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Comparison of the in vitro apparent permeability and stability
of opioid mimetic compounds with that of the native peptide

Yasuko Koda,a Kimitaka Shiotani,b Istvan Toth,a,c Yuko Tsuda,b

Yoshio Okadab and Joanne T. Blanchfieldc,*

aSchool of Pharmacy, University of Queensland, St. Lucia, Qld 4072, Australia
bDepartment of Medicinal Chemistry, Faculty of Pharmaceutical Sciences, and The Graduate School of Food

and Medicinal Sciences, Kobe Gakuin University, Nishi-ku, Kobe 651-2180, Japan
cSchool of Molecular and Microbial Sciences, University of Queensland, St. Lucia, Qld 4072, Australia

Received 27 November 2006; revised 30 December 2006; accepted 5 January 2007

Available online 25 January 2007
Abstract—Three dimethyl-LL-tyrosine (Dmt) based peptide analogues were identified in a previous study as excellent agonists for the
l-opioid receptor showing very low Ki values and good in vivo antinociceptive activity upon intracerebroventricular administration
to mice. This activity decreased markedly when the compounds were delivered subcutaneously or orally. To establish the cause of
this decrease of activity the apparent permeability across Caco-2 cell monolayers of each compound and their relative stability to the
digestive enzymes present in the cell line has been determined and compared to that of the native peptide endomorphin 2. The com-
pounds’ permeabilities clearly correlate with their increasing lipophilicity suggesting that the analogues cross the monolayer via pas-
sive diffusion and the results show that the compound with high Ki value for the l-receptor (Kil = 0.114 nM) exhibited the highest
permeability suggesting that this may be the better lead compound despite the lower binding affinity than that of compound 2 or 3.
� 2007 Elsevier Ltd. All rights reserved.
The last several years have seen significant advances in
identification and synthesis of short peptides which
exhibit high affinity and selectivity for the various opioid
receptors (l-, d-, j-).1 These opioid peptides, such as
endomorphin 2 (Endo2: H-Tyr-Pro-Phe-Phe-NH2), are
potential therapeutic agents; however peptides suffer
from poor bioavailability due to their size and hydro-
philic nature which lead to poor membrane permeability
and their susceptibility to enzymatic degradation in the
gastrointestinal (GI) tract. As opioid peptides largely
act in the central nervous system (CNS), the blood–
brain barrier (BBB) is an additional significant barrier
to their effectiveness as drug candidates. Peptides are un-
able to cross this barrier and therefore require modifica-
tion or conjugation to delivery agents which facilitate
transport across the BBB. There are many strategies em-
ployed to improve the bioavailability of peptides and
many of them involve reducing the number of peptide
bonds in the molecule while retaining the chemical char-
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acteristics and spatial orientation of the functional
groups important for receptor binding.2

Compounds 1–3 have emerged as important lead com-
pounds in a study aimed at developing simple opioid
mimetics incorporating the minimal functionality
required for opioid receptor recognition and activation
(Fig. 1).3,4 The compounds were developed as mimetics
of the endogenous opioid peptides endomorphin 1 and
2. Compound 3 consists of two 2 0,6 0-dimethyl-LL-tyrosine
(Dmt) residues that are essential for receptor binding,
separated by a four-carbon alkyldiamine linker. This
compound exhibited very high-affinity for the l-opioid
receptor (Kil = 0.041 nM)3 and excellent selectivity for
this receptor subtype over the d-receptor (Table 1).
Compound 3 rapidly produced centrally mediated anal-
gesia after intracerebroventricular (icv) injection in mice
and was 1.5–2.2 times more potent than morphine when
assessed by the tail-flick test (spinal nociception) and
equivalent in potency to morphine in the hot-plate test
(supraspinal nociception). This antinociceptive activity
was evident when the compound was administered
subcutaneously (sc), although decreased considerably
(Table 1), suggesting that BBB permeability is a major
issue for this compound.3 Compounds 1 and 2 consist
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Figure 1. The structures of opioid peptide mimetics, compounds 1–3.

Compound 4, endomorphin 2 H-Tyr-Pro-Phe-Phe-NH2.
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of the Dmt residues separated by the more conforma-
tionally rigid 3,6-bis-(aminoalkyl)-2(1H)-pyrazinone
linker. Compound 1 exhibited good l-opioid binding
affinity with reasonable selectivity over the d-receptor
but was not assessed for in vivo activity. Compound 2,
however, exhibited excellent l-opioid affinity, the same
as that of compound 3 though with slightly lower selec-
tivity (Table 1). Compound 2 was found to be 50–63
times more potent than morphine after icv injection in
the tail-flick test and �20 times more potent in the
hot-plate test. After subcutaneous injection, the com-
pound exhibited 63% and 55% potency compared to
morphine in the two tests. Even after oral administra-
tion, compound 2 was found to be 42% as potent an
analgesic as morphine in the tail-flick test and �20%
as potent in the hot-plate test.4 These results indicated
that compound 2, in addition to having very high recep-
tor affinity, is able to cross both the BBB and the GI
tract.

The identification of these lead compounds (1–3) high-
lighted the fact that, while we can achieve excellent opi-
oid receptor binding efficiencies compared to the opiate
alkaloids.5 with pseudopeptides and mimetics based on
the endogenous opioid peptides, BBB permeability,
Table 1. Previously reported opioid receptor binding affinity and in vivo an

Compound Kil (nM) Kid (nM)

14 0.114 23.2

24 0.042 13.7

33 0.041 53.4

Morphine5 14

a x potency of morphine, derived from concentrations of the test compound
b icv, intracerebroventricular administration.
c sc, subcutaneous administration.
d po, oral administration.
and/or stability remain significant hurdles for the devel-
opment of these compounds as pharmaceutics. In this
current study we looked more closely at the relative per-
meability and stability of these three compounds across
an epithelial barrier and compared these directly to the
permeability of the peptidic analogue endomorphin 2
(4) (H-Tyr-Pro-Phe-Phe-NH2), which exhibited less than
5% antinociceptive activity compared with morphine by
icv adimistration to mice in the tail-flick test, although it
exhibited Kil value of 0.69 nM.6 From the Caco-2 cell
monolayer permeability results the factors effecting the
permeability and possible mechanism of passage across
the barrier can be determined as well as the compounds’
stability to the digestive enzymes present in the
monolayers.

We chose to use the Caco-2 cell monolayer system to
examine our compounds in this study. The Caco-2 cell
monolayer system has become a standard in vitro meth-
od for the prediction of oral bioavailability over
20 years,7–10 and has also been used as an initial BBB
screening model.11–14 Caco-2 cells are derived from a
human colorectal carcinoma and, when cultured under
the correct conditions, will form highly polarized mono-
layers with tight junctions between individual cells.15

They express most of the active and facilitative trans-
porters present in the small intestine epithelial barrier
including the peptide transporters, glucose transporters,
and efflux pumps such as p-glycoprotein.16–19 The Caco-
2 cell monolayer forms a well-developed brush border
on the apical side and they express the associated diges-
tive enzymes.20,21 including dipeptidyl peptidase IV
(DPPIV; EC 3.4.14.5).22 They are considered an excel-
lent model of the epithelial barrier of the small intestine.

The experiments discussed herein were performed on
compounds 1–4 (Fig. 1) synthesized and purified as pre-
viously described.3,4 with 2 0,6 0-dimethyl-LL-tyrosine being
prepared according to the procedure of Dygos et al.23

Endo2 was synthesized by solution-phase synthesis as
described by Okada et al.24 The opioid agonists 1–4
were soluble and stable in HBSS–25 mM-Hepes buffer
(pH 7.4) at 37 �C. Their apparent permeability coeffi-
cients (Papp; cm/s) are detailed in Table 2 and Figure
2. These values were generated from Caco-2 cell mono-
layer permeability assays performed according to stan-
dard procedures described by Wu et al.25,26 with
sample quantification achieved by LC-MS.
algesia produced by compounds 1–3 compared to morphine3,4

Kil/Kid Tail-flick testa Hot-plate testa

204 Not tested Not tested

326 50–63 (icv)b 18–21 (icv)

0.63 (sc)c 0.55 (sc)

0.42(po)d 0.16–0.24 (po)

1302 1.5–2.2 (icv) �1 (icv)

0.1–0.12 (sc) 5% (sc)

1 1

that produced an equivalent analgesia as morphine.



Table 2. Papp values for compounds 1–4

1 2 3 4

Papp (cm/s) 8.45 · 10�7 5.47 · 10�7 1.39 · 10�7 6.43 · 10�8

SD 2.11 · 10�7 7.75 · 10�8 2.22 · 10�8 6.35 · 10�9

0.00E+00

2.00E-07

4.00E-07

6.00E-07

8.00E-07

1.00E-06

1.20E-06

1 2 3 4
Compound

Figure 2. A graphical comparison of the Papp values obtained for

compounds 1–4.
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Compounds 1 and 2, bearing the more lipophilic linker
between the Dmt moieties, are clearly significantly more
permeable than the simple alkyldiamine-linked com-
pound 3. The observed Papp for compound 3 is very
low (1.39 · 10�7 cm/s), even lower than the peptidic
compound it is intended to mimic. The permeability of
3 is in the range considered to correspond to a com-
pound with no oral bioavailability or BBB permeabili-
ty.7 This is consistent with the observed decrease in
this compound’s in vivo activity when administered sub-
cutaneously compared to icv administration.

All three of the mimetic compounds exhibit significantly
higher Papp values than the peptide 4. This is primarily
due to the rapid degradation of the native peptide by
the digestive enzymes expressed by the Caco-2 cells.
When a sample was removed from the apical chamber
of the Caco-2 cell monolayer at the end of the experi-
ment (2.5 h), the concentration of intact peptide remain-
ing was only 0.81 lM from an original concentration of
200 lM. This almost complete destruction of the peptide
is expected for a small native peptide such as Endo 2.

Compounds 1 and 2 both bear the central pyrazinone
group with Dmt residues attached through linkers to
each side of the core. Compound 1 has an extra methy-
lene group on each of the appended alkyl chains making
it more lipophilic than compound 2. It has already been
demonstrated that the presence of these longer alkyl
chains causes a decrease in opioid receptor binding affin-
ity; however they also appear to provide sufficient in-
crease in lipophilicity to facilitate an increase in the
permeability across the Caco-2 cell monolayer
(Papp = 8.45 · 10�7 cm/s). The Papp of 2 (Table 2) is
indicative of a compound that would exhibit some oral
bioavailability though would not be considered com-
pletely orally available.7 This is in keeping with the in vi-
vo results for compound 2 which showed both BBB and
GI tract permeability. From these new results it would
be expected that compound 1 would exhibit greater per-
meability across both the BBB and GI tract which may,
in part, compensate for the drop in opioid receptor
binding affinity.

While the mimetic compounds do not appear to provide
considerable improvement to the permeability of the
compounds compared to the peptidic form, they are sig-
nificantly more metabolically stable than the peptide 4.
On completion of the permeability assays, a sample
from the apical chamber of each transwell was examined
to determine if the test compound had been degraded
over the 2.5 h of the experiment. For compounds 1–3,
the compounds were found intact and there appeared
to be no loss due to protein binding, absorption into
the membranes of the cells or enzymatic degradation.
As previously mentioned, peptide 4 was almost com-
pletely destroyed in this time. This indicates that the
all three mimetic compounds are much more stable to
the digestive enzymes present in the Caco-2 cell mono-
layer than the analogous peptide.20,21

The monolayer integrity was evaluated both at the begin-
ning and the end of the experiment by monitoring the
transepithelial electrical resistance (TEER) values of each
monolayer and the determination of the permeability of
14C-mannitol. The TEER values for each well were
between 2.5 and 3.6 kX cm2 at the commencement of
the assay, indicating confluent monolayers with well-
established tight junctions.27 and by the end of the assay
the values had not changed by more than ±0.5 kX cm2. This
result shows that the compounds are not toxic to the
cells in any way and do not disrupt the tight junctions in
the monolayer. Mannitol is a compound known to have
no oral bioavailability and pass through the Caco-2 cell
monolayer via paracellular absorption and so it exhibits
a very low Papp. Our value of 5.85 · 10�8 cm/s
(±4.62 · 10�9) is well within those reported in the litera-
ture and indicates healthy and tight monolayers.7

The relative permeability of compounds 1–4 clearly cor-
relates to their increasing lipophilicity which suggests
that they cross the monolayer via passive diffusion and
not via the use of a transporter. Increasing lipophilicity
increases the permeability of the compound in the lipid
bilayer of the cell membranes and thus, the opportunity
for passive diffusion. The involvement of a transporter
or of efflux pumps such as p-glycoprotein can be elimi-
nated entirely by future experiments using the same
Caco-2 cell monolayer system. Compounds 1–3 were
designed as mimetics of peptide 4 and our results clearly
indicate that the mimetic compounds exhibit greatly
improved metabolic stability compared to 4, with com-
pound 1 showing the greatest increase in permeability
across Caco-2 cell monolayers. Though compound 1
was not tested in vivo, these permeability results suggest
that, perhaps an improved permeability may be able to
compensate for the lower opioid receptor binding which
was, after all, still higher than morphine.

The results of these permeability assays, in conjunction
with the previously reported functional assays, provide
key data to direct the further development of these opioid
mimetics. We have identified the pyrazinone moiety as an
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important central unit and identified the key alkyl chain
length by which to attach the vital Dmt residues. We have
also established that enzyme stability is not a factor in the
compounds’ poor bioavailability but that lipophilicity is
the overriding factor. Future efforts should be directed
towards increasing the lipophilicity of compound 2 with-
out altering the spatial orientation or distance between
the two Dmt residues. This may be done by incorporating
a lipid moiety via a prodrug linkage that can be cleaved
in vivo or by cyclisation of the compound.28,29 We could
also investigate the incorporation of sugar moieties in
an attempt to increase the BBB permeability of the
compound by the use of sugar transporters.
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