponding to the fluorescence of the relevant isotypic controls (data not shown). 
 
Efflux studies. Rhodamine 123 (Rh123) and 5,6-carboxyfluorescein-diacetate (CF) efflux studies were 
performed using NCI-H441 cell monolayers cultured for 7-10 days in 24-well plates. Cell layers were washed 
twice with pre-equilibrated bicarbonated Krebs-Ringer buffer (KRB; composed of 15 mM HEPES, 116.4 mM NaCl, 
5.4 mM KCl, 0.78 mM NaH2PO4, 25 mM NaHCO3, 1.8 mM CaCl2, 0.81 mM MgSO4 and 5.55 mM glucose; pH 
7.4), before being loaded with a 50 μM solution of Rh123 in KRB for 60 min. Next, fluorophore solutions were 
replaced with freshly prepared, pre-warmed KRB containing pharmacological inhibitors (LY-335979 0.5 µM; MK-
571 10-50 µM). Monolayers were then incubated for 60 min at 37°C in 5% CO2 atmosphere, samples (100 μl) 
were drawn every 15 min and replaced with an equal volume of pre-warmed KRB. In addition, cell layers were 
washed twice with ice-cold KRB and lysed with a 1% solution of Triton X-100 in KRB at the end of the study to 
determine intracellular fluorophore concentrations. Fluorescence of samples was analysed in 24-well plates using 
a fluorescence plate reader (FLUOstar Optima, BMG Labtech, Offenburg, Germany) at excitation and emission 
wavelengths of 485 and 520 nm, respectively. The samples were diluted with KRB, where appropriate. Rh123 
and CF efflux from untreated NCI-H441 cell layers was used as control. For standardisation, the total protein 
amount of cell layers was determined by bicinchoninic acid (BCA) assay according to the manufacturer’s 
instructions (Pierce, Thermo Scientific, Rockford, USA).  
 
 
 
 
 
 



Results and Discussion 

 
Immunoblot provided evidence that NCI-H441 cell monolayers expressed both efflux pumps on protein level 
(Figure 1). CLSM data confirmed these observations and moreover, revealed localisation of the transporters 
along apical membranes and in perimembranous vesicles (Figure 1).  
 
 
Figure 1. Protein expression of P-gp (A) and 

MRP1 (B) in NCI-H441 cell monolayers. 
Representative Western blots are shown for both 
ABC transporters. Expression was found to be 
independent of culture conditions (i.e., air-interface 
culture (AIC) and liquid-covered culture (LCC) in 
the case of P-gp) and passage number (MRP1). 
Efflux pump proteins (green) were localised to the 
apical membrane and in perimembraneous 
vesicles. Cell nuclei were counterstained with 
propidium iodide (red) or Hoechst 33342 (blue). 
The red signal in B shows F-actin staining with 
TRITC-phalloidin. 
 
 
The P-gp substrate, Rh123 was released from NCI-H441 monolayers in a time-dependent manner (Figure 2A). 
This efflux was inhibited by LY335979, albeit the effect was not significant (P > 0.05). Efflux of CF, on the other 
hand, was also time-dependent, but concentration-dependent inhibition by MK-571 was significant (P < 0.05) at 
all concentrations tested (Figure 2B). In both cases the rate of efflux was comparable to data previously 
published using freshly isolated human peripheral lung epithelial cells in primary culture [4,12].  
The higher level of activity observed for MRP1, when compared with P-gp, is consistent with higher transporter 
expression levels in human lung, as recently reported by Sakamoto and colleagues [7].    
 

 
Figure 2. Efflux of Rh123 and CF from NCI-H441 monolayers. A) Efflux of Rh123 in the presence (blue) and 
absence (red) of LY-335979 (0.5 μM). Data represent means ± SEM, n = 7-9. B) Dose dependent inhibition of 
CF efflux by MK-571. Cells were either left untreated (red) or incubated with 10 μM (green), 20 μM (blue) or 50 
μM (yellow) of MK-571. Data represent means ± SD, n = 9.* P < 0.05. 
 
 
Conclusions 

 
P-gp and MRP1 expression and activity in NCI-H441 cell monolayers were found to be consistent with data 
previously reported from human alveolar epithelial cells in primary cultures. The use of NCI-H441 cells to 
investigate efflux pump effects at the air-blood barrier can therefore be recommended.   
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