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ABSTRACT 
 
Organic cation/carnitine transporters (OCT/N) mediate uptake of positively charged 

molecules. Their role in lung epithelium, however, is not well understood. OCT/N expression 

and activity was studied in cell lines of human alveolar (A549), bronchial (16HBE14o- and 

Calu-3) and intestinal (Caco-2) epithelium. Protein levels were largely comparable for all 

OCT/Ns in the respiratory epithelial cell lines studied, however, OCT2 was exclusively 

observed in A549 cells. OCT1 and -2 were present at significantly higher levels in Caco-2 

cells, compared with the pulmonary epithelial cell types. OCTN1 and -2 were also more 

abundant in Caco-2. Only OCT3 was expressed evenly across all cell lines investigated. 

Uptake of 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) was dependent on 

concentration, temperature, membrane potential and pH. In 16HBE14o-, Calu-3 and Caco-2 

monolayers substrate saturation of ASP+ uptake was not reached. Alveolar A549 cells 

showed saturable ASP+ uptake via two transporter sites with Km values of 12.5±4.0 μM and 

456.9±164.5 μM, respectively. This uptake was sensitive to organic cations, but insensitive to 

carnitine and lysine. We conclude that uptake of organic cations is facilitated by distinct 

pathways in different regions of lung mucosa. Luminally localised OCT2 appears to be 

exclusively involved in the alveolar epithelium, whereas basolateral localised OCT3 might 

play a role in alveolar as well as in bronchial epithelial cells.  

 

KEYWORDS: Organic cation transporters; Bronchial epithelium; Alveolar epithelium; 

Pulmonary drug disposition; Inhalation biopharmaceutics 



  

1. INTRODUCTION 

Although the body of literature on disposition of inhaled medicines is increasing, there is still 

a surprising lack of mechanistic information on the processes involved (1). To further 

complicate matters, a broad range of different epithelial cell types, which change significantly 

in phenotype depending on their localisation, is found along the mucosal surface of the lung 

(2). It is now widely accepted that membrane transporters impact on the absorption and 

extrusion of drugs resulting in alterations of their pharmacokinetics and pharmacodynamics, 

potentially leading to organ toxicity. The study of drug transporters, however, has been 

mainly focused on the liver, kidneys, gut and also the blood-brain barrier, with the lung 

remaining largely unchartered terrain (3, 4).  

 

The largest group of transporters are the SoLute Carrier (SLC) proteins with approximately 

320 genes in 43 families (5). SLC transporters are often found in epithelial membranes and 

mediate uptake and secretion of (among many other substrates) organic cations (6). 

Numerous drug molecules, because of their structural similarity to endogenous compounds, 

are also substrates of SLC transporters. Transporters involved in organic cation translocation 

are electrogenic cation transporters OCT1-3 (SLC22A1-3), cation and carnitine transporters 

OCTN1 and OCTN2 (SLC22A4-5), proton/cation antiporters of the MATE family 

(SLC47A1-2), monoamine neurotransmitter transporters (SLC6 family), cationic amino acid 

transporters (SLC7 family), nucleoside transporters (SLC28A1-3 and SLC29A1-4) and 

several choline transporters (SLC5A7 and SLC44A1-4)  (7, 8). 

Evidence is now emerging that organic cation transporters are involved in transport processes 

in various cell types of the lung (9, 10). Epithelial surface cells (11), but also airway smooth 

muscle cells (12) have been suggested to functionally express members of the SLC22A 

family of proteins. Hence, it was one of the aims of this work to investigate the expression 



  

levels of the five human OCT/N members in alveolar epithelial A549 and the bronchial 

epithelial 16HBE14o- and Calu-3 cell lines; all well established in vitro models used in 

biopharmaceutical sciences (13, 14).  

The second aim of this paper was to use 4-[4-(dimethylamino)styryl]-N-methylpyridinium 

iodide (ASP+) as a non-radioactive OCT/N probe (15, 16), and to study the mechanisms of 

organic cation transport across distinct lung epithelia, with particular emphasis on OCT/N-

mediated drug-drug interactions. Commonly prescribed inhalation medicines such as β2-

agonists and anti-cholinergic drugs carry a cationic charge at physiological pH, but have to 

cross the epithelial barrier in order to reach the β2-adrenoceptor localised to the airway 

smooth muscles. Data from our laboratory and others suggest that β2-agonists are transported 

by OCT/N, or at least interfere with OCT/N function (17, 18). The well characterised human 

intestinal epithelial cell line, Caco-2, was also included in our study, in order to investigate if 

any differences in transporter expression and function exist between the epithelia of the gut 

and the lung. 

 

 

 

 

 

 

 

 

 

 

 



  

2.  MATERIAL AND METHODS  

2.1 Chemicals. Cell culture plastics (i.e., Cellstar® 75 cm2 flasks [cat. no. 658175] and 

24-well tissue culture plates [cat. no. 662160]) were obtained from Greiner BioOne 

(Frickenhausen, Germany), with the exception of Lab-Tek chamber slides (Nunc, Roskilde, 

Denmark). 4-(4-(Dimethylamino)-styryl)-N-methylpyridinium iodide (ASP+) was supplied 

by Invitrogen (Bio-Sciences, Dun Laoghaire, Ireland). Enantiomerically pure S-salbutamol 

(S-Sal), R-salbutamol (R-Sal), SS-formoterol (SS-For) and RR-formoterol (RR-For) were 

kind gifts from Sunovion (Marlborough, MA). Polyclonal rabbit anti-OCT1, -OCT2 and -

OCT3 antibodies were purchased from Sigma-Aldrich (Dublin, Ireland) and polyclonal goat 

anti- OCTN1 and -OCTN2 antibodies were obtained from Santa Cruz Biotechnology 

(Heidelberg, Germany). Horseradish peroxidase-conjugated anti-rabbit and anti-goat 

antibodies were purchased from Promega (Medical Supply Company, Dublin, Ireland) and 

Sigma-Aldrich (Dublin, Ireland), respectively. All other chemicals and reagents were either 

of analytical grade or of the highest purity available and purchased from Sigma-Aldrich 

unless stated otherwise.  

 

2.2 Cell culture. Human alveolar epithelial A549 cells (ATCC CCL-185) were obtained 

from LGC Promochem (Teddington, UK). Cells of passage numbers 79 to 95 were grown at 

40,000 cells/cm2 in an 1:1 mixture of Dulbecco´s modified Eagle´s medium and Ham’s 

nutrient mixture F-12 medium (DMEM/F-12) supplemented with 5% (v/v) foetal bovine 

serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin.  

Passages of 2.51 to 2.79 of the 16HBE14o- human bronchial epithelial cell line, a gift from 

Dr. Dieter C. Gruenert (University of California, San Francisco, CA), were cultured at 

100,000 cells/cm2 in minimum essential medium (MEM) supplemented with 10% (v/v) FBS, 



  

100 U/ml penicillin and 100 µg/ml streptomycin, 1% non-essential amino acid solution, 1% 

sodium pyruvate solution and 0.5% glucose solution. 

Calu-3 cells (ATCC HTB-55, LGC Promochem) are derived from serous cells of human lung 

submucosal glands. Passage numbers 44 to 59 were grown at 75,000 cells/cm2 in an identical 

medium as used for 16HBE14o- cultures. 

The human colon carcinoma Caco-2 cell line (ATCC HTB-37, LGC Promochem) at passages 

between 36 and 56 was grown to monolayers at a density of 66,000 cells/cm2 in DMEM 

supplemented with 10% (v/v) FBS, 100 U/ml penicillin and 100 µg/ml streptomycin, 1% 

non-essential amino acid solution and 1% sodium pyruvate. 

All cell types were cultured at 37°C in 5% CO2 atmosphere on cell culture treated plastics and 

the culture medium was exchanged every 48 h. Cells were grown to confluent monolayers for 

5 (A549), 8 (16HBE14o-), 12 (Calu-3) and 21 (Caco-2) days, before being used in studies as 

described below.  

 

2.3 Western blot analysis. Cell cultures were lysed with cell extraction buffer 

(Invitrogen Karlsruhe, Germany) on ice and sonicated (10 s, 2 cycles, 2 Watts) using a 

Microson Ultrasonic Cell Disruptor (Misonix, Farmingdale, NY). Protein sample 

concentrations were determined using a standard protein concentration assay (Bio-Rad, 

Hemel Hempstead, UK) according to the manufacturer’s instructions. Samples were 

separated by 10% sodium dodecyl sulphate-polyacrylamide gels via electrophoresis (SDS-

PAGE) and transferred to immunoblot polyvinylidene fluoride membranes (Bio-Rad). 

Membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline with 

Tween 20 (pH 7.4) for 1 h at room temperature. Incubation with the relevant primary 

antibody (1:500 for OCT1 and OCT2, 1:2000 for OCT3 and 1:200 for OCTN1 and OCTN2, 

respectively) was carried out overnight at 4°C, followed by incubation with HRP-conjugated 



  

secondary antibody (1:12,500 [anti-rabbit] and 1:22,500 [anti-goat], respectively) at room 

temperature for 1 h. Peroxidase activity was detected with Immobilon Western 

Chemiluminescent HRP substrate (Millipore, Carrigtwohill, Ireland). Relative levels of 

protein abundance were quantified by densitometric analysis of the immunoblot using a 

ChemiDoc documentation system (Bio-Rad). When appropriate, blots were stripped and 

analysed for β-actin (Sigma-Aldrich) as internal control.  

 

2.4 Uptake studies. Uptake of the cationic fluorescent probe, ASP+ was investigated at 

different concentrations, temperatures, pH values and sodium ion concentrations. The effects 

of several organic cations (i.e., amantadine, D- and L-carnitine, hemicholinium-3 (HC-3), 

tetraethylammonium (TEA) and verapamil) on ASP+ uptake into cell monolayers were 

studied. Furthermore, the inhibitory potential of β2-agonists (i.e., formoterol, salbutamol and 

salmeterol) as well as inhaled glucocorticosteroids (i.e., budenoside and beclomethasone) on 

ASP+ uptake was investigated. All experiments were performed in 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, 

unless stated otherwise.  

Time-dependence of ASP+ uptake was studied by incubating cell monolayers with the 

fluorophore (at 10 μM final concentration) for up to 90 min at 37°C. Five, 10, 15, 30, 45 and 

60min after the beginning of the experiment, monolayers were rinsed twice with ice-cold 

KRB, solubilised with  1% (w/v) Triton X-100 and ASP+ activity of the cell lysate was 

measured (see below). Concentration-dependence of ASP+ uptake was studied from 10 to 

1000 µM at 37°C and 4°C for 20 min. Uptake experiments were also performed in buffers of 

varying pH values (i.e., pH 5.5, 6.5 and 8.5). In addition, the effect of membrane 

depolarisation on ASP+ uptake was investigated. This was achieved by increasing the K+ 



  

concentration of the KRB to intracellular levels with a concurrent reduction of Na+ by 

replacing NaCl, NaHCO3 and NaH2PO4 with equimolar concentrations of KCl, KH2PO4 and 

KHCO3 (i.e., Na+ concentration, 5.4 mM; K+ concentration, 142 mM).  

 

Uptake inhibition experiments were carried out in the presence of amantadine (100 μM and 

500 μM), D-carnitine (10 μM and 100 μM), L-carnitine (100 μM and 500 μM), verapamil (10 

μM and 200 μM), TEA (1 mM and 20 mM) and HC-3 (100 μM and 500 μM). Concentrations 

of these organic cations were chosen according their published Ki or IC50 values (19). The 

two β2-receptor agonists, salbutamol and salmeterol were used as racemic mixtures (RS-

salbutamol in all cell lines studied; salmeterol only in A549 cells) and in addition, as pure 

enantiomers in A549 and 16HBE14o- cells. In the case of formoterol, the RR- and SS-

enantiomers were studied in A549 and 16HBE14o- cells. Salbutamol and formoterol were 

used at final concentrations of 100 µM and 500 µM; salmeterol only at 100 µM (due to the 

drug’s poor solubility). The inhibitory potential of the inhaled corticosteroids (ICS), 

budesonide (10 - 30 µM) and beclomethasone (10 µM), and additionally selected cationic 

substrates, acetylcholine (1 mM and 5 mM), corticosterone (100 µM and 500 µM), L-

ergotheoneine (100 µM), L-lysine (1 mM) and 1-methyl-4-phenylpyridinium (MPP+) at final 

concentrations of 100 - 1000 µM, was studied in A549 cell monolayers. All drugs and 

compounds were dissolved in KRB (pH 7.4). Salmeterol as well as the ICS drugs were 

freshly prepared from ethanolic stock solutions. A similar amount of co-solvent was used in 

the relevant control experiments. In all cases cell monolayers were incubated for 20 min with 

the compound of interest.  

To indirectly investigate the localisation of transporters involved in ASP+ uptake, studies in 

Calu-3 monolayers were carried out in the presence of 5 mM EDTA in KRB for 15 min. 

EDTA will form complexes with multivalent cations, such as, calcium ions and thus lead to 



  

an opening of the tight junctional complexes, allowing ASP+ access to transporter sites 

localised to the basolateral membranes. 

The fluorescence activity of samples was analysed in 24-well plates using an automated plate 

reader (FLUOstar Optima, BMG Labtech, Offenburg, Germany) at excitation and emission 

wavelengths of 485 and 590 nm, respectively. Samples were diluted with KRB, where 

appropriate. Total cell protein was determined by bicinchoninic acid (BCA) assay according 

to the manufacturer’s instructions (Pierce, Thermo Scientific, Rockford, USA).  

 

2.5 Kinetic analysis. Half-saturation constant (Km) and maximum uptake or release rates 

(Vmax) of ASP+ was calculated by fitting the uptake (or release) rate (ν) to the following 

equation by means of non-linear least squares regression analysis according to the Michaelis-

Menten equation (Eadie-Hofstee plot):  

 

ν = Vmax× (S) / [Km+ (S)]       (eq. 1) 

 

where (S) was [ASP+]. 

 

2.6 Statistical analysis. All experiments were carried out at least in triplicate using cells 

from at least three different passages (n = 3-9). Results, expressed as mean ± S.D., were 

compared using one-way analysis of variance (ANOVA), followed by the Student–Newman–

Keuls post hoc test. P < 0.05 was considered as significant. 

 

 

 

 



  

3. RESULTS 

3.1 OCT protein abundance in human respiratory epithelial and Caco-2 cell 

monolayers. Protein abundance of all five known human organic cation/carnitine 

transporters was analysed by Western blot in three respiratory epithelial cell lines and Caco-2 

cell monolayers (Figure 1). Densitometric analyses revealed that protein levels were more or 

less equivalent for all transporters across the respiratory epithelial cell types (Figure 2). The 

notable exceptions were OCT2, which was only detected in A549 cells at relevant levels, and 

OCTN2, which was found at lower levels in A549 compared to the bronchial cell types. In 

comparison with signal intensities obtained from Caco-2 cells, it was noted that OCT1, 

OCT2, OCTN1 for 15 min OCTN2 were synthesised at significantly (P < 0.05) lower levels 

in the lung-derived cell lines. OCT3 was observed at similar levels in all cell types studied 

(Figure 2). 

 

3.2 ASP+ uptake into human respiratory epithelial and Caco-2 cell monolayers. 

Transport mechanisms of organic cations across membranes of A549, Calu-3, 16HBE14o- 

and Caco-2 cell monolayers were studied by performing uptake experiments with the 

fluorescent probe, ASP+.  When studying the time course of ASP+ uptake, A549 monolayers 

exhibited the highest intracellular concentration after 60 min by a significant (P < 0.05) 

margin, i.e., 16.54±1.59 nmol/mg protein (Figure 3A). ASP+ concentrations in Caco-2, 

16HBE14o- and Calu-3 monolayers were lower at 2.43±0.79, 1.79±0.44 and 1.01±0.23 

nmol/mg protein, respectively (Figure 3B). The uptake increased linearly up to 45 min in 

A549 and up to 60 min in 16HBE14o-, Calu-3 and Caco-2 cells. Consequently, all further 

uptake studies were carried out over 20 min.  

ASP+ translocation across cellular membranes at 4°C was significantly reduced, when 

compared to data obtained at 37°C (data not shown). 



  

 

3.3 Kinetics of ASP+ uptake. In Figure 4 the concentration dependence of ASP+ uptake 

into cell monolayers is depicted. ASP+ uptake was observed to be a saturable process only in 

A549 cells (Figure 4A). An Eadie-Hofstee transformation, corrected for the non-saturable 

component of ASP+ uptake into A549 cells, identified two distinct transporter sites (Figure 

4C). The calculated kinetic parameters, Km and Vmax, are shown in Table 1. Of note, substrate 

saturation was not reached for ASP+ uptake into 16HBE14o-, Calu-3 and Caco-2 cell layers 

(Figure 4B).  

 

3.4 Effect of extracellular conditions on ASP+ uptake. To further characterise the 

mechanisms involved in organic cation transport at the respiratory epithelium, the effects of 

extracellular pH and membrane depolarisation on ASP+ uptake were studied. The uptake of 

ASP+ was significantly (P < 0.05) decreased in acidic conditions in all cell lines (Figure 5A). 

There was, however, no further uptake observed at pH 8.2. In fact, uptake at high pH was 

reduced when compared to control values, i.e., pH 7.4 (Figure 5A). Membrane 

depolarisation, achieved by replacement of extracellular Na+ with equimolar K+, also resulted 

in a significantly (P < 0.05) reduced ASP+ uptake into human respiratory epithelial cells. This 

effect was most pronounced in the case of A549 cell monolayers (Figure 5B).  

  

3.5 Effect of organic cations on ASP+ uptake. The structural analogue, MPP+ reduced 

ASP+ uptake into A549 monolayers almost completely at 1 mM (Figure 6A). TEA, resulted 

in a concentration-dependent decrease of ASP+ uptake and also verapamil significantly 

diminished ASP+ uptake to <10% of control (at 200 μM). Both substances have the potential 

to inhibit OCT1-3 and OCTN1 and -N2 at the concentration range used (19). The steroids, 

corticosterone, beclometasone and budesonide showed unequal effects. Corticosterone, which 



  

is known to inhibit OCT1, -2 and -3 reduced ASP+ uptake by almost 80%, whilst both inhaled 

corticosteroids (ICS) caused a much lower, albeit significant, reduction. Amantadine, like the 

ICS, an inhibitor of mainly OCT2, had a more pronounced effect, but the concentrations used 

were also higher. . The OCTN substrates, ergothioneine and D- and L-carnitine reduced ASP+ 

uptake to 70-80%. ASP+ uptake was also inhibited by ~35%, when the choline transporter 

substrate HC-3 or acetylcholine was present in the transport buffer. L-lysine at 1 mM had no 

effect on ASP+ accumulation.   

A concentration-dependent attenuation of ASP+ uptake into A549 cells was achieved with a 

rank order salmeterol (>90% at 100 μM) > formoterol (>80% at 500 μM) > salbutamol 

(>40% 500 μM) (Figure 6A). R-salbutamol proved to be a slightly, but not significantly more 

potent inhibitor of ASP+ uptake than S-salbutamol (P = 0.06), whilst in the case of the 

formoterol, the SS-enantiomer was significantly (P < 0.05) more effective than the RR-

enantiomer. Cromolyn sodium did not show a concentration dependency, but both tested 

concentrations (100 μM and 500 μM) were able to reduce ASP+ uptake by >20%.  

  A more limited set of compounds was tested in 16HBE14o- (Figure 6B), Calu-3 (Figure 6C) 

and Caco-2 (Figures 6D) cell monolayers. Whilst some inhibition of ASP+ uptake was 

observed, the effects were generally much less pronounced when compared to A549 

monolayers. In all three cell types amantadine significantly (P < 0.05) inhibited ASP+ uptake 

at the higher concentration (i.e., 500 μM). A similar, but more pronounced effect was also 

observed with the universal inhibitor, verapamil. Intriguingly, TEA inhibition was not very 

distinct (i.e., 20 - 25%), and inversely correlated to concentration in the case of Calu-3 and 

Caco-2 cells. The choline transporter blocker, HC-3, was only significantly (P < 0.05) 

effective in 16HBE14o- cells, and only at the lower concentration used. D- and L-carnitine 

did not inhibit ASP+ uptake in 16HBE14o- cell layers. In Caco-2 cells only D-carnitine had a 

significant (P < 0.05) effect, whilst L-carnitine did not attenuate ASP+ uptake. In Calu-3 



  

monolayers, only the lower concentration of D-carnitine and the higher concentration of L-

carnitine exhibited significance, albeit the difference between values obtained for the 

respective concentrations was not significantly different from each other. Racemic 

salbutamol showed a concentration dependent inhibition only in the bronchial cell types. 

Therefore, the enantiomers of salbutamol and formoterol were only tested in 16HBE14o- 

cells. In all cases a concentration dependent inhibition of ASP+ uptake was observed. No 

distinction, however, could be made between the relevant enantiomers.   

 

3.6 Contribution of tight junctions to ASP+ uptake. Uptake of ASP+ into Calu-3 

monolayers was studied after the tight junctional complex was opened using EDTA 

complexation of calcium ions. When transporter sites localised to the basolateral membranes 

were accessible to ASP+, uptake was significantly increased (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

4. DISCUSSION 

This work demonstrated the presence of specific transporters for the uptake of organic cations 

in continuously growing cell lines of respiratory epithelium. Moreover, it confirmed organic 

cation/carnitine transporter abundance in intestinal Caco-2 cell monolayers. Of note, previous 

literature on OCT/N expression in these in vitro models of pulmonary origin was almost 

entirely limited to genomic studies (9, 20-23). For example, in a gene expression study of 

human whole lung tissue based on a reference set of 19,000 genes, OCTN1 and OCTN2 

appeared to be strongly expressed transcripts at the 50-75% quartile of gene expression 

intensity, whereas OCT1 and OCT3 were in the 25-50% quartile and OCT2 even lower at 0-

25% (10).  

 

Transporter expression. We confirmed by immunoblot that all five known isoforms of the 

human SLC22 organic cation/carnitine transporter family, i.e., OCT1, -2, -3 and OCTN1 and 

-N2 were present in the alveolar epithelial cell line, A549 as well as in intestinal epithelial 

Caco-2 cells. This is consistent with previous observations of OCT1 (23), OCT3 (20, 21) and 

OCTN1 and OCTN2 protein expression (21) in the A549 cell line. Müller et al. by RT-PCR 

found mRNA encoding OCT1, -2 and -3 in Caco-2 cell monolayers, however, 

immunocytochemistry in their study showed only faint staining for hOCT1 (24). 

Immunoreactivity for hOCT2 and hOCT3 in Caco-2 cells was more pronounced and 

predominantly localised to the cytoplasm and to the lateral cell membranes. In a separate 

study, Lamhanwah and colleagues (25) demonstrated the presence of OCTN1 and -2 in Caco-

2 cells. Of note, whilst OCTN1 was observed by confocal laser scanning microscopy being 

predominantly subcellularly localised, OCTN2 was found at both the apical and basolateral 

cell membranes of Caco-2 cells cultured on Transwell filters. Data from another study 

showed that Caco-2 cells when grown to differentiated monolayers on glass coverslips, 



  

localise OCTN2 protein exclusively to the brush-border membrane, whereas no signal was 

detected in basolateral membrane fractions by Western blot (26). 

By Western analysis, we found all OCT/N gene products present in the bronchial epithelial 

cell lines, 16HBE14o- and Calu-3, with the exception of OCT2. Lips and co-workers (11) 

previously observed immunoreactivity of OCT1 mainly within human bronchial epithelial 

cells in situ, however, weak staining of the apical membrane of ciliated cells was also 

detected. hOCT2 was mainly located in apical membranes of ciliated cells and to a lesser 

extent also in basal cells. Immunoreactivity of hOCT3 was localised to plasma membranes of 

basal cells, basolateral membranes of intermediate cells and apical membranes of ciliated 

cells. To our knowledge, no data is available on the spatial expression pattern of OCT1, -2 

and -3 in human distal lung. In another study, Horvath et al. (18) identified OCTN1 and 

OCTN2 in human airway epithelium in situ and freshly isolated airway epithelial cells in 

primary culture. Whilst OCTN1 was primarily localised to the apical surface of tracheal 

epithelia, expression was also observed in alveolar type II epithelial cells, albeit at lower 

levels. OCTN2 was found in apical membranes of airway epithelial cells and also in alveolar 

type I and type II cells in the lung parenchyma.  

 

Quantitatively, OCT1 and OCT2 were detected at significantly higher levels in Caco-2 cells 

compared to the respiratory cell types. Only OCT3 was expressed at equivalent levels in all 

cell lines studied. Abundance of OCTN1 and OCTN2 was lower in the lung derived cells, but 

these differences were not as pronounced as in the case of OCT1 and -2.  

 

Dependence of ASP+ uptake on extracellular conditions. ASP+ has been used as a non-

radioactive substrate for monoamine and organic cation/carnitine transporters (15, 16, 18, 27-



  

30). In our hands, ASP+ uptake was concentration and temperature-dependent and sensitive to 

extracellular pH and membrane potential in all cell lines studied.  

Horvath et al. (18) previously reported that ASP+ uptake into human airway epithelial cells in 

primary culture on collagen-coated coverslips had a pH-profile, but was independent of 

extracellular Na+ concentration. ASP+ uptake into placental BeWo cells was mediated by a 

low-affinity, carrier-associated process exhibiting a Km of 580±110 μM, and asymmetric 

transport was observed, with greater permeability in the apical to basolateral direction (16). 

Whilst the authors of that study did not test for the presence of OCT3, OCTN1/2 or indeed 

any of the monoamine transporters, they concluded that ASP+ uptake in their hands was not 

facilitated by OCT1 or OCT2. Bleasby and co-workers (10) reported that absorption of 1-

methyl-4-phenylpyridinium (MPP+; a structural analogue to ASP+) by Transwell-grown 

Caco-2 cells was mediated by a Na+-dependent transport mechanism, which was inhibited at 

acidic pH values. Another study from the same year, however, described uptake of [3H]-

MPP+ by Caco-2 monolayers to be metabolic energy-dependent and Na+-, pH- and potential-

independent (31). Of note, Caco-2 monolayers in the latter study were cultured on tissue-

treated plastic. The differences observed between published studies reporting organic cation 

uptake by cultured epithelial cells might be explained by the choice of culture conditions or 

indeed by clonal variation between the cells used by various groups. 

 

Kinetics and inhibition of ASP+ uptake. Eadie-Hofstee transformation of ASP+ uptake into 

alveolar epithelial-like A549 cell layers indicated two differential transporter sites; one of 

which exhibited a relatively high affinity (Km = 12 μM), whereas the other one had a lower 

affinity (Km = 450 μM). ASP+ uptake into the bronchial (i.e., 16HBE14o-, Calu-3) and the 

intestinal (i.e., Caco-2) cell models did not reach substrate saturation. However, 

concentrations above 1 mM for ASP+ could not be dissolved in the buffer system used. These 



  

observations are consistent with a previous study which likewise concluded that total initial 

uptake rates for ASP+ in an OCT expression system (at 1 mM) were not saturable, and only 

time-dependent saturation for maximal cellular fluorescence could be measured (32). In 

contrast, Horvath et al. (18) reported airway epithelial cells in primary culture to exhibit a 

single transporter site for ASP+ uptake with an estimated Km of 394 μM. 

 

Inhibition of ASP+ uptake into A549 monolayers was most pronounced with MPP+, TEA, 

verapamil and corticosterone. A common trait shared by these compounds is their capacity to 

interact with OCT1-3 (33). TEA and verapamil also have a reported affinity for OCTN1 and 

–N2 (19). OCTN substrates, ergothioneine (OCTN1), D-carnitine (OCTN2) and L-carnitine 

(OCTN2 > OCTN1), also attenuated ASP+ uptake, but only by ~20%. This effect was similar 

to that observed with budesonide and beclomethasone, both known OCT2 inhibitors (19). A 

slightly higher inhibition was observed for choline analogues, HC-3 and acetylcholine, and 

the NMDA-receptor antagonist, amantadine (OCT2 > OCT1). Moreover, β2-receptor agonists 

formoterol and salmeterol exerted very strong inhibitory effects. Previous reports from our 

laboratory and others already hypothesised an interaction between β2-adrenoceptor agonists 

and organic cation/carnitine transporters (17, 18, 34). Of note, the inhibitory potential closely 

followed the lipophilicity of the substances (log P salbutamol -2.15; formoterol 0.4; 

salmeterol 3.88).  

Interestingly, in the two bronchial cell lines and Caco-2 monolayers, inhibition of ASP+ 

uptake by organic cations was much less pronounced. In 16HBE14o- cells, verapamil, TEA 

(20 mM), amantadine (500 μM) as well as salbutamol and formoterol (both at 500 μM) 

showed significant effects. Comparable results were obtained with Calu-3 and Caco-2 cells. 

In these two cell types, an interesting, yet unexplainable, inverted concentration dependence 

was observed in the case of TEA. 



  

 

This study identified clear differences between the processing of ASP+ by A549 cell 

monolayers and bronchial 16HBE14o- and Calu-3 as well as the intestinal Caco-2 cell 

models. Our observations suggest variations in organic cation transporter expression level 

and localisation between the various cell types. Whilst OCT1, -3, -N1 and -N2 were 

ubiquitously found, OCT2 was only present in A549 and Caco-2 cells. In the latter cell type 

Müller et al. (24) previously reported hOCT2 and -3 localised to the lateral cell membranes. 

No information on the cellular localisation of any of the OCT in A549, Calu-3 and 

16HBE14o- cells is currently available. We have evaluated several commercially available 

antibodies and in our hands it was difficult to obtain reproducible results in confocal laser 

scanning microscopical analysis (data not shown). From the immunohistochemistry data of 

Lips and colleagues, however, it can be speculated that OCT2, if present, is localised to the 

apical membrane, whilst OCT3 is found in the basolateral membranes (11).  

Our results showed that in alveolar A549 cells significantly higher OCT-mediated ASP+ 

uptake occurred than in the other cell types. Sensitivity of this uptake to MPP+, TEA, 

verapamil, corticosterone, amantadine and the ICS compounds indicated an involvement of 

OCT2 and probably OCT3 (19, 34). Interestingly, uptake rates in Calu-3 monolayers reached 

almost comparable levels, after opening the tight junctions with EDTA (35). This strongly 

supports the notion that at least one of the responsible transporter sites is localised at the 

basolateral cell aspect. Under normal conditions, ASP+ diffusion to the basolateral membrane 

will be restricted by the tight and adherens junctions, hence, it is unlikely that sufficiently 

high concentrations are achieved to saturate the transporter site. This is consistent with our 

observation that no saturation of ASP+ absorption was observed in polarised Calu-3, 

16HBE14o- and Caco-2 monolayers. The observation that cellular junctions in A549 cells are 

compromised, resulting in an inability of this cell line to form electrically tight monolayers 



  

when cultured on semi-permeable membranes, offers further support to this hypothesis (13). 

Most pharmacological inhibitors showed only relatively weak activities in 16HBE14o-, Calu-

3 and Caco-2 monolayers. The exception to this was the highly lipophilic compound, 

verapamil. It is therefore possible that passive diffusion of verapamil into the cells occurred, 

resulting in the inhibition of these basolaterally localised transporters. The exact nature of the 

transporters involved, however, remains to be elucidated. OCT1 was found in all cell lines 

studied, but with pronounced differences in protein abundance. In addition, several studies 

have described the protein predominantly localised to intracellular domains in both Caco-2 

cells as well as human bronchial epithelium (11, 24). OCT3, on the other hand, was 

equivalently expressed across all cell types and has previously been associated with 

basolateral expression (11, 24). It might hence be argued that OCT3 is the low affinity, high 

throughput transporter for ASP+ in our study. 

Cis-inhibition by ergothioneine and D- and L-carnitine only weakly attenuated ASP+ uptake, 

suggesting that organic carnitine transporters had only a minor involvement in the process. 

Horvath and colleagues (18) previously proposed OCTN2 as the responsible transporter for 

ASP+ uptake into the human airway epithelium. Regretfully, their report fails to demonstrate 

direct evidence of ASP+ transport by OCTNs. In addition, a recent publication by Grigat and 

co-workers (36) comes to the conclusion that OCTN2 is not a general drug transporter and 

hence, does not translocate ASP+ in HEK-293 cells. Moreover, the data on the structural 

ASP+ analogue, MPP+ reports only a very weak affinity to OCTN transporters (19). We 

therefore believe that OCTNs are not involved in ASP+ uptake by the cell lines investigated 

in our work. 

 

 

 



  

CONCLUSIONS 

In summary, respiratory epithelial cells functionally express a complex array of organic 

cation transporters. These transporters facilitate ASP+ uptake into human respiratory 

epithelial cell monolayers. The major findings of this work were that alveolar A549 cell 

monolayers showed an absorption pattern different from bronchial 16HBE14o- and Calu-3 as 

well as intestinal Caco-2 monolayers. Figure 8 shows the hypothetical absorption pathways in 

the different cell types. The uptake of ASP+ into A549 cells was consistent with active uptake 

of ASP+ across the apical membrane mediated by organic cation transporters, most likely 

OCT2. Beta-2 agonists and ICS were able to attenuate this process, highlighting possible 

drug-drug interactions at the respiratory epithelial barrier. In addition, concentration- and 

temperature-dependent uptake of ASP+ across the basolateral membrane was observed. It can 

be speculated that this transport was mediated by OCT3. Studying drug transport processes in 

an organotypic in vitro model is far more complex than in expression systems transfected 

with only one or two transporters. Particularly, in a case where the transporter sites in 

question show a high degree of substrate overlap, and where no specific inhibitors are 

available. Ultimate proof might be obtained using RNAi methods, but the paucity of good 

commercially available antibodies renders this approach inadequate.  

 

ACKNOWLEDGEMENTS 

This work has been funded by a Strategic Research Cluster grant (07/SRC/B1154) under the 

National Development Plan co-funded by EU Structural Funds and SFI. STB was funded by 

an IRCSET Government of Ireland Postgraduate Scholarship in Science, Engineering and 

Technology. GT was the recipient of a bourse de mobilité internationale étudiante Explo'ra 

sup funded by the Région Rhône-Alpes. The authors thank Sunovion Pharmaceuticals Inc. 

(Marlborough, MA) for the generous gift of the salbutamol and formoterol enantiomers. 



  

REFERENCES 

1. J. S. Patton, J. D. Brain, L. A. Davies, J. Fiegel, M. Gumbleton, K.-J. Kim, M. Sakagami, 
R. Vanbever, C. Ehrhardt, The particle has landed - discerning the fate of inhaled 
pharmaceuticals, J. Aerosol Med. Pulm. Drug. Deliv. 23 Suppl 2 (2010) S71-S87. 
 
2. A. Tronde, C. Bosquillon, B. Forbes, The isolated perfused lung for drug absorption 
studies, in: C. Ehrhardt, K. J. Kim (Eds.) Drug Absorption Studies - In Situ, In Vitro and In 
Silico Models, Springer, New York, USA, 2008, pp. 135-154. 
 
3. C.  Bosquillon, Drug transporters in the lung- implication in the biopharmaceutics of 
inhaled drugs, J. Pharm. Sci. 99 (2010) 2240-2255. 
 
4. M. Gumbleton, G. Al-Jayyoussi, A. Crandon-Lewis, D. Francombe, K. Kreitmeyr, C. J.  
Morris, M. W. Smith, Spatial expression and functionality of drug transporters in the intact 
lung: Objectives for further research, Adv. Drug Deliv. Rev. 63 (2011) 110-118.  
 
5. T. Sugiura, Y. Kato, A. Tsuji, Role of SLC xenobiotic transporters and their regulatory 
mechanisms PDZ proteins in drug delivery and disposition, J. Control. Release 28 (2006) 
238-246.  
 
6. H. Koepsell, Polyspecific organic cation transporters: their functions and interactions with 
drugs, Trends Pharmacol. Sci. 25 (2004) 375-381. 
 
7. G. Ciarimboli, Organic cation transporters, Xenobiotica. 38 (2010) 936-971. 
 
8. H. Kouji, M. Inazu, T. Yamada, H. Tajima, T. Aoki, T. Matsumiya, Molecular and 
functional characterization of choline transporter in human colon carcinoma HT-29 cells, 
Arch. Biochem. Biophys. 483 (2009) 90-98.  
 
9. S. Endter, D. Francombe, C. Ehrhardt, M. Gumbleton, RT-PCR analysis of ABC, SLC and 
SLCO drug transporters in human lung epithelial cell models, J. Pharm. Pharmacol. 61 
(2009) 583-591. 
 
10. K. Bleasby, J. C. Castle, C. J. Roberts, C. Cheng, W. J. Bailey, J. F. Sina, A. V. Kulkarni, 
M. J. Hafey, R. Evers, J. M. Johnson, R. G. Ulrich, J. G. Slatter, Expression profiles of 50 
xenobiotic transporter genes in humans and pre-clinical species: a resource for investigations 
into drug disposition, Xenobiotica 36 (2006) 963-988. 
 
11. K. S. Lips, C. Volk, B. M. Schmitt, U. Pfeil, P. Arndt, D. Miska, L. Ermert, W. Kummer, 
H. Koepsell, Polyspecific cation transporters mediate luminal release of acetylcholine from 
bronchial epithelium, Am. J. Respir. Cell Mol. Biol. 33 (2005) 79-88. 
 
12. G. Horvath, E. S. Mendes, N. Schmid, A. Schmid, G. E. Conner, M. Salathe, A. Wanner, 
The effect of corticosteroids on the disposal of long-acting beta2-agonists by airway smooth 
muscle cells, J. Allergy Clin. Immunol. 120 (2007) 1103-1109. 
 
13. J. L. Sporty, L. Horálková, C. Ehrhardt, In vitro cell culture models for the assessment of 
pulmonary drug disposition, Expert Opin. Drug Metab. Toxicol. 4 (2008) 333-345. 
 



  

14. B. Forbes, C. Ehrhardt, Human respiratory epithelial cell culture for drug delivery 
applications, Eur. J. Pharm. Biopharm. 60 (2005) 193-205. 
 
15. A. Stachon, H. Hohage, C. Feidt, E. Schlatter, Characterisation of organic cation transport 
across the apical membrane of proximal tubular cells with the fluorescent dye 4-Di-1-ASP, 
Cell Physiol. Biochem. 7 (1997) 265–274.  
 
16. E. Rytting, J. Bryan, M. Southard, K. L. Audus, Low-affinity uptake of the fluorescent 
organic cation 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (4-Di-1-ASP) in 
BeWo cells, Biochem. Pharmacol. 73 (2007) 891-900. 
 
17. C. Ehrhardt, C. Kneuer, C. Bies, C. M. Lehr, K. J. Kim, U. Bakowsky, Salbutamol is 
actively absorbed across human bronchial epithelial cell layers, Pulm. Pharmacol. Ther. 18 
(2005) 165-170.  
 
18. G. Horvath, N. Schmid, M. A. Fragoso, A. Schmid, G. E. Conner, M. Salathe, E. Wanner, 
Epithelial organic cation transporters ensure pH-dependent drug absorption in the airway, 
Am. J. Respir. Cell Mol. Biol. 36 (2007) 53-60. 
 
19. H. Koepsell, K. Lips, C. Volk, Polyspecific organic cation transporters: structure, 
function, physiological roles, and biopharmaceutical implications, Pharm. Res. 24 (2007) 
1227-1251. 
 
20. N. Ishiguro, M. Oyabu, T. Sato, T. Maeda, H. Minami, I. Tamai, Decreased biosynthesis 
of lung surfactant constituent phosphatidylcholine due to inhibition of choline transporter by 
gefitinib in lung alveolar cells, Pharm. Res. 25 (2008) 417-427. 
 
21. T. Wang, J. Li, F. Chen, Y. Zhao, X. He, D. Wan, J. Gu, Choline transporters in human 
lung adenocarcinoma: expression and functional implications, Acta Biochim. Biophys. Sin. 
(Shanghai) 39 (2007) 668-674. 
 
22. T. Nakamura, T. Nakanishi, T. Haruta, Y. Shirasaka, J. P. Keogh, I. Tamai, Transport of 
ipratropium, an anti-chronic obstructive pulmonary disease drug, is mediated by organic 
cation/carnitine transporters in human bronchial epithelial cells: implications for carrier-
mediated pulmonary absorption, Mol. Pharm. 7 (2010) 187-195. 
 
23. S. S. More, S. Li, S. W. Yee, L. Chen, Z. Xu, D. M. Jablons, K. M. Giacomini, Organic 
cation transporters modulate the uptake and cytotoxicity of picoplatin, a third-generation 
platinum analogue, Mol. Cancer Ther. 9 (2010) 1058-1069.  
 
24. J. Müller, K. S. Lips, L.  Metzner, N. H. Neubert, H. Koepsell, M. Brandsch, Drug 
specifity and intestinal membrane localization of human organic cation transporter (OCT), 
Biochem. Pharmacol. 70 (2005) 1851-1860. 
 
25. A. M. Lamhonwah, C. Ackerley, R. Onizuka, A. Tilups, D. Lamhonwah, C. Chung, K. S. 
Tao, R. Tellier, I. Tein, Epitope shared by functional variant of organic cation/carnitine 
transporter, OCTN1, Campylobacter jejuni and Mycobacterium paratuberculosis may 
underlie susceptibility to Crohn's disease at 5q31, Biochem. Biophys. Res. Commun. 337 
(2005) 1165-1175.  
 



  

26. I. Elimrani, K. Lahjouji, E. Seidman, M. J. Roy, G. A. Mitchell, I. Qureshi, Expression 
and localization of organic cation/carnitine transporter OCTN2 in Caco-2 cells, Am. J. 
Physiol. Gastrointest. Liver Physiol. 284 (2003) G863-G871.  
 
27. V. Rohlicek, K. J. Ullrich, Simple device for continuous measurement of fluorescent 
anions and cations in the rat kidney in situ, Ren. Physiol. Biochem. 17 (1994) 57-61. 
 
28. H. Hohage, A. Stachon, C. Feidt, J. R. Hirsch, E. Schlatter, Regulation of organic cation 
transport in IHKE-1 and LLC-PK1 cells. Fluorometric studies with 4-(4-
dimethylaminostyryl)-N-methylpyridinium, J. Pharmacol. Exp. Ther. 286 (1998) 305-310. 
 
29. J. N. Mason, H. Farmer, I. D. Tomlinson, J. W. Schwartz, V. Savchenko, L. J. DeFelice, 
S. J. Rosenthal, R. D. Blakely, Novel fluorescence-based approaches for the study of 
biogenic amine transporter localization, activity, and regulation, J. Neurosci. Methods 143 
(2005) 3-25. 
 
30. M. Oz, T. Libby, B. Kivell, V. Jaligam, S. Ramamoorthy, T. S. Shippenberg, Real-time, 
spatially resolved analysis of serotonin transporter activity and regulation using the 
fluorescent substrate, ASP+, J. Neurochem. 114 (2010) 1019-1029.  
 
31. F. Martel, C. Calhau, I. Azevedo, Characterization of the transport of the organic cation 
[3H] MPP+ in human intestinal epithelial (Caco-2) cells, Naunyn Schmiedebergs Arch. 
Pharmacol. 361 (2000) 505-513. 
 
32. J. Biermann, D. Lang, V. Gorboulev, H. Koepsell, A. Sindic, R. Schröter, A. Zvirbliene, 
H. Pavenstädt, E. Schlatter, G. Ciarimboli, Characterization of regulatory mechanisms and 
states of human organic cation transporter 2, Am. J. Physiol. Cell Physiol. 290 (2006) C1521-
C1531.  
 
33. A. T. Nies, H. Koepsell, K. Damme, M. Schwab, Organic cation transporters (OCTs, 
MATEs), in vitro and in vivo evidence for the importance in drug therapy, Handb. Exp. 
Pharmacol. 201 (2011) 105-167. 
 
34. B. Valenzuela, A. Nácher, V. G. Casabó, A. Martin-Villodre, The influence of active 
secretion processes on intestinal absorption of salbutamol in the rat, Eur. J. Pharm. Biopharm. 
52 (2001) 31-37. 
 
35. M. Koval, Tight junctions, but not too tight: fine control of lung permeability by claudins, 
Am. J. Physiol. Lung Cell Mol. Physiol. 297 (2009) L217-L218.  
 
36. S. Grigat, C. Fork, M. Bach, S. Golz, A. Geerts, E. Schömig, D. Gründemann, The 
carnitine transporter SLC22A5 is not a general drug transporter, but it efficiently translocates 
mildronate, Drug Metab. Dispos. 37 (2009) 330-337. 
 

 

 

 



  

Table 1. Kinetic parameters of ASP
+
 uptake into A549 cell monolayers. 

 

 
Km 

(μM) 
Vmax 

(nmol/min/mg protein) 

A549 

(high affinity) 
12.50±4.00 1.51±0.12 

A549 

(low affinity) 
456.88±164.47 4.50±0.69 

 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 



  

 FIGURE LEGENDS 

 

Figure 1. Protein abundance of OCT1 (66 kDa), OCT2 (65 kDa), OCT3 (70 kDa), OCTN1 

(65 kDa) and OCTN2 (70 kDa) in human respiratory epithelial cells. Representative Western 

blot of cell lysates isolated from A549 alveolar epithelial cells, 16HBE14o- and Calu-3 

bronchial epithelial cells and intestinal epithelial cells, Caco-2. Beta-actin was used as 

loading control. 

 

Figure 2. Densitometric analysis of organic cation transporter abundance. Protein levels are 

shown as mean peak intensities relative to the amount found in Caco-2 cells ± SD, n = 3.  

 

Figure 3. Time-dependent uptake of ASP
+
 into human respiratory epithelial cells and Caco-2 

monolayers. (A) Time profile of ASP
+ 

uptake in A549 (●) and (B) time profile of ASP
+ 

uptake in 16HBE14o- (○), Calu-3 (▼) and Caco-2 () monolayers. Cell layers were 

incubated with ASP
+
 (10 µM) as indicated. Data are represented as means ± SD, n = 3 - 9. 

 

Figure 4. Concentration-dependent uptake of ASP
+
 in human respiratory epithelial cells and 

Caco-2 monolayers. (A) A549 (●) cells and (B) 16HBE14o- (○), Calu-3 (▼) and Caco-2 () 

cell layers were incubated at pH 7.4, 37°C and 4°C for 20 min as indicated. Uptake rates 

were calculated as the difference in ASP
+
 uptake between 37°C and 4°C. The inset in A 

shows the specific (carrier-mediated) uptake by the two distinct transporter sites. (C) Eadie-

Hofstee transformations of the data: ν, uptake rate (nmol/min/mg protein); S, ASP
+
 

concentration in mM, ν/S (µl/min/mg protein). In A549 monolayers two distinct transporter 

sites were identified. Data are represented as means ± SD, n = 3 - 6. 

 



  

Figure 5. Effect of extracellular pH (A) and membrane potential (B) on uptake of ASP
+
 in 

human respiratory epithelial cells and Caco-2 monolayers. A549, 16HBE14o-, Calu-3 and 

Caco-2 monolayers were incubated with ASP
+
 (10 µM) at pH 5.7 - 8.2, 37°C for 20 min as 

indicated. ASP
+
 uptake was measured in A549, 16HBE14o-, Calu-3 and Caco-2 monolayers 

in the presence of increasing and decreasing concentrations of KCl and NaCl, respectively, 

pH 7.4, 37°C for 20 min. Data are represented as means ± SD, n = 3 - 6.* P < 0.05, ** P < 

0.01 versus control.  

 

Figure 6. Inhibitory effects of organic compounds including β2-receptor agonists on ASP
+
 

uptake in human respiratory epithelial cells and Caco-2 monolayers. ASP
+
 uptake (10 µM)  

was measured in the presence of amantadine (100 μM and 500 μM), D-carnitine (100 μM and 

500 μM), L-carnitine (10 μM and 100 μM), hemicholinium-3 (100 μM and 500 μM), 

tetraethylammonium (1 mM and 20 mM) and verapamil (10 μM and 200 μM) in A549 (A), 

16HBE14o- (B), Calu-3 (C) and Caco-2 (D) cell monolayers at pH 7.4, 37°C for 20 min as 

indicated. Additionally, ASP
+
 uptake (10 µM) was measured in the presence of racemic 

salbutamol (RS-salbutamol, 100 μM and 500 μM) in A549, 16HBE14o-, Calu-3 and Caco-2 

cell monolayers.  Furthermore, the effect of salbutamol enantiomers (R-salbutamol and S-

salbutamol; 100 μM and 500 μM) and formoterol enantiomers (RR-formoterol and SS-

formoterol; 100 μM and 500 μM) was studied in A549 and 16HBE14o- cells at pH 7.4, 37°C 

for 20 min as indicated. Moreover, ASP
+
 uptake was characterised in the presence of 

acetylcholine (1 mM and 5 mM), beclomethasone (10 µM), budesonide (10, 20 and 30 µM), 

corticosterone (100 µM and 500 µM), ergotheoneine (100 µM), lysine (1 mM) and MPP
+
 

(100 µM, 500 µM and 1 mM) in A549 cells. Values are represented as means (% of control) 

± SD, n = 3 - 9.* P < 0.05, ** P < 0.01 versus control.  

 



  

Figure 7. Contribution of the tight junctional barrier to uptake of ASP
+
 in human respiratory 

epithelial cells. Calu-3 cell monolayers were incubated with ASP
+
 as described previously 

(●) or in the presence of 5 mM EDTA (○). Data are represented as means ± SD, n = 3. * P < 

0.01 versus control.  

 

Figure 8. Proposed absorption pathways for ASP
+
 in alveolar, bronchial and intestinal 

epithelial cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Figure 1.  
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Figure 2.  
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 8



  

Different absorption pathways for ASP+ in alveolar, bronchial 
and intestinal epithelial cells. 
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