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INTRODUCTION

The clinical application of peptide drugs is being con-
sidered for the treatment of hypertension [renin inhibitors
(1)], AIDS {HIV protease inhibitors (2)], and pain [enkeph-
alin and endorphin (3)]. A limitation of these compounds is
their intrinsically poor absorption from the gut, even when
protected from digestion (4). The intrapulmonary route of
administration represents an alternative to oral administra-
tion. Presently, however, little systematic information is
available on the absorption of proteins and peptides via the
lung, even though extracellular peptidase activity is much
lower in the lung than the gastrointestinal tract and the sur-
face area available for absorption is large (5).

The intrapulmonary absorption of xenobiotics appears
to be a complex function of their size, concentration, charge,
molecular conformation, partition coefficients (lipophilic-
ity), and interactions with the lung epithelia (5). Studies dem-
onstrate that the lung has both active and passive absorption
pathways, similar to the intestine, and may have a greater
capacity for absorption. Because peptidase activity is lower
in the lung than in the gut and because intrapulmonary de-
livery avoids ‘‘first-pass’’ clearance, the lung could be an
attractive route for peptide delivery. Since little is known
about the chemical properties that govern peptide absorption
from the lung, the present study was undertaken. Absorption
of a series of model phenylalanine analogues was assessed
after intrapulmonary administration and the results were
compared to those obtained earlier with the same peptides
after oral administration in the rat (6).

MATERIALS AND METHODS

Model Peptide Series

Peptides. The preparation of the *C-radiolabeled pep-
tides (Fig. 1) has been described previously (7,8). Specific
activity of the individual peptides was 106-110 pnCi/pmol.
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Technical Note

Each peptide was brought to >98% purity by preparative
thin-layer chromatography (TLC) (7,8) immediately prior to
use. This process minimized the small amount of degrada-
tion (<10%) that occurred during storage.

The first series of peptides increased successively in
size, molecular weight, lipophilicity, and hydrogen bond
number. The second series decreased in hydrogen bond
number, while all other aforementioned parameters re-
mained essentially the same.

The peptides were stored at —20°C in methanol-
chloroform in order to maintain chemical stability and were
blown down in a nitrogen stream to a clean and dry form
prior to the study.

Peptide Formulation. Each animal given an intrapulmo-
nary (IT) dose received 0.004 pmol of the peptide (600,000
dpm) dissolved in 50:50 vehicle of absolute ethanol and 5%
dextrose in a total volume of 25 pl.

The vehicle for the intravenous (IV) study was 0.1 ml of
absolute ethanol diluted with 6.9 ml of 5% dextrose. A total
volume of 1 ml/rat was injected via the tail vein for a dose of
0.004 pmol.

Dial-Urethane Anesthetic. Preparation of the anes-
thetic began by mixing 40 g urethane, 40 g ethyl urea, and 10
g 5,5-diallyl barbituric acid. Next a solution of 50 mg diso-
dium salt of EDTA dissolved in 10 ml sterile water was
added to the mixture and heated with tap water until com-
pletely dissolved. The solution was then cooled at room tem-
perature and the volume was brought up to 100 ml with
sterile water.

Animals. Sprague-Dawley male rats (500-600 g) from
the Charles River Corporation were used. Animals were
fasted overnight but allowed access to water.

Animal Procedure I: Bile and Urine Collection. Rats
were anesthetized by intraperitoneal injection of 0.2 to 0.5
mg/kg of dial-urethane. Once unconscious, a longitudinal in-
cision was made along the ventral side of the neck to expose
the trachea and polyethylene tubing (1.67-mm I.D. and 2.42-
mm O.D.) was inserted through a transverse incision made
between two cartilaginous rings. The cannula was then se-
cured with a nylon ligature.

Next a midline incision was made into the abdomen to
expose the bile duct, which was then cannulated with poly-
ethylene tubing (0.28-mm I.D. and 0.61-mm O.D.). The blad-
der was then voided by gentle massage and a drop of cy-
anoacrylate adhesive was used to seal the urethral opening.
After closing the abdominal incisions with autoclips, rats
were then placed on a padded bench top and covered by
towels to maintain the core temperature throughout the
study.

Intravenous injections were made via the tail vein. The
intrapulmonary (IT) injection of the peptide was made by
placing the formulation directly into the trachea cannula with
a Hamilton syringe. Next the solution was aerosolized and
propelled into the lungs. This was accomplished with a pres-
surized (27-psi) mix of chlorofluorocarbons 11 and 12 pack-
aged in 22-ml Presspart aluminum cans fitted with Valois
50-ul valves. The KN1 adapted actuator was fitted with a
stainless-steel cannula of appropriate gauge size to fit into
the trachea cannula.

Bile was collected for a total of 3 hr in 0.5-hr time in-
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Fig. 1. Structures of the model peptides.

crements. Urine was collected at sacrifice by aspiration of
the bladder contents. Aliquots (0.1 ml) of bile, urine, and
stock solutions of peptide were analyzed by liquid scintilla-
tion counting.

Animal Procedure II: Serum Collection. All rats re-
ceived both a trachea cannula (as previously described) and
a carotid artery cannula. The dosages of the peptides were
increased 25-fold in volumes of 30 pl for this procedure to

The recovery after IV administration is reflective of 100%
absorption; therefore the recovery after IT administration is
corrected to that of IV administration to find the overall
percentage absorption.

The standard error of the mean (SE) was calculated for
the percentage recoveries of each model peptide after both
IV and IT administration for each study day using the fol-
lowing formula:

_ %IT Rec\ | [SE of % IT Rec\~ [ 'SE of % of IV Rec) -
SE of absorption = + X 100
% 1V Rec % IP Rec % IV Rec

facilitate detection of small amounts of the peptide in the
sera. Five minutes after IT administration of the peptide, the
carotid artery cannula was opened and the arterial blood was
collected for 10 min or until death from exsanguination. The
serum sample was then separated from the whole blood and
treated with a Sep Pac procedure. Methanol was used to
activate the column side chains, followed by 1 ml of deion-
ized water. Serum samples (1 ml) were then added to the
column, which was washed with 1 ml of methanol. Deion-
ized water was flushed through the system, and peptides
were removed with methanol. Peptides were dried under a
nitrogen stream in a Pierce Reacti-Therm Heating/Stirring
Module at approximately 50°C for 15-20 min. HPLC was
used to analyze the serum samples for possible metabolism
of the peptides as described previously (7,8).

Statistical Methods. Peptide absorption was calculated
using the following formula:

total % IT recovery
total % IV recovery

% absorption = X 100

where Rec is recovery. When comparing absorption of two
different compounds, differences were considered signifi-
cant if

(absorption of peptide 1) —
(absorption of peptide 2)

> 1.96
(SE of absorption of peptide 1) +

(SE of absorption of peptide 2)

RESULTS

Following IV administration, the Phel-3 series of pep-
tides exhibited a biliary recovery that ranged from 2.5 to
73.0%, while recovery in the urine was inversely related,
with a range of 26.9 to 8.7% (Table I). The methylated series
had a biliary recovery that ranged from 75.1 to 90.7% and an
inverse urinary recovery ranging from 0.5 to 13.4%. The
total percentage recovery (bile + urine) had a narrow range
of 81.7 to 88.6% for six of the seven peptides. Phel had a
lower recovery of 29.5%, suggesting that it is handled differ-
ently from the other six peptides. Earlier studies (6) had
demonstrated that the peptides were not transformed in the
sera after IV administration.
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Table I. Recovery of Model Peptides After Intravenous or Intrapul-
monary Administration (Mean + SE)

% Recovery

Total % %
Peptide In bile In urine recovery absorption
Phel
v 2.5+28 269 +31 295=+x33 —
(n=4
IT 2015 13.6 + 1.8 155+ 19 No estimate
(n = 10) possible
Phe2
v 652+ 15 17.2x21 824=*1.1 —
(n =4
IT 548 64 134 x 1.7 669 =74 No estimate
(n=28) possible
Phe3
v 73.0 = 4.4 8714 81.7=%x4.1 —
(n=4
1T 47.9 £ 3.6 6.1 =17 54.0*x4.5 No estimate
(n=29 possible
Mel
v 75.1+ 32 134=11 88522 —
(n=4
IT 54.1 + 3.6 5011 583+x36 65944
n=9
Me2
v 84.4+ 1.6 42+ 7 886 =x1.6 —
(n=4
IT 50.6 = 6.6 1.4+ 3 51965 586 7.5
(n =28
Me3
v 90.7 x 1.4 06+ 3 91.6=x14 —
(n=4
IT 50.4 = 4.2 02+ .1 505 =42 55.1 £ 4.6
(n =28
Med
v 86.8 = 1.5 0.7+ 3 874=%=1.S5 —
(n =4
IT 596 = 5.5 0.5+ .1 599=x56 68.5 = 6.5
n=9

Serum collections from rats given IT doses of the model
peptides (Animal Procedure II) were examined by HPLC
analysis to determine whether metabolism had occurred dur-
ing absorption across the pulmonary epithelia. Two radioac-
tive species, one corresponding to the retention time of the
authentic peptide, were observed in sera from rats given IT
Phe2. A single radioactive peak with a retention time differ-
ent from that of authentic peptide was found in sera from rats
given IT Phe3 (Fig. 2). For the other five peptides, only
peaks with retention times corresponding to authentic pep-
tide were found. Since transformation of Phe2 and Phe3
might have occurred prior to transport across the lung, ab-
sorption estimates could not be reliably made.

Absorption estimates of Phel were likewise unreliable
because recovery by the IT route was incomplete by the
termination of the study (Fig. 3b), in contrast to the other
peptides (Fig. 3a).

The absorption of the methylated series ranged from
55.1 to 68.5% (Table I). Statistical evaluation indicated that
the percentage absorption of Me2 and Me3 were significantly
different from that of Me4 and Mel. Since the methylated
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Fig. 2. HPLC profile of Phe2 and Phe3 in buffer (top) or in sera
taken from rats (bottom).

peptides differed little in molecular weight and lipophilicity,
no correlation could be explored between the absorption es-
timates and the molecular weight or log partition coefficient.
Although the peptides in the methylated series ranged in
hydrogen bond number from five to eight, no correlation was
observed between this parameter and absorption (Fig. 4).

DISCUSSION

The peptides used in this study were prepared from the
unnatural D-amino acid isomer of phenylalanine specifically
to stabilize them toward enzymatic hydrolysis (7). Consis-
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Fig. 3. Biliary recovery of Mel (a) and Phel (b) over time. Each
point represents the mean = SE of four rats.
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Fig. 4. Absorption of the methylated peptides as a function of hy-
drogen bond number. Each bar represents the mean + SE of four
rats.

tent with this goal, in earlier in vitro (7,8) and in vivo (6)
intestinal absorption studies, no evidence of metabolism dur-
ing transport was observed. However, metabolism of the
N-methylated peptides was seen during passage through the
liver and kidney (6). In the present study, the presence of
multiple radioactive peaks in the sera after Phe2 and Phe3
administration suggest that they are metabolized during ab-
sorption across the pulmonary epithelium. Alkylation of the
amide bonds seems to stabilize Phe3 to this activity. While
the mechanism of this metabolism is presently unknown,
these results suggest that the lung and the gut of the rat
possess different abilities to metabolize these peptides.

In any event, estimates of absorption of Phe2 and Phe3
cannot be made with confidence since isotope recovered in
the bile and urine may reflect transport of the metabolite
rather than the parent peptide. Further, the incomplete re-
covery of Phel over the time course of the study makes its
absorption estimate unreliable as well. Thus, the results for
the methylated series were the only ones from which rea-
sonable absorption estimates could be made.

Pulmonary absorption was similar with all the methyl-
ated peptides. This is in striking contrast to our earlier stud-
ies in cultured cells and rat intestine, where transport was
shown to be dependent upon the number of hydrogen-
bonding amide groups in the molecule which needed to be
desolvated in order for the peptide to enter and diffuse
across the intestinal mucosa (6-8). In vivo, a linear increase
in intestinal absorption from 12.9 to 44% was seen as the
number of N-methyl groups was increased, concomitant
with a decrease in the hydrogen bond number of the peptide

©).
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All peptides were better absorbed from the lung than the
gut, consistent with earlier observations that lipid-insoluble
molecules are more rapidly transported across the lung than
gut epithelia (9). In the rat intestinal transport studies, a
second contribution, possibly due to molecular size, was
also noted (6). Since the only peptides that could be reliably
evaluated in the study described herein were close in molec-
ular weight, no discrimination on the basis of that parameter
could be observed. Others, however, have reported that
small peptides were more readily transported across pulmo-
nary epithelia than large ones (10).

In summary, these results suggest that the IT route
could be a viable alternate route of absorption for peptide
delivery. Relative to absorption from the intestine of the rat,
the methylated peptides were absorbed to a significantly
greater extent. However, the potential advantage to be
gained from avoidance of ‘‘first-pass’’ liver clearance by this
route must be balanced by the ability of the lung to metab-
olize peptides by pathways not observed in the intestine.
The desirability of the pulmonary administration of a peptide
will have to be examined on a case-by-case basis.
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