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Most inhaled B,-adrenergic agonist and anticholinergic bronchodi-
lators have low lipid solubility because of their transient or perma-
nent positive net charge at physiologic pH. Airway absorption of
these cationic drugs is incompletely understood. We examined
carrier-mediated mechanisms of cationic drug uptake by human air-
way epithelia. Airway tissues and epithelial cells, obtained from lung
donors without preexisting lung disease, were evaluated for organic
cation transporter expression by quantitative RT-PCR and immuno-
fluorescence. For in vitro functional studies on primary airway epi-
thelial cells, uptake of the cationic fluorophore 4-[4-(dimethylamino)-
styryl]-N-methylpyridinium (ASP*) was characterized. Quantitative
RT-PCR analysis demonstrated high mRNA levels for two polyspec-
ific organic cation/carnitine transporters, OCTN1 and OCTN2, in
human airway epithelia. Imnmunofluorescence of human airway sec-
tions confirmed OCTN1/2 protein expression, with a predominant
localization to the apical portion of epithelial cells. Primary airway
epithelial cells showed a carrier-mediated, temperature-sensitive
and saturable uptake of ASP*. Seventy-five to eighty percent of
ASP* uptake was inhibited by L-carnitine, an OCTN2-carried zwitter-
ion. The uptake was pH dependent, with ~ 3-fold lower rates at
acidic (pH 5.7) than at alkaline (pH 8.2) extracellular pH. Albuterol
and formoterol inhibited ASP* uptake, suggesting that all these
molecules are carried by the same transport mechanism. These
findings demonstrate the existence and functional role of a pH-
dependent organic cation uptake machinery, namely OCTN1 and
OCTN2, in human airway epithelia. We suggest that epithelial
OCTN1/2are involved in the delivery of inhaled cationic bronchodi-
lators to the airway tissue.
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The lungs provide a unique absorptive surface for drug delivery.
The inhalation route allows exposure of airway tissues to high
drug concentrations while minimizing systemic drug effects. The
most common inhaled drugs are bronchodilators and anti-
inflammatory agents used in the therapy of airway diseases such
as asthma and chronic obstructive pulmonary disease. Effective
airway absorption of these drugs is a prerequisite for local phar-
macologic effects. Many inhaled drugs are rapidly absorbed into
the airway because of their lipophilic chemical characteristics
(1). However, the majority of the currently used bronchodilators
have a transient or permanent positive charge at physiologic pH.
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CLINICAL RELEVANCE

Airway absorption of bronchodilators with low lipid solubil-
ity is poorly understood. This study reveals a pH-dependent
drug absorption machinery that is likely involved in the
delivery of inhaled bronchodilators to the airway tissue.

These organic cations cannot freely diffuse across the cell mem-
brane lipid bilayers of the airway epithelium to reach their targets
in the airway tissue. In contrast to their well investigated receptor
actions on smooth muscle and other cells in the airway (2, 3),
the molecular mechanisms by which cationic drugs reach these
receptors remain incompletely understood.

In recent years, a number of polyspecific uptake transporters
have been identified that facilitate the passage of structurally
diverse cationic drugs through membrane barriers (4). These
include two distinct classes of the solute carrier (SLC22) trans-
porter family (5): one driven by the transmembrane potential
difference and the other by the transmembrane H* gradient.
Five human organic cation transporters have been cloned to
date: the potential dependent organic cation transporters OCT1
(6), OCT2 (7), and OCT3 (8), and the pH-dependent organic
cation/carnitine transporters OCTN1 (9) and OCTN2 (10).
Among many critical biological functions such as intestinal ab-
sorption, placental transfer, and renal excretion of xenobiotics
and endogenous substrates (5), these transporters seem to serve
important airway functions. We have demonstrated the cortico-
steroid-sensitive uptake of norepineprine by OCT3 in vascular
smooth muscle (11), an action that is likely influencing the sym-
pathetic neurogenic tone of airway blood vessel (12). OCT1 and
OCT2, on the other hand, may mediate acetylcholine release
from epithelial cells to the airway lumen (13). Information on
carrier-mediated cationic drug absorption into the human airway
epithelium is lacking to date. With respect to drug absorption
in monolayer cultures of airway epithelial cell lines, the cationic
albuterol appears to be absorbed actively (14); however, others
found no evidence of an active absorption mechanism for organic
cations (15).

For inhaled bronchodilators, the airway epithelium is the
major physicochemical barrier for reaching their receptors on air-
way smooth muscle. To identify the role of transporter-mediated
mechanisms in the absorption of cationic bronchodilators, we
investigated cationic drug uptake and transporter expression in
primary human airway epithelia. Because measurements of drug
absorption into human airway tissue are not feasible in vivo, we
used donor lungs to isolate primary airway epithelial cells for
functional studies.

MATERIALS AND METHODS

Materials

Unless otherwise stated all materials were obtained from Sigma Chemi-
cal Co. (St. Louis, MO).
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Human Airway Tissues and Cells

Tracheas, large bronchi (= third generation), and lung parenchyma
were obtained from organ donors without preexisting lung disease
whose lungs were rejected for transplantation because they failed to
meet the standard selection criteria (16), and from patients with cystic
fibrosis during lung transplantation. The studies were approved by the
Institutional Review Board of the University of Miami, and the subjects
or their surrogates gave informed consent. Primary airway epithelial
cells were isolated as previously described (17). Freshly isolated cells
were deposited onto human placental (type IV) collagen-coated glass
coverslips at a density of 0.5 X 10° cells/cm?, and maintained < 36 h
in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA)
supplemented with 5% fetal bovine serum (Hyclone, Logan, UT), 100
U/ml penicillin, and 100 pg/ml streptomycin within a humidified atmo-
sphere containing 5% CO, at 37°C.

Cell Culture

Air-liquid interface (ALI) cultures of human airway epithelial cells
were prepared as previously described (17).

Expression Profiling by Quantitative RT-PCR

Total RNA was extracted from abraded human tracheal epithelia and
ALI cultures of airway epithelial cells using RNeasy Protect Mini Kit
(Qiagen, Valencia, CA). RNA samples were treated with RNase-free
DNase (Qiagen) and quantified spectrophotometrically at 260 nm.
RNA integrity was confirmed using RNA 6,000 LabChip Kit (Agilent
Technologies, Palo Alto, CA) and a bioanalyzer (model 2100, Agilent
Technologies) provided by the University of Miami DNA Microarray
Facility. Human placenta, liver, and kidney RNA samples were pur-
chased from Ambion (Austin, TX). Total RNA (0.25 pg/reaction) was
used for first-strand cDNA synthesis using Quantitect Reverse Tran-
scription Kit (Qiagen).

To assess organic cation transporter mRNA expression levels,
quantitative PCR was used with newly designed gene-specific primers
(Table 1). Real-time PCR amplification reactions were performed with
Quantitect SYBR Green PCR Kit (Qiagen). The cycling conditions
comprised of 15 min polymerase activation at 95°C, and 45 cycles at
95°C for 15 s, 57°C for 30 s, and at 72°C for 30 s. Reactions were
run on an iCycler IQ5 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) according to the manufacturer’s protocol. Specificity
of the amplificons were confirmed by purification on QiAquick PCR
Purification Kit silica spin columns (Qiagen) and sequencing (DNA
Core Laboratory, University of Miami).

The comparative threshold cycle (Cr) method was used for relative
quantification of PCR products (18). To establish PCR functionality
of our custom-designed primers, amplification standard curves were
generated for each gene by serial dilutions of placenta cDNA. The
amplification efficiency (E) was calculated using data collected from
the standard curve with the following formula: E = 1071s¢ — 1 (18).
PCR efficiencies for all custom-designed primers were above 95%.
Relative gene expression levels were calculated by normalizing the
data to the control gene glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and relative to the sample with the highest expression level
of the respective gene (calibrator). Thus, data were first normalized to
the control gene by: AC; = Cytarget gene — Crcontrol gene. Then,
mRNA expression data were converted to relative levels using the
following formula: Relative eXpression e gene = 2784C where AACy =
ACrtarget gene — ACqcalibrator (18).

OCTN1/2 Immunolocalization in Human Airway Tissues and
ALI Cultures of Airway Epithelial Cells

Tracheal rings and lung parenchyma were fixed in 4% paraformalde-
hyde and embedded for paraffin sectioning. Autofluorescence of depar-
affinized sections was reduced by incubating sections in 5 mg/ml sodium
borohydride in PBS for 30 min at room temperature. Sections were
subjected to antigen retrieval by incubating in 10 mM citrate buffer
(pH 6) for 15 min at 80°C followed by blocking in 1% BSA in PBS for
60 min at room temperature. Then, sections were incubated overnight
with 5 pg/ml affinity-purified goat anti-human OCTN1 or OCTN2 IgG
(Santa Cruz, Santa Cruz, CA), or nonimmune goat IgG (negative con-
trol) at 4°C. Alexa Fluor 488—conjugated rabbit anti-goat IgG (Molecu-
lar Probes, Eugene, OR) was used as secondary reagent. Sections were
mounted with Prolong Gold antifade permanent mounting reagent con-
taining 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (Molecular
Probes).

To localize organic cation transporter proteins in airway epithelial
cells cultured at the ALI, antibodies against OCTN1/2 and acetylated
tubulin (to label cilia) were used. Culture inserts with airway epithelial
cells were excised, and fixed and permeabilized with acetone-methanol
(1:1) at —20°C. Autofluorescence reduction, blocking, and incubation
with anti-OCTN1/2 antibodies or nonimmune IgG (negative control)
and the secondary reagent were performed as described for tissue sec-
tions. Co-localization with cilia was examined by incubating the samples
with a monoclonal anti-acetylated tubulin antibody for 60 min at room
temperature followed by Alexa Fluor 555-conjugated goat anti-mouse
F(ab’), fragment (Molecular Probes) as a secondary reagent. After
mounting with Prolong Gold (with DAPI), images were captured using
a Zeiss LSM-510 confocal laser scanning microscope (Zeiss Micro-
Imaging, Thornwood, NY), provided by the University of Miami Imaging
Core Facility.

Organic Cation Uptake Studies

To measure organic cationic uptake, primary airway epithelial cells
plated on collagen-coated coverslips were exposed to the fluorophore
4-[4-(dimethylamino)-styryl]-N-methylpyridinium (ASP") in modified
Hanks’ Balanced Salt Solution (mM: 138 NaCl, 5.3 KCl, 4.2 NaHCO;,
1.3 CaCl,, 0.5 MgCl,, 0.4 Mg,SO,, 0.4 KH,PO,, 0.3 Na,HPO,, 5.6 glucose,
20 Hepes, pH 7.4) at 37°C or 4°C. Tetraethylammonium (TEA™), corti-
costerone, L-carnitine, or ergothioneine was also added in to assess
their inhibitory potential. Na* dependence of ASP* uptake was investi-
gated by changing the incubation solution to Na*-free solution, in which
Na* was replaced isotonically with N-methyl-D-glucamine. Reaction
was stopped by washes with ice-cold PBS and the samples were mounted

TABLE 1. CUSTOM-DESIGNED GENE-SPECIFIC PRIMERS FOR QUANTITATIVE PCR AMPLIFICATION OF THE MEMBRANE
POTENTIAL SENSITIVE ORGANIC CATION TRANSPORTERS (OCT1, OCT2, AND OCT3), THE PH-DEPENDENT ORGANIC CATION/
CARNITINE TRANSPORTERS (OCTN1 AND OCTN2), AND THE ENDOGENOUS CONTROL GENE GAPDH

Forward Primer

Reverse Primer

GenBank Gene Product
Name Acc. No. Symbol Sequence Position Sequence Position (bp)
OCT1 NM_003057 SLC22A1 GCTGGCTACACCCTAATCACAGA* 760-782 GGCACACACCAGTAGTAGAGCA* 953-932 194
OCT2 NM_003058 SLC22A2 CTTCAGCGCCTGAGACTTGAAG* 1122-1143 CACAGAGCTCGTGAACCAGTTG* 1250-1229 129
OCT3 NM_021977 SLC22A3 TGCCTACTTCATCCCCAACTGG! 807-828 TTCCGAGTAATCAGCCAACGGG! 923-902 117
OCTN1 NM_003059 SLC22A4 TCGTGACCGAGTGGAATCTGG* 548-568 CTGCCAAACCTGTCTGACAGC* 671-651 124
OCTN2 NM_003060 SLC22A5 CCATTGTGACCGAGTGGAACC* 601-621 ACATTCTTCCGGCCAAACCTG* 736-716 136
GAPDH NM_002046 GAPDH CCTCAAGATCATCAGCAATGCCT! 531-553 GATGGCATGGACTGTGGTCAT! 645-625 115

Definition of abbreviations: bp, base pairs; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

* Primer spans an exon-intron boundary.
 Forward and reverse primers localize on different exons.
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with Gel/Mount (Biomedia, Foster City, CA) for quantification using
fluorescence microscopy.

Single-cell fluorescence was quantified as previously described (11,
19, 20) using ASP*-specific excitation (465-495 nm) and emission (595—
615 nm) filters.

Statistics

Each experiment was repeated with cells from at least three different lungs.
Results were expressed as mean = SEM of at least three experiments.
Two groups were compared using Student’s unpaired ¢ test, while the
Tukey-Kramer test was used for comparison of more than two groups
if an ANOVA indicated a statistically significant difference by a P <
0.05. Half-saturation constant (K,) and maximum uptake rate (Vmax)
were calculated by fitting the uptake rate (v) to the following equation
by means of nonlinear least squares regression analysis using Prism
v4.0 (GraphPad, San Diego, CA): v = Vmax X [S]/ (K, + [S]), where
[S] was [ASP*].

RESULTS

Transporter mRNA Expression

Relative mRNA expression levels for the membrane potential
sensitive transporters OCT1, OCT2, and OCT3 were highest in
human liver, kidney, and placenta, respectively (Figure 1). OCT1
and OCT3 expression in airway epithelia remained relatively
low compared with the highest expressing tissues, while OCT2
mRNA expression was nearly undetectable. OCTN1 and
OCTN2 relative mRNA expression levels were the highest in
placenta and kidney. In contrast to low expression levels for the
membrane potential sensitive transporters, mRNA expression
levels of the pH-dependent organic cation transporters OCTN1
and OCTN2 were almost as high in airway epithelia as in placenta
and kidney.

Airway epithelial cells cultured at the ALI for 6-8 wk ex-
pressed mRNA for these transporter molecules in nearly identi-
cal amounts compared with freshly harvested airway epithelial
cells by scraping. This finding supports the concept that airway
epithelial re-differentiation at the ALI provides a good model
system for studying the function of these transporters. Trans-
porter mRNA expression levels were also investigated in ALI
cultures established from airway tissues of patients with cystic
fibrosis, an inherited disease of apical chloride channel dysfunc-
tion caused by the mutations in the gene encoding of the cystic
fibrosis transmembrane conductance regulator (CFTR). ALI

OCT 0CT2 OCT3
Placenta
Kidney h
Liver

Airway epithelia I—I
ALl nondiseased |1
ALL CF Arsos/ars0s ND
ALL, CF xrs0sim11524 ND

OCTN1

cultures established from either homozygote AF508/AF508 or
heterozygote AF508/D1152H patients indicated that high mRNA
expression levels for pH-dependent drug transporters were not
altered in these individuals. Although CFTR function and the
clinical course of the disease are proposed to be influenced
by “modifier genes,” such as epithelial drug efflux transporter
downregulation (21), epithelial cationic drug uptake transporters
are likely not involved in this process.

OCTN1/2 Immunolocalization in the Human Airway

Since the mRNA expression levels for the pH-dependent organic
cation transporters were high in airway epithelia, immunohisto-
chemistry was used to localize OCTN1 and OCTN2 within hu-
man trachea and lung parenchyma (Figure 2). OCTN1 immuno-
reactivity was largely associated with the apical portion of
epithelial cells in the trachea (Figure 2B), whereas lower levels of
OCTN1 immunoreactivity were detectable in alveolar epithelia
(Figure 2D). Interestingly, OCTN1-specific labeling was also
seen with other, most likely inflammatory cells infiltrating airway
epithelia (both in the airway and alveoli). This is consistent
with the recently demonstrated OCTN1 expression in leukocytes
positive for CD14" and monocytes (22). OCTN2 immunoreactiv-
ity was also largely associated with the apical portion of airway
epithelial cells (Figure 2F). In contrast to OCTN1, OCTN2 im-
munoreactivity was seen in the lung parenchyma, especially with
the surface of the alveolar epithelia (Figure 2H).

OCTN1/2 Immunolocalization in ALl Cultures of Airway
Epithelial Cells

In addition to human airway sections, the cellular localization
of OCTN1/2 was further examined in airway epithelial cells
cultured at the ALI (Figure 3). Similar to the apically polarized
expression in the airway epithelium in tissue sections, confocal
imaging showed that OCTN1 and OCTN2 expression was largely
associated with the apical/subapical portion of the cells (Figures
3A and 3B). Using antibodies against acetylated tubulin for co-
localization studies revealed that OCTN?2 is expressed in cilia
(Figures 3H and 3K), whereas OCTNI1 did not co-localize with
cilia (Figures 3G and 3J).

ASP* Uptake Characteristics in Human Airway Epithelial Cells

Single-cell transport studies were performed by measuring the
differences in ASP*-specific fluorescence between cells exposed

OCTN2

Figure 1. Comparison of organic cation
transporter mRNA expression levels in
human tissues and cells. Relative mRNA
expression levels of the membrane
potential sensitive organic cation trans-
porters (OCT1, OCT2, and OCT3) and
the pH-dependent organic cation/
carnitine transporters (OCTNT1 and
OCTN2) were measured using quanti-
tative RT-PCR. Tracheas and large
bronchi (= third generation) were ob-
tained from human donors without
preexisting lung disease (n of donors =

T T T T T T T I T I

. —
0 0.5 10 05 10 05 1.0
Relative mRNA level (arb. units)

05 1 4), and from patients with cystic fibro-
sis (AF508/AF508 homozygote and

AF508/D1152H heterozygote) (n of

donors = 2). RNA was extracted from scraped airway epithelium and/or cells cultured and re-differentiated at the ALI. Placenta, kidney, and liver
RNA samples were obtained from a single donor subject. Expression data are indicated relative to the sample (calibrator) with the highest expression
level of the respective gene: liver for OCTT, kidney for OCT2, OCTN1, and OCTN2, and placenta for OCT3, respectively. Bars indicate the average
of triplicate quantitative RT-PCR measurements. Error bars indicate SEM for samples obtained from four different human donors. ND = not

detectable level.
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to incubation medium with or without ASP* (Figures 4A and
4B). We first examined the time course of ASP*-specific fluores-
cence after exposing the cells to 10 uM ASP* at 37°C. Cumula-
tive fluorescence in epithelial cells increased in a time-dependent
manner, and was linear with time up to at least 30 min (Figure
4C). To characterize the saturable uptake system in airway epithe-
lial cells, temperature dependence of ASP* uptake was examined
(23) since membrane transport of cations/carnitine is reduced at
low temperatures (e.g., activity of OCTN2 transport is reduced
to 3% at 4°C compared with the uptake at 37°C) (10). In contrast,
nonspecific binding of ASP* to the cell surface (causing an over-
estimation of transport when measured by fluorescence) is nearly
unchanged at reduced temperature (24). Figure 4D shows the
temperature dependence of fluorescence after exposing the

OCTN1 OCTN2

Figure 2. Immunofluorescence analysis
reveals polarized expression of the pH-
dependent organic cation transporter
OCTN1 and OCTN2 in human airways.
After autofluorescence reduction and an-
tigen retrieval (see MATERIALS AND METHODS),
human trachea and lung parenchyma
sections were incubated with 5 pg/ml
affinity-purified goat IgG against human
OCTNT1 (A-D) and OCTN2 (E-H), or non-
immune goat IgG as a negative control
(I-L) followed by AlexaFluor 488—coupled
rabbit anti-goat 1gG. Sections were
mounted in a reagent containing DAPI
to stain nuclei (blue). OCTN1 (green) is
primarily localized to the apical surface of
tracheal epithelia (B), whereas less stain-
ing is seen in alveolar epithelia (D). In-
flammatory cells in the trachea and the
alveoli reveal OCTN1 immunoreactivity.
OCTN2 (green) is also localized to the api-
cal surface of airway epithelial cells (F).
OCTN2 immunoreactivity is largely asso-
ciated with the surface of the alveolar epi-
thelia in the lung parenchyma (G). Figure
shows bright field (A, C, E, G, I, K) and
fluorescence images (B, D, F, H, J, L).

cells from 5 uM to 1 mM ASP™ for 15 min at 37°C or 4°C. ASP*
uptake, which was calculated as the difference in fluorescence
between measurements at 37°C and 4°C, is shown in Figure 4E.
The Eadie-Hofstee plot, a linear transformation of the classical
Michaelis-Menten saturation kinetics equation, gave a single
straight line (Figure 4F), suggesting a single functional trans-
porter site with an estimated K, of 394.4 = 15.4 pM. These data
indicate that ASP* uptake in human airway epithelial cells is
accomplished by a saturable carrier mechanism.

Pharmacologic Characterization of ASP* Uptake

To investigate whether ASP" uptake was a Na*-dependent pro-
cess, we measured the effect of replacing Na* in the incubation
medium with N-methyl-D-glucamine. Figure SA shows that the

Figure 3. Immunolocalization of OCTN1
and OCTN2 proteins in human airway ep-
ithelial cells grown and re-differentiated
in ALl cultures. To identify cellular localiza-
tion of the pH-dependent organic cation
transporters, epithelial cultures were
double-labeled with antibodies to OCTNT,
OCTN2, or nonimmune IgG (negative
control) (green) and acetylated tubulin
(red) for analysis with confocal laser scan-
ning microscopy. Samples were mounted
in a reagent containing DAPI to stain nu-
clei (blue). Images are z-axis reconstruc-
tions of OCTNT1 (A), OCTN2 (B), and ace-
tylated tubulin expression (D-F); overlay
z-axis reconstructions (G-/); and overlay
confocal images at the level of the cilia
(J-L). Images demonstrate OCTN1 and
OCTN2 expression in the apical/subapi-
cal portion of the cells. Overlay images
reveal co-localization of OCTN2 and
acetylated tubulin (H and K) indicating
OCTN2 protein expression in cilia of air-
way epithelial cells.

CONTROL
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Figure 4. Uptake measurements with the cationic fluorophore ASP*
indicate a carrier-mediated mechanism for cationic drug uptake in
human airway epithelial cells. Unexposed primary airway epithelial cells
(A) and cells exposed to 10 uM ASP* for 15 min at 37°C (B). Images
show ASP* (red) and DAPI nuclear stain fluorescence (blue). (C) Time
course of fluorescence (F) after exposing the cells to 10 uM ASP* at
37°C. (D) Effect of temperature on fluorescence after exposing the cells
to ASP* for 15 min (£) Temperature-sensitive (saturable) uptake of ASP*
was calculated as the difference between the fluorescence after exposure
to ASP* at 37°C and 4°C. (F) Eadie-Hofstee plot: the single straight line
indicates that a single organic cation uptake system exists in airway
epithelial cells. Results represent mean = SEM (n = 3 or 4 experiments).

entry of ASP* into airway epithelial cells is not dependent on
sodium, since the uptake was nearly identical in the presence
or absence of Na* (P > 0.05). ASP* uptake was also measured
in the presence of various compounds known to inhibit organic

57

cation/carnitine uptake in other systems. In the presence of the
organic cation TEA™ (0.5 or 5 mM), ASP* uptake was reduced
to 35.2 = 8.1% or 23.1 = 7.5%, respectively (P < 0.05) (Figure
5B). Corticosterone was tested because of its ability to rapidly
inhibit the organic cation transporter OCT1, OCT2, and OCT3
with IC;s, values of 21.7 uM (25), 34 pM (13), and 0.2 uM (11),
respectively. No significant inhibition of ASP* uptake was ob-
tained by 5 or 25 uM corticosterone (P > 0.05) (Figure 5C),
indicating no significant functional role for the membrane poten-
tial dependent (steroid-sensitive) organic cation transporters in
ASP™ uptake. L-Carnitine was also tested at two concentrations
that preferentially inhibit OCTN2 (i.e., K, = 4.34 uM) (10)
compared with OCTNI1 (i.e., K, > 1 mM) (26). In the presence
of 10 or 100 uM L-carnitine, ASP* uptake was reduced to
20.1 = 14.5% or 28 £ 16.9% of control, respectively (P < 0.05)
(Figure 5D). Finally, we tested ergothioneine, a natural antioxi-
dant amino acid exclusively transported by OCTN1 (K, = 21
wM) but not by OCTN2 (27). No significant inhibition of ASP*
uptake was seen by 0.1 or 1 mM ergothioneine (P > 0.05) (Figure
SE). These data suggest that organic cation transport is largely
mediated by OCTN2 in human airway epithelia.

ASP* Uptake Inhibition by Cationic Bronchodilators

To assess whether cationic 3,-adrenergic agonist bronchodilators
are substrates for cation uptake in airway epithelial cells, we
measured the ability of albuterol and formoterol (AstraZeneca,
Lund, Sweden) to inhibit the ASP™ uptake. After a 15-min
incubation with 10 uM of ASP* with 0.1 or 0.5 mM albuterol
at 37°C, ASP™ uptake was reduced to 68.6 = 16.7% (P > 0.05)
or 28.1 = 13.4% (P < 0.05) of control, respectively (Figure 6A).
Likewise, addition of 0.1 or 0.5 mM formoterol to the incubation
solution reduced ASP* uptake to 88.8 = 10.1% (P > 0.05) or
19.8 £ 9.6% (P < 0.05) of control, respectively (Figure 6B). In
addition to cationic bronchodilators, we also investigated the
effect of the lipophilic B,-adrenergic agonist bronchodilator sal-
meterol. No significant inhibition of ASP* uptake was seen by
0.1 or 0.5 mM salmeterol (P > 0.05) (Figure 6C). These findings
support the notion that cationic bronchodilators inhibit ASP*
uptake through competition for the same transport mechanism
rather than B,-adrenergic receptor activation.

Extracellular pH Dependence of ASP* Uptake

Extracellular pH dependence of ASP* uptake is shown in Figure
7. When the bathing medium was adjusted to acidic pH (5.7),
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] s j ]
5 80 5 807 5 80
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the saturable uptake of ASP™* by airway epithelial cells decreased
to 44.9 = 4.1% of that at neutral pH (P < 0.05). The uptake at
alkaline pH (8.2) was increased to 141.9 + 7.6% of that at neutral
pH (P < 0.05).

DISCUSSION

In the present study, we provide evidence for an active absorp-
tion mechanism for cationic drugs in the human airway epithelia,
accomplished by apically polarized expression of the pH-depen-
dent organic cation transporters OCTN1 and OCTN2. Our in vitro
functional studies on primary airway epithelial cells isolated from
donor lungs indicated that cationic drug absorption is mainly
associated with OCTN2. Our findings also suggested that the
OCTNSs carry commonly used cationic bronchodilators, such as
formoterol and albuterol. Finally, our studies suggest that the
pH-dependent uptake demonstrated in vitro could limit the ab-
sorption of inhaled cationic bronchodilators in vivo in medical
conditions associated with airway or airway surface liquid pH
acidification (28).

Lipid solubility, molecule size, and pK,-dependent ionization
are major factors in drug absorption (1). However, it is becoming
increasingly clear that physicochemical properties cannot be con-
sidered as the only major factors of the extent of drug absorption.
Many cells possess specialized membrane transport mechanisms
for the entry of physiologically important molecules, such as
sugars, amino acids, and neurotransmitters. The SLC22 trans-
porter family has been identified to handle cellular influx of
organic cations, a chemically diverse group of compounds. These
include a large array of molecules of physiologic (e.g., acetylcho-
line, noradrenaline) and pharmacologic (e.g., chemotherapeutic
agents, antihistaminics, antacids, antiarrhythmics) importance
(29). The majority of B,-adrenergic agonist (e.g., albuterol and
formoterol) and anticholinergic bronchodilators are also organic
cations because of their permanent or transient positive charge
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Figure 7. Effect of extracellular pH on organic cation uptake by human
airway epithelial cells. ASP* uptake was measured by exposing the cells
to 10 wM ASP* for 15 min at 37°C in an incubation medium adjusted to
different pH levels. Control was calculated as the temperature-sensitive
(saturable) uptake of ASP*. Results represent mean = SEM (n = 3 or
4 experiments). *P < 0.05 versus control.

at physiologic pH. Since carrier mechanisms facilitate the move-
ment through cell membranes, the identification of pulmonary
uptake transporters and their carried substrates is of clinical
importance.

In our studies, airway epithelial cells were isolated from the
proximal airway region (from the trachea to the segmental bron-
chi) of donor lungs to investigate organic cation transport mecha-
nisms. Because the airway smooth muscle is located in the con-
ducting zone of the lung (30), inhaled bronchodilators should
be deposited here to achieve effective bronchodilation. This
notion has been supported by the finding that targeting of an
inhaled (,-adrenergic agonist to the proximal airway region is
more important for bronchodilation than alveolar targeting (31,
32). To reach their receptors on airway smooth muscle, inhaled
drugs must pass through the airway epithelium, a major physico-
chemical barrier. The delivery of inhaled cationic drugs to reach
their receptors on airway smooth muscle depends on the con-
certed action of epithelial drug absorption and release mecha-
nisms. Evidence supports the existence of multiple drug efflux
systems with overlapping substrate specificity in the airway (33).
Several members of the ATP-binding cassette (ABC) efflux
transporter family, such as the multidrug resistance—associated
protein 1 (34) and breast cancer resistance protein (35), are
known to be expressed at the basolateral side of airway epithelia.
Although their functions have largely been studied in the context
of decreased intracellular concentrations of cytotoxic anti-cancer
drugs (36), the basolateral transporters are likely involved in
the transepithelial movements of aerosolized drugs previously
absorbed into the airway epithelium. In contrast to efflux trans-
porters, information is lacking on epithelial drug absorption
mechanisms. Therefore, we measured cationic drug uptake by
primary airway epithelial cells to identify the role of absorptive
carrier mechanisms. Our single-cell microscopic measurements
were performed with the permanently positively charged and
nontoxic fluorophore ASP*. In prior studies, ASP* has been
successfully used to investigate organic cation uptake in vivo
(37) and in various culture systems (38).

Airway epithelial transport through the peptide transporter
PEPT?2 has been proposed to have a major role in the absorption
of inhaled peptides and peptidomimetic drugs (39). In the pres-
ent study, we demonstrated that the uptake of organic cations
is also carrier-mediated in airway epithelial cells by showing
the transport’s temperature sensitivity, saturable kinetics, and
inhibition with the classical organic cation TEA ™. The carnitine-
sensitive characteristics of ASP* uptake suggested that the or-
ganic cation transport is largely mediated by OCTN2, an organic
cation/carnitine transporter whose major roles have recently
been demonstrated in human heart (40), placenta (41), and skele-
tal muscle (42). Together with our studies that demonstrate
OCTN2 co-localization with acetylated tubulin in cilia of epithelial
cells, these studies suggest that transporter availability at the cell
surface might be a major factor in determining the transporter’s
role in the cellular uptake of organic cations. Furthermore, because
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formoterol and albuterol inhibited ASP* uptake, these drugs
also are likely substrates for organic cation carrier mechanisms
in airway epithelial cells. Our findings are supported by a recent
study describing polarized (five to seven times greater apical-
to-basolateral than basolateral-to-apical) transepithelial trans-
port of the cationic albuterol in monolayer cultures of Calu-3
and 16HBE14o0-airway epithelial cell lines (14). However, since
others found no evidence of active organic cation transport in
Calu-3 layers (15), inter-laboratory differences in culture meth-
ods seem to significantly influence organic cation permeability
and/or transporter expression in cell culture models of the airway
epithelial barrier.

Corticosteroids have the unique ability to inhibit the mem-
brane potential sensitive organic cation transporters through
an acute, nontranscriptional mechanism. We demonstrated this
action of OCT3 in smooth muscle cells of airway blood vessels
(11, 19), and proposed that this mechanism is responsible for
the rapid airway vasoconstrictor action of inhaled corticosteroids
seen in vivo in healthy subjects and in subjects with asthma (43).
Since all steroid-sensitive transporters have been demonstrated
to be expressed in the airway epithelium recently (11, 13, 14),
this finding raises the concern that inhaled corticosteroids might
inhibit the absorption of inhaled {,-adrenergic agonists when
the two drugs are administered in combination. Our observations
suggest that this may not be the case because we found low
mRNA expression levels of, and no significant functional role
for, steroid-sensitive transporters in cationic drug uptake by the
airway epithelium.

In contrast to other tissues, such as airway vascular smooth
muscle with high expression levels for the corticosteroid-sensitive
OCT3 (11), airway epithelia predominantly express mRNA for
the pH-dependent organic cation/carnitine transporter OCTN1
and OCTN?2. From the viewpoint of the potential effect of airway
pH on cationic drug absorption, we evaluated the effect of extra-
cellular pH on ASP* uptake by airway epithelial cells in vitro.
Since an alkaline pH would increase the amount of uncharged
weakly basic drug available for passive diffusion (44), we used
the permanently positively charged ASP* to assess pH depen-
dence of active uptake mechanisms. Our studies demonstrated
that uptake decreased by ~ 3-fold when the pH was changed
from 8.2 to 5.7 in the incubation medium. Together with our
immunolocalization studies, showing apically polarized expres-
sion of OCTN1 and OCTN2 in the human airway epithelium,
it is expected that pH of the airway lining fluid has a significant
influence on the absorption of inhaled cationic drugs.

Airway pH homeostasis is poorly understood because of the
difficulties of direct pH measurements in the airway lining fluid.
Most data on human airways were obtained indirectly, by mea-
suring pH of exhaled breath condensates. Exhaled breath
condensate assays revealed acidification in a variety of airway
diseases, including asthma (45). It has been proposed that acidi-
fication reflects pathology of airways (28); however, there are
concerns that salivary acids and bases can influence measure-
ments (46). Our in vitro studies suggest that alkaline pH in the
airway lining fluid would favor the airway absorption of inhaled
cationic drugs. In contrast, drug absorption may be significantly
impaired in medical conditions associated with airway or airway
surface liquid acidification. Nevertheless, to what extent airway
pH might influence pharmacologic responses to inhaled cationic
drugs remains to be evaluated.
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