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Abstract

Pulmonary alveolar type I epithelial cell and its progenitor, type II cell, present major transport and enzyme
barriers for systemic delivery of pulmonary administered peptide drugs. The present study investigates the effect of
cellular differentiation of type II to type I cells on their proteolytic activities, and evaluates the suitability of a
continuous lung cell line, A549, for drug transport and degradation studies. High performance liquid chromatography
was used to assess the degradation kinetics of two model peptide substrates, luteinizing hormone releasing hormone
(LHRH) and [D-Ala6]-LHRH, and their metabolites in lung cell preparations. Isolated primary type II cells when
grown in culture developed tight monolayers and exhibited morphologic characteristics of type I cells, as determined
by transepithelial electrical resistance measurements and electron microscopy. The transformed type I-like cells
exhibited a \10-fold decrease in proteolytic activities for LHRH, as compared to type II cells. The continuous lung
cell line A549 formed leaky monolayers and exhibited similar enzyme activities to the primary type II cells. The
responsible enzymes for degradation of LHRH in type II and A549 cells were angiotensin converting enzyme (ACE),
EP24.11, and EP24.15. In contrast, no EP24.15 or ACE activity was observed in type I-like pneumocytes and only
a weak EP24.11 activity was detected. In all cell types, the degradation rate of [D-Ala6]-LHRH was about 3–8 times
lower than that of LHRH. This peptide analog was resistant to degradation by EP24.15 and EP24.11, but was
susceptible to ACE-mediated cleavage. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The lung has increasingly been investigated as a
site for systemic delivery of drugs. Drugs that are

highly susceptible to first pass metabolism or un-
dergo extensive GI degradation, e.g. peptides and
proteins, have been demonstrated to exhibit an
improved systemic bioavailability when adminis-
tered through the lungs (see Patton and Platz,
1992; Byron and Patton, 1994 for reviews). While
the pulmonary route of administration can deliver
therapeutic quantities of peptides and proteins
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into circulation, significant portions of their ad-
ministered doses are generally lost as a result of
enzymatic degradation by lung peptidases. A vari-
ety of lung enzymes have been identified and their
role in peptide degradation has been investigated
(Johnson et al. 1985; Choi et al., 1990; Wang et
al., 1993). However, most studies to date have
been conducted using intact lungs or whole lung
homogenates, and therefore information about
the mechanisms and specific enzyme activities in
different lung cell types is not known. Recently,
isolated lung cell systems have been developed
and used to evaluate the enzyme and transport
properties of lung pneumocytes (see Kim and
Crandall, 1996 for review). Nonetheless, no stud-
ies have investigated the proteolytic activities of
different lung cell types and the effect of cellular
differentiation on their activities.

In the lung, the pulmonary alveolar region rep-
resents the major absorptive site for drugs. The
total surface area of the alveoli in humans is
\100 m2 (Stone et al., 1992) and occupies \90%
of the total lung surface (Scothorne, 1987). The
alveolar surface is populated by two major epithe-
lial cell types, the terminally differentiated type I
cell and its progenitor type II cell (Adamson and
Bowden, 1975; Bowden, 1981). The alveolar ep-
ithelium forms tight junction barrier which limits
the transport of most drugs. In order to enter the
systemic circulation, peptide and protein drugs
must cross this barrier, while being subjected to
enzymatic degradation. The nature and extent of
proteolytic enzymes in type I and II cells have not
been systematically investigated. In this study, we
hypothesize that these cells present a significant
enzymatic barrier for peptide absorption and that
alveolar type I cells, because of their late state of
differentiation, are metabolically less active and
therefore possess lower proteolytic activities than
the type II cells. To test this hypothesis, we iso-
lated type II cells from rats and incubated them
with LHRH and [D-Ala6]-LHRH. LHRH is a
peptide hormone which regulates the secretion of
luteinizing hormone and follicle stimulating hor-
mone (Shally et al., 1971). LHRH and [D-Ala6]-
LHRH are commonly used as female con-
traceptives and for the treatments of infertility,
hormone-sensitive prostate cancer, and pre-

menopausal breast cancer (Fink et al., 1974;
Okada et al., 1983). Because of their therapeutic
importance and their well-defined degradative
products, these compounds were chosen in this
study. The degradation kinetics of the peptides in
type II cells were determined and then compared
with those of the type I cells. Because of the lack
of appropriate methods to isolate and purify type
I cells, the present study utilized primary culture
of type II cells. These cells when grown in culture
on microporous membrane supports formed tight
monolayers and exhibited morphological and
functional characteristics of type I cells. This cell
culture method allows continuous assessment of
the effect of cell differentiation on proteolytic
activities, which could not be achieved in vivo.

Another important aspect of this investigation
is the assessment of enzymatic and transport
properties of alveolar lung cell line A549. While
the primary culture of epithelial pneumocytes has
proven useful for the studies of drug metabolism
and transport, this method of investigation is
technically difficult and time consuming. Alterna-
tively, continuous lung cell lines such as the A549
can possibly be used to aid the studies. The A549
cell line has been used to investigate the absorp-
tion characteristics of various compounds includ-
ing dextrans (Fujita et al., 1993), peptides and
proteins (Kobayashi et al., 1995). However, the
appropriateness of this cell culture system as a
model for transport and degradation studies has
been questioned and is therefore further investi-
gated in this study.

2. Materials and methods

2.1. Materials

Male specific pathogen-free Sprague-Dawley
rats weighing between 150–200 g (Hilltop Labs,
Scottsdale, PA) were used. The alveolar epithelial
A549 cell line was obtained from the American
Type Culture Collection (ATCC, Rockville, MD).
LHRH (LHRH 1–10), its analog [D-Ala6]-
LHRH, and various LHRH fragment standards
(LHRH 7–10, LHRH 4–10, LHRH 3–10,
LHRH 2–10) were purchased from Sigma (St
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Louis, MO). LHRH 6–10 fragment was custom
synthesized by Quality Control Biochemical
(Hopkinton, MA). All peptides were HPLC
purified and were \90% pure. All other reagents
including captopril, thiorphan, and disodium
ethylene diaminetetraacetic acid (EDTA) were
purchased from Sigma.

2.2. Preparation of epithelial pneumocytes

Type II pneumocytes were harvested from rats
by enzymatic digestion according to the method
previously described (Castranova et al., 1988;
Wang et al., 1993). The animals were anesthetized
by intraperitoneal injection of sodium pentobarbi-
tal solution (0.2 g kg−1). The trachea was cannu-
lated and the lungs were lavaged with
phosphate-buffered saline (PBS) to remove mobile
cells. The lungs were then excised and filled with
PBS containing elastase (40 units ml−1, type I;
U.S. Biochemical, Cleveland, OH) and deoxyri-
bonuclease (DNase, 0.006%; Sigma) and incu-
bated at 37°C for 20 min to free lung cells. After
enzymatic digestion, the lungs were finely minced
and the digestion was arrested by incubation for 5
min in PBS containing 25% fetal bovine serum
and 0.006% DNase. The crude extract was se-
quentially filtered through 160- and 45-mm screens
and centrifuged. The resulting cell pellet was spun
on a sterile Percoll density gradient. The second
cell band from the surface was collected, washed
twice, and resuspended in 1:1 F12 and Eagle’s
modified essential medium, supplemented with
100 units ml−1 penicillin and 0.1 mg ml−1 strepto-
mycin. The cell suspension yielded 5×106 cells/
rat with viability \95% as determined by the
Coulter counter (model AB, Coulter Instrument,
Hialeah, FL) and trypan blue dye exclusion. The
purity of the type II cell suspension, estimated by
phosphine 3R fluorescent staining, was \90%.

Type I-like pneumocytes were prepared accord-
ing to the method previously described (Cheek et
al., 1989; Wang et al., 1993). Briefly, freshly iso-
lated type II cells from above were plated onto
0.4-mm-pore, 0.3-cm2 tissue culture-treated poly-
carbonate filters (Costar, Cambridge, MA) at 1×
106 cells per cm2 on 24-well plates. The cells on
filters were maintained in a humidified 5% CO2

incubator at 37°C and the nutrient medium was
changed every 48 h after plating. Transformation
of cultured type II cells was monitored by electri-
cal resistance measurements using the Millicell
ERS testing device (Millipore, Bedford, MA) and
by scanning electron microscopy. Data obtained
from separate experiments indicated that the
cuboidal type II cells transformed into a
squamous, type I-like, monolayer after 6 days in
culture. The transepithelial electrical resistance of
this monolayer was :2000 V cm2 from day 6 to
10, after which it was gradually declined (see the
Section 3 for more details). These morphologic
and functional changes are consistent with those
observed in developing type I cells in vivo (Cheek
et al., 1989). Previous immunologic studies also
showed that type II cells grown in culture devel-
oped a phenotypic characteristic of type I cells
(Danto et al., 1992).

2.3. Cell line

The A549 cell line was maintained in F-12 K
medium supplemented with 10% fetal bovine
serum, 100 units ml−1 penicillin, and 0.1 mg ml−1

streptomycin at 37°C in a humidified atmosphere
at 5% CO2. Prior to use, the cells were washed
and resuspended in PBS buffer. In some studies,
the cells were grown on tissue culture-treated
polycarbonate filters as previously described.

2.4. Degradation studies

Cell preparations containing type II, type I-like,
or A549 cells in isotonic phosphate buffer were
sonicated and the samples were adjusted to yield a
final protein concentration of 1 mg ml−1 using
BCA protein assay (Pierce, Rockford, IL). These
samples were incubated with LHRH or [D-Ala6]-
LHRH at a final concentration of 0.85 mM for up
to 3 h at 37°C in a shaker water bath. In some
studies, enzyme inhibitors, captopril (30 mM),
thiorphan (30 mM), and EDTA (30 mM), were
also added to the incubation mixtures. The mix-
tures were sampled in aliquots of 100 ml at 0, 10,
30, 60, 90, 120, 150, and 180 min, and boiled for
5 min to stop the reaction. The resulting solutions
were centrifuged at 13 000 rpm for 5 min to
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Fig. 1. Degradation profile of LHRH in type II, type I-like,
and A549 cell preparations. Experiments were conducted in
isotonic phosphate buffer at 37°C. The protein content in all
cell preparations was adjusted to 1 mg ml−1 and the final
concentration of LHRH was 0.85 mM. Separate studies
showed that this concentration was in the linear range of the
degradation kinetics of LHRH. Each data point represents the
mean9SE of four experiments.

and a linear gradient mobile phase consisting of
0.1% TFA and CH3CN, (pH 3.0) as solvent A
and 0.1% TFA as solvent B. The flow rate was 1
ml min−1 with a linear increase of solvent A from
10 to 30% within 40 min. LHRH and its frag-
ments, LHRH 2–10, LHRH 3–10, LHRH 4–10,
LHRH 6–10, and LHRH 7–10 were used as
standards for the HPLC assay. The metabolites in
the elutants were detected by UV at 215 nm. The
quantitation of amounts of metabolites formed
was determined using the method of least squares
of the area under curve–concentration plot. A
standard curve was generated for each experi-
ment. The degradation of LHRH in various cell
preparations was analyzed using first-order kinet-
ics. Half-life for the degradation of the parent
peptide was determined from the slope of the plot
of log concentration of LHRH versus time.

3. Results

3.1. LHRH degradation in al6eolar pneumocytes

The degradation profiles of LHRH in alveolar
type II, type I-like, and A549 cell preparations are
shown in Fig. 1. In all cell types, the degradation
profiles appear to follow first order kinetics. The
rate of LHRH degradation in type II cell prepara-
tions is comparable to that in A549 cells but is
much slower in type I-like cells. Table 1 summa-
rizes the degradation rate constants and half-lives
of LHRH in these three cell preparations. No
statistical difference was observed between the

precipitate any cellular debris, and 50 ml of the
clear supernatant was collected and assayed by
HPLC.

2.5. Peptide analysis

Analysis of LHRH, [D-Ala6]-LHRH, and their
degradation products were carried out using a
reverse-phase HPLC method. The HPLC system
consisted of a Waters 600E system controller
(Waters Corp. Milford, MA, USA), Waters WISP
701B autosampler, Waters 486 tunable ab-
sorbance detector and Waters 746 data module.
Sample separation was achieved using a Phe-
nomenex bondclone C18 (150×3.9 mm) column

Table 1
First-order rate constants and half-lives for the degradation of LHRH and [D-Ala6]-LHRH in alveolar type II, type I-like, and A549
cell preparations*

Type II cellsa A549 cellsType I-like cellsb

k (h−1)t0.5 (h)k (h−1)t0.5 (h)k (h−1) t0.5 (h)

0.4790.03LHRH 1.6190.13 0.4390.04 0.1490.02 4.9990.44 1.4790.08
3.3990.41[D-Ala6]-LHRH 0.2290.02 3.1190.25 0.05 9 0.01 13.5191.03 0.2090.02

* Each value indicates the mean9SE of four different experiments.
a Freshly isolated type II cells.
b Type II cells at day 7 in culture.
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Fig. 2. Effect of cell differentiation on proteolytic activities of
type II pneumocytes. Cells were cultured on microporous
polycarbonate filters for up to 10 days. At indicated times, the
cells were determined for their transepithelial electrical resis-
tance and subsequently proteolytic activities using LHRH as a
substrate. Each data point represents the mean9SE of four
experiments.

3.2. Effect of type II cell differentiation on
proteolytic acti6ities

The effect of type II cell differentiation on
proteolytic activities was examined over a period
of 10 days in culture. Transepithelial electrical
resistance and cellular proteolytic activities for
LHRH were determined each day during the cul-
ture period. Previous studies have shown that the
transformation of type II cells into type I cells
results in the formation of tight monolayers pos-
sessing high transepithelial electrical resistance
(Cheek et al., 1989). Therefore, in this study, we
used this parameter as an indicator for cellular
differentiation and tight junction formation. Our
results show that type II cells exhibited a sharp
increase in electrical resistance on days 5–6 in
culture (Fig. 2). The resistance values ranged from
:250 V cm2 on day 2–5 up to :2100 V cm2

after day 6. This increase was accompanied by a
sharp drop in cellular proteolytic activities, with
the degradation rate constant of :1.4 h−1 on
day 5 and :0.3 h−1 on day 6. These results
suggest that the transformation of type II to type
I cells results in a decrease in cellular proteolytic
activities. A549 cells grown in culture showed no
changes in both proteolytic activities (k :1.4
h−1) and transepithelial electrical resistance (:
260 V cm2) over a 10-day period. Morphologi-
cally, these cells maintained their cuboidal, type
II-like appearance throughout the culture period
(result not shown).

3.3. Effect of enzyme inhibitors on proteolytic
acti6ities

Various proteolytic enzymes have been shown
to degrade LHRH in various tissues (Orlowski et

degradation rates of LHRH in type II cells and in
A549 cells (n=4, PB0.01).

The degradation products of LHRH in the
three cell preparations were identified by HPLC
using known LHRH fragment standards. Three
products were found in primary type II and A549
cell preparations, whereas only one product was
detected in type I-like cell preparation. The prod-
ucts found in type II and A549 cell preparations
were identified as LHRH 4–10, LHRH 6–10, and
LHRH 7–10. In type I-like cell preparation,
LHRH 7–10 was identified. Under the chromato-
graphic conditions used in this study, the average
retention times for LHRH and its metabolites are
as follows: 8.7 min for LHRH 7–10, 16.5 min for
LHRH 6–10, 21.8 min for LHRH 4–10, and 27.6
min for LHRH. The identity of LHRH metabo-
lites was further confirmed using specific enzyme
inhibitors in subsequent studies.

Scheme 1. Cleavage sites of LHRH by ACE and endopeptidases.
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Fig. 3. Effect of enzyme inhibitors on the degradation of
LHRH in type II, type I-like, and A549 cell preparations. Cell
samples were incubated with LHRH in the presence of capto-
pril (30 mM), thiorphan (30 mM), or EDTA (30 mM) for 60
min. LHRH 110 is the parent LHRH peptide. Each data point
represents the mean9SE of four experiments.

al., 1983; Han et al., 1995). These enzymes and
their cleavage sites are summarized in Scheme 1.
To determine whether these and possibly other
enzymes are responsible of LHRH degradation in
alveolar pneumocytes, we used known enzyme
inhibitors and studied their effect on LHRH
degradation and metabolite formation. Fig. 3a
and b show that captopril, a specific inhibitor of
ACE (Turner et al., 1985), completely inhibited
the formation of LHRH 4–10 fragment in type II
and A549 cell preparations, thus indicating the
presence of ACE and its activity in these two cell
types. As indicated earlier, the LHRH 4–10 frag-
ment was absent in the type I-like cell preparation
(Fig. 3c). Fig. 3a–c also show that thiorphan, a
specific inhibitor of EP24.11 (Turner et al., 1985),
effectively inhibited the formation of LHRH 7–10
fragment in all three cell types, indicating the
presence of EP24.11 in these cells. The role of
EP24.15 in LHRH degradation was studied using
EDTA, an EP24.15 inhibitor (Maggi et al., 1993).
As shown in Fig. 3a–c, EDTA effectively inhib-
ited the formation of LHRH 6–10 in all cell
preparations, suggesting the role of EP24.15 in
these cells. Furthermore, our results indicate that
EDTA strongly inhibited ACE but had relatively
little effect on EP24.11. Because of the possible
non-specific effects of EDTA on endopeptidase
activities, the role of EP24.15 in lung pneumo-
cytes was further examined using an EP24.15-re-
sistant peptide substrate, [D-Ala6]-LHRH (see
Section 3.4 below). The effects of EDTA and
other inhibitors on the half-lives of LHRH in
various pneumocytes are summarized in Table 2.

3.4. [D-Ala6]-LHRH degradation in al6eolar
pneumocytes

[D-Ala6]-LHRH, an active analog of LHRH in
which L-Gly6 is replaced by D-Ala, is resistant to
degradation by EP24.15 (Flouret et al., 1987). In
all pneumocytes tested, this peptide analog was
found to be much more stable than the parent
LHRH. The half-life of [D-Ala6]-LHRH in these
cells was 3–8 times greater than that of LHRH
(Tables 2 and 3). In addition to resisting EP24.15
activity, this compound was also resistant to
EP24.11 activity, as evidenced by the lack of

Table 2
Effect of enzyme inhibitors on the degradation half-lives (h) of
LHRH in type II, type I-like, and A549 cell preparationsa

Type II cells Type I-like A549 cells
cells

0.4390.04 0.4790.03Control 4.9990.44
0.6190.05Captopril 5.9590.46 0.6890.07

Thiorphan 0.5790.06 11.2091.09 0.6490.05
6.5890.71EDTA 5.9590.68 9.5590.07

a Each value indicates the mean9SE; n=4.
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Table 3
Effect of enzyme inhibitors on the degradation half-lives (h) of
[D-Ala6]-LHRH in type II, type I-like, and A549 cell prepara-
tions*

Type II cells A549 cellsType I-like
cells

3.1190.41 13.5191.44 3.4090.23Control
16.9891.9722.7092.06Captopril 13.5191.05

13.4191.193.7290.36 3.9790.55Thiorphan
22.7593.08 34.3093.07 22.0393.01EDTA

* Each value indicates the mean9SE; n=4.

fragments 6–10 and 7–10 in cell preparations (Fig.
4a–c). However, this compound was susceptible to
ACE-mediated cleavage, which results in the for-
mation of fragment 4–10 (Fig. 4a–c). Addition of
ACE inhibitor (captopril or EDTA), but not
EP24.11 inhibitor (thiorphan), to the cell prepara-
tions inhibited the formation of fragment 4–10,
thus confirming that this fragment was indeed the
degradation product of ACE.

4. Discussion

The present study demonstrates that the cells
that constitute transport and enzyme barriers of the
lung possess significant proteolytic activities. The
degradation rate constants of LHRH in type II and
type I-like cells were 1.6190.13 h−1 and 0.149
0.01 h−1, respectively. These values are, however,
lower than those previously reported in other
epithelial membranes including the rectal (8.019
0.85 h−1) and nasal (3.0590.02 h−1) (Han et al.,
1995). This finding is consistent with previous
reports by our group (Wang et al., 1993) and others
(Kashi and Lee, 1986) which demonstrated that the
degradation rate of peptide enkephalin in alveolar
epithelium (0.5390.04 h−1) was lower than that
in the nasal (2.5590.26 h−1), rectal (3.6890.37
h−1), buccal (3.4590.27 h−1), vaginal (1.879
0.23 h−1), or ileal tissue (2.7590.19 h−1). Simi-
larly, in vivo studies by Patton and Platz (1992),
Hoover et al. (1992), and Adjei and Garren (1990)
also demonstrated that the pulmonary administra-
tion of human growth hormone, leuprolide, and
several other peptides gave higher drug bio-
availabilities than nasal or oral administration.
Based on these studies, it appears that the lung
exhibits lower proteolytic activities than most mu-
cosal tissues and therefore represents an attractive
alternative to peptide delivery.

Previous studies have shown that because of the
presence of an N terminal pyroglutamate residue
and a C terminal amide bond on LHRH, this
compound is resistant to degradation by most
exopeptidases such as aminopeptidases and car-
boxypeptidases (MacCann, 1977). The enzymatic
degradation of LHRH is therefore governed by
endopeptidases. The resistance to exopeptidases

Fig. 4. Effect of enzyme inhibitors on the degradation of
[D-Ala6]-LHRH in type II, type I-like, and A549 cell prepara-
tions. The cell samples were incubated with [D-Ala6]-LHRH in
the presence of captopril (30 mM), thiorphan (30 mM), or
EDTA (30 mM) for 60 min. Each data point represents the
mean9SE of four experiments.
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and susceptibility to endonucleases of LHRH are
also demonstrated in this study using alveolar
pneumocytes. The major metabolites of LHRH in
type II cells are LHRH 4–10, LHRH 6–10, and
LHRH 7–10 fragments, whereas LHRH 7–10
fragment is the only metabolite in type I-like cells.
The formation of LHRH 4–10 fragment suggests
the role of ACE, which cleaves the Trp3-Ser4

bond. The formation of LHRH 6–10 and LHRH
7–10 fragments indicates that LHRH is also a
substrate for EP24.15 and EP24.11. The EP24.15
cleaves LHRH at the central Tyr5-Gly6 bond,
whereas the EP24.11 cleaves the Gly6-Leu7 bond.
These results are in agreement with previous re-
ports by Skidgel and Erdos (1984) and Molineaux
et al. (1988). The presence of ACE and EP24.11
has also been reported in enterocytes (Bai and
Amidon, 1992), while Han et al. (1995) found
ACE, EP24.11, and EP24.15 in several other mu-
cosal tissues. These studies indicate that these
endopeptidases are widely distributed and play
important roles in possessing biologically active
peptides in various organs.

The observation of the lack of LHRH 4–10
and LHRH 6–10 fragments in type I-like cells
suggests that the ACE and EP24.15 are either
absent or inactive in this cell type. This finding
has not been reported but is consistent with ear-
lier findings (Erdos, 1984) demonstrating that the
transformation of type II cells to type I cells is
accompanied by a significant reduction in enzyme
activities. This reduction in enzyme activities may
be responsible for certain pathologic conditions
specific to type I cells. For example, Pneumocystis
carinii pneumonia (a characteristic infection of
AIDS patients) results from the attachment of P.
carinii to the type I cells (Yoneda and Walzer,
1980). This infection is type I cell-specific, as P.
carinii rarely binds to type II cells. The greater
susceptibility to injury associated with type I cells
has also been attributed to the lack of enzymatic
activities in this cell type (Simon and Kunkel,
1991).

Studies have shown that when type II cells are
cultured, they lose those morphological and bio-
chemical characteristics associated with type II
phenotype. Expression of alkaline phosphatase,
an enzyme marker of type II cells, decreases with

time as type II cells are cultured (Edelson et al.,
1988). Consistent with this finding, our results
also show that type II cells exhibit a sharp de-
crease in proteolytic activities after 6 days in
culture. We suggest that ACE and EP24.15 may
further serve as differential markers for the differ-
entiation of type II to type I cells.

5. Conclusion

This study demonstrates that alveolar epithelial
cells, particularly the type II cells, exhibit signifi-
cant enzyme activities against LHRH. However,
their activities appear to be lower than those
previously reported in most other epithelia. The
transformation of alveolar type II to type I cells
results in a 10-fold decrease in the overall prote-
olytic activities due to the loss of ACE and
EP24.15 activities. The [D-Ala6]-LHRH analog is
3–8 times more enzymatically stable than LHRH
because of its resistance to EP24.15 and EP24.11
degradation. The A549 cells exhibited similar en-
zyme activities as the type II cells, both in terms
of the rate and pattern of degradation. This con-
tinuous lung cell line may be useful as a lung type
II cell model for drug metabolism studies. How-
ever, this cell line does not form tight monolayers
and therefore may not be suitable for drug ab-
sorption studies. Further development of continu-
ous cell lines with type I characteristics should
contribute to membrane transport studies of pul-
monary administered drugs.

References

Adamson, I.Y.R., Bowden, D.H., 1975. Derivation of type I
epithelium from type II cells in the developing rat lung.
Lab. Invest. 32, 736–746.

Adjei, A., Garren, J., 1990. Pulmonary delivery of peptide
drugs: effect of particle size on bioavailability of leuprolide
acetate in healthy male volunteers. Pharm. Res. 7, 565–
569.

Bai, J.P.F., Amidon, G.L., 1992. Structural specificity of mu-
cosal-cell transport and metabolism of peptide drugs: im-
plication for oral peptide drug delivery. Pharm. Res. 9,
969–978.

Bowden, D.H., 1981. Alveolar response to injury. Thorax 36,
801–804.



X. Yang et al. / International Journal of Pharmaceutics 195 (2000) 93–101 101

Byron, P.R., Patton, J.S., 1994. Drug delivery via the respira-
tory tract. J. Aerosol Med. 7, 49–75.

Castranova, V., Rabovsky, J., Tucker, J.H., Miles, P.R., 1988.
The alveolar type II epithelial cell: a multifunctional pneu-
mocyte. Toxicol. Appl. Pharmacol. 93, 472–483.

Cheek, J.M., Evans, M.J., Crandall, E.D., 1989. Type I cell-
like morphology in tight alveolar epithelial monolayers.
Exp. Cell Res. 184, 375–387.

Choi, H.S.H., Lesser, M., Cardozo, C., Orlowski, M., 1990.
Immunohistochemical localization of endopeptidase 24.15
in rat trachea, lung tissue, and alveolar macrophages. Am.
J. Respir. Cell Mol. Biol. 3, 619–624.

Danto, S.I., Zabski, S.M., Crandall, E.D., 1992. Reactivity of
alveolar epithelial cells in primary culture with type I cell
monoclonal antibodies. Am. J. Respir. Cell Mol. Biol. 6,
296–306.

Edelson, J.R., Shannon, J.M., Mason, R.J., 1988. Alkaline
phosphatase: a marker of alveolar type II cell differentia-
tion. Am. Rev. Respir. Dis. 138, 1268–1275.

Erdos, E.G., 1984. Multiple functions of human converting
enzyme and enkephalinase in peptide metabolism. Jp. J.
Hypertens. 6, 71–80.

Fink, G., Gennser, G., Leidholm, P., Thorell, J., Mulder, J.,
1974. Comparison of plasma levels of luteinizing hormone
releasing hormone in men. J. Endocrinol. 63, 351–360.

Flouret, G., Majewski, T., Peterson, D.R., Kenny, A.J., 1987.
Effect of D-amino acid substituents on degradation of
LHRH analogues by proximal tubule. Am. J. Physiol. 252,
E320–D326.

Fujita, T., Yamamoto, A., Muranishi, S., 1993. Comparison
of permeability of macromolecular drug across cultured
intestinal and alveolar epithelial cell lines. In: International
symposium on Delivery of Protein Drugs-the next 10 years,
Kyoto, Japan, September 4–9.

Han, K., Park, J.S., Chung, Y.B., Lee, M.J., Moon, D.C.,
Robinson, J.R., 1995. Identification of enzymatic degrada-
tion products of luteinizing hormone releasing hormone
(LHRH)/[D-Ala6] LHRH in rabbit mucosal homogenates.
Pharm. Res. 12, 1539–1544.

Hoover, J.L., Rush, B.D., Wilkinson, K.F., Day, J.S., Burton,
P.S., Vidmar, T.J., Ruwart, M.J., 1992. Peptides are better
absorbed from the lung than the gut in the rat. Pharm.
Res. 9, 1103–1106.

Johnson, A.R., Ashton, J., Werner, W.S., Erdos, E.G., 1985.
Neutral metalloendo-peptidase in human lung tissue and
cultures cells. Am. Rev. Respir. Dis. 132, 564–568.

Kashi, S.D., Lee, V.H.L., 1986. Enkephalin hydrolysis in
homogenates of various absorptive mucosae of the albino
rabbit: similarities in rates and involvement of aminopepti-
dases. Life Sci. 38, 2019–2028.

Kim, K.J., Crandall, E.D., 1996. In: Borchardt, R.T., Smith,
P.L., Wilson, G. (Eds.), Models for Assessing Drug Ab-
sorption and Metabolism. Plenum Press, New York, pp.
325–346.

Kobayashi, S., Kondo, S., Juni, K., 1995. Permeability of
peptides and proteins in human cultured A549 cell mono-
layer. Pharm. Res. 12, 1115–1119.

MacCann, S.M., 1977. Luteinizing-hormone-releasing-hor-
mone. Physiol. Med. 296, 797–802.

Maggi, R., Dondi, D., Limonta, P., Pimpinelli, F., Montag-
nani, M., Moretti, R.M., Motta, M., 1993. Characteriza-
ton of a soluble LHRH-degradation activity in the rat
ventral prostate. Prostate 23, 315–328.

Molineaux, C.J., Lasdun, A.L., Orlowski, M., 1988. Endopep-
tidase 24.15 is the primary enzyme that degrades luteiniz-
ing hormone releasing hormone both in vitro and in vivo.
J. Neurochem. 51, 624–633.

Okada, H., Sakura, Y., Kawaji, H., Yashiki, T., Mima, H.,
1983. Regression of rat mammary tumors by a
potent luteinizing hormone releasing hormone analogue
(Leuprolide) adminstered vaginally. Cancer Res. 43, 1869–
1874.

Orlowski, M., Michaud, C., Chu, T.G., 1983. A soluble metal-
loendopeptidase from rat brain: purification of the enzyme
and determination of specificity with synthetic and natural
peptides. Eur. J. Biochem. 135, 81–88.

Patton, J.S., Platz, R.M., 1992. Routes of delivery: case study:
pulmonary delivery of peptides and proteins for systemic
action. Adv. Drug Deliv. Rev. 8, 179–196.

Scothorne, R.J., 1987. In: Romanes, G.J. (Ed.), Cunningham’s
Textbook of Anatomy, 12th. Oxford University Press,pp,
Oxford, pp. 491–529.

Shally, A.V., Arimura, A., Baba, Y., Nair, R.M.G., Matsuo,
H., Redding, T.W., Debeljuk, L., 1971. Isolation and
properties of the FSH and LH-releasing hormone.
Biochim. Biophys. Res. Comm. 43, 393–399.

Simon, R.H., Kunkel, R.G., 1991. Injury of rat pulmonary
alveolar epithelial cells by H2O2: dependence on phenotype
and catalase. Am. J. Physiol. 260, L318–325.

Skidgel, R.A., Erdos, E.G., 1984. Hydrolysis of substance P
and neurotensin by converting enzyme and neutral en-
dopeptidase. Peptides 5, 769–776.

Stone, K.C., Mercer, R.R., Gehr, P., Stockstill, B., Crapo,
J.D., 1992. Allometric relationships of cell numbers and
size in the mammalian lung. Am. Respir. Cell Mol. Biol. 6,
235–243.

Turner, A.J., Matsas, R., Kenny, A.J., 1985. Are there neu-
ropeptide-specific peptidases? Biochem. Pharmacol. 34,
1347–1356.

Wang, L.Y., Toledo-Velasquez, D., Schwegler-Berry, D., Ma,
J.K.H., Rojanasakul, Y., 1993. Transport and hydrolysis
of enkephalins in cultured alveolar epithelial monolayers.
Pharm. Res. 10, 1662–1667.

Yoneda, K., Walzer, P.D., 1980. Interaction of pneumocystis
carinii with host lungs: an ultrastructural study. Infect.
Immun. 39, 692–703.

.


