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Abstract—Intestinal metabolism and transport of the pentapeptide metkephamid (Tyr-pD-Ala-Gly-Phe-N-
Me-Met-NH,) were studied using isolated brush-border membranes trom the rat. Analysis ot the metabohc
fragments of enzymatic hydrolysis revealed that cleavage of the N-terminal peptide bond leads to the
formation of tyrosine and a tetrapeptide D-Ala-Gly-Phe-N-Me-Met-NH,. The inactivation was due to
aminopeptidase N activity and could be inhibited by peptidase inhibitors puromycin, bacitracin and certain
dipeptides. Transport studies demonstrated uptake of the intact pentapeptide into the intravesicular space
of the vesicles. The transport was a first-order process; no participation of known intestinal peptide carrier
systems in the transport of metkephamid could be shown. Modelling of simultaneous metabolism and
transport kinetics suggests strategies to improve the fraction absorbed of a peptide by either decreasing its
affinity to the metabolizing enzymes (increase K,) or decreasing the concentration of the metabolizing
enzymes €.g. by delivering the peptide to an absorption site with reduced enzymatic activity (decrease Vi)
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or increasing its absorption velocity.

There are two barriers that restrict the systemic availability
of peptide-drugs by oral administration: low permeability of
intestinal epithelia (diffusional or transport barrier) which
may be related to their poor lipophilic character and large
molecular weight, and enzymatic degradation in the intesti-
nal lumen, enterocytes or liver (enzymatic barrier). Intestinal
permeability refers to the intestinal wall’s property to modify
the flow of substances across the membrane by putting a
certain degree of resistance to the free diffusional flow and
depends on the physicochemical nature of the permeant. For
di- or tripeptides effective intestinal transport of the intact
molecule has been demonstrated occurring via an intestinal
peptide carrier system located in the brush-border membrane
of the enterocytes. Examples include the hydrolysis-resistant
peptides glycyl-sarcosine, glycyl-sarcosyl-sarcosine, and car-
nosine (f-Ala-His) (Mathews 1983), further angiotensin-
converting enzyme inhibitors (Friedman & Amidon 1989)
and p-lactam antibiotics (Tsuji et al 1981, 1987; Sugawara et
al 1991). There is some controversy about whether larger
peptides (tetra- and pentapeptides) might be taken up via
carrier-mediated mechanisms which has been shown for a
tetrapeptide (Kramer et al 1990). Also, for a cyclic somato-
statin analogue, an octapeptide, intestinal carrier-mediated
transport has been confirmed (Fricker et al 1992). However,
the structural requirements for active transport of peptides
with larger molecular weight is unknown.

Successful oral delivery of peptide drugs not only requires
a sufficient permeability of the active species through the
intestinal wall, but also requires a high stability of the peptide
towards intestinal metabolism (Wiedhaup 1981). The meta-
bolic barrier is seen in the rapid removal of the peptide from
the absorption site due to metabolism by peptidases and
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proteases associated with the membrane and lumen. There-
fore, to improve the stability of peptides in the intestinal
tract, it is necessary to understand the metabolic pathways
and inactivation kinetics of such compounds in the intestine.
In particular, in the case of oligopeptides, metabolism by
enzymes located in the brush-border membrane of the
enterocyte may represent a rate limiting step in the overall
availability of the compound, since there are several pepti-
dases integral to the brush-border membrane whose active
sites are positioned external to the enterocyte’s surface
membrane. Amino-oligopeptidase (aminopeptidase N), aci-
dic aminopeptidase (aminopeptidase A), Gly-Leu peptidase,
Asp-Lys peptidase, dipeptidylaminopeptidase, carboxypep-
tidase P and dipeptidylcarboxypeptidase are well character-
ized peptidases of the intestinal brush-border membrane
(Gray 1989). Of these enterocyte’s surface peptidases,
amino-oligopeptidase plays a vital role in the metabolism of
peptides because of its broad specificity for amino acid side
chains at the NH,-terminus of the peptide substrate and its
wide tissue distribution (Stratford & Lee 1986). Considerable
peptidase activity is also localized in the cytosol of the
enterocyte. However, different studies using peptides with
various chain-lengths have shown that up to 90% of the
capacity of the absorptive cell to hydrolyse tetra- and
polypeptides is associated with the brush-border, whereas,
with respect to the hydrolysis of dipeptides, only 10% of the
activity is associated with the brush-border, compared with
90% with the cytosol (Matthews 1976).

In the present study, the role of the intestinal brush-border
membrane as a barrier to absorption of a pentapeptide and
its transport mechanism is assessed. Metkephamid (Tyr-p-
Ala-Gly-Phe-N-Me-Met-NH,), which has been synthetically
modified from the naturally occurring metenkephalin (Tyr-
Gly-Gly-Phe-Met) to increase its enzymatic resistance and
thus biological stability, has been selected. The potential for
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oral absorption of metkephamid has been previously
assessed in rats (Su et al 1985).

Measurable plasma concentrations of the peptide could
not be detected following oral administration indicating
either a nearly complete presystemic elimination of the
compound or a pronounced inability towards intestinal
transport. The present study helps to distinguish between
feasible factors that may be responsible for that low
bioavailability.

Materials and Methods

Chemicals

Metkephamid was kindly provided by Ely Lilly and Com-
pany (Indianapolis, USA). Puromycin HCl, amino acid
standards, L-leucine-4-nitroanilide and bacitracin were pur-
chased from Fluka (Buchs, Switzerland). Phe-Phe-Phe, D-
Ala-Gly, Ala-Phe, Asp-Phe, Gly-Pro and Ala-Tyr were
purchased from Bachem Biochemica (Bubendorf, Switzer-
land). [*H]}Glucose, was obtained from NEN. All other
chemicals were of analytical purity and obtained from Sigma
Chemicals (Buchs, Switzerland).

Preparation of brush-border membrane vesicles ( BBMV's)
BBM Vs were prepared from combined duodenum, jejunum
and upper ileum by a magnesium-precipitation method
(Hauser et al 1980; Stieger & Murer 1983). The intestines
from two adult male Wistar rats, 180-240 g, were rinsed with
0:9% NaCl (4°C) and freed of mucus, the mucosa was
scraped off the luminal surface with glass slides and put
immediately into buffer containing (mm). 12 Tris-HCl,
5EGTA, and 300 p-mannitol (pH 7-1, 4°C). Ice-cold distilled
water (120 mL) was added, and the mixture was homoge-
nized in a blender (Omnimix, Sorvall) for 3 min. Magnesium
chloride solution was added to achieve a final concentration
of 10 mM. The homogenate was left at 4°C for 15 min and
afterwards centrifuged at 3000 g for 15 min (Sorvall
centrifuge, SS-34 rotor, Dupont). The supernatant was
centrifuged at 27 000 g for 30 min. An additional purification
step was undertaken by suspending the pellet in 30 mL 5 mm
HEPES/KOH buffer, pH 7-5 and 270 mM D-mannitol and
centrifuging at 27000 g for 30 min; thereafter the pellet was
suspended in 500 uL buffer containing 5 mm HEPES/KOH
pH 7-5 and 290 mM D-mannitol (transport buffer) and
homogenized by syringing through a 22-gauge needle. The
BBMVs were characterized by determination of their protein
content by the Lowry method (Bio Rad assay kit) with bovine
serum globulin as standard, enrichment of brush-border
marker enzyme leucine-aminopeptidase by measuring the
formation of p-nitroaniline from L-leucine-4-nitroanilide at
410 nm (UV) and 37°C in the presence of BBMVs as
compared with enzyme activity in the homogenate, scanning
electron microscopy (freeze-fracture technique) and their
ability to transport D-glucose in the presence of a sodium
gradient (see below). [*H]p-Glucose was quantified by liquid
scintillation counting after dissolution of the filters in
scintillation fluid.

Metabolism studies

Metkephamid solutions (45 pL) at different concentrations
were incubated with 5 uL. BBMV suspension or cytosol at
37°C in 50 mm MES/KOH buffer solutions at pH 6-5 (37°C).

The protein concentration in the incubate was 2-4 mgmL~".
The enzymatic reaction was stopped by addition of 0-2%
Triton-X-100 in 0-2 M perchioric acid. Initial rates were
calculated from the degradation product concentration after
45 s of incubation. This incubation time was adjusted so that
not more than 5% of the substrate was hydrolysed. Metab-
olism studies in the presence of enzyme inhibitors (see
figures) were conducted by incubating the vesicle suspension
with a solution of peptide and inhibitor.

Transport studies

Metkephamid. Peptide transport was measured at 37°C by a
rapid filtration technique described previously (Hopfer et al
1973). BBMVs (20 uL, approx. 30 mg protein mL~!) were
incubated with 180 uL peptide solution (1-16 mm) for
defined periods of time (1-60 min) in pH 6-5to 7-5 buffers at
37°C. The peptide solution contained 1 mM puromycin HCI
to inhibit the activity of the proteolytic enzymes during the
transport experiments. The osmolarity of the peptide solu-
tions was adjusted to 350 mOsm with D-mannitol using a
semi-micro osmometer (Roebling, Dietikon, Switzerland).
Hyperosmolar buffers (568-1064 mOsm) were prepared by
addition of D-mannitol to the buffer solutions. Transport
was terminated by adding an aliquot of the vesicle incubate
to 2 mL ice-cold stop solution containing (mm) 100 D-
mannitol, 150 NaCl and 5 Tris-HCI, at pH 7-4. Immediately
after stopping the reaction, the vesicles were sucked through
a prewashed (with stop solution) nitrocellulose filter with a
pore size of 0-45 um (Sartorius, Instrumenten-Gesellschaft,
Ziirich, Switzerland). The filter was washed twice again with
4 mL stop solution. The blank value, which includes
nonspecific adsorption of the peptide to the vesicle surface
and filter material, was determined by mixing the peptide
with the stop solution and then adding the vesicle suspension
followed by immediate filtration. This value was subtracted
from the uptake data. All the experiments done under a given
condition were repeated 2-5 times.

D-Glucose. D-Glucose transport was quantified in the pres-
ence of an initial gradient of NaCl (200 mM outside, 0 inside).
The buffer in all cases consisted of (mm) S HEPES-KOH, 290
mannitol, 0-2 p-glucose and 200 NaCl, pH 7-7 (at room
temperature, 21°C).

Preparation of cytosol

Mucosa scrapings were suspended in 50 mmM MES/KOH
buffer pH 65 containing 250 mM D-mannitol and homoge-
nized with a Potter-Elvehjem homogenizer at 2000 rev min~!
for 2 min. Destruction of the enterocytes was confirmed by
microscopy. The homogenate was centrifuged at 100000 g
for 1 hand the supernatant separated as the cytosol fraction.

Analytical methodologies

Analyses were performed on a Merck high pressure liquid
chromatograph equipped with an L-6200 pump, an F-1050
fluorescence spectrophotometer, an L-4250 UV-vis detector,
an L-3000 photo diode array detector, an AS 4000 auto-
sampler and a D-2500 Chromato-integrator (Merck-Hita-
chi, ABS, Dietikon, Switzerland). The degradation product
following enzymatic cleavage of metkephamid, tyrosine, was
identified by HPLC using amino acid analysis following pre-
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column fluorescence derivatization with o-phthaldialdehyde
and by its UV spectrum using diode array detection.

Chromatographic conditions for the assay of tyrosine and
metkephamid were as follows: stationary phases -LiChro-
sorb RP8, 5 um (Merck 250 x4 mm) for metkephamid,
LiChrosorb RP18.5 um (Merck 250 x 4 mm) for tyrosine;
mobile phase —0-01 M sodium heptanesulphonic acid in 50
mM phosphate buffer pH 4-0 and acetonitrile (73:27; v/v) for
metkephamid, 0-01 M sodium heptanesulphonic acid in
water, phosphoric acid, acetonitrile, water
(730:1-5:260:1000; v/v) for tyrosine; flow 1-5 mL min~};
ambient temperature. Detection was by UV absorbance at
205 nm. Intraday and interday coefficients of variation of the
analytical method were <3 and < 5%, respectively, with
detection limits of 5-10 ng (injected amounts). Pre-column
fluorescence derivatization of tyrosine was performed as
follows. To 100 uL incubate, 250 uL. methanol was added,
the mixture was vortexed and centrifuged. Supernatant (300
uL) was mixed with 100 uL borate buffer pH 9-5 and 100 uL
of o-phthaldialdehyde reagent solution (200 mg o-phthal-
dialdehyde +243-2 mg N-acetylcysteine dissolved in a mix-
ture of methanol (4-5 mL) and borate buffer (0-5 mL)). The
mobile phase consisted of monobasic sodium phosphate
(667 mM) + dibasic sodium phosphate (66-7 mm) (65-3:34-7,
v/v) and acetonitrile (90:10, v/v) and separation was on a
LiChrospher 100 RP8, 5 um reversed phase column (Merck
250 x4 mm) at a flow of 1-5 mL min~!. Excitation wave-
length was 344 nm, emission 443 nm. Filters were extracted
with 250 uL 0-2 M perchloric acid containing 0-2% Triton-X-
100. Phe-Phe-Phe was used as an internal standard. Calib-
ration curves were prepared over the range 0-104-2-08 ug
metkephamid per filter.

Computations

Numerical computations for the transport/metabolism
model were performed employing a Runge-Kutta algorithm
(NONLIN).

Results and Discussion

Vesicle characterization

Closed and right-side out oriented vesicles of approximately
200 nm in diameter were obtained by the differential
precipitation technique as demonstrated by scanning elec-

\

F1G. 1. Freeze-fracture scanning electron microscopic photograph of
brush-border membrane vesicles.

tron microscopy (Fig. 1). The vesicles were enriched 14 +0-7-
fold (s.d.) over the starting homogenate (n=5) which can be
considered as normal for this preparation (Kessler et al 1978;
Biber & Murer 1991). Control experiments with each batch
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FiG. 2. Degradation of metkephamid by pooled brush-border
enzymes of duodenum, jejunum and ileum of the rat in 50 mm MES-
KOH buffer, pH 6-5. A. Simultaneous metkephamid (®) degrada-
tion and formation of tyrosine (a), one of the principal metabolites
(protein concn 3-6 ug mL~!, 37°C). B. Effect of metkephamid
concentration on the rate of its degradation (incubation time 45 s,

37°C). The solid line through the symbols was drawn in accordance
with V=V ,,/(Kn+ C), (means +s.d., n=3).
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Fi1G. 3. Inhibition of brush-border metabolism of metkephamid by
aminopeptidase inhibitors and dipeptides (means+s.d., n=3). O b-
Ala-Gly, @ bacitracin, ¥ L-Ala-L-Phe, B puromycin, A L-Ala-L-Tyr.
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Fi1G. 4. Time course of metkephamid transport by intestinal BBM Vs
(means +s.d. n=15). The inner solution in the vesicles contained
5 mM HEPES/KOH buffer + 290 mM mannitol, pH 7-7. Incubations
were performed in a solution containing (mM): 4 metkephamid,
1 puromycin, 250 mannito! and 50 MES/KOH buffer pH 6-7. The
pH of the buffer solution is given for room temperature. At 37°C the
pH values decreased to 7-5 and 6-5, respectively.
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FiG. 5. Dependence of metkephamid transport on extravesicular
medium osmolarity (means +s.d. n=35). The vesicles were prepared
in 5 mmM HEPES/KOH buffer + 290 mM mannitol, pH 7-7. Incuba-
tion solutions contained (mM) 4 metkephamid and 1 puromycin in 50
MES/KOH buffer pH 6-7 and were adjusted to 351, 568, 800 and
1064 mOsm by addition of mannitol.
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FiG. 6. Independence of metkephamid transport on the presence of
sodium (means +s.d. n=5). Outer solution (mm): 50 MES/KOH, 50
mannitol, 100 NaCl (v) or 50 MES/KOH, 50 mannitol, 100 KCl (v)
or 50 MES/KOH, 250 mannitol (®), all pH 6-5 (37°C). All outer
solutions contained (mM) 4 metkephamid and 1 puromycin. Inner
solution (mM): 5 HEPES/KOH and 290 mannitol, pH 7-5 (37°C).
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Fi1G. 7. Dependence of transport rate of metkephamid on the peptide
concentration in the incubation medium. Outer solutions were
composed of (mM). 50 MES/KOH buffer pH 6-5 (37°C), 250

mannitol, 1 puromycin. Metkephamid concentrations were: 1-12,
1-95, 4-39, 6-:72, 10-44 and 16-53 mm. (Means+s.d. n=5).

of vesicles showed a sodium dependent overshoot in the
uptake of D-glucose and thus revealed the functional integ-
rity of the vesicles (Murer & Kinne 1980).

Enzymatic hydrolysis of metkephamid

In the presence of isolated BBMYVs, metkephamid was
hydrolysed with a pseudo-first-order half-life of 14 min
yielding tyrosine and a tetrapeptide. The kinetics of degrada-
tion of the parent compound and the formation of tyrosine is
shown in Fig. 2A. The rates of metkephamid degradation
and tyrosine formation were similar. This is demonstrated by
the continuous line in Fig. 2A which is the predicted
metkephamid concentration calculated on the basis of
tyrosine formation. This implies that the inactivation of the
peptide by cleavage of the N-terminal amino acid peptide
bond is the overall dominating degradation pathway. The
saturability of the enzymatic reaction was challenged by
increasing substrate concentrations from 0-06 to 9 mm. The
formation rate of the degradation product increased with
increasing substrate concentrations and approached a maxi-
mum velocity V., asymptotically (Fig. 2B). The behaviour
of the system could be well described by the Michaelis-
Menten relationship. V., and K, were determined by
nonlinear regression analysis to be 18-9 nmol min~! (mg
protein)~! and 172 uM, respectively. The observed metab-
olism of metkephamid is most likely due to the activity of
aminopeptidases in the brush-border membrane, since the
biotransformation of metkephamid could be inhibited in the
presence of aminopeptidase inhibitors (puromycin, bacitra-
cin) or certain dipeptides such as Ala-Tyr or Ala-Phe
(Schwarz et al 1981) (Fig. 3). The inhibition was concentra-
tion-dependent; the strongest inhibition of metabolism was
observed in the presence of puromycin. The inhibitory effect
of dipeptides on metkephamid metabolism may be attri-
buted to a competitive inhibition of aminopeptidase in the
presence of dipeptides containing aromatic amino acids
(Kenny et al 1987). Similar inhibitory effects of dipeptides
containing aromatic amino acids have been observed in
metabolism studies with endopeptidase 24.11 which has been
attributed to the presence of a hydrophobic binding pocket
near the catalytic centre of the enzyme (Kenny et al 1987).
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FiG. 8. Simulation of the time course of transport and concurrent metabolism of metkephamid in brush-border membrane

vesicles.

Compared with the brush-border metabolism, the degrada-
tion of metkephamid due to the metabolic enzyme activity in
the cytosol of the enterocytes was found to be negligible. This
activity was less than 0-5% of the activity of the brush-border
membrane as determined by the initial rate method. These
findings are not surprising, since the aminopeptidases in the
cytoplasm, cytoplasmic di- and tripeptidase and proline
dipeptidase have their main substrate specificity towards
dipeptides, tripeptides and dipeptides containing proline
(Adibi & Kim 1981). From a structure stability point of view
metkephamid might have been cleaved at three cleavage sites
due to the similarity in the structure of metkephamid and
metenkephalin (Thorsett & Wyvratti 1987). Endopeptidase
24.11 is responsible for the hydrolysis of the Gly*-Phe* bond
which may be inhibited by thiorphan. The same peptide
bond may also be hydrolysed by angiotensin-converting
enzyme (ACE) which may be inhibited by captopril. Dipepti-
dylaminopeptidase cleaves the Gly>-Gly® peptide bond.
Tyrosine and the tetrapeptide Gly-Gly-Phe-Met are released
following the hydrolysis of Tyr!-Gly? by the aminopeptidase
activity (Turner et al 1987). There is evidence indicating that
the aminopeptidase, the endopeptidase 24.11 and ACE could
each contribute to metenkephalin metabolism in the gastro-
intestinal tract with the greatest contribution from amino-
peptidases (Geary et al 1982; Kashi & Lee 1986). The
majority of the structure-stability and structure-analgesia
studies in the area of enkephalins performed so far indicate
that the replacement of the glycyl residue in position 2 of
metenkephalin by D-alanine increases the stability of the
peptide by reducing its affinity towards the aminopeptidase
(Schwarz et al 1981). Also a significant decrease in affinity
towards endopeptidase 24.11 expressed as a shift in K., from
86 to 680 uM is observed when the terminal carboxy is
amidated (Turner et al 1987).

Transport studies

Metkephamid transport was studied in the presence of
puromycin, to inhibit the enzymes responsible for the
metabolism of the compound. The time course of metkepha-
mid uptake in the presence of puromycin shows that an
equilibrium between the peptide in the extravesicular and
intravesicular space was reached after approximately 10 min

(Fig. 4). The plateau remained remarkably constant over time
which demonstrated the effectiveness of the enzyme inhibi-
tion. The calculated internal volume of the vesicles, corrected
for binding, based on the equilibrium peptide concentration
and the protein concentration per time point, ranged from
094 to 1-54 uL (mg protein)~', which is a value that can be
confirmed by literature data (Biber & Murer 1991). Since the
uptake values represent the sum of transport into the
intravesicular space plus the binding of the peptide to the
external and internal membrane surface as well as to
structures present in the intravesicular space (e.g. the
cytoskeletal elements), the amount of binding was analysed
by determining the uptake of the peptide as a function of the
osmotic-sensitive intravesicular space. This space was mani-
pulated by addition of the impermeant solute D-mannitol to
the extravesicular space. Extrapolation of the resulting
straight line to infinite osmolarity revealed a binding of 45%
(Fig. 5). Thus it can be shown that the observed uptake is
mainly intravesicular, although surface binding is signifi-
cant. Significant binding of solutes to the BBMVs has also
been reported by other investigators, e.g. for octreotide 75%
(Fricker et al 1992), for a-methyldopa-Phe 44% (Tsuji et al
1990) and for choline 50% (Kessler et al 1978).

To elucidate further the mechanism of transport of the
peptide into the vesicle space, various tests for the existence of
active transport systems were performed. The dependence of
uptake on an inwardly directed proton gradient was exam-
ined by maintaining a pH gradient in the uptake experiment
(pHimravesicular=7'5, pHextravcsicular=6'5) and Comparison with
data from experiments with equal pH values on both sides of
the membrane (pHinlravesicular = 75, pHextravesicular = 75) There
was no significant difference between transport rates under
both conditions. These results could also be confirmed using
a different experimental approach. Uptake was quantified in
vesicles in the presence of carbonylcyanid-4-trifluormeth-
oxyphenylhydrazone (FCCP), a protonophore. At an extra-
vesicular pH of 6-5 the mean uptake of metkephamid
averaged 0-50+0-032 (n=4) and 0-51+0-0091 ug (mg
protein)~! min~! (n=4) (means+s.d.) in the presence and
absence of FCCP, respectively. Transport rates also were not
significantly different at extravesicular pH values of 6-5 and
7-5. The independence of transport on the pH thus far
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demonstrates that uptake is not mediated by the intestinal
proton-coupled transport system for small peptides. To
further confirm the independence of metkephamid transport
and peptide carrier-mediated uptake, the permeation of
metkephamid through the brush-border membrane in the
presence of a high concentration of actively transported Gly-
Pro (50 mM) and Asp-Phe (6-5 mM) was investigated. There
was no significant difference in metkephamid uptake in the
presence of either of these peptides. Similarly, no dependence
of transport of the pentapeptide on the presence of sodium
ions could be detected as was observed in the uptake studies
with the octapeptide octreotide (Fricker et al 1992) (Fig. 6).
The concentration dependency of metkephamid uptake in
the presence of an H* gradient was examined. There was no
indication of saturability of the relationship between uptake
and the medium concentration of the peptide (Fig. 7). This
leads to the conclusion that the peptide is absorbed passively
through the brush-border membrane and according to a
first-order process.

Modelling of simultaneous transport and metabolism
Normally, transport and metabolism are concurrent during
the absorption phase. Therefore, to obtain a quantitative
description of the two parallel processes, a model was
established. The model is based on the assumption that
transport and metabolism of the peptide depend on the
surface area and enzyme concentration, respectively, which
are assumed to be directly proportional to the protein
concentration in the incubation medium. The transport of
the peptide may be described by

dMabs
dt (1)

where M, is the amount of peptide absorbed per mg
protein, t is the time, A is the area of the absorbing surface,
P.r is the effective membrane permeability and C is the
concentration of the peptide in the incubation fluid. A and
P.x can be combined to give k., the apparent first-order
absorption rate constant. The constant k,,s was determined
from the slope of the uptake-rate vs peptide concentration
plot (Fig. 8). The formation rate of the metabolite My, is
given by:

=A Peﬂ' C=kabs C

dec! _ deet _ Vmaxc

V! -
dt it K,+C

@

where V is the volume and the incubation medium, Cy, is
the metabolite concentration in the incubate and V. and
K., are the parameters of the Michaelis-Menten equation.
Vmax and K, were 12-47 ug min—' (mg protein)~! and 113-5
ug mL~!, respectively.

The time profiles of the absorbed and metabolized frac-
tions of the dose are shown in Fig. 8. Simulations utilizing the
intrinsic parameters of membrane transport and metabolism
show that metabolism is clearly the dominating process
which eventually leads to 96:5% of the dose being metabo-
lized and 3-5% being absorbed. There are various strategies
to increase the fraction of the peptide absorbed intact which
can be shown in the following simulations: the fraction
absorbed may be increased by an increase in the absorption
velocity, e.g. by a change in the physicochemical parameters

of the peptide or by other techniques such as a change in the
membrane permeability of the peptide or by the addition of
permeation enhancers. Thus, an increase in the absorption
rate constant k., will lead to a corresponding increase in the
fraction absorbed. Similarly, a change in the parameters of
the metabolic process will also affect the fraction of the
peptide dose absorbed intact. An increase in the Michaelis—
Menten constant, e.g. in the case of concurrently added
competitive enzyme inhibitors, will increase Fp,. Finally Fp,e.
will be decreased and F.,, conversely increased when the
maximum rate of metabolism, Vi, is decreased. Since V., is
proportional to the catalytic rate constant k. and the
available enzyme concentration E,, a decrease in Vi, in the
gastrointestinal tract may be given by changes in the
distribution of metabolizing enzymes e.g. in the longitudinal
direction of the intestinal tract. '

Conclusions

Using the brush-border membrane vesicle model, transport
as well as metabolism of a pentapeptide in the intestine has
been demonstrated. Modelling of the simultaneous diffusion
and saturable metabolism processes clearly indicate that
strategies to deliver the peptide to an absorption site with
little enzymatic degradation, and measures to increase the
absorption velocity of the compound, will be successful in
increasing the fraction of the peptide absorbed intact.
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