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Abstract

Objectives To investigate whether growing human nasal epithelium as primary cultures
alters aminopeptidase B (APB), aminopeptidase N (APN) and dipeptidyldipeptidase
(DPPIV) metabolic characteristics, and mRNA gene transcript expression.
Methods The formation of 7-amino-methyl coumarin from specific substrates for APN
(L-alanine-4-methyl-coumaryl-7-amide, APB (L-arginine-4-methyl-coumaryl-7-amide) and
DPPIV (glycyl-L-proline-4-methyl-coumaryl-7-amide) was used to estimate the KM, Vmax

and the effect of aminopeptidases inhibitors on the enzymes. Polymerase chain reaction
was used to investigate gene expression.
Key findings Results of this study showed that: (1) both the excised tissues and primary
cultures of human nasal epithelium expressed APN, APB and DPPIV activity; (2) the KM

of APB, APN and DPPIV was not significantly different in cell and tissue homogenates;
(3) except for APN, the Vmax was not significantly different in the two metabolism models;
(4) there was no statistically significant difference in the behaviours of APB, APN and
DPPIV in response to inhibition by puromycin and bestatin in the two models; (5) the
mRNA transcripts that encode APB, APN and DPPIV were expressed in both cell culture
and tissue homogenate.
Conclusions Based on the results of this study, it may be concluded that nasal primary
culture system is suitable for investigating peptide and protein metabolism and enzymatic
stability in human nasal epithelium. Except for APN, the tissue culture conditions did not
significantly alter the functional and molecular expression of the aminopeptidases.
Keywords 7-amino-methylcoumarin; aminopeptidases; drug metabolism; nasal cell culture;
nasal tissue homogenates; protease inhibitors

Introduction

Biologically active peptides and proteins derived from recombinant DNA technology have
been identified as drugs of the future.[1] However, there are many problems with systemic
delivery of these drugs.[2] Almost all peptide and protein drugs are administered by
injection. As this method is invasive, various alternative routes have been investigated,
including buccal,[3,4] vaginal,[5,6] rectal[7] and pulmonary[8] routes.

Nasal drug delivery is a very attractive approach for drugs that are active in low
doses and show low or no oral bioavailability.[9] The nasal route circumvents first-pass
metabolism associated with oral delivery. It is easily accessible and also suitable for self-
medication. The nasal route has a relatively large surface area, porous endothelial basement
membrane and a highly vascularised epithelial layer.[10] Fast absorption and rapid onset of
action are desirable therapeutic advantages. Indeed, the rate of absorption, peak plasma
concentrations and therapeutic response compare well with intravenous administration of
some drugs.[11] Despite the advantages of the nasal route for drug administration, there are
significant barriers to nasal drug absorption, especially for proteins and peptides. The
biopharmaceutical characteristics of proteins and peptides make their delivery a challenge.
Such challenges stem from their high molecular weight, short plasma half-life,
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susceptibility for breakdown in both physical and biological
environments, and the tendency to undergo self-association,
immunogenicity and lack of precise dosing.[12] Despite these
challenges, some proteins and peptides, including salmon
calcitonin (e.g. Miacalcin), desmopressin (e.g. DDAVP) and
nafarelin (e.g. Synarel), have made it on to the market.[13] In
order to successfully develop other peptides for nasal
administration, the impact of metabolic and penetration
barriers must be recognised.[14] Enzymatic barriers comprise
exopeptidases and endopeptidases that cleave peptides and
proteins at N- and C-terminals and at internal peptide bonds,
respectively. The exopeptidases include aminopeptidase,
dipeptidyldipeptidase, diaminopeptidase, dipetidylcarboxy-
peptidase, serine carboxypeptidase, metalocarboxypeptidase
and cysteine carboxypeptidase. Aminopeptidases are one of
the major enzymes that metabolise peptides and proteins.
They cleave the N-terminal amino acids of dipeptides and
tripeptides. The expression of these enzymes has been
reported in various organs, including the intestine, liver,
kidney, spleen, muscle and the nasal epithelium.[15,16]

Similarly, dipeptidyldipeptidases (DPPIV) specifically
recognise and cleave N-terminal dipeptides. The dipeptidyl-
dipeptidases are classified as DPP I to IV. Each type has
different specific activity, physicochemical characteristics
and cellular localisation. DPPIV, known to be expressed in
plasma membranes, contributes towards the degradation of
peptide drugs.[17]

Aminopeptidases result in presystemic metabolism of
intranasally administered peptides. One of the best
approaches for investigating the effect of drug metabolism
on systemic bioavailability is the use of tissue culture
models. In the area of nasal drug delivery, information on
cell culture models for drug evaluation is limited. The aim of
this study was to compare the functional, mRNA expression
and activity of specific aminopeptidases of excised human
nasal mucosa and cells in primary culture. We also aimed to
determine whether tissue culture environment significantly
affects aminopeptidase expression and activity. The results of
this study may be useful as a reference for cross-validation of
yet-to-be developed nasal epithelial cell lines with respect to
aminopeptidase metabolic characteristics. Unlike our pre-
vious studies that demonstrated the degradation of enkepha-
lins by the nasal aminopeptidases,[16] this study further
explored the relative contributions of specific aminopepti-
dases, aminopeptidase N (APN), aminopeptidase B (APB)
and DPPIV, in peptide degradation in human nasal
epithelium. Furthermore, this study showed for the first
time that the genes that encode APN, APB and DPPIV
ex vivo[18] are expressed in nasal primary cultures.

Materials and Methods

Chemicals

Enzyme substrates L-arginine-7-amino-methyl-coumarin
(Arg-MCA), L-alanine-4-methyl-coumaryl-7-amide (Ala-
MCA), glycyl-L-proline 4-methyl-coumaryl-7-amide (Gly-
MCA) and 7-amino-methyl-coumarin were obtained from
ICN Biomedicals (Aurora, OH, USA). Puromycin hydro-
chloride, bestatin hydrochloride, protease type XIV (pronase)

and bovine serum albumin were obtained from Sigma
(St Louis, MO, USA). Phenol red, phosphate-buffered saline,
Hanks’ balanced salt, Trizol, M-MVL reverse transcriptase,
cDNA buffer, and dNTP were supplied by Invitrogen
(Carlsbad, CA, USA). MgCl, Taq PCR buffer and Taq
polymerase were provided by Fermentas (Burlington, ON,
USA). Agarose powder and oligo dT primers were from
Fisher Scientific (Ottawa, ON, Canada) and Promega
(Madison WI, USA), respectively. All other chemicals and
reagents used during the study were of analytical grade and
were used without further purification.

Cell culture

The cell culture method used for the study has been described
in detail elsewhere.[19] Human nasal epithelial tissues
(without secondary ultrastructural abnormalities) were
obtained from 12 different adult patients that underwent
endoscopic transnasal skull laser surgery. Smokers and
patients with chronic inflammatory respiratory diseases
were excluded from the study. Samples from the same
patients were compared in homogenate and cell culture
experiments. The use of human biopsies was approved by
the QEII Regional Hospital Research Ethics Board (REB
CDHA-RS/2006-352). The tissues were transported in
DMEM–F12 1/1 (Life Laboratories, Paisley, UK) culture
medium supplemented with streptomycin 100 mg/ml and
penicillin 100 IU/ml (Boehringer, Mannheim, Germany) and
used for cell culture. Tissues collected for tissue homogenate
studies were immediately frozen in liquid nitrogen after
excision to preserve the enzymes. The medium for the
monolayer culture was Ultroser G 2.0% (Biosepra, Cergy,
France) in DMEM–F12 1/1 supplemented with 10 ng/ml
cholera toxin, streptomycin100 mg/ml andpenicillin 100 IU/ml.

The human nasal epithelial tissues obtained during
surgery 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 before cell washing with DMEM–F12 1/1. The
washing solution was removed after centrifugation at 70g for
5 min on each occasion. The resulting suspension of cells
was filtered through a 70-mm pore size polycarbonate filter
(Pall, Portsmouth, UK) and pre-plated 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 with a Coulter multisizer (Northwell, UK) and
seeded at a density of 5.0 ¥ 105 cells/well. The cells were
incubated 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. The cells were used
for experiments after becoming confluent (7–14 days).

Preparation of nasal homogenates

The ultrastructurally normal human nasal epithelial tissues
and cultured cells were homogenised in Hanks’ balanced salt
buffer with a tissue homogeniser (Kinematica GmbH,
Lucerne, Switzerland) at 2500 rev/min. The homogenised
cells were centrifuged at 10 000g for 10 min at 4∞C to
remove cellular and nuclear debris. The supernatant was used
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for protein assay and for the determination of aminopeptidase
activity. The supernatant was kept on ice and used within 4 h
of preparation.

Optimisation of incubation time and
protein content

Homogenate samples (5–100 mg) were pre-incubated at 37∞C
for 2 min. Subsequently, 0.03125–1 mM of substrate was
added to initiate metabolism. The mixture was incubated for
5–60 min at 37∞C. After the incubation period, metabolism
was terminated using a stop buffer (0.12 M monochloroacetic
acid and 0.13 M sodium acetate, pH 4.3). Then, 7-amino-
methylcoumarin formed from the substrates was measured
using a Perkin Elmer LS-55 Luminescence spectrofluori-
meter (Perkin Elmer Instruments, MA, USA; excitation and
emission wavelengths of 380 and 440 nm, respectively). Cell
or tissue lysates over a concentration range of 5–20 mg/
100 ml was adequate to produce a measurable reaction.
Within this protein range, the rate of 4-methyl coumaryl-7-
amide formation was linear. Based on these studies, the ideal
protein concentration and incubation time were optimised to
be 15 mg/100 ml and 10 min, respectively.

Assay for aminopeptidase activity

The method described by Quan et al.[17] was used to
determine the aminopeptidase activity of the tissue and cell
culture homogenates. Three aminopeptidase substrates (Arg-
MCA, Ala-MCA and Gly-MCA) were used for APB, APN
and DPPIV, respectively. The homogenate samples (5–50 mg
protein in 950 ml PBS) were pre-incubated at 37∞C for
2 min. Metabolism was initiated by the addition of 50 ml
(0.125 mM) of the substrate and incubated for 10 min at
37∞C. The reaction was terminated by adding 2 ml of stop
buffer and 7-amino-methyl coumarin was measured as
described above. Aminopeptidase assays were also con-
ducted for each substrate in the presence of aminopeptidase
inhibitors (bestatin and puromycin). The inhibitors were used
over a concentration range of 0.01–1.1 mM. A 100-ml volume
of the inhibitors in buffer was added to the homogenate
samples and they were incubated for 15 min at 37∞C.
Following the incubation, 50 ml of the substrate solution was
added and incubated for another 20 min. The reaction was
subsequently terminated using the stop buffer, and the
fluorescent activity of 7-amino-methyl-coumarin was deter-
mined as previously described.

RNA isolation

Total RNA was extracted from human nasal tissues and
epithelial cells using Trizol according to the manufacturer’s
instructions. In brief, cells were lysed with Trizol at 1 ml per
10 cm2. Subsequently, 200 ml of chloroform was added per
1 ml of Trizol and vortexed. Three phases were separated by
centrifuging for 15 min at 12 000g at 4∞C. Only the
colourless 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 12 000g at 4∞C. The resulting
RNA pellet was washed twice with ice cold 75% ethanol and
then re-suspended in double-distilled water. Concentration

and purity of RNA was measured using GeneQuant Pro. All
samples had A260/A280 absorbance readings greater than 1.6,
confirming high RNA purity.

cDNA synthesis

Isolated RNA (2 mg) was transcribed into cDNA by M-MVL
reverse transcriptase using 5 mM dNTP, 1 ml of oligo dT
primers and 2 ml of cDNA buffer.

Polymerase chain reaction

Polymerase chain reaction (PCR) was carried out in a
solution containing 1.5 ml of 50 mM MgCl, 2.5 ml Taq PCR
buffer, 1 ml of 5 mM dNTP, 1 ml of 10 mM forward and
reverse primers, 2 ml of cDNA, 0.5 units of Taq polymerase
and water up to 25 ml. Gene sequences for primer design
were obtained from the National Center for Biotechnology
Information’s GenBank. Primers were designed using
OligoPerfect Designer from Invitrogen. APN (ANPEP)
forward and reverse primer sequences were as follows:
forward 50-CCTCAATGTGACGGGCTATT-30 (correspond-
ing to bases 2161–2180), reverse 50-TCATTGAC-
CAGTGTGGCATT-30 (corresponding to bases 2763–2744).
The PCR product was 603 bp. APB (RNPEP) forward and
reverse primer sequences were as follows: forward 50-
GAGCCCGTGAGCTTCTACAC-30 (corresponding to bases
345–364), reverse 50-GTGGCATGAAGAGCAAGTCA-30

(corresponding to bases 906–877). The PCR product was
562 bp. DPPIV forward and reverse primer sequences were
as follows: forward 50-CAAATTGAAGCAGCCAGACA-30

(corresponding to bases 2377–2396), reverse 50-
TGAAGTGGCTCATGTGGGTA-30 (corresponding to bases
2836–2817). The PCR product was 460 bp. The solution
experienced an initial denaturation at 94∞C for 5 min and then
35 cycles of denaturing at 94∞C for 30 s, annealing at 55∞C for
45 s and extension at 72∞C for 1 min. A final extension was
applied for 10 min at 72∞C. A negative control was done using
RNA and APN primers only. Amplified DNA was electro-
phoresed on a 1% agarose gel containing ethidium bromide.

Statistical analysis

Unless stated otherwise, each experiment was carried out
three times and the data expressed as mean ± SD. Michaelis–
Menten kinetic constants were calculated using non-linear
regression curve-fitting using Graphpad Prism 5.0 (Graphpad
Software Inc., CA, USA). Percentage inhibition due to
bestatin and puromycin were computed by comparing the
specific activity of the tissue and cell culture homogenate
enzymes in the presence of the inhibitors with the specific
activity of the enzymes in the absence of the inhibitors.
Kruskal–Wallis analysis followed by Dunn’s test was used to
compare differences between the tissue and cell culture
aminopeptidase kinetic parameters and the effect of protease
inhibitors on the enzyme activity. Significant P values were
set at P < 0.05.

Results

Figure 1 shows the formation of 7-amino-methylcoumarin
from Ala-MCA, the substrate for APN in nasal tissue
homogenates and primary culture. The formation of 7-amino-
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methylcoumarin was concentration dependent. At a concentra-
tion of 0.5 mMAla-MCA,moremetabolite was formed in tissue
homogenates compared with the cultured cells (approx. 3-fold).
At the lowest concentration (0.0625 mM), approximately 1 mM

of 7-amino-methylcoumarin was formed, whereas less than
0.5 mM was formed in cell culture homogenates. Similarly, at
the highest concentration of the substrate (0.5 mM), more 7-
amino-methylcoumarin was formed in the tissue homogenates.
Overall, the results indicatedmoremetabolic activity of APN in
the tissue samples compared with cultured cells. Despite this
quantitative difference, the formation of 7-amino-methylcou-
marin in both experimental models showed that APN activity is
preserved in primary culture.

The metabolic cleavage of Arg-MCA to 7-amino-
methylcoumarin was used to compare the APB activity of
tissue and primary culture homogenates. The results of the
metabolic degradation of the substrate in both models are
summarised in Figure 2. Whereas the breakdown of Arg-
MCA to 7-amino-methylcoumarin was rapid in the nasal
tissue homogenates (saturation was reached within 15 min),
the degradation of the compound in the tissue culture
homogenates occurred gradually over a 1-h period. As
observed for APN, the formation of 7-amino-methylcoumarin
was concentration dependent. At a much lower concentration
of the substrate (0.007812 nM), approximately 1 mM of
7-amino-methylcoumarin was formed in both models.
A comparable result was also obtained with higher substrate
concentrations.
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Following the exposure of the cells to Gly-MCA, the
metabolic substrate for DPPIV, the formation of 7-amino-
methylcoumarin was comparable in both the tissue and nasal
culture homogenates. As with the substrates for APN and
APB, the release of the fluorescent metabolite from Gly-
MCA was linear at the lowest concentrations of the
substrates (0.02–0.06 mM). In line with the substrates for
APN and APB, both the lowest (0.02 mM) and highest
(0.1 mM) concentrations of the DPPIV substrate yielded
comparable quantities of 7-amino-methylcoumarin in 1 h
(Figure 3).

Table 1 summarises the kinetic parameters (KM and Vmax)
for the formation of 7-amino-methylcoumarin by the tissue
and cell culture homogenates following incubation with

APN, APB and DPPIV specific substrates. The KM (mM)
for 7-amino-methylcoumarin formation was 2.9 ± 0.2,
0.04 ± 0.01 and 0.2 ± 0.04 (excised tissue homogenates)
and 0.11 ± 0.01, 0.17 ± 0.02 and 0.74 ± 0.3 (cell culture
homogenates) for APN, APB and DPPIV, respectively.
Similarly, the Vmax (nmol/mg protein per min) for Ala-MCA,
Arg-MCA and Gly-MCA conversion to 7-amino-methylcou-
marin were 41.7 ± 9.2, 10.1 ± 0.9, 3.4 ± 0.2 (excised tissue
homogenates) and 1.3 ± 0.2, 1.62 ± 0.4 and 2.1 ± 0.3 (cell
culture homogenates), respectively. Dunn’s analysis showed
no statistically significant difference between the KM of the
aminopeptidases (APB, APN and DPPIV) in tissue versus
cell culture homogenates (P > 0.05). Similar results were
observed for APB and DPPIV Vmax (P > 0.05). However, the
APN Vmax for the tissue homogenates was significantly
higher (P < 0.05) compared with cell homogenates. The
observed metabolism of Ala-MCA, Arg-MCA and Gly-MCA
in both the tissue and cell culture homogenates showed that
the functional expression of APN, APB and DPPIV in the
epithelium in vivo was preserved. The decreased Vmax noted
for APN and APB of cultured nasal cells relative to the
tissue homogenates has been observed in aminopeptidases of
cultured retinal pigment epithelium.[20] This may explain the
more rapid breakdown of Arg-MCA that was observed in
tissue homogenates relative to cultured cells.

In vivo, the predominant aminopeptidase in human nasal
epithelial and submucosal gland cells is membrane-bound
puromycin-resistant aminopeptidase.[18] It was therefore
important to subject the aminopeptidases of the nasal tissue
and primary culture homogenates to the inhibitory effect of
specific aminopeptidase inhibitors (puromycin and bestatin).
Table 2 shows concentration-dependent inhibition of APN in
the nasal tissue and primary culture homogenates by bestatin
and puromycin. Similar results were also obtained for APB.
As for DPPIV, the enzyme showed remarkable resistance to
the inhibitory effect of bestatin and puromycin in both the
tissue and cell culture homogenates. Bestatin showed higher
inhibition than puromycin at equimolar concentrations.
Whereas 0.2 mM bestatin resulted in more than 90%
inhibition of APN and APB in the tissue and cell culture
homogenates, it resulted in only 30–60% inhibition of
DPPIV. The inhibitors significantly reduced specific amino-
peptidase activity in both tissue and cell culture homogenates
(P = 0.006, Kruskal–Wallis test). However, Dunn’s post-test
analysis showed that APB, APN and DPPIV were inhibited
in a similar manner in both tissue and cell culture
homogenates (P > 0.05).

Although the various functional studies highlighted some
characteristics of specific aminopeptidases in human nasal
and tissues homogenates, PCR was used to compare the
expression of gene transcripts that encode APN, APB and
DPPIV. The PCR results are summarised in Figure 4. No
gene product was seen in the reaction with negative control.
Reactions with the RNA isolated from nasal cultures yielded
the predicted PCR product size for all three genes studied.
For APN (ANPEP) an expected 600-bp product was seen.
A product of about 550 bp was seen for APB (RNPEP) and a
product just under 500 bp was amplified using the DPPIV
gene specific primers. Reactions with the RNA from nasal
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tissue homogenates also showed the predicted PCR products;
however, other PCR products of unexpected sizes were also
observed (Figure 4).

Discussion

Most of the currently available data on presystemic
metabolic clearance of proteins and peptides in the human
nasal mucosa were based on studies with excised tissue
from animal species.[21] Species and anatomical differ-
ences, tissue viability and sometimes difficulties encoun-
tered in extrapolating some animal tissue based study
results to humans are important concerns when using animal
models.[22] Human nasal epithelium cultured on permeable
supports is a viable alternative for overcoming some of the
problems associated with excised tissue models for studying
nasal drug absorption and metabolism. Although cell lines
remain the most popular models for investigating drug
absorption and metabolism via the oral and pulmonary
routes, this is not the case for the nasal route, as there are
currently no acceptable nasal epithelial cell lines for drug

delivery studies. In order to increase our understanding of
the suitability and potential application of the human nasal
epithelium in primary culture for investigating protein and
peptide enzymatic stability following nasal administration,
we investigated the functional expression and metabolic
characteristics of different aminopeptidases in human nasal
primary culture. We also compared the results of the
cultured cells to that of homogenised tissues to find out to
what extent growing the cells possibly alters the amino-
peptidase activity.

Using leucine-enkephalin and alanine-nitroanilide,
Ohkubo et al.[18] showed that freshly harvested human
nasal epithelium expressed aminopeptidases and DPPIV.
These enzymes are typically involved in the presystemic
metabolism of most nasally administered proteins and
peptides. Therefore in this study, APN, APB and DPPIV
were investigated using their specific substrates. Based on
this approach, non-fluorescent amides (Ala-MCA, Arg-
MCA, Gly-MCA) were cleaved by the enzymes to yield
their respective amino acids and a fluorescent metabolite
(7-amino-methylcoumarin).

Table 1 Michaelis–Menten parameters of tissue and monolayer culture homogenates of human nasal epithelium for aminopeptidase N, B and

dipeptidyldipeptidase IV

Substrate Enzyme Km ± SD (mM) Vmax ± SD (nmol/mg protein per min)

Excised tissue Ala-MCA Aminopeptidase N 2.9 ± 0.9 41.7 ± 9.2*

Arg-MCA Aminopeptidase B 0.04 ± 0.01 10.1 ± 0.9

Gly-MCA Dipeptidyldipeptidase IV 0.2 ± 0.04 3.4 ± 0.2

Monolayer culture Ala-MCA Aminopeptidase N 0.11 ± 0.01 1.34 ± 0.2

Arg-MCA Aminopeptidase B 0.17 ± 0.02 1.62 ± 0.4

Gly-MCA Dipeptidyldipeptidase IV 0.74 ± 0.3 2.1 ± 0.3

Michaelis–Menten parameters (Km and Vmax) of tissue and monolayer culture homogenates of human nasal epithelium for aminopeptidase N, B and

dipeptidyldipeptidase IV. Each value represents the mean ± SD of three experiments. *P < 0.05, aminopeptidase N Vmax for the tissue homogenate

was significantly higher compared with the cell homogenate.

Table 2 Effect of aminopeptidase inhibitors on the metabolic activity of aminopeptidases and dipeptidyldipeptidases

Inhibitor Concn (mM) Inhibition (%)

Aminopeptidase N Aminopeptidase B Dipeptidyldipeptidase IV

Excised tissue Puromycin 0.05 29.1 ± 1.1 34.4 ± 0.5 7.5 ± 1.3

0.2 34.8 ± 0.6 91.0 ± 0.7 16.8 ± 4.5

0.5 ND ND 24.9 ± 2.2

1.0 ND ND 24.9 ± 1.6

Bestatin 0.05 78.9 ± 0.9 92.0 ± 0.7 8.7 ± 3.2

0.2 97.9 ± 9.6 95.6 ± 0.1 32.2 ± 1.4

Monolayer culture Puromycin 0.05 59.3 ± 4.9 19.0 ± 0.6 21.4 ± 5.9

0.2 82.0 ± 2.1 40.0 ± 1.0 31.5 ± 0.9

0.5 ND ND 36.8 ± 0.5

1.0 ND ND 37.6 ± 9.8

Bestatin 0.05 94.7 ± 1.4 95.3 ± 0.2 11.9 ± 8.7

0.2 98.9 ± 0.2 97.7 ± 0.1 61.2 ± 7.2

Effect of puromycin and bestatin on the metabolic activity of aminopeptidase N, aminopeptidase B and dipeptidyldipeptidases of the human nasal

tissue and primary culture homogenates. Each value represents the mean ± SD of three experiments. ND, not determined as significant inhibition was

recorded before the concentration. The inhibitors significantly reduced specific aminopeptidase activity in tissue and cell culture homogenates (P =

0.006, Kruskal–Wallis test, KW = 16.3). Dunn’s post-test analysis indicated that aminopeptidase B, N and dipeptidyldipeptidase IV were inhibited in

a similar manner in both tissue and cell culture homogenates (P > 0.05).
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The observed significant inhibition of the aminopepti-
dases in the tissue and cell culture homogenates by
puromycin and bestatin confirmed the presence of these
enzymes in the nasal tissues, as well as preservation of their
metabolic characteristics when cultured as monolayers. The
relative resistance of DPPIV to puromycin and bestatin
in both nasal homogenates and cultured cells implied that
the cleavage of N-terminal dipeptides in the mucosa by
DPPIV may require unreasonably high concentrations of
the inhibitors to significantly inhibit the enzyme in vivo.
Puromycin resistant aminopeptidase is an integral membrane
protein and its cDNA for the rat kidney has been cloned,
giving insights to its amino acid sequence.[23,24] It is yet to
be determined whether the amino acid sequence of the
puromycin-resistant DPPIV is similar to the rat kidney
sequence.

Although tissue and cell culture homogenates were used
in this study, it important to highlight the fact that the rate
and extent of peptide and protein metabolism during delivery
across intact cells may not be the same as in homogenised
enzymes. Therefore, the aminopeptidase kinetic parameters
such as Km and Vmax may vary significantly. Disruption of
cell membranes by homogenisation does not take into
account subcellular enzyme organisation relative to intracel-
lular transport. Moreover, homogenisation liberates enzymes
from their physiological compartments making both mem-
brane-bound and cytosolic enzymes available for substrate
metabolism. Differences in both patterns and extent of
metabolite formation have been observed in homogenate
versus intact cells.[25–27] It is also important to mention that
full enzyme preservation may not be maintained during
homogenisation. Therefore, loss of enzyme activity may also

be possible. It is therefore important to consider experimental
variables when interpreting the results of metabolism studies.
Moreover, the kinetics and specificity of proteases in vivo
are likely to be different from those in vitro because of
differences in substrate concentration and harsh treatments
often used for enzyme isolation.[28]

PCR was used to compare the expression of gene
transcripts that encode APN, APB and DPPIV. Reactions
with the RNA isolated from nasal cultures yielded the
predicted PCR product size for all three genes studied.
Reactions with the RNA from nasal tissue homogenates also
showed the predicted PCR products and other PCR products
of unexpected sizes. The unpredicted PCR products are most
likely to be due to RNA fragments. The RNA from smaller
pieces of tissue was probably semi-degraded by the time the
RNA was extracted. The time lapse between tissue harvest-
ing from patients and incubation in Trizol (~1 h) might have
led to certain RNA degradation and subsequent annealing of
the RNAs, which led to the unpredicted bands in the tissue
homogenates. Furthermore, trauma during tissue excision
may cause complimentary sequences in sRNA to bind to
mRNA, thus creating double-stranded RNA molecules that
are substrates for certain classes of RNAses.[29] This might
explain the source of the unexpected bands as the tissue
RNAs become very unstable immediately after harvest.

Conclusions

Based on the results of the study, it seems reasonable to
conclude that the observed cleavages of Ala-MCA, Arg-
MCA and Gly-MCA in both nasal tissue and primary culture
homogenates were due to APB, APN and DPPIV. The
following key observations were made: (1) the KM of APB,
APN and DPPIV was not significantly different in cell and
tissue homogenates; (2) except for APN, the Vmax was
not significantly different in the two metabolism models;
(3) there was no statistically significant difference in the
behaviours of APB, APN and DPPIV in response to
inhibition by puromycin and bestatin in the two models;
(4) the mRNA transcripts that encode APB, APN and DPPIV
were expressed in both cell culture and tissue homogenate.
Based on these observations, it may be concluded that the
nasal primary cell culture system is suitable for investigating
peptide and protein metabolism and enzymatic stability in
the human nasal epithelium. Except for APN, it may also
be concluded that the tissue culture conditions did not
significantly alter the kinetic and molecular expression of the
aminopeptidases.
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