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’ INTRODUCTION

About 50 years ago Newey and Smyth reported the first
studies indicating the transport of intact peptides across the
intestinal epithelium.1 Eighteen years later, Adibi et al. demon-
strated active transport of peptides against a concentration
gradient,2 a phenomenon that was later explained to be due to
proton-coupled peptide transport by peptide transporters.3 In
mammals, the proton-coupled oligopeptide transporter (POT)
family consists of four members including PEPT1, PEPT2,
PHT1, and PHT2. Although the roles of PHT1 and PHT2 are
not yet fully defined, PEPT1 and PEPT2 transporters are plasma
membrane proteins that mediate the cellular uptake of di/
tripeptides and a variety of other non-peptides4 via an inwardly
directed proton gradient and negative membrane potential.5

Each member of the POT family displays a distinct pattern of
tissue expression, providing a possible avenue for drug targeting
to select tissues,6 whereas PEPT1 is principally expressed in the
intestine, and PEPT2 is expressed mainly in the kidney.7,8 It has
also been demonstrated that PEPT1 and PEPT2 are differentially
distributed along the proximal tubule, with the former predomi-
nantly expressed in the convoluted segment and more of the
latter in the straight segment.9,10

Although several articles have been published on drug delivery
strategies via peptide transporters expressed in the ocular,
intestinal, and pulmonary epithelial cells,11�13 the potential of
these transporters to be exploited for drug delivery via the nasal
route is yet to be investigated. In order to explore this possibility,

it is important to ask some pertinent questions regarding the
expression of drug transporters in the nasal epithelium. Which
active drug transporters have been identified in the nasal
epithelium? Among the identified transporters, which ones are
expressed in the plasma membranes? Both direct and indirect
evidence have shown that solutes including amino acids, dopa-
mine, and some polypeptides are actively transported across the
nasal epithelium. Studies conducted in the early 1970s14,15 on the
nasal absorption of amino acids suggested the existence of active
transport systems for amino acids in nasal mucosa of rodents.
Later studies in rodents16,17and humans18 also confirmed these
findings. Recently, Monte et al.19 demonstrated the expression of
organic anion transporter family member, OAT6 in murine
olfactory mucosa. Similarly, Chemuturi et al. showed that pig
nasal mucosa expressed dopamine and organic cation transpor-
ters (OCT-1 and OCT-2).20,21 Although peptide transporters
have been recognized as the solute carrier transporter family
(SLC) with the most favorable characteristics as drug carriers
(due to their substrate versatility and solute-carrying capacity),
not much is known about their expression and transport attri-
butes in the nasal epithelium.
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ABSTRACT: The molecular and functional expression of peptide transporters (PEPT1 and
PEPT2, PHT1, PHT2) in human nasal epithelium was investigated. Quantitative/reverse
transcriptase polymerase chain reaction (qPCR/RT-PCR), Western blotting and indirect
immuno-histochemistry were used to investigate the functional gene and protein expression for
the transporters. Uptake and transport studies were performed using metabolically stable
peptides [β-alanyl-L-lysyl-Nε-7-amino-4-methyl-coumarin-3-acetic acid (β-Ala-Lys-AMCA)
and β-alanyl-L-histidine (carnosine)]. The effects of concentration, temperature, polarity,
competing peptides, and inhibitors on peptide uptake and transport were investigated. PCR
products corresponding to PEPT1 (150 bp), PEPT2 (127 bp), PHT1 (110 bp) and PHT2
(198 bp) were detected. Immunohistochemistry and Western blotting confirmed the func-
tional expression of PEPT1 and PEPT2 genes. The uptake of β-Ala-Lys-AMCAwas concentration-dependent and saturable (Vmax =
4.1( 0.07 μmol/min/mg protein, Km = 0.6( 0.07 μM). The optimal pH for intracellular accumulation of β-Ala-Lys-AMCA was
6.5. Whereas dipeptides and carbonyl cyanide m-chlorophenylhydrazone (CCCP) significantly inhibited peptide uptake and
transport, L-Phe had no effect on peptide transport. The permeation of β-alanyl-L-histidine was concentration-, direction-, and
temperature-dependent. The uptake, permeation, qPCR/RT-PCR and protein expression data showed that the human nasal
epithelium functionally expresses proton-coupled oligopeptide transporters.
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In a study to validate the use of excised bovine nasal mucosa as
an in vitro model to study drug transport and metabolism,
Schmidt et al.22 found no direct correlation between permeability
coefficients of some peptides and their respective molecular
masses. This was an indication that other factors such as
metabolism and active transport played important roles during
the permeation process. In fact, they reported that the perme-
ability of metabolically labile peptides (thymopoietin fragments,
Arg-Lys-Asp (TP3) and Arg-Lys-Asp-Val (TP4)) were concen-
tration dependent and saturable. As these compounds are small
peptides that are subject to break down to dipeptides, oligopep-
tides and amino acids, it is possible that the observed concentra-
tion-dependency and saturation were due to active transport by
peptide transporters in the bovine nasal epithelium. Recently,
Quarcoo et al.23 showed that PEPT2 transporters are expressed
in the rat nasal epithelium. The purpose of this study was to
provide functional and molecular evidence supporting the ex-
istence of peptide transporters in the human nasal epithelium for
drug targeting.

’MATERIALS AND METHODS

Chemicals. β-Alanyl-L-histidine (carnosine), Gly-Phe, Gly-
Sar, L-Phe, cephadroxil, sodium fluorescein, bovine serum albu-
min (BSA), Pronase, 5-(N-ethyl-N-isopropyl)amiloride (EIPA),
CCCP, isopropanol, Hanks balanced salt (HBBS), Mayer’s
hematoxylin and penicillin/streptomycin were supplied by Sig-
ma (St. Louis, MO, USA). DMEM-F12 1/1, M-MVL reverse
transcriptase, cDNA buffer, TriZol and dNTPs were purchased
from Invitrogen (Burlington, ON, Canada). Oligo dT primers
and Ultroser G were from Promega (Madison, WI, USA) and
Biosepra (St-Germain-en-Laye Cedex, France), respectively. β-
Ala-Lys-AMCAwas custom-made by BiotrendGmbH (Cologne,
Germany); Taq polymerase and the gene ladder (100 bp
GeneRuler) were from Fermentas (Burlington, ON, Canada).
Reverse transcription kit and SYBR green mix were purchased
from Qiagen (Mississauga, ON, Canada). Universal biotin link,
streptavidin-HRP and protein block were from Dako
(Mississauga, ON, Canada). Polyclonal antibodies for PEPT1,
PEPT2, and PHT1 were from Abcam (Cambridge, MA, USA).
Secondary anti-rabbit and anti-goat antibodies were purchased
from Jackson Immunoresearch (West Grove, PA, USA). Che-
miluminescent HRP substrate was fromMillipore (Billerica, MA,
USA).
Cell Culture. The cell culture method used for the study has

been described in detail elsewhere.24 Normal nasal epithelial cells
were extracted from tissues obtained from patients that under-
went endoscopic trans-nasal skull base surgery. Smokers and
patients with chronic inflammatory respiratory diseases were
excluded from the study. The use of human biopsies was
approved by QEII Regional Hospital Research Ethics Board
(REB # CDHA-RS/2006-352). The tissues were transported in
DMEM-F12 1/1 culture medium supplemented with strepto-
mycin 100 μg/mL and penicillin 100 IU/mL and used for cell
culture. Biopsies were washed three times with physiological
saline solution supplemented with antibiotics. The cells were
dissociated enzymatically for a period of 16�24 h at 4 �C using
0.1% Pronase. The Pronase was deactivated with 10%NU-serum
prior to cell washing with DMEM-F12 1/1. The washing solution
was removed after centrifugation at 170g (1500 rpm) for 5 min
on each occasion. The resulting suspension of cells was preplated
on plastic for 1 h at 37 �C in a 95% O2 and 5% CO2 environment

to reduce fibroblast contamination. Subsequently, the cells were
counted and seeded at a density of 5.0 � 104 cell/well on
Cellagen CD-24 inserts (MP Biomedicals, OH, USA) for trans-
port studies. Cells were also seeded on 24 well plates (Fisher
Scientific, ON, Canada) and Lab-Tek 6-chambered borosilicate #
1.0 cover slides (Fisher Scientific, ON, Canada) for uptake and
immunohistochemical studies, respectively. The cells were in-
cubated at 37 �C in a 95% O2 and 5% CO2 environment using
DMEM F12 supplemented with Ultroser G 2%. The medium
was changed every other day. Cells for transport studies were
maintained as immersion culture for the first 3 days and were
switched to air�liquid interface until used for experiments
(10�14 days after culture).
Quantitative and Nonquantitative RT-PCR Studies. Total

RNA was extracted from human nasal turbinates using TriZol
according to the manufacturer’s instructions. In brief, cells were
lysed in 1mLofTriZol containing 200μLof chloroformwas added
per 1 mL of TriZol and vortexed. Three phases were separated by
centrifuging for 15 min at 13,000 rpm at 4 �C. Only the colorless
upper aqueous RNA phase was removed and vortexed with
isopropanol to precipitate the RNA. Samples were incubated at
room temperature for 10 min before centrifugation for 10 min at
13000 rpm at 4 �C. The resulting RNA pellet was washed twice
with ice cold 75% ethanol and then resuspended in ddH2O.
Concentration and purity of RNA was assessed using spectro-
photometry. All samples had A260/A280 absorbance readings great-
er than 1.6 confirming high RNA purity. Subsequently, 20 μL of
cDNA was synthesized from 0.5 μg of total RNA using Qiagen
reverse transcription kit as recommended by the manufacturer.
PCR amplification was performed in a total volume of 20 μL

containing 1 μL of cDNA sample, 10 μL of 2x SYBR green mix,
and 0.5 μM forward and reverse primers (Table 1). Following
95 �C incubation for 15 min, forty cycles of PCR (94 �C/15 s;
58 �C/20 s; 72 �C/30 s) were then performed on an ABI Prism
7900HT sequence detection system. Threshold cycles (CT) for
duplicate reactions were determined using Sequence Detection
System software (version 2.2.2) and relative transcript abun-
dance calculated following normalization with a β-actin PCR
amplicon. Amplification of only a single species was verified by a
dissociation curve for each reaction. Reactions with RNA alone
were used as negative control. Amplified DNA was electrophor-
esed on a 1% agarose gel containing ethidium bromide.
Western Blot.Cultured nasal cells were washed with PBS and

then scraped off the plates and collected by centrifugation. Cell
pellet was resuspended in radioimmunoprecipitation assay buffer
(RIPA) with Halt protease inhibitor cocktail (Pierce Biotechnol-
ogy, IL, USA) and incubated on ice for 30 min. The lysate was
centrifuged at 15,000 rpm for 20min. The remaining supernatant
was removed, and the protein concentration was determined
using BCA protein assay kit (Pierce Biotechnology, IL, USA)
according to the manufacturer’s protocol. Aliquots of 50 μg of
proteins were boiled for 3 min in loading buffer and separated on
a 10% SDS�polyacrylamide gel. Transfer onto a nitrocellulose
membrane was performed over a 2 h period on ice. The
membrane was then blocked in 5% skimmed milk in Tris-
buffered saline Tween-20 (TBST) for 1 h before overnight
incubation with rabbit polyclonal anti-PEPT1 and anti-PEPT2
at 4 �C with gentle agitation. The membranes were then washed
3 times for 15 min in TBST before incubation with anti-rabbit
IgG-HRP. The blots were washed three more time for 15 min in
TBST before antibodies were detected with the enhanced
chemiluminescence (ECL) method.
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Immunohistochemistry. Human nasal turbinate tissue was
dissected and fixed in formalin within an hour of excision.
Subsequently, the tissues were embedded in paraffin wax and
several 5 μm tissue sections were cut out using a Reichert�Jung
rotary microtome, and placed on silinated slides. Sections were
deparaffinized through xylene and an alcohol gradient. After the
slides were washed in PBS, endogenous peroxidase activity was
quenched with 2% hydrogen peroxide in PBS. The slides were
then incubated with protein block to block nonspecific antigen
binding sites followed by rabbit polyclonal antibodies (PEPT1,
PEPT2, PHT1) overnight in a humid chamber. After the
incubation, the slides were washed in PBS and then further
incubated for an additional 1 h with universal biotin link. After
another PBS wash, slides were incubated with streptavidin-HRP
for 1 h. Peroxidase activity was visualized with diaminobenzidine-
tetrachloride chromogen and counterstained with Mayer’s he-
matoxylin. Control staining sections were incubated with PBS
instead of the primary antibody. Photographs were taken with a
high-resolution digital microscopic camera (AxioCamHR, Carl
Zeiss MicroImaging GmbH, G€ottingen, Germany).
Drug Uptake Studies. Uptake studies were conducted using

coumarin-tagged peptide probe (β-Ala-Lys-AMCA) as a sub-
strate for peptide transporters according to themethod described
byGroneberg et al.25 Following a brief wash withHanks balanced
salt solution (HBSS, pH 6.5), the nasal cells were incubated with
a specific concentration of the peptide for 10 min. The cells were
rapidly washed twice with 1 mL of ice cold HBSS to stop the
uptake. This was followed by cell lyses with a solution of 0.1%
Triton-X100 in 0.1 N NaOH. Inhibition studies were conducted
by preincubating the cells for 15 min with competing com-
pounds. The effect of pH on the uptake of the model peptide was
investigated by conducting Ala-Lys-AMCA uptake in buffers of
varying pH (4.0, 5.0, 6.0, 6.5, 7.4, 8.4). Nasal cells that were
cultured for 10�14 days were used for the studies because
preliminary PCR studies showed higher gene expression within
this period compared to cells that were grown for 1 week.
Transport Studies.β-Alanyl-L-histidine (PEPT1/2 substrate)

was used as a model compound for transport studies. The
influence of concentration (0.1�5 mM), temperature (4 �C,
37 �C), competing peptides (Gly-Phe, Gly-Sar, L-Phe) and
polarity on the transport of the compound was investigated.
Prior to the transport studies, the cells were rinsed twice and
preincubated with transport medium, TM (Hanks balanced salt
supplemented with HEPES buffer 10 mM and 25 mM glucose,
pH 6.5), for 15 min at 37 �C. An additional 15 min apical
preincubation with the competing peptides was allowed for
inhibition studies. Transport studies were initiated by adding

250 μL of test solutions to the donor compartment. At pre-
determined time points (0�120 min), 100 μL aliquots were
sampled from the acceptor compartment (750 μL) and were
replaced immediately with an equal volume of TM. All cell
monolayers were checked for epithelial integrity before and after
the experiments by TEER measurement and sodium fluorescein
permeation at the end of the experiments. The average pre- and
post-transport study TEER values for all the data points were
407( 22 and 398( 18 (n= 120), respectively. Sodium fluorescein
permeation at the end of the experiments wase1.0%.Details of the
characterization and validation of the cell culturemodel used for the
transport studies can be found in the literature.24,26 Cell protein
content was estimated using BCA protein assay kit.
HPLC and Fluorescence Analysis. Sodium fluorescein was

analyzed with a Cary 50 UV�vis spectrophotometer (Varian
Inc., CA, USA) at 490 nm wavelength. Carnosine samples were
analyzed by HPLC using Waters 2690 separations modules
coupled to a Waters 996 photodiode array detector. The HPLC
conditions were as follows: column (Brava ODS 5 μm), wave-
length (210 nm), flow rate (1 mL/min), mobile phase (60:40
methanol/water), and software (Breeze). β-Ala-Lys-AMCA
samples were measured with a Modulus single tube multimode
reader (Turner Biosystems, CA, USA) using a fluorescent UV
optical kit.
Data and Statistical and Analyses. Apparent permeability

coefficients [Papp (cm/s)] for β-alanyl-L-histidine transport were
calculated using the following equation:

Papp ¼ dQ
dt

1
AC0

where dQ/dt = time-dependent carnosine flux, C0 = β-alanyl-L-
histidine initial concentration in the apical compartment, A =
Cellagen membrane (CD-24) surface area across (0.785 cm2).
In order to calculate kinetic parameters (Km, Vmax), dipeptide

uptake/transport data were fitted to Michaelis�Menten equa-
tion using Prism 5.0 (GraphPad, San Diego, CA, USA). Passive
diffusion was accounted for by subtracting the rate constant for
β-alanyl-L-histidine passive diffusion at 4 �C using the following
equation:

V ¼ Vmax½S�
Km þ ½S� þ Kd½S�

where Km = Michaelis�Menten constant (μM), Vmax = max-
imum β-alanyl-L-histidine transport rate (nmol/min/mg
protein), [S] = β-alanyl-L-histidine concentration (μM), V =

Table 1. Primers for Nonquantitative/Quantitative PCR Studiesa

transporter forward/reverse primer position amplicon size (bp)

hPEPT1 CAATCCTGATTCTGTACTTCAC 200 150

ACAATGGTCTTGAACTTTCC 350

hPEPT2 TCACTTCCACCTGAAATATCAC 1428 127

CTGTATCCTTTACCATCATGCT 1555

hPHT1 GAGTAATGGTGAAGGCATTGG 886 110

ACATCTTCCACTTTCTCTTCTG 996

hPHT2 GATCAGTGAGATCTTTGCCA 1640 198

ATTGTTGATGTTCCCAAAGTCC 1838
aGene sequences for primer design were obtained from the National Center for Biotechnology Information GenBank (http://www.ncbi.nlm.nih.gov/).
Primers were designed using OligoPerfect Designer from Invitrogen.
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rate of β-alanyl-L-histidine (nmol/min/mg protein), Kd = rate
constant for β-alanyl-L-histidine passive diffusion (μM/min).
Unless stated otherwise, all experiments were performed in

triplicate and data presented as mean( SD. Where appropriate,
statistical significance of the results was determined using
ANOVA (inhibition studies) followed by post-test analysis using
InStat 3.0 (GraphPad, San Diego, CA, USA). P values lower than
0.05 were considered significant.

’RESULTS

Gene Expression Studies. The isolated RNA from normal
human nasal turbinates, which was transcribed to cDNA using
oligo dT primers, was used for the studies. As negative control,
RNA was used as a template to confirm lack of genomic DNA
contamination. The result of the gene expression studies using
PCR is summarized in Figure 1. No band was seen in the control
reaction. However, the predicted PCR products for PEPT1 (150
bp), PEPT2 (127 bp), PHT1 (110 bp) and PHT2 (198 bp) were
seen. These results represent the first molecular evidence support-
ing the expression of proton-coupled oligopeptide transporter
family in the nasal epithelium. Quantitatively, we also compared
the expression levels of the genes in the epithelium (Figure 1). The
levels of PEPT2 and PHT2 were comparable and significantly
higher than the levels shown by PEPT1 and PHT1 (p < 0.05).
Based on the quantitative PCR data, it appears that the epithelium
expressed similar levels of PEPT1 and PHT1 genes.
Protein Expression and Immunohistochemical Studies.

To further verify the expression data from PCR results, Western
blot of cultured nasal tissues was used to probe the expression of
PEPT1 and PEPT2 proteins. Furthermore, immunohistochem-
istry of fresh tissues was used not only to confirm the protein
expression but also to identify the location the transporters
within the epithelium. Figure 2 shows the Western blot analysis

for PEPT1 and PEPT2 proteins from human nasal epithelium. As
expected, immunoreactive bands of PEPT1 (79 kDa) and
PEPT2 (82 kDa) were detected. PEPT1 protein was detected
in rat jejunum (positive control for PEPT1/negative control for
PEPT2), but not in rat kidney (positive control for PEPT2/
negative control for PEPT1). Similarly, PEPT1 was detected in
the human nasal samples (lanes 1�3), but with less dense bands
than the rat small intestine. Conversely, PEPT2 was detected in
the rat kidney (positive control) and the human nasal samples
(lanes 1�3), but not in the rat intestine (negative control).
These results buttressed the fact that the functional uptake and
transport of Ala-Lys-AMCA and β-alanyl-L-histidine observed in
this study could be linked to PEPT1 and PEPT2 transporters.
However, for solute transporters to participate in drug uptake
and transport across the biological epithelia, they must be located
on the apical or basolateral side of the cells.
Figure 3 shows the results of immunohistochemical staining of

the human nasal epithelial tissues using specific antibodies for
PEPT1, PEPT2 and PHT1. Differentiated morphological features
of mature nasal epithelium including goblet cells, ciliated cells,
basal cells and basement membrane are evident in panels A to D.
Panel A is the control where PBS was added instead of antibodies.
The tissue was only stained with hematoxylin�eosin staining. In
panel B, staining was only found within the cell nucleus for PHT1
protein. No PHT1was observed on either the apical or basolateral
regions of the cells, thus highlighting the fact that PHT1 trans-
porters may not play a significant role in solute absorption and
transport across the nasal epithelium. In contrast, panels C and D
indicate positive staining for PEPT1 and PEPT2, respectively
along the brush border regions of the cells. No staining for the
protein was seen along the basement membrane, which suggests
that these transporters are located on the apical region of the cells.
Although qPCR studies suggested higher expression levels for the
PEPT2 genes, immunohistochemical studies yielded more intense
staining for PEPT1 compared to PEPT2.

Figure 1. Qualitative and quantitative expression of PEPT1, PEPT2,
PHT1 and PHT2 mRNA in human nasal epithelium. Bands depict
expected transcripts (PEPT1 = 150 bp, PEPT2 = 127 bp, PHT1 = 110
bp, PHT2 = 198 bp). Bar chart shows quantitative gene expression
relative to β-actin (n = 6).

Figure 2. Expression of functional protein for PEPT1 and PEPT2
transporters in nasal epithelium. Lanes 1�3 were based on 50 μg of
aliquot protein from human nasal epithelium that were subjected to 10%
SDS�polyacrylamide gel followed by post nitrocellulose transfer and 1 h
incubation with anti-PEPT1 and anti-PEPT2 antibodies. Rat intestine
(jejunum) and kidney tissues were used as positive or negative controls
for PEPT1 and PEPT2, depending on the protein. The bands were
visualized with HRP conjugated anti-rabbit antibodies and
chemoluminescence.
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Uptake Studies. In the uptake studies, the mechanism of
intracellular accumulation of β-Ala-Lys-AMCA in human nasal
epithelium was investigated. For this aspect of the studies, the
effect of concentration and competing dipeptides on the uptake
of the dipeptide were investigated (Figure 4). The dipeptide
uptake was rapid, concentration-dependent, and saturable and
followed Michaelis�Menten kinetics (Vmax = 4.1 ( 0.07 μmol/
min/mg protein, Km =0.6 ( 0.07 μM). Substrate specificity
studies showed that other dipeptides and cephadroxil
(Figure 5A) significantly reduced the dipeptide uptake. Gly-
Phe, Gly-Sar and β-alanyl-L-histidine (1 mM) reduced Ala-Lys-
AMCA uptake by approximately 50%. Similarly, cephadroxil also
significantly reduced the dipeptide uptake. To further character-
ize the active transport mechanism, the effect of EIPA, a potent

inhibitor of Naþ/Hþ exchanger and CCCP, a potent proto-
nophore were investigated (Figure 5B). Although EIPA had no
effect on the peptide uptake, CCCP significantly reduced its
uptake (p < 0.05). These observations implied that electrogenic
proton pump rather thanNaþ/Hþ exchanger was involved in the
uptake of the compound. In order to investigate this hypothesis,
the effect of pH or proton gradient on Ala-Lys-AMCA uptake
was investigated (Figure 6). Most published reports on PEPT1
and PEPT2 transporters were performed using buffers with pH
of either 6.0 or 6.5. In this study we adopted pH 6.5 as our
standard pH for all uptake studies. So for studies involving the
effect of pH, uptake at other pHs was compared to uptake at pH
6.5. Figure 6 summarizes the results of the studies. Maximum
uptake occurred at pH 6.0, followed by pH 5.0. Although uptake
occurred at pH 4.0, it was significantly lower than pH 6.5 (p <
0.01). Similarly, the uptake of the compound was significantly
lower at neutral (7.4) and basic (8.4) pHs compared to pH 6.5 (p
< 0.05). These observations clearly support the evidence that
proton pumps were involved in the uptake of the Ala-Lys-AMCA
in human nasal epithelium.
Transport Studies. Metabolically stable dipeptide derivative

β-alanyl-L-histidine was used to demonstrate peptide-transpor-
ter-assisted solute transport across the human nasal epithelium.
Validation studies in our laboratory using β-alanyl-L-histidine
and human nasal cells confirmed that the peptide was intact and
not metabolized during the experiment as L-histidine was not
detected by HPLC. For the transport studies, the effects of
concentration (Figure 7A,B), temperature (Figure 8A), polarity
(Figure 8B) and other peptides (Figure 9) onβ-alanyl-L-histidine
transport were investigated. Figure 4A shows that transport of
the compound was concentration-dependent and saturable. The
permeability of the compound was inversely related to

Figure 3. Immunohistochemical staining of human nasal epithelial tissues embedded in paraffin using specific antibodies for PEPT1, PEPT2 and PHT1.
The tissues were transferred to the lab from the hospital within 1 h of surgery in ice-cold PBS, supplemented with 25 mM glucose. Sections were assayed
with the HRP method and counterstained with Mayer’s hematoxylin. A, Control (HE-staining only); B, PHT1; C, PEPT1; D, PEPT2.

Figure 4. Concentration-dependent uptake of Ala-Lys-AMCA in hu-
man nasal epithelium. Each point represents mean ( SD of triplicate
measurements.
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concentration (Figure 7B). The lowest concentration (0.1 mM)
had the highest permeability coefficient; whereas the highest
concentration (10 mM) resulted in the least permeation coeffi-
cient, which suggested possible transporter saturation as con-
centration increased. Furthermore, the transport of the dipeptide
(50 μm) exhibited polarity- and temperature-dependency

(Figure 8A,B). The apical to basolateral transport and transport
at 37 �C were approximately 3 times higher than basolateral to
apical transport and transport at 4 �C, respectively. This suggests
that the peptide transporters responsible for the transport of
β-alanyl-L-histidine are possibly located on the apical side of the
cells. Additional studies conducted to confirm that the active
transport of β-alanyl-L-histidine occurred via peptide transpor-
ters involved the permeation of the compound in the presence of
competing dipeptides (Gly-Sar, Arg-Phe, Gly-Phe, L-Phe). The
result of the studies is shown in Figure 9. As anticipated, Gly-Sar,
Arg-Phe and Gly-Phe (10 mM) significantly reduced the trans-
port of the dipeptide (p < 0.05). Although the dipeptides with
phenylalanine residue significantly reduced the transport, phe-
nylalanine, an amino acid, had no effect on the transport.

’DISCUSSION

In this study, we tested the hypothesis that the human nasal
epithelium expresses POT transporter family (PEPT1, PEPT2,
PHT1, PHT2) and that some of the isoforms are capable of
binding and transporting solutes.

Genetic and molecular methods were used to identify and
confirm the specific transporters that were involved in solute
transport. Quantitatively, the expression levels of the four POT
family gene transcripts were different. However, the functional
significance of this observation remains to be seen in terms of
solute absorption and transport. Moreover, the level of gene

Figure 5. Effect of dipeptides and cephadroxil (A) and biological
inhibitors (B) on intracellular uptake of Ala-Lys-AMCA in human nasal
epithelium. Uptake was measured at 37 �C for 10 min in HBSS buffer
supplemented with 25mMglucose, pH 6.5. Each point represents mean
( SDof triplicate uptakemeasurements, * P < 0.05 vs control, ** P < 0.01
vs control.

Figure 6. Effect of pH on the uptake of Ala-Lys-AMCA across human
nasal epithelium.Uptake at pH6.5 was used as control. Data are presented
as a percentage of control. Each point represents mean( SD of triplicate
uptake measurements, * P < 0.05 vs control, ** P < 0.01 vs control.

Figure 7. Effect of concentration on the flux (A) and permeability
coefficient (B) of β-alanyl-L-histidine across human nasal epithelium.
Each point represents mean ( SD of triplicate uptake measurements.
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expression, especially in an in vitro cell culture system, may not
necessarily reflect the level of functional protein expression
in vivo. Based on our studies, one may assert that PEPT1 and
PEPT2 genes were functionally linked to the transport of the
dipeptides because the functional proteins corresponding to
these genes were detected by Western blot and confirmed by
immunohistochemistry.

In most reported studies with peptide transporters, metabo-
lically stable dipeptides or dipeptide derivatives, especially Gly-
Sar, Ala-Lys-AMCA and β-Ala-L-histidine, were used to char-
acterize peptide transport in various epithelia.27�29 In the pre-
sent study, we chose Ala-Lys-AMCA and β-Ala-L-histidine as our
model peptides for two reasons. First, studies involving radio-
active tracers were not allowed on the floor level where our
laboratory is located. So it was not possible to work with tritium-
labeled Gly-Sar, the compound preferred by most researchers.
Two, since the major future application of our study is to target
nasally expressed peptide transporters for systemic delivery of
neuropeptides, it was important to characterize the transporters
using a peptide derivative (β-Ala-L-histidine) in addition to a
fluorescently labeled dipeptide (Ala-Lys-AMCA).

Ala-Lys-AMCA accumulated intracellularly in the nasal
epithelium with a Km and Vmax of 0.6 ( 0.07 μM and 4.1 (
0.07 μmol/min/mg protein, respectively. The fact that the

uptake of the compound was significantly reduced by competing
peptides (carnosine, Gly-Sar) and cephadroxil was an indication
of the involvement of either PEPT1 or PEPT2 transporters.
However, considering the low Km, it seems that Ala-Lys-AMCA
accumulated via the low capacity PEPT2 transporter. The lack of
effect on peptide uptake observed for EIPA, a potent inhibitor of
Naþ/Hþ exchanger, and inhibition of the peptide uptake by
CCCP, a potent protonophore, suggested that the uptake of Ala-
Lys-AMCA was driven by proton pumps and not by Naþ/Hþ

exchanger. The remaining uptake might come from unspecific
binding of Ala-Lys-AMCA to the cells and/or uptake through
endocytosis. Also there could be some unknown mechanisms.
This hypothesis was confirmed by the effect of pH on the peptide
uptake. While maximum uptake occurred at pH 6.0, significantly
lower uptake was observed at more acidic (pH 4.0) and basic
(8.5) pHs. The observed effect of pH on peptide transport was
important because it showed that hydrogen ions provided the
driving force for the active peptide transport via an inwardly
directed Hþ gradient and an inside-negative membrane potential
maintained by the combined action of a Naþ/Kþ ATPase at the
basolateral membrane and the Naþ/Kþ exchanger at the apical
membrane.

The immunohistochemical data localized the expression of
PEPT1 and PEPT2 transporters to the brush border regions of
the nasal epithelium with none on the basolateral side or along
the basement membrane (Figure 3). These data also shed some
light on the polarity of β-alanyl-L-histidine transport. Previous
studies with respiratory cells showed that peptide transporters
are localized at various regions of individual cell types. For
instance PEPT2 transporters are localized on the apical mem-
brane of bronchial and tracheal epithelial cells and in cytoplasm
of pneumocytes type II.4 In the nasal mucosa onemight speculate
that these transporters are responsible for reabsorption of
physiological protein metabolic products following degradation
by nasal protease enzymes. Physiological functions of peptide
transporters may depend not only on the tissue expressing the
transporters but also on the location of the transporters within

Figure 8. Transport of β-alanyl-L-histidine across human nasal epithe-
lium. (A) Effect of polarity (apicalf basolateral vs basolateralf apical)
on transport. (B) Effect of temperature on transport. Each point
represents mean ( SD of triplicate uptake measurements.

Figure 9. Effect of competing peptides on the apical to basolateral
transport of β-alanyl-L-histidine transport across the human nasal
epithelium. Each point represents mean ( SD of triplicate uptake
measurements, * P < 0.05 vs control.
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the tissue. In order for peptide transporters in the nasal epithe-
lium to be targeted for drug delivery, it was pertinent to investigate
their involvement in the flux of a model dipeptide across polarized
nasal epithelium. As shown in Figure 7, the transport of β-alanyl-L-
histidine was concentration-dependent and saturable. This ob-
servation, together with its polarity in transport, was a clear
indication that apically located peptide transporters were respon-
sible for transporting the dipeptide. The present of competing
dipeptides (Gly-Sar, Arg-Phe, Gly-Phe) instead of amino acid
(phenylalanine) further buttressed this argument.

Generally, both our molecular and functional studies sug-
gested the expression of peptide transporters, PEPT1 and
PEPT2, in the human nasal epithelium and their involvement
in substrate transport that occur predominantly in the brush
border membranes. These results are in accordance with pub-
lished studies of other epithelial cells in the small intestine, lung,
choroid plexus, and kidney which have been summarized in the
Introduction. Although PHT1 and PHT2 do express in the
human nasal epithelium, the fact that at least PHT1 is not trans-
membrane protein implies they possibly have no significant roles
in drug uptake and transport process across the nasal epithelium.

’CONCLUSIONS

Drugs used for treatment of various diseases must reach
specific parts of the body where they act in order to be effective.
This may be challenging, especially for peptide drugs due to poor
absorption and rapid degradation in the intestinal walls. Dis-
covering peptide transporters in nondigestive epithelial cells
could be a strategy for improving drug permeation. The expres-
sion of PEPT2 transporters in the human nasal cells was in
agreement with the published studies reported for the rat nasal
epithelium.23 This study provided the first documented evidence
that peptide transporters are expressed in the human nasal
epithelium. Based on the location of PEPT1 and PEPT2
transporters on the brush boarder regions of the epithelium
and their involvement in the uptake and transport of Ala-Lys-
AMCA and β-alanyl-L-histidine these transporters can poten-
tially act as surrogate carriers for drug molecules. Such a targeted
trans-membrane drug delivery strategy may not be possible with
PHT1 and PHT2 transporters because of their intracellular
location. The nasal route has good prospects for peptide
transporter-targeted drug delivery because of its noninvasiveness,
circumvention of first-pass metabolism, and lower protease
enzyme activity in comparison to the gastrointestinal tract.
Moreover, the possibility of food-related drug interactions such
as competition between dietary dipeptides and dipeptide drugs
or peptidomimetics is not applicable. The identification of
PEPT1 and PEPT2 transporters in the human nasal epithelium
may result in new drug targeting strategies based on these
transporters. However, further studies using radioactive-labeled
dipeptides of diverse structural features including Gly-Sar are
necessary to understand the structure activity relationship ne-
cessary for rational drug design and targeting for the nasal
peptide transporters.
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