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Protection of Bioactive Enkephalins from Enzymatic Degradation

1. Introduction

Enkephalin, a natural opiate receptor agonist,
has been identified by Hughes et al. (1975b), as
a mixture of two pentapeptides; H-Tyr-Gly-Gly-
Phe-Met-OH (methionine enkephalin, Met-Enk)
and H-Tyr-Gly-Gly-Phe-Leu-OH (leucine enkepha-
lin, Leu-Enk). Both Met- and Leu-Enks have po-
tent agonist activity at opiate receptor sites in that
they produce a dose-related inhibition of electri-
cally evoked contractions of the mouse vas defe-
rens and the quinea-pig ileum. These inhibitory
effects can be completely antagonized by naloxone.
Met-Enk is twenty times more active than mor-
phine in the vas deferens. Leu-Enk has half the
potency of that of Met-Enk in the vas deferens
but in the guinea-pig ileum only one-fifth of that
of Met-Enk (Hughes ef al, 1975b). On the basis
of these and other evidence (Belluzzi et al, 1976;
Snyder and Childers, 1979), it has been proposed
that Enk receptors may be sites at which mor-
phine-like drugs exert their analgesic actions, and
that the Enks are pentapeptides which produce
as neurctransmitter or neuromodulator in peri-
pheral and brain systems, pharmacological effects
including analgesia, modulation of blood pressure,
and alterations in gut motility.

It is particularly interesting that the Met-Enk
sequence is present at residues 61-65 in beta-lipo-
tropin isolated from pituitary glands of sheep, pig
and man. Met-and Leu-Enks are distributed in
both the central and peripheral nervous systems,
plasma and olfactory of vertibrates (Beaumont and
Hugher, 1979; Bogan ef al, 1982; Cupo et al,
1988).

However, because of their enzymatic lability af-
ter systemic or intravenous administration, a nu-
mber of analogs have been developed, which by
virtue of containing a D-amino acid substitution,
are more resistant to proteolysis (Coy ef al., 1876;
Marks et al, 1978; Hill and Pepper, 1978; Roemer
and Pless, 1979). In vitro studies with brain ho-
mogenates, purified enzyme preparations and iso-
lated brain capillaries have demonstrated that the
Enks are subject to rapid enzymatic degradation,
and suggested that Enk deactivating peptidases,
enkephalinases, might play a role in physiological
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central nervous systein enkephalin homeostasis
(Gorenstein and Snyder, 1980; Pardridge and
Meitus, 1981). In the light of these results, it is
not surprising to find that, in vitro, the pharmaco-
logical action of natural Enks is very shor-tlived,
even after intracerebroventricular (i.c.v.) injection,
in comparison to that of the more potent D-Ala(2)
analogs (Pert ¢f al,, 1976; Schachter, 1981). Recen-
tly it was reported that the transport of Leu-Enk
and D-Ala{2)-D-Leu-Enk across the blood brain
barrier (BBR) was not facilitated and a iow brain
uptake combined with enzymatic hydrolysis of
Leu-Enk would reduce the penetration of this pe-
ptide greatly through the blood-brain barrier. It
was also considered that the resisiance to hydrol-
ysis of D-Ala(2)-D-Leu-Enk, together with a grea-
ter natural penetrance of this substance through
the BBB, would make its uptake significantly
greater than that of Leu-Enk (Zlokovic et al,
1985).. '

Even though bioactive peptides have been the
subject of extensive interest due to their natural
roles in the regulations of biological activities,
their rapid metabolism in the GI tract requires
considering alternative routes of administration,
such as mucosal (nasal, buccal, rectal, vaginal) and
transdermal administration. Irrespective of which
of these routes is considered, physicochemical
properties of Enks, biophysical properties of mu-
cosae, the propensity for route specific enzymatic
metabolism, and enzyme inhibitors, should be elu-
cidated prior to the formulation of a peptide drug.

2. Enzymatic Degradation of Enkephalins

The opioid peptides Met- and Leu-Enks are di-
stributed in both the central and peripheral ner-
vous systems. Current evidence indicates that
they may participate in synaptic transmission re-
lated to the processing of pain information and
the elaboration of emotional behaviour. The phar-
macological action of the Enks is very short-lived
owing to their rapid degradation by serum, brain,
gut and mocosa enzymes.

It has been reported in a variety of systems
that one of the major degradative pathways for
Enks is the cleavage of the Tyr(1)-Gly(2) bond
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(Marks et al., 1977; Craves et al., 1978; Craviso
and 1978). In addition, a brain membrane-bound
aminopeptidase also appears to catalyze cleavage
of the Tyr(1)-Gly(2) bond of Enk while a memb-
rane-bound dipeptidyl carboxypeptidase cleaves
the Gly(3)-Phe(4) bond of Enk (Maifroy et al,
1978).

The Enks are vulnerable to peptidases at a nu-
mber of sites. Among the enzymes which can di-
gest Enks are aminopeptidases, dipeptidyl carbox-
ypeptidases (enkephalinase and angiotensin-con-
verting enzyme; ACE) and carboxypeptidases A.
In vitro tissue preparations or homogenized pre-
parations expose Enks to a host of enzymes of
varing specificity which may never be encountered
in vivo during physiological action. The enzymes
described below represent current thinking about
the catabolism of Enks (Schwartz et al., 1981; Fre-
derickson and Geary, 1982; Giros ef al, 1986).

2-1. Aminopeptidases.

Within the brain, at least 5 aminopeptidases
have been described. Another enzyme from hu-
man plasma has also been characterized (Coletti-
Priviero et al,, 1981). This enzyme cleaves the N-
terminal tyrosine from Enk and from short pepti-
des provided their first amino acid is aromatic.
The properties of these enzymes are summarized
in Table L. All of these enzymes are soluble enzy-
mes. The five enzymes isolated from brain tissue
are metalloenzymes which can be inhibited by
chelating agents such as o-phenanthroline and
EDTA. The substrate specificities of the enzymes
differ although they all have a high affinity for
the Enks. Overall, the distribution of aminopepti-
dase activity does not parallel that of the opioid
receptor; however, the individual contribution to
Enk degradation of each of these five brain ami-
nopeptidases is obscured by the others, plus the
large number of other types of peptidases.

Soluble aminopeptidases cleaving the Tyr(1)-Gly
(2) bond of Enk have been purified from monkey
brain (Hayashi and Oshima, 1975; Hayashi, 1978),
rat brain (Schnebli e¢f al, 1979), and bovine brain
(Hersh and McKelvy, 1981), and have been identi-
fied as arylamidases. All three enzymes were
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Table 1. Comparison of the Reactivity of Various
Enkephalin Analogues

Enkephalin or analogue (0.1 mM) % Activity
Methionine®-enkephalin (100)
LeucineS-enkeptalin 94.0
Alanine?-methionine®-enkephalin 472
D-Alanine?-methionine®-enkephalin 0.9
D-Alanine?®-methionine®-enkephalinamide 06
D-Alanine?-D-leucine®-enkephalin 05

2-Methylalanine?-methionine>-enkephalinamide ~ <0.1

Enzyme activity was measured by following tyrosine
liberation with the coupled L-amino acid oxidase-hor-
seradish peroxidase assay system described in Me-
thods. The specific activity with met-enkephalin as
substrate was 28.2 pmol/min/mg enzyme. Soure: He-
rsh and McKelvy (1981)

inhibited by p-chloromercuribenzoate and purom-
ycin, but there were both structural and kinetic
differences amongst the three enzymes. The puri-
fied enzyme obtained from bovine brain hydroly-
zed the Tyr(1)-Gly(2) bond of Met-Enk, exhibiting
a K, of 22 yM and a Vyu, of 28 ymol Tyr liberation
per min per mg of protein. The activity of the
enzyme towards a number of Enk analogs is
shown in Table II (Hersh and McKelvy, 1981).
As anticipated, substitution of Gly in position 2
of Enk by D-Ala or 2-methylalanine virtually abo-
lishes enzyme activity. Puromycin was found to
be a potent inhibitor of Enk hydrolysis and the
calculated K; for puromycin inhibition was 60 nM.

In human cerebrospinal fluid, aminopeptidases,
dipeptidyl aminopeptidase, dipeptidyl carboxypepti-
dase, and carboxypeptidase which were capable
of hydrolyzing Enks were detected (Hazato et al,
1985). Among these enzymes, two distinct amino-
peptidases, designated C-AP1 and C-AP2, were pa-
rtially purified. Although these enzyms were not
purified thoroughly, the characteristics of C-AP2
were similar to those of an aminopeptidase puri-
fied from monkey brain. The inhibitory activit&
of amastatin on C-AP2 was stronger, but that of
substance P was negligible. On the other hand,
characteristics of C-AP1 was extremely different
from those of C-AP2 or an aminopeptidases puri-
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Aminopeptidases
Dipeptidyl aminopeptidase

v
H,N-Tyr(1)-Gly(2) -Gly(3)i\Phe(4)-Met(5)-OH

-Enkephalin-dipeptidyl carboxypeptidase
(Enkephalinase)
-Angiotensin converting enzyme (ACE)
Scheme 1—Modes of breakdown of enkephalins and
enzyme activities involved

fied from monkey brain. C-AP1 had an optimum
pH in the more acidic range (the highest at pH
6.0) and was not inhibited by any of the protease
inhibitcr tested including bestatin and amastatin.

2-2. Dipeptidyl carboxypeptidase

The digestion of the Enks by a dipeptidyl car-
boxypeptidase (called an enkephalinase) was first
reported by Malfroy et al. (1978), and Sullivan ef
al, (1978). It was immediately recognized that ACE
had the specificity to carry out the hydrolysis of
a dipeptide from the carboxy terminal of Enk
(Scheme 1) (Erdos ef al, 1978), and so the ques-
tion of the co-identity of the enkephalinase and
ACE became a focal point of intense research.
While the two enzymes have properties in com-
mon, several distinguishing features have been
reproducibly observed by a number of investiga-
tors. In particular, differential inhibition of these
enzymes can be obtained by using thiorphan and
captopril. Thiophan is a potent inhibitor of enke-
phalinase (K;=4.2nM) while it is less potent on
ACE (K;=150 nM), and captopril is a more potent
on ACE (K,=7 nM) while being a weak inhibitor
of enkephalinase (K;=10 pM) (Roques et al.,, 1980).
Another property in which these two enzymes
vary is their sensitivity to chlorine ion. Enkephali-
nase is inhibited or unaffected by chlorine ion
while ACE is activated in the presence of chlorine
ion (Swerts et al, 1979). The affinity of ACE for
the Enks is less than the affinity of enkephalinase
for these peptides, and the distribution of ACE
in brain does not parallel that of Enks or opioid
receptors (Swerts et al., 1979).

A number of investigators have pursued the
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characterization of enkephalinase from different
soures (Table III) (Frederickson and Geary, 1982).
Gorenstein and Snyder (1979) have described two
enkephalinases from solubilized membrane frac-
tions of rat brain. An enzyme designated enkepha-
linase A is dipeptidyl carboxypeptidase discussed
above which cleaves the Gly(3)-Phe(4) bond, and
the other (enkephalinase B) is a dipeptidy! amino-
peptidase which cleaves the Gly(2)-Gly(3) bond.
They have obtained completely resolved enkepha-
linase A activity by DEAE column chromatography
from ACE activity, but it was reported that it has
not been possible to obtain selective antisera for
immunohistochemical studies (Gorenstein et al,
1981). Studies of subcellular distribution (De La
Baume ef al, 1981) and regional distribution (Mal-
froy et al, 1979), however, have already demostra-
ted a close association between enkephalinase A
and nerve endings, and enkephalinase A and
cpiate receptors.

Almenofi et al, (1981) reported that a memb-
rane bound zinc-metalloenkephalinase from bovine
pituitaries with a specificity towards bonds on the
amino side of hydrophobic amino acids, cleaved
Met- and Leu-Enks at the Gly-Phe bond, releasing
Phe-Met and Phe-Leu. respectively. The enzyme
also hydrolyzes bonds on the amino side of hyd-
rophobic amino acids in oxytocin, bradykinin, neu-
rotensin and several synthetic substrates. The re-
gional distribution of this enzyme in brain, its
specificity towards natural and synthetic substra-
tes, and its sensitivity to inhibitors (phenobarbital,
dithiotreitol, glutathione) suggest that the enzyme
is identical to an activity referred to as enkephali-
nase, which has been described as dipeptidyl car-
boxypeptidase. The data showed that the enzyme
is an endopeptidase with a specificity similar to
that of a group of microbial proteases (e.g. ther-
molysin).

2-3. Dipeptidyl Aminopeptidase and Other Enz-
ymes -

Besides aminopeptidase and- enkephalinase,
some other enzymes have been reported to deg-
rade Enks: carboxypeptidase A, a lysosomal enz-
yme which cleaved the C-terminal amino acid
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Table IV. The Depressant Effects of the Enkephalins and Degradation Products on the Electrically Induced

Contractions of the Mouse Vas Deferens

Structure Relative activity mouse vas deferens Ty (rat plasma) min
H-Tyr-Gly-Gly-Phe-Met-OH 100 20
H-Tyr-Gly-Gly-Phe-Leu-OH 170 25
H-Gly-Gly-Phe-Met-OH 0.1 -
H-Gly-Gly-Phe-Leu-OH 0.1 -

Source: Hambrook et al. (1976)

from Enks (Della Bella ef al, 1979) and another
enzyme designated enkephalinase B which hydro-
lyzes the Gly(2)-Gly(3) bond in Enk (Gorenstein
and Snyder, 1979). The extent to which carboxy-
peptidase A participates in Enk degradation is not
clear. Some evidence obtained in studies using
inhibitors suggests a role in regulating Enk conce-
ntrations. It is unlikely, however, because of its
lysosomal origin that it plays a significant role
in the disposition of Enk. Enkephalinase B has
not been well characterized , and more informa-
tion on the specificity and properties of these enz-
ymes is needed before its importance can be eva-
luated. '

On the other hand, it was shown that purified
acetylcholinesterase from bovine serum, bovine
brain and bovine adrenal medulla has the ability
to hydrolyze a number of peptides including the
physiologically occurring Enks (Chubb et al,, 1983).
The Enks lost both the amino- and carboxy-termi-
nal amino acids, but several other peptides were
not degraded. The peptidase activity was not affe-
cted by the aminopeptidase inhibitor puromycin,
but it was inhibited by acetylcholine. Therefore
it was concluded that acetylcholinesterase also has
the capacity for a novel type of hydrolysis of pep-
tide bonds.

2-4.Enzymatic Degradation of Enkephalins in
CNS and Plasma

Early work (Hughes, 1975a) demonstrated that
the Enks were subject to rapid deactivation when
exposed to tissue homogenates and purified enz-
yme preparations such as carboxypeptidase A and
leucine aminopeptidase. Using the depressant ef-
fects of the Enks on the electrically-evoked cont-
ractions of the mouse vas deferens as a bioassay,
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the haif-life of both peptides in rat plasma was
shown to be very short (Table IV) (Hambrook et
al, 1976). The deactivation of the Enks in rat and
human plasma and in rat whole brain homogena-
tes has been shown to take place through cleavage
of the Tyr-Gly amide bond.

Enks were degraded rapidly by homogenates
of rat brain and by ultrafiltrate of mouse brain
supernatant with release of N-terminal tyr follo-
wed by Met (or Leu), Phe and Gly as measured
by amino acid analysis and by microdansylation
techniques. The slow appearance of Gly and the
accumulation of Gly-Gly in digests of Enk points
to the presence in brain extracts of a Gly-Gly di-
peptidase which is rate limiting. Incubation of
Met- or Leu-Enk with rat brain homogenate led
to a 28-38% release of Tyr as the only detectable
product after one min. The appearance of other
cleavage products with increasing time of incuba-
tion provided additional information on the nature
of other enzymes involved in the total degradation
of the pentapeptide. Thus liberation of Met pro-
ceeding Phe indicates action by a carboxypepti-
dase. The presence of Gly-Gly indicates splitting
of the Tyr(1)-Gly(2) and Gly(3)-Phe(4) bonds (Ta-
ble V).

Meek et al. (1977) reported that the release of
Tyr from Enk was at least 20 times faster than
Gly or Leu, using membrane preparation obtained
by homgenizing rat striata, and the enzyme acivity
could be inhibited by o-phenanthroline. With an
Enk concentration of 40 uM, Tyr release:was li-
near with time for 40 min, at rates of 450 nmol
/mg.prot./hr (Leu-Enk) and 300 (Met-Enk). With
both substrates the V,. for Tyr release was 2.6
mmol/mg-prot./hr, and the K, 8X107°M.

Met-Enk is the fragment of 61-65 of beta-lipot-
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Table V. Cleavage of Enkephalins by Rat or Mouse Brain Extracts

Percent breakdown

Substrate Time (min)

Tyr(1) Gly(2) Gly(2)-Gly(3) Phe(4) Met(5) Leu(5)
Leu-enkephalin 1 38 0 0 0 - 0
10 95 18 73 79 - 81
180 100 43 48 100 - 100
Met-enkephalin 1 28 0 0 0 0 -
10 84 21 60 66 75 -
30 91 28 46 70 85 -

Source: Marks ef al. (1977)

ropin; a larger fragment, beta-endorphin, has been
suggested as a possible precursor of Enk. The
amino terminal Tyr group in endorphin appears
to be protected: when beta-endorphin (100 uM)
was incubated with the opiate receptor prepara-
tion, the release of Tyr was less than 4% of that
with a similar concentration of Met-Enk

Analogs of Enk containing D-amino acids in po-
sition 2 were exposed to extracts prepared from
mouse brain and found to be highly resistant to
breakdown (Glynbaum e¢f al., 1977). D-Ala(2)-Met-
Enk alone did not prevent aminopeptidase action
but retarded the action as compared to the unsub-
stituted pentapeptide. The presence of D-amino
acids in positions 2-5 led to the production of a
pentapeptide intermediate that was resistant to
the action of carboxypeptidases.

On the other hand, it was suggested that Enk
binding to opiate receptors is coupled to subse-
quent aminopeptidase degradation (Knight and
Klee, 1978). Aminopeptidase action to degrade
Enk was thought of as being linked to receptor
occupancy as an efficient mechanism for turning
off the Enk signal. The initial rate of Tyr libera-
tion from Enk was directly proportional to protein
concentration over the range of 0.5 and 5mg of
protein/m/, and the pH optimum for Enk degrada-
tion by brain membrane was near 7. They found
that a great variety of peptides are inhibitors of
the enzyme, perhaps because they act as competi-
tive substrates, and that bacitracin which has been
used for this purpose was only one of many such
inhibitory peptides and was not the best of these.

Interestingly, puromycin which can be considered
to be a tyrosyl peptide analog is the most potent
aminopeptidase inhibitor which they have found.
Hersh (1982) has reviewed that the opioid pepti-
des Met- and Leu-Enks appear to exert their bio-
logical effects through a receptor mediated me-
chanism. Three mechanisms for Enk degradation
are involved to control Enk levels in the vicinity
of Enk receptors. They are, 1) cleavage of the
Tyr-Gly bond by aminopeptidases, 2) cleavage of
the Gly-Gly bond by a dipeptidyl aminopeptidase,
and 3) cleavage of the Gly-Phe bond by a dipepti-

-dyl carboxypeptidase. When the guinea-pig ileum

S-39

or myenteric plexus longitudinal muscle was incu-
bated with [*H] Leu-Enk, the major degradative
product was [*H]Tyr. This fact coupled with the
ineffectiveness of enkephalinase and ACE inhibi-
tors such as thiorphan and captopril to potentiate
the inhibitory action of the Enks provides strong
evidence that aminopeptidase is the primary deg-
radative enzyme for inactivation of exogenous Enk
in the guinea pig ileum (Geary ef al, 1982).

In vitro studies in the guinea pig ileum, Enk
hydrolysis in this tissue is attributed to the com-
bined action of aminopeptidases, enkephalinase
and ACE (Aoki ef al, 1984). In the isolated perfu-
sed rat lung, aminopeptidases and ACE, but not
enkephalinase, are reported to be responsible for
Enk metabolism (Gillespie ef al, 1985), although
Llorens and Schwartz (1981) found high enkepha-
linase activity in particular fraction from rat:lung.
In a study of plasma samples taken from several
species, it was concluded that aminopeptidases
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and dipeptidyl aminopeptidases are responsible
for Enk metabolism and that dipeptidyl carboxy-
peptidases (e.g., enkephalinase or ACE) play only
a minor role in most species investigated (Ventu-
relli et al, 1985).

The enzymes responsible for the hydrolysis of
Leu-Enk in rat plasma were characterized in more
detail (Weinberger and Martinez, 1988). The effe-
cts of the inhibitors bestatin (selective for amino-
peptidase M), puromycin (selective for aminopep-
tidase MIID), thiorphan (selective for enkephali-
nase) and captopril (selective for ACE), alone and
in combination, on the rate of metabolism of Leu-
Enk were assessed. In addition, the effects of
these inhibitors on the rate of metabolism of [D-
Ala(2))-Leu-Enk, a Leu-Enk analog susceptible to
hydrolysis by enkephalinase but not by aminopep-
tidase in brain tissue were investigated (Llorens
et al, 1982). Rat plasma was found to have its
own unique pattern of Enk hydrolysis. Approxi-
mately 85-90% of the hydrolysis of Leu-Enk is
attributed to the combined action of aminopepti-
dase M and ACE, whereas enkephalinase and
aminopeptidase MII activity against Leu-Enk are
not detectable. Similarly, 80-90% of the hydrolysis
[D-Ala(2)]-Leu-Enk is due to the combined action
of aminopeptidase M and ACE, whereas aminope-
ptidase MII and enkephalinase activity against this
substrate also could not be detected. This is in
contrast to the high susceptibility to hydrolysis
by enkephalinase, and the low susceptibility to
aminopeptidase activity, for [D-Ala(2)]-Leu-Enk in
brain tissue. The half-life of Leu-Enk in rat pla-
sma was determined to be 3.5 min. This is similar
to the finding of a 2.4 min half-life in plasma col-
lected from somewhat older rats (Martinez et al,
1988) and to 2.5 min Leu-Enk half-life determined
by Hambrook et al, 1976). On the other hand,
Venturelli et al. (1985) reported a 46-sec half-life
for Leu-Enk in fractioned, as opposed to whole,
rat plasma. The plasma half-life of [D-Ala(2)]-Leu-
Enk was approximately 3-4 hr.

2-5. Enzymatic Degradation of Enkephalins in
Mucosae
The nasal administration of peptides for syste-
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mic medication has been used for desmopressin
acetate and oxytocin. However, this route of admi-
‘nistration has recently been considered as an al-
ternative to the parenteral for luteinizing hor-
mone-releasing hormones, insulin, interferon and
growth hormone-releasing factor.

Although many drugs are absorbed rapidly and
quantitatively following nasal administration (Hus-
sain ef al, 1984a; Hussain ef al,, 1984b), the pepti-
des have generally shown low nasal bioavailabili-
ties. For examples, studies with insulin and nafa-
relin acetate have shown that considerable greater
nasal than parenteral doses are required to pro-
duce similar effects (Hirai et al, 1981; Anik et
al, 1984). It is well established that proteins and
peptides are subject to degradation by proteases
and peptidases during passage through the muco-
sal membrane (Klostermyer and Humbel, 1966)
and/or while at the surface of the mucosa. For
this reason, only modest improvements over the
oral delivery have been observed in many reports,
even in the presence of absorption enhancers. It
appears that this enzymatic barrier to peptide ab-
sorption has been ignored until recent years (St-
ratford and Lee, 1985; Hirai ef al, 1981). In gene-
ral, there are three types of aminopeptidase pre-
sent in the nasal mucosa. These are plasma mem-
brane-bound peptidases; aminopeptidase N and
aminopeptidase A; and a cytosolic enzyme, amino-
peptidase B.

Recently a study claimed that the Enk analogs,
[*H]Tyr-D-Ala-Gly-L-Phe-D-Leu-OH and metke-
phamid (Tyr-D-Ala-Gly-Phe-N-Me-Met-NH,-CH;
COOH) were efficiently and completely absorbed
from the nasal cavity (Su et al, 1985; Su, 1986).
It should be noted, however, that the Enk was
administered in unrealistically large doses (2-50
mg/kg).

The nasal absorption of Leu-Enk in rats was
examined using an #n-situ perfusion technique
(Hussain et al., 1985). A 60 pg/m/ solution of the
Enk in Ringer’s buffer was circulated through the
nasal cavity of anesthesized rats. The overall disa-
ppearance of Leu-Enk from nasal perfusate was
found to be due to hydrolysis and that the extent
of absorption, if any, was less than about 10%.
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Table V1. First Order Rate Constants (10°k, min™!) and Half-lives (min) for the Hydrolysis of Methionine
Enkephalin (TGGPM), Leucine Enkephalin (TGGPL), and [D-Ala]Met-enkephalinamide (TAGPM)
in Homogenates of Various Absorptive Mucosae of the Albino Rabbit

TGGPM TGGPL TAGPM
Mucosa k (109* tas k (109 fos k (109 tos

Nasal 425+ 0.37 163+ 14 3.45+ 036 201+ 2.1 0.43+ 0.07 162.0+ 269
(4.06) (3.40) 0.41)

Buccal 5.76+0.51 120+ 1.1 540+ 0.64 128+ 15 0.45+ 0.05 153.2+ 159
5.15) 5.02) (5.45)

Rectal .6.141+0.86 11.3+ 16 3.97+0.36 175+ 1.6 0.61% 0.03 114.3+ 6.0
(7.42) (4.23) (0.56)

Vaginal 3.12+0.29 222+2.1 249+ 028 278131 0.38+ 0.07 183.7+ 36.3
(2.34) 0.23) 0.36)

{leal 4.58+ 0.60 151+ 20 3.33+0.23 208+ 15 031+ 0.02 2265+ 15
4.59) (3.53) (0.59)

*Mean= SD for triplicate determinations. Figureswithin parentheses represent calculated rate constants.

Source: Dodda Kashi and Lee (1986)

However, in the presence of a 20 fold molar ex-
cess of other peptides such as L-Tyr-L-Tyr, the
extent of Enk hydrolysis was considerably redu-
ced. Thus, it was concluded that a) polar compou-
nds such as peptides can penetrate the nasal mu-
cosa; undergo extensive hydrolysis in the nasal
mucosa; and ¢) the hydrolysis of Leu-Enk can be
inhibited by the addition of peptidase labile pepti-
des to the mucosal perfusate. It was proposed that
the coadministration of a competing, pharmacolo-
gically inactive peptide, may be a useful approach
to improving the bioavailability of nasally adminis-
tered peptides.

The systemic delivery of peptides and proteins
from the nasal, rectal, vaginal, and buccal mucosae
has been the subject of active investigation. The
pathway and rate of hydrolysis of Met-Enk, Leu-
Enk and [D-Ala(2)] met-enkephalinamide (TA-
GPM) in homogenates of these non-oral mucosae
were determined comparing to the ileal mucosa
{Dodda-Kashi and Lee, 1986). Aminopeptidases
appeared to contribute over 85% to the hydrolysis
of Met-Enk and Leu-Enk, although dipeptidyl pe-
ptidase and dipeptidyl carboxypeptidase also pla-
ved a role. This finding indicates that aminopepti-
dases are the principal enzymes to be inhibited
in order to minimize Enk degradation while per-
meating various absorptive mucosae. In general,
Met-Enk was somewhat more susceptible to hyd-
rolysis than Leu-Enk, but was 10 times more so
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than TAGPM. These Enks were more rapidly hy-
drolyzed in the rectal and buccal homogenates,
followed by the nasal and then the vaginal homo-
genats, but the differences in hydrolytic rates
were small. The half-lives ranged from 11-22 min
for Met-Enk, 13-28 min for Leu-Enk, and 114-227
min for TAGPM (Table VI). These rates were
not substantially different from the ileal mucosa,
indicating that the same enzymatic barrier to Enk
absorption possibly exists in both the oral and
the non-oral mucosae. Quantitatively, both Met-
and Leu-Enks were hydrolyzed at three sites wi-
thin their backbone resulting in the formation of
Tyr, Tyr-Gly, and Tyr-Gly-Gly, presumably due
to the action of aminopeptidases, dipeptidyl pepti-
dase, and dipeptidyl carboxypeptidase, respecti-
vely.

In order to define the aminopeptidase barrier
to peptide absorption from non-oral routes, the
type and activity of aminopeptidase in the homo-
genates of conjunctival, nasal, buccal, rectal and
vaginal mucosae, relative to duodenal and ileal
homogenates, were characterized using 4-methyl-
2-naphthylamides of leucine, alanine, arginine and
glutamic acid as substrates (Stratford and Lee,
1986). Based on the pattern of substrate hydroly-
sis and the effect of activators and inhibitors on
the rate of substrate hydrolysis, four or five ami-
nopeptidases were estimated to be present in
these mucosal homogenates. Aminopeptidase N,
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a plasma membrane-bound peptidase (Vannier et
al, 1976) which is concentrated in the apical-re-
gions of the intestinal brush border (Maze and
Gray, 1980), was present in all these mucosae to
the extent of 50-100% of ileal activity, whereas
aminopeptidase A, which is another plasma mem-
brane-bound peptidase and appears to be most
abundant in the ileum, was present to the extent
of 4-20% of ileal activity. Against 3 of the 4 subst-
rates studied, aminopeptidase activity in the nasal,
buccal, rectal and vaginal mucosal homogenates
was, on the average, 87.1+ 23.0% (n=16) of the
ileal activity. Overall, the differences in aminopep-
tidase activity among the various non-oral routes
were not large.

Indeed, the delivery of leuprolide via the nasal,
rectal and vaginal routes was demonstrated to im-
prove its bioavailability by a factor of 3, 35 and
112 times over the oral route, respectively. Howe-
ver, the fraction of peptide absorbed systemically
from the respective routes was only 0.1%, 12%
and 3.8% of the applied dose. Since subcutaneous
administration allowed over 65% of a leuprolide
dose to be absorbed systemically (Okada ef al,
1982), it is possible that the enzymatic barrier at
the alternative routes of peptide administration
is more substantial than has been anticipated.

The comneal epithelium of the albino rabbit,
which is anticipated to be defficient in peptidase
activity, was found to have 15% of the aminopepti-
dase activity in the ileum when determined using
L-leucine, L-alanine, and L-arginine-4-methoxy-
naphthylamide as substrates. The conjunctiva was
5% as active as the ileum (Stratford and Lee,
1985). This appreciable aminopeptidase acvitity is
principally responsible for the more than 75% de-
gradation, as early as 5min post-dosing, of Leu-
and Met-Enks following topical ocular administra-
tion to albino rabbit (Lee ef al, 1985). Unexpecte-
dly, this in vive hydrolytic rate was 50-100 times
higher than the in vitro rate. Although the hydrol-
ysis of Enks within the eye was unaffected by
predosing the eye with bestatin, this rate of hyd-
rolysis could be reduced by treatement with di-
, tri-, tetra-, and pentapeptides or by varying the
primary structure of an Enk.

In a study (Dodda Kashi and Lee, 1985b) on
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the kinetic and pathway of hydrolysis of Met-Enk,
Leu-Enk and [D-Ala(2)] met-enkephalinamide
(TAGPM) in homogenates of anterior segment tis-
sues of the albino rabbit eye using reversed pha-
sed HPLC, both Met- and Leu-Enks were equally
susceptible to hydrolysis with a half-life ranging
from 11-50 min and were 11-23 times more susce-
ptible to hydrolysis than TAGPM. All three pepti-
des were hydrolyzed most rapidly in the corneal
epithelium, followed by the iris-ciliary body, con-
junctiva, corneal stroma, lens, and tears. Aminope-
ptidases were responsible for over 90% of the hy-
drolysis of Met- and Leu-Enks in tissue homoge-
nates, while dipeptidyl peptidase and dipeptidyl
carboxypeptidase were responsible for the remain-
der. In contrast, dipeptidyl carboxypeptidase was
principally responsible for the hydrolysis of TA-
GPM, which is resistant to aminopeptidase action.

2-6. Enzymatic Degradation of Enkephalins in
Skin

Recently, the permeation through hairless
mouse skin of Leu-Enk was investigated using a
gradient HPLC method, and it was found that the
major metabolite is the Tyr fragment resulting
from aminopeptidase activity, and that endopepti-
dase cleaving the Gly-Phe and a carboxypeptidase
also contributed to the metabolism. On the other
hand, metabolism of the enzymatically stable Leu-
Enk analogs, [D-Ala(2)] Leu-Enk and its amide,
in the skin was less than for Leu-Enk, but still
significant. [D-Ala(2)] leu-enkephalinamide was
observed to be more stable against hydrolysis
than [D-Ala(2)] Leu-Enk (Choi e¢f al, 1989a).

In the homogenates of hairless mouse skin, the
rate of degradation was found to be in the order
of Phe-Leu>Leu-Enk>Gly-Phe-Leu>Gly-Gly-
Phe-Leu>Tyr--Gly, and Tyr-Gly-Gly> [D-Ala(2)]
leu-enkephalinamide. At least two types of amino-
peptidase activity appeared to be responsible for
metabolizing the N-terminal amino acid' successi-
vely to complete degradation of Leu-Enk. Endope-
ptidase activity in the homogenates, if»' any, -was
negligible (Choi et al, 1989b). B

Aminopeptidase activity and Enk metabolism in
the homogenates of cultured human keratinocytes
and human skins were compared using leucine,
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tyrosine, lysine and aspartic acid derivatives of
B-naphthylamine (Shah and Borchardt, 1989). The
homogenates of fore skin, breast skin and Clone-
tics cells yielded comparable enzymatic activities.
Hydrolysis of Leu-Enk gave similar K,, values (50
uM), apparent first order rate constants (0.301
min~?) and a similar metabolite profile in the ho-
mogenates of cultured human keratinocytes and
human epidermis.

3. Inhibitors of Enkephalin Degradation

The Enks are rapidly hydrolyzed by enzymatic

activities present in brain, plasma, GI tract (Okada
et al, 1982; Kerchner ef al, 1983), mucosae (Do-
dda Kashi and Lee, 1986a) such as nasal (Su et
al, 1985), buccal, rectal, vaginal and ocular (Strat-
ford and Lee, 1985; Dodda Kashi and Lee, 1986b)
tissues. The rapid dagradation probably accounts
for the low and transient analgesia (Belluzzi ef
al, 1976) and' bioavailability (Lee ef al, 1985; Su
et al, 1985) of the Enks. The prevention of this
hydrolysis is therefore required in order to enha-
nce the membrane permeability, bicavailability
and the interaction of the Enks with opiate recep-
tors. .
An useful approach to evaluating the significa-
nce of various metabolic pathway of Enk disposi-
tion is to investigate the pharmacological effect
and/or degradation of Enks alone or conjunction
with enzymatic inhibitors. Such studies have been
performed both in whole animal and in tissue
preparations.

3-1. Aminopeptidase Inhibitors

The antibiotic puromycin (0.1-1.0 mM) is an ef-
fective inhibitor of aminopeptidase in brain and
ileum homogenates (Barclay and Phillips., 1978;
Vogel and Altstein, 1979; Sullivan ef al, 1980).
Vogel and Altstein (1979) have shown that purom-
ycin effectively inhibits the degradation of Leu-
Enk by enzymatic activity present in rat brain ho-
mogenates and guinea pig ileum, and potentiates
the inhibition of guinea pig ileum contractions
produced by Leu-Enk. Puromycin does not inhibit
the hydrolysis of Enk by either leucine aminopep-
tidase or rat serum. Bacitracin (ICs: 20 pM), a less

potent aminopeptidase inhibitor, can produce a
dose dependent, naloxone-reversible analgesia in
mice tested in the tail-flick assay with the drug
administration by the i.c.v. route (Simmons and
Ritzman, 1980). It was found that the K, is 80 yM
and ICs is 0.8 uM (Barclay and Phillips, 1978).

The degradation of Leu-Enk by an aminopepti-
dase in rat whole brain supernatant was inhibited
by two brain peptides and two bacterial peptides,
amastatin and bestatin, were slightly more potent
than somatostatin and substance P. Amastatin and
bestatin exhibited non-competitive kinetics; soma-
tostatin and substance P were competitive inhibi-
tors. Therefore it was suggested that the known
analgesic properties of somatostatin and substance
P when given icv. may be due to inhibition of
degradation of endogenous opioid peptides. Amas-
tatin, a tetrapeptide, is 100-fold more potent than
puromycin (Barclay and Phillips, 1980).

D-leucine (at 80 pg/mf), another aminopeptidase
inhibitor, can potentiate Met-Enk effects on the
longitudinal muscle of the guinea pig ileum and
can potentiate stress-induced anagesia in rodents
(Carenzi et al, 1980).

Puromycin is a general inhibitor of aminopepti-

_ dases which hydrolyze amino acid 2-naphthylami-

des or amino acid 4-nitroanilides, and bestatin is
a more selective inhibitor of leucine aminopepti-
dases and aminopeptidase B with substrate spec-
ificity for N-teriminal Leu containing peptides
and peptides containing N terminal hydrophobic
residues (Umezawa and Aoyagi, 1979). Both agents
are capable of inhibiting Enk degradation in bro-
ken cell preparations from brain. However, only
bestatin enhanced the pharmacological response
to Enk in the guinea pig ileum and ileal longitudi-
nal muscle. Concentration-response curves to bes-
tatin indicated that the enhanced physiological ef-
fect of the Enks was coupled to inhibition of [*H]
Tyr formation from [3H] Leu- or [*H] Met-Enk
(Cohen et al, 1983).

In the presence of thiorphan an enkephalinase
inhibitor, bestatin aminopeptidase inhibitor poten-

~ tly inhibited the hydrolysis of [°’H] Leu-Enk by
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slices from rat striatum with an ICy value of
about 0.2 uM, whereas puromycin was approxima-
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tely 1000 times less potent on this preparation.
In vivo bestatin or thiorphan (but not puromycin)
significantly protected [*H] Met-Enk administered
i.cv. to mice from hydrolysis and coadministration
of these two peptides inhibitors resulted in a st-
rong reduction in the appearance of hydrolytic
products in brain. In a parallel fashion the antino-
ciceptive activity of Met-Enk in the mouse hot
plate test was additivelv potentiated by bestatin
and thiorphan but not puromycin. Finally both be-
statin and thiorphan themselves displayed antino-
ciceptive properties on either the hot-plate jump
test or the phenylbenzoquinone writhing test. It
was concluded that a bestatin-sensitive aminopep-
tidase activity together with the enkephalinase ac-
tivity plays a critical role in the inactivation of
both endogenous ancd exogenous Enks (Chaillet
et al, 1983). '

The effect of the inhibition of aminopeptidase
and enkephalinase A on the pain threshold of
mice and rats was studied using bestatin and thio-
rphan, and it was shown that both enzymes are
relevant to the catabolism of Enks in vivo; howe-
ver, their simultaneous actlvatlon requires parti-
cular conditions. Only concomitant mtracerebral
treatment with both inhibitors led to an increase
in the threshold of animal pain, whereas, in the
presence of exogenous peptides, the concomitant
injection of both inhibitors in mice ilicited an ana-
lgesic response greater than the sum of the effects
of each single inhibitor (Carenzi ef al, 1983b).

Even though amastatin, bestatin and puromycin
are potent inhibitors of aminopeptidases of rat
brain, inhibiting the hydrolysis of Leu-Enk with
inhibitor concentrations required for 50% inhibi-
tion (ICsy) of 5, 20 and 200 nM, respectively, these
materials are much less effective inhibitors of the
enkephalinase (ICs values of 300, 70 and 100 uM,
respectively). The enkephalinase activity was inhi-
bited by various barbiturates, e. g., secobarbital
or pentobarbital (ICs, of 8 and 20 uM, respecti-
vely). The barbiturates did not significantly inhibit
the hydrolysis of Leu-Enk by aminopeptidase or
enkephalinase B activities. Both aminopeptidase
and enkephalinase seem to be metalloproteases,
and thier activity is inhibited by metal chelating
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agents. The combination of a hydrophobic dipepti-
dyl moiety and a transition metal ion-chelating
moiety in the same molecule resulted in a very
efficient inhibitors of enkephalinase. Thus the N-
phosphorylated dipeptides (K,PO;-Leu-Phe and
phosphoramidon) and the mercaptoacetyl dipepti-
des (SH-CH,CO-Leu-Phe and SH-CH;CO-Phe-
Leu) inhibited enkephalinase activity with ICsy va-
lues of 0.3, 1.0, 1.5 and 70 nM, respectively. Much
higher concentrations were needed to inhibit the
aminopeptidase (ICs values 100, >1000, 80, and
150 uM, respectively), indicating the high selecti-
vity of these inhibitors toward enkephalinase acti-
vity (Vogel and Altstein, 1982).

Effect of the proteolytic enzyme inhibitors, bes-
tatin (30 uM) or D-phenylalanire (20 mM) on the
degradation and transport of [D-Ala(2)]-D-Leu
(5)] Enk was investigated using everted rat jeju-
num sections. The presence of these inhibitors
significantly reduced degradation of the peptide;
however no accumulation of the peptide occurred
in the mucosal tissue. Thus it was suggested that
accumulation of this peptide from the GI tract
probably occurs either by passive or facilitated
diffusion (Kerchner and Geary, 1983).

The available evidence indicates that aminopep-
tidase (aminoenkephalinase) is the major enzyme
that inactivates Enk released from presynaptic si-
tes (Horsthemke et al., 1983). Hui et al., (1982,
1983) have reported -that several neuropeptides
are potent inhibitors of membrane aminoenkepha-
linase. Peptides with arginine at the amino end
is especially effective. Proctolin (Arg-Tyr-Leu-Pro-
Thr-OH), which acts as a neurotransmitter or mo-
dulator in insects and causes contraction of the
rodent ileum at 10"®M, also has arginine as its
N-terminal amino acid.

Proctolin was 10-fold stronger than bestatin and
2-fold stronger than amastatin (IC5=0.17 uM) as
a most potent inhibitor of aminoenkephalinase.
Like puromycin, proctolin did not irihib_it leucine
aminopeptidase or aminopeptidase M; thus it is
more selective than bestatin (Table VII) (Hui et
al., 1985).

. The effect of bestatin and puromycin on subst-
rate hydrolysis in both commercially purified ami-
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Table VII. Effect of Peptidase Inkibitors on the Me-
tabolism of Met-Enkephalin

1C50(50% . Inhibition Concentration, yM)

Puromycin Bestatin Proctolin

Cytosol 0.85 0.9 044
Aminoenkephalinase

Membrane 1.6 1.0 0.1
Aminoenkephalinase

Leucine >50.0 0.1 >50.0
Aniinoenkephalinase

Aminoenkephalinase M >50.0 46 420

Synaptosomal 0.72 0.18 0.65

Plasma Membranes

To obtain 50% breakdown of the Met-Enkephalin, 300
ng of cytosol aminoenkephalinase, 20 ng of memb-
rane aminoenkephalinase, 5 pg of leucine aminopepti-
dase, 380 ng of aminopeptidase M, or 8.6 ug of synap-
tosomal plasma membrane was used in each incuba-
tion. The ICsx values were determined by measuring
the disappearance of the Met-Enkephalin with HPLC.
Source: Hui et al.,, (1985)

nopeptidase preparations and various mucosal ho-
mogenates is shown in Table VIII (Stratford and
Lee, 1986). Bestatin and puromycin were conside-
red to inhibit aminopeptidase N and B in the mu-
cosal tissues. And it was suggested that leucine
aminopeptidase may not be a dominant aminopep-

tidase in any of the mucosal tissues studied.

Hussain et al. (1989) reported that a-aminoboro-
nic acid derivatives, potent and reversible inhibi-
tors of aminopeptidases, at nanomolar concentra-
tions, inhibited greatly the degradation of Leu-Enk
in the nasal perfusate. Enzyme inhibition was
greater with boroleucine and borovaline than that
observed with boroalanine. Boroleucine was 100
times more effective in enzyme inhibition than
bestatin and 1000 times more effective than puro-
mycin.

Choi et al. (1989b) reported the inhibitory effe-
cts of various compounds including metabolites

of Leu-Enk on its metabolism in the hairless
mouse skin homogenates. Puromycin and amasta-

tin showed the highest inhibitory effect. However,
when their inhibitory effects were tested in skin
diffusion experiments in the presence of 10 mM
n-decylmethyl sulfoxide, Phe-Leu showed the hi-
ghest inhibitory effect in terms of the amount of
parent compound permeated. From the results,
it was suggested that the complex proteolytic enz-
yme activities in skin diffusion are different from
those in skin homogenates. '

32, Cai’boxypeptidase A TInhibitors

The amino acid, D-Phe, is a weak inhibitor of

Table VIII. Percent Inhibition of Mucosal Aminopeptidase Activities by 0.01 mM Bestatin and 0.1 mM Puromy-

cin
Tissue Bestatin Puromycin

Leu Ala Glu Arg Leu Ala Glu Arg
Conjunctival 28.1 73.2 25.5 46.8 18 284 59 2.3
Nasal 381 715 14 52.3 2. 16.2 34 7.5¢
Buccal 321 84.6 16.0 64.6 4.1° 513 179 409
Duodenal 36.1 715 —-5.1c 56.4 30 474 0.8 21.2
Ileal 46.0 62.1 —-1.5 458 0.7 205 05 45
Rectal 34.2 79.3 39.3 64.4 10 62.3 14.6° 18.9
Vaginal 335 74.2 20.8 48.7 2.5 502 9.2 115
LAPC 98.6 - 69.7 -7 o 39 13.7 -7 o
LAPM? 39.8 49.0 35 176 228 237 5.3 46

“The substrates were 4-methoxy-2-naphthylamide of leucine (Leu), alanine (Ala), glutamic acid (Glu), and arginine

(Arg).

*LAPC and LAPM abbreviate for cytosolic leucine aminopeptidase and porcine kidney microsomal aminopepti-

dase, respectively.

“Experimental was not significantly different from control at P<005 by a Studeni’s t-test.

Source: Stratford and Lee, (1986)
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carboxypeptidase A. Carenzi ef al, (1980) have re-
ported that this compound potentiated the inhibi-
tion by Met-Enk of guinea pig longitudinai muscle
contractions, and potentiated the analgesic respo-
nse to Met-Enk in the rat hot plate jump assay
and stress-induced analgesia in rats. Ehrenpreis
et al. (1978) reporied a pain reduction in chronic
pain patients.

3-3. Dipeptidyl Carboxypeptidase Inhibitors

The poteni and selective inhibitors of enkepha-
linase A is thiorphan (3-mercapto-2-benzylpropie-
nyl glycine, K;=4.2 nM) (Roques et al.,1980). Thio-
rphan administered ic.v. or systemically significa-
ntly potentiated the analgesic effect of [D-Ala(2)]
Met-Enk in the analgesic test using mouse tail
withdrawal. Blocking enkephalinase activity by i.c.
v. thiorphan or ip. acetorphan results in an inc-
reased analgesic effect of electrostimulation as
measured by the 50C wet tail flick test (Malin
et al, 1989).

Captopril, an ACE inhibitor which is a less po-
tent inhibitor of enkephalinase (K;=10uM) (Ro-
ques et al, 1980), has been evaluated in a number
of systems. The results of these experiments seem
initially contradictory, but may reflect the variety
of protocols employed to evaluate the activity of
this compound.

A variety of peptides chemically unrelated to
enkephalins are relatively good inhibitors (ICs in
the micromolar range) of enkephalinase. However,
it appears that enkephalinase does not exhibit an
extremely stringent specificity towards various
peptides (Fournie-Zaluski ef al, 1979a).

Carboxyalkyl compounds (Fournie-Zaluski ef al.,
1982) derived from the Phe-Leu and corresponding
to the general formula CgHs;-CH,-CH(R)-CO-Leu
have been found to inhibit the breakdown of the
Gly(3)-Phe(4) bond of [*H] Leu-Enk or [*H] [D-
Ala(2)] Leu-Enk resulting from the action of the
mouse striatal metallopeptidase (enkephalinase or
ACE). One of them N-[(R, S)-2-carboxy, 3-benzyl-
propanoyl]-L-Leu exhibits an inhibitory potency
(K;=0.34 uM) and a very high specificity for enke-
phalinase since it is at least 10,000 fold more po-
tent on this enzyme than on ACE: This compound
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is able to prevent in vitro degradation of endoge-
nous Enks and exhibits analgesic properties in
mice. Therefore this compound can be considered
as one of a new series of enkephalinase inhibitors,
to add to thiorphan, N-carboxymethyl-dipeptides
(Patchett et al., 1980), barbiturates (ICsy; 4X1074
M—-8X107¢M) (Altstein et al, 1981), phosphoryl-
Leu-Phe (ICs: 0.3 nM) (Altstein et al, 1982), and
hydroxamic acids (ICs; 3.1-84 nM) (Hudgin et al,
1982) which also inhibit Enk degradation.

Bestatin and high conceniration of puromycin
increase the depressing effect of Met-Enk on the
twitch response of the electrically stimulated gui-
nea pig ileun. Thiorphan (enkephalinase A inhibi-
tor) is hardly effective, but phelorphan (mercapto-
acetyl-Phe-Phe) (enkephalinase A, enkephalinase
B and soluble aminopeptidase activity inhibitor)
potentiates the effect of Enk dose-dependently
and in low concentrations (0.01-1 pM). Thus it was
demonstrated that enkephalinase B and the mem-
brane-bound aminopeptidase, but not the soluble
aminopeptidase or enkephalinase A hydrolyze
Enks in the isolated guinea-pig ileum (Van Ams-
terdam et al, 1988).

4. Degradation and Stabilization of Met-
Enk

4-1. Stability of Met-Enk in Buffered Solution

The physicochemical stability of Met-Enk was
evaluated by studying its degradation profiles in
various buffered solutions as a function of solution
pH, environmental temperature and drug concent-
ration (Chun and Chien, 1991a). In the early stage
of incubation at 37C, none of the solutions showed
any precipitation, aggregation or surface adsorp-
tion .

The degradation profile of Met-Enk was obser-
ved to follow the apparent first order kinetics. One
typical plot is shown in Figure 1, which indicates
that the first-order degradation kinetics of Met-
Enk is temperature-dependent and the rate of de-
gradation increases with the increase in environ-
mental temperature. The results summarized in
Table IX indicate that the rate constant of degra-
dation varies not only with temperature but also
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Figure 1—Apparent first-order degradation of
Met-Enk (50 yg/ml) in boraie buffer
(pH 9.84, p=0.12) at various tempera-
tures.

Table IX. Apparent First-Order Rate Constants (k)
and Half-lives (ti2) for the Degradation of
Met-Enk in Aqueous Solution as a Func-
tion of pH and Temperature

pH k (day~ !X 10%)

t 1z(days)

25C  37C  45C 25T 37T 45¢C

200 ND 599 711 ND- 1157 975
499 ND 510 557 ND 1357 1244
707 ND 592 1348 ND 1171 514
984 851 1319 2260 8143 525 307

ND: Not determined

with solution pH.

The log k-pH profile is shown in Figure 2.
The degadation of Met-Enk indicates that Met-Enk
is at maximum stability in the vicinity of pH 5. The
effect of solution pH on the degradation of Met-
Enk is much greater in the pH range higher than
5 than that in the range lower than 5. However,
the log k-pH profile shown in Figure 2 did not
vield a unity slope value in both the acidic and
alkaline regions studied (pH 2.01-9.84), indicating
the complexity of the mechanism involved in the
degradation of Met-Enk molecule.

Met-Enk molecule has three ionizable groups:
one aromatic hydroxyl group (pKa=3.68), one
amino group (pKa=7.77) of tyrosine residue at
the N-terminal, and a carboxylic acid group
(pKa=3.68) at the C-terminal of the peptide (Ishi-
ritsu and Sakurai, 1982). Therefore, Met-Enk
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Fignre 2—Log k-pH profile for the stability of Met-
Enk at 37C.

could exist in various ionic forms, depending upon
solution pH, and all of them may have different
propensities to degradation. Experimentally, it was
observed that after incubation at 37C for one mo-
nth, several additional peaks, which could be the
degradation products of Met-Enk, were observed
in the chromatograms obtained.

Similarly, it was reported that upon prolonged
storage at 4C, the dilute solution of leucine en-
kephalin has been observed to increase in Rf va-
fue. The phenomenon was explained as caused
by the conversion of N-terminal tyrosine into an
indole derivative, a mechanism which is apparen-
tly similar to the chemical and enzymatic oxida-
tion of tyrosine derivatives. Since tyrosine is posi-
tioned at the N-terminal of Met-Enk molecule, the
cyclization seems to be implicated as one of the
degradation mechanisms (Dukler ef al, 1971). Co-
nsequently, the appearance of other peaks is con-
sidered to be due to the cleavage, cyclization (Vo-
gel et al, 1978) and oxidation (Wilchek et al, 1968)
of Met-Enk, and any further change of its degra-
dation products. The appearénce of different peaks
at different pH’s and temperatures indicates that
the mechanism of degradation is very complex.
Therefore, the elucidation of pathways and me-
chanisms for the degradation of Met-Enk requires
further extensive studies.

4-2. Enzyméﬁc Degradation of Met-Enk in Va-
rious Mucosa Extracts
In view of its susceptibility to enzymatic degra-
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dation, it is important to understand the ability
of Met-Enk to survive the enzymatic barrier on
and in the various biological mucosae when the
mucosal delivery is aimed. Met-Enk was chosen
for this study primarily because of the fact that
while the pathway of its metabolism in the brain
(Hambrook et al, 1976, Hersh et al, 1981) and
elsewhere in the body have been well characteri-
zed, there are very few reports on the metabolism
of Met-Enk at the non-oral mucosal sites (Dodda-
Kashi and Lee, 1986a). In this investigation (Chun
and Chien, 1991a), the kinetics and pathway of
Met-Enk degradation in the extracts of nasal, rec-
tal and vaginal mucosae were thus investigated
over a duration of 6 hr by simultaneously monito-
ring the disappearance of Met-Enk and the appea-
rance of its metabolites as a function of incubation
period.

The results of control experiments confirmed
that Met-Enk is stable, physicochemically, in the
isotonic phosphate buffer used to extract the enz-
ymes from each mucosal membrane. The disappe-
rance profiles of Met-Enk in the extracts of nasal,
rectal and vaginal mucosae of New Zealand White
rabbits are shown in Figure 3. The results indi-
cate that Met-Enk degrades most rapidly in the
rectal extracts (with mean half-life of 10.31-14.10
min), followed by vaginal (3827-4598 min) and
nasal (63.84-74.09 min) extracts, indicating a con-
siderable variation in peptidase activities among
the mucosal extracts, but degradation rates were
similar between the extracts from the mucosal
and serosal surfaces, regardless of the mucosa ex-
tracted.

Figure 4 compares the concentration profiles of
Met-Enk as well as its hydrolytic fragments upon
incubation with various mucosa extracts (Chun
and Chien, 1991a). The results appear to suggest
that Met-Enk is cleaved primarily at the Tyr-Gly
bond to yield Tyr as its main hydrolytic fragment
in all the mucosal extracts, but the amount of Tyr-
Gly fragment yielded by cleavage at the Gly-Gly
bond is relatively small. It should be noted, howe-
ver, that both in the nasal mucosal and serosal
extracts, relatively larger amount of Tyr-Gly frag-
ment was formed compared with those in rectal
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Figure 3—Disappearance of Met-Enk in the mu-
cosal and serosal extracts of various
mucosae of NZW rabbits at 37C.
Each point indicates mean (+SE) of
six rabbits. The disappearance profile
of Met-Enk in the buffer at the specific
mucosal pH is also shown for compari-
son.

and vaginal extracts. Especially, considerable
amount of Tyr-Gly-Gly was detected only in the
nasal extracts, as resulted from the cleaveage at
the Gly-Phe bond.

The important difference among various muco-
sal extracts is that the formation of Tyr-Gly in
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Figure 4—Time course for the degradation of Met- Enk and appearance of its metabolites in the extracts of
various mucosae of NZW.rabbits at 37C. Each point is the data obtained from three rabbits.

-the nasal, rectal and vaginal extracts at 90 min
after incubation was in the range of 15.4(% 2.2)%
(meanz: SE), 4.3(+ 1.8)% and 3.4(x 1.5)%, respec-
tively, and the formation of Tyr was 42.4(* 11.5)%,
84.4(+7.9)% and 52.8(* 12.5)%, respectively. Si-
milar results were obtained in the serosal extracts
of the mucosae. These resuits indicate some diffe-
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rences in the relative contribution of aminopepti-
dases and enkephalinase B to the overall Met-Enk
degradation, depending on the type of mucosa.
Consequently, nasal extracts showed the highest
enkephalinase B activity, followed by vaginal and
then rectal mucosae. In addition, nasal extracts
showed enkephalinase A activity even though the
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Table X. First-Order Rate Constants (hr™*X10% for the Degradation of Met-Enk in Various Rabbit Mucosa
Extracts at 37C in the Absence and Presence of Various Enzyme Inhibitors

Inhibitor Nasal extract Rectal extract Vaginal extract
Mucosal Serosal Mucosal Serosal Mucosal Serosal
None? ) 85.80(+ 18.22) 100.74(% 33.53) 311.16(* 51.37) 327.72(% 54.73) 124.00(+% 37.62) 146.46(* 38.76)
001% TM (AY 1387(£4.09) 1040(+294) 4630(£341) 2692(£6.70) 1221(x4.24) 10.92( 3.35)
A+50uM AM (B) 10.11(+3.78) 7.83(+1.94) 9.77(x 0.93) 1.84(% 0.36) 1.27(+ 0.33) 0.99(£ 0.11)
A+50uM TP (C) 747(x2.71) 6.85(% 2.23) 17.87(£ 398)  6.57(x 2.03) 4.80(%+ 1.93) 5.03(+ 1.26)
A+5mM EDTA (D) 0.88(+0.06) 1.02(x 0.07) 0.65(% 0.02) 0.45(£0.11) 0.66(+ 0.13) 0.43(£ 0.02)
A+B+C 0.66(+ 0.03) 0.85(% 0.02) 2.67(x 1.44) 0.46(+ 0.04) 0.53(%+ 0.02) 0.52( 0.01)
A+B+D 0.26(% 0.05) 0.28(% 0.03) 0.38(£ 0.09) 0.37(x 0.03) 0.27(£ 0.10) 0.36(% 0.03)
Ko/Kmin® 332.7 359.8 816.7 893.0 452.2 402.4

“Each extract was prepared by extracting each mucosal membrane of rabbits for 24 hrs with isotonic phosphate

buffer at physiological pH.

*Expressed as meanst S.E. of the data obtained from three rabbits.
‘Extraction was carried out using the isotonic phosphate buffer contairing 0.01% thimerosal from the beginning.
“Ratios of rate constants for None to those for A-+B+D.

Source: Chun and Chien (1991b)

activity was lower (24* 0.3% Tyr-Gly-Gly at 60
min after incubation). Although it was reported
(Dadda Kashi and Lee, 1986a) that Tyr-Gly-Gly
has been formed at the same rates in the homo-
genates of nasal, rectal and vaginal mucosae, the
formation of Tyr-Gly-Gly is not obsereved in rec-
tal and vaginal extracts of New Zealand White
rabbits, as may be attributed to the weak enke-
phalinase A activity, and/or further rapid disappea
rance of Tyr-Gly-Gly fragment formed.

The rank order for the rate of formation of hy-
drolytic fragments varies from one mucosa to ano-
ther, which is Tyr>Phe>Des-Tyr-Met-Enk>Tyr-
Gly2Phe-Met>Tyr-Gly-Gly for nasal mucosal ex-
tracts, Tyr>Des-Tyr-Met-Enk>Phe> Tyr-Gly>
Phe-Met for rectal mucosal extracts, and Tyr>
Des-Tyr-Met-Enk>Phe>» Tyr-Gly>Phe-Met  for
vaginal mucosal extracts.

4-3. Protection of Met-Enk from Enzymatic De-
gradation in Various Mucosa Extracts

The inhibition of enzymatic degradation of Met-
Enk was Kkinetically investigated in the nasal, rec-
tal and vaginal extracts of rabbits in the absence
and presence of a.single or combined inhibitors
such as puromycin (PM), amastatin (AM), thior-
phan (TP), disodium ethylenediaminetetraacetate
(EDTA) and thimerosal (TM) by analyzing the pa-
rent peptide and its hydrolytic fragments by

HPLC (Chun and Chien, 1991b). The degradation
of Met-Enk was fastest at around pH 7, indicating
that the activity of enkephalin-degrading enzymes
is optimal at this pH. However, at the pH lower
or higher than pH 7, the degradatiion was greatly
decreased and no hydrolytic fragment was detec-
ted at pH 3.19 and 4.0 after 6 hrs. AM alone inhi-
bited the enzymatic degradation of Met-Enk with
the ICs values of 3.5 and 0.22 uM for the rectal
and vaginal extracts, whereas PM was approxima-
tely 14.2 and 26.8 times less potent than AM, res-
pectively. In the nasal extracts, the effects of both
aminopeptidase inhibitors were smaller. Even at
50 uM, TP alone revealed only small increase of
Met-Enk stability in the various mucosal extracts,
however, EDTA inhibited the enzymatic hydroly-
sis considerably by blocking the enkephalinase A
and B and, to some extent, aminopeptidase, which
are known as metallopeptidases. On the other
hand, TM was found to be a new and potent en-
kephalinase B and aminopeptidase inhibitor, and
to be more potent than AM in the inhibition of
Met-Enk degradation in various mucosal extracts.
Furthermore, as shown in Table X, the addition
of TM to a combination of AM and EDTA protec-
ted Met-Enk from the enzymatic degradation in
the nasal, rectal and vaginal extracts more than
90% after 24 hrs of incubation, by almost comple-
tely inhibiting all enkephalin-degrading enzymes
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present in the incubation mixtures.

4-4. Conclusions

Met-Enk is unstable in aqueous solution upon
prolouged storage, but it can be kept intact for
a few days. On the other hand, however, Met-Enk
is most susceptible to the attact by aminopeptida-
ses in the extracts of nasal, rectal and vaginal
mucosae, although dipeptidyl aminopeptidase and
dipeptidyl carboxypeptidase also play some role
in the degradation of Met-Enk. It is, therefore,
suggested that, in order to deliver Met-Enk th-
rough the nasal, rectal and vaginal routes in the
intact form, it is nesessary to control the activity
of aminopeptidases in the mucosal cavity and tis-
sue. To some degree, the activity of dipeptidyl
peptidase and dipeptidyl carboxypeptidase has to
be reduced too. Enzymatic degradation studies of
peptide drugs in the extracts of various mucosae
may provide some useful insights for studying the
“first-pass” degradation of peptide drugs in the
non-oral cavities. Overall, these findings would fa-
cilitate the design of a strategy to overcome the
enzymatic barrier of the mucosal cavity and mem-
brane to improve the efficiency of transmucosal
peptide delivery. '

The combination of inhibitors such as TM/AM
/EDTA and TM/AM/TP which can inhibit simul-
taneously the enzymes responsible for enkephalin
degradation in the nasal, rectal and vaginal muco-
sal extracts may provide useful tools for the pote-
ntial delivery of Met-Enk through the mucosal
membranes, and furthermore in the pharmacolo-
gical and clinical studies on the mechanism of ac-
tion, and behavioral effects of the enkephalinergic
peptides, as combined inhibitors can fully prevent
unwanted enzymatic degradation of Met-Enk over
a period of 24 hrs.
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