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Abstract

In this study, the stability in and transport across a cell culture model of the blood-brain barrier (BBB) is
investigated for leucine—enkephalin (Leu—enkephalin) and four 4-imidazolidinone prodrugs of Leu—enkephalin. The
results show that Leu—enkephalin is degraded in the cell culture model of the BBB both by cytosolic and plasma
membrane bound enzymes. It is likely that aminopeptidase is the predominant enzyme responsible for the degradation
of Leu—enkephalin. All four 4-imidazolidinone prodrugs of Leu—enkephalin examined showed an increased stability
of Leu—enkephalin against degradation by both plasma membrane bound and cytosolic enzymes. Consequently, the
transport properties of Leu—enkephalin is also improved by up to 60% by formation of 4-imidazolidinone prodrugs.
© 1998 Elsvier Science B.V. All rights reserved.
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Enkephalins are potential future analgesics as
they possess analgesic activity (Chang et al.,
1976); however, because of transport (Banks and
Kastin, 1984, Banks et al., 1987) and stability
(Dupont et al., 1977, Craves et al., 1978, Thomp-
son and Audus, 1994) problems, the prodrug
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principle is used either to increase permeation
across the blood—brain barrier (BBB) and/or to
stabilise against degradation (Weber et al., 1993,
Greene et al., 1996). It has earlier been shown that
4-imidazolidinone  prodrugs  of  leucine—
enkephalin (Leu—enkephalin) possess increased
stability in human plasma, in the intestinal mu-
cosae of rat and in pure enzymatic solutions
(Rasmussen and Bundgaard, 1991, Bak et al.,
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1997). In this study, a cell culture model of the
BBB is used to examine both the stability at and
transport across the BBB of Leu—enkephalin and
four different 4-imidazolidinone prodrugs. Cell
culture models of the BBB have previously been
shown to express the degrading enzymes that are
found in vivo (Weber et al., 1993, Thompson and
Audus, 1994).

Microvessel endothelial cells (BBEC) were iso-
lated from bovine brain as previously described
(Lund et al., 1998). The integrity of the BBEC
monolayer was evaluated by the transport of
[**C]sucrose from the apical to the basolateral
side. Lowry assay was used to determine the
amount of protein in the cluster dishes (Lowry et
al., 1951). The average value determined for a
six-well cluster dish was 2.44 +0.23 mg protein
(n=15). The synthesis of the 4-imidazolidinone
prodrugs (acetone = I, cyclopentanone = I, cyclo-
hexanone = III, 4-methylcyclohexanone = IV) was
performed as described by Bak et al. (1997). The
degradation of Leu-—enkephalin and prodrugs I,
I, TIT and IV in BBEC homogenate was investi-
gated at 37°C. Endothelial cells from six wells
were used for each compound. Cells were washed
twice with phosphate buffered saline (PBS), the
cluster scraped off in PBS, centrifuged for 5 min
at 5000 x g at 4°C and resuspended in Hank’s
buffer containing 10 mM HEPES, pH 7.4
(Hank’s—HEPES).

The extracellular stability of Leu—enkephalin
and prodrugs I, II, IIT and IV was evaluated using
BBEC grown in cluster dishes. For the transport
studies, 10 ~* M Leu—enkephalin, prodrugs I, 11,
IIT and TV or 0.1 xCi/ml ['"*C]sucrose dissolved in
Hank’s—HEPES were added on either the apical
side or the basolateral side of the filter, with
Hank’s—HEPES on the other side. Quantitation
of the compounds was done by reversed phase
high-performance liquid chromatography. The
degradation in BBEC homogenate and the extra-
cellular degradation for Leu—enkephalin and pro-
drugs I, II, III and IV were evaluated by the
pseudo-first-order rate constant (k,,) obtained
for the degradation and the half-life (¢, ,). For the
transport studies, the cumulated amount of sub-
stances permeated was plotted against time and
the steady-state flux dQ/d¢ estimated as the slope

of the curve. The apparent permeability coeffi-
cient (P,,,) was calculated by dividing dQ/dt by
the initial concentration and the diffusion area.
From Fig. 1A,B it is seen that the logarithmic
degradation of Leu—enkephalin is initially linear,
indicating first-order kinetics. The calculated &
values (Table 1) indicate that Leu—enkephalin is
degraded more rapidly after incubation in the
BBEC homogenate than following exposure to
intact BBEC, suggesting the existence of both
plasma membrane bound and cytosolic/organelle
membrane bound enzymes. Thompson and Audus
(1994) have examined the degradation of Leu-
enkephalin in both a cytosolic fraction and a
membrane fraction of cultured cerebral microves-
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Fig. 1. Degradation of Leu-enkephalin (®), expressed as
In (mol/mg protein), in BBEC homogenate (A) and on intact
BBEC (B). The amounts of GGPL (M) and PL ([J) were also
measured in both experiments (n = 2).
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Table 1

Apparent k,,, and t,,, values of Leu—enkephalin, prodrugs I,
II, III and IV degraded by BBEC homogenate (n = 1) and by
intact BBEC grown in six-well clusters (n = 3)

Homogenate Intact BBEC
koos (1) 112 kows (1/h) ty2 (h)
h) ()

Leu—enkephalin 12¢ 0.059 0.51+0.03 1.4+0.08

Prodrug 1 0.0769.2 0.028 +0.006 26+6
Prodrug 11 0.24 29 0.13+0.06 53+0.2
Prodrug 111 0.11 6.1 0.046 +0.02 16+5
Prodrug 1V 0.11 6.6 0.024 +0.01 37+23
An=2.

sel endothelial cells, and found the metabolism of
Leu—enkephalin to be much higher in the cytosol
than in the membrane fraction. Results from stud-
ies on the degradation of Leu-—enkephalin and
Met—enkephalin in different cerebral subcellular
fractions from mouse and rat also showed maxi-
mal metabolic activity in the non-membrane frac-
tions (Craves et al., 1978). It is likely, therefore,
that Leu—enkephalin is mainly degraded by cyto-
solic enzymes in the BBEC homogenate used in
the present study. During the initial degradation
of Leu-enkephalin, Gly-Gly-Phe-Leu (GGPL)
are formed to a larger extent than Phe-Leu (PL)
(Fig. 1A,B), indicating that Leu-—enkephalin is
degraded primarily by aminopeptidase M and to a
lesser extent by angiotensin converting enzyme
(ACE) or enkephalinase. These results are consis-
tent with the results obtained by Thompson and
Audus (1994), who showed complete inhibition of
Leu-enkephalin degradation by the ACE in-
hibitor ramipril. On the other hand, Weber et al.
(1993) reported an effective inhibition of the
degradation of Met—enkephalin by the enkephali-
nase inhibitors thiorphan and phosphoramidon in
the same type of cell culture used by Thompson
and Audus (1994). This discrepancy could arise
from a difference in affinity between Met—
enkephalin and Leu-enkephalin towards ACE
and enkephalinase. During transport across
BBEC (Fig. 2), Leu—enkephalin is degraded since
GGPL and PL are measured in the receptor

chamber. Probably the plasma membrane bound
peptidases are responsible for this, as Leu-
enkephalin is expected to permeate by paracellu-
lar diffusion. The transport of Met—enkephalin
across cultured microvessel BBEC has previously
been studied by Greene et al. (1996), who found
that Met—enkephalin was not degraded during
the transport experiment, while Weber et al.
(1993) were only able to estimate the permeability
coefficient if enkephalinase inhibitors were added.
The reason for this discrepancy cannot readily be
explained. Comparison of P,,, in the two direc-
tions shows a P,,, value 42% higher in the apical
to basolateral direction, possibly due to the exis-
tence of an active transport mechanism in the
basolateral to apical direction. The hypothesis has
been confirmed by the in vivo experiments of
Banks and Kastin, 1984 and Banks et al., 1987,
whose results suggested the active transport of
Leu—enkephalin out of the brain. In our study,
only 30% of Leu—enkephalin was left on the
apical side and 80% on the basolateral side (data
not shown) after 4 h, indicating a higher level of
peptidase activity on the apical side. This is sup-
ported by the results showing the formation of
four times higher GGPL levels at the apical side
than at the basolateral side. The logarithmic
degradation of prodrugs I, II, III and IV was
linear during the experiment, both in the BBEC
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Fig. 2. Degradation of prodrugs I (@), I1 (O), III (M) and IV
(O), expressed as In (mol/mg protein), in BBEC homogenate
n=1).
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Fig. 3. Transport profile of Leu—enkephalin from the apical to
the basolateral side. Q is the accumulated amount of Leu—
enkephalin (@), GGPL (M) and PL ((J) on the basolateral
side (n=3).

homogenate (Fig. 3) and on intact BBEC (data
not shown). This indicates first-order Kkinetic
from which k., and subsequently ¢, can be
calculated (Table 1). All the prodrugs investi-
gated were more stable than Leu-—enkephalin.
The half-lives in BBEC homogenate are com-
parable with the half-lives of hydrolysis in buffer
and in pure samples of aminopeptidase N and
ACE (Rasmussen and Bundgaard, 1991, Bak et
al., 1997), indicating that prodrug formation sta-
bilises the peptide against enzymatic degradation.
The P,,, values (Table 2) representing apical to
basolateral and basolateral to apical transport
express the sum of the prodrug and Leu-
enkephalin transported, as Leu—enkephalin is the
active drug substance which should be available
for action in the brain under in vivo conditions.
In all cases, the P,,, values were higher for baso-
lateral to apical transport than vice versa. For
prodrugs II, III and IV, the increase in
lipophilicity (Bak et al., 1997) is followed by an
increase in transport. As the apparent permeabil-
ity coefficient found in this study was determined
from the amount detected on the receptor side,
both transport and degradation are taking place,
and no linear correlation between lipophilicity

and P,,, can be expected. Others have examined

Table 2

Apparent permeability coefficients for Leu—enkephalin, pro-
drugs I, II, III and IV transported apical to basolateral and
basolateral to apical across BBEC monolayers

P,,, (cm/min x 10~%)*

Apical to baso-  Basolateral to apical

lateral
Leu—enkephalin ~ 3.60 +0.27 5.1140.24
Prodrug 1® 4.16 +0.15 723+1.7
Prodrug 11° 3.1240.043 7.9240.40
Prodrug III ® 3.894+0.29 5.144+0.10
Prodrug 1V ® 5.80 +0.11 7.31 +0.96

& P,pp values are given as mean =+ S.D.
® For prodrugs I, II, IIT and IV, the P,y is determined from
the cumulated amount of substances detected on the receptor
side, calculated as the sum of intact prodrug and prodrug

degraded into Leu—enkephalin.

the permeability of enkephalin analogues (Weber
et al., 1993) and enkephalin analogue prodrugs
(Greene et al., 1996) of cyclic [D-Pen®D-
Pen®lenkephalin across a cerebral endothelial cell
culture, and found increases in the permeability
with increases in the lipophilicity.
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