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Anti-secretory properties of non-peptide somatostatin receptor
agonists in isolated rat colon: luminal activity and possible
interaction with p-glycoprotein
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1 The diverse physiological actions of somatostatin are mediated by a family of G-protein coupled
receptors (SSTRs). Several peptide analogues of somatostatin such as octreotide have been
developed for therapeutic use, including treatment of gastrointestinal disorders such as secretory
diarrhoea. However, their development as anti-diarrhoeal agents has been limited by poor oral
bioavailability, necessitating parenteral administration. This in vitro study investigated the anti-
secretory potential of a group of novel, non-peptide, somatostatin-receptor agonists that selectively
activate specific SSTR subtypes to assess their potential for oral administration.

2 The ability of the agonists to inhibit forskolin-stimulated chloride secretion was measured using a
sensitive bioassay system in isolated rat colonic mucosa.

3 The SSTR-2 selective agonist, L-779,976 was 10-times more potent than octreotide as an
inhibitor of secretion when added to the basolateral surface of rat colon. Non-peptide agonists
selective for SSTR1 (L-797,591), SSTR3 (L-796,778), SSTR4 (L-803,087) or SSTRS (L-817,818)
showed little or no anti-secretory activity in this preparation.

4 1.-779,976 was able to inhibit secretion when applied to the luminal surface at sub-micromolar
concentrations suggesting that it can cross the colonic epithelium. The anti-secretory potency of
luminal L-779,976 was increased 3 fold in the presence of GF120918, a known inhibitor of P-
glycoprotein.

5 Non-peptide somatostatin receptor agonists may provide a basis for the development of new,

orally available anti-diarrhoeal therapies.
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Introduction

Somatostatin (SST) is a regulatory peptide with diverse
physiological functions that are mediated by a family of G-
protein coupled receptors (SSTRs) (Patel, 1999; Csaba &
Dournaud, 2001). In the large intestine, somatostatin is a
potent inhibitor of fluid and electrolyte secretion, primarily
by activation of SSTR2 receptors, although the contribution
of SSTR1 remains unclear (McKeen et al., 1995; Warhurst et
al., 1995; 1996).

Peptide-based analogues of somatostatin, such as octreotide
(Pless et al., 1986), have been developed for use in clinical
therapies to overcome the short therapeutic half-life of
somatostatin. These analogues have been shown to be highly
stable, to exhibit greater potency in the inhibition of
gastrointestinal secretion than native somatostatin (Lembcke
et al., 1987), and to be highly effective in the treatment of
gastrointestinal disorders including bleeding angiodysplasia
and varices, endocrine tumours, gastrointestinal fistulas, short
bowel syndrome and severe or intractable diarrhoea (Farthing,
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1996; Guarino et al., 1998; Murao et al., 1999; Nightingale et
al., 1989; Oberg, 1996; Orsi et al., 2001; Torres et al., 1992,
Wang et al., 2001; Zidan et al., 2001). However, their use as
anti-diarrhoeal agents is limited by their poor oral bioavail-
ability, which necessitates parenteral administration (Fuessl ez
al., 1987) and marked pain at the sites of injection (Creutzfeldt
et al., 1987). A key objective in developing new somatostatin-
based therapies has therefore been to identify molecules that
can selectively activate particular SSTR subtypes and which
have the potential for oral administration. Such a group of non-
peptide compounds has been developed using combinatorial
libraries based on molecular modelling of known peptide
agonists (Rohrer et al., 1998).

The current study had two objectives. Firstly, using an in
vitro bioassay of intestinal secretion in isolated rat distal
colon, to determine the ability of the compounds described
by Rohrer et al. (1998) to inhibit fluid and electrolyte
secretion when applied to the serosal surface of the intestine.
Secondly, as an indicator of their potential for oral delivery,
to assess whether these analogues display anti-secretory
activity when applied to the luminal surface of the intestine.
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The results show that the SSTR2-selective agonist, L-779,976,
is a highly potent inhibitor of intestinal secretion when
applied serosally. In addition, evidence is presented that this
compound can permeate functionally intact across the
intestinal epithelium when applied to the luminal surface,
and that interaction with drug efflux processes may limit this
ability.

Methods

Non-peptide somatostatin receptor subtype-specific
agonists

A series of non-peptide somatostatin receptor agonists that
bind with high affinity and selectivity to the five somatostatin
receptor subtypes, SSTR 1-5 were used in these studies. The
identification through combinatorial chemistry and screening
for receptor selectivity has been described previously (Rohrer
et al., 1998) and is summarized in Table 1 as inhibition
constant (K;) determined using a receptor binding assay
against recombinant human SSTR subtypes. The molecular
weights of the compounds are also shown.

In vitro measurement of ion secretion in rat colon

The anti-secretory properties of non-peptide somatostatin
receptor agonists were assessed by their ability to inhibit
forskolin (FSK)-stimulated short circuit current (Iy.) in rat
colonic mucosa in vitro (Warhurst et al., 1996). Increases in I
stimulated by cyclic AMP agonists such as FSK have
previously been shown to be indicative of Cl~ secretion in this
model. Non-fasting male Sprague-Dawley rats were killed by
cervical dislocation in accordance with Home Office regula-
tions, the distal colon (or proximal colon, where indicated) was
isolated and its muscle layers removed by blunt dissection.
Segments of mucosa were mounted in Ussing chambers with an
exposed tissue area of 0.64 cm? and bathed on luminal and
serosal surfaces with a bicarbonate-buffered Ringer solution
containing (in mMm) NaCl, 121; NaHCOs;, 25; K,HPO,, 1.2;
KH,POy, 0.2; KHCOs;, 1.6; CaCl,, 1.2, MgCl,, 1.2 and glucose
10 (pH 7.4). Bathing solutions were continuously oxygenated
with 95% 0,/5% CO», and maintained at 37°C. Tissues were
equilibrated for ~45 min to allow stabilization of electrical
parameters. The spontaneous transmucosal electrical potential
difference (PD) was measured via 3 M KClI in 3% agar bridges
and matched calomel electrodes. I was measured using silver/
silver chloride electrodes connected to a voltage clamp for
automatic short circuiting. Tissue resistance was calculated

Table 1 Inhibition constant (K;) against recombinant
human SSTR (taken from Rohrer ez al, 1998) and
molecular weights of the non-peptide SSTR-selective
agonists

Compound L-797,591 L-779,976 L-796,778 L-803,087 L-817,818

SSTRI1 1.4 1875 2240 1.70 3660
SSTR2 2760 0.05 729 310 4260
SSTR3 1255 >10,000 24 8650 1200
SSTR4 199 4720 1280 0.7 3880
SSTRS 33 52 64 82 0.4
MW 835 645 698 485 538

from PD and I, according to Ohm’s law. Under these
conditions, distal colon exhibited a mean I, of
22.8+4.8 uA.cm~? (n=35) and transepithelial electrical resis-
tance, R, of 72.5+ 3.1 ohms.cm? (n = 35). Following equilibra-
tion, FSK was added to the serosal bathing medium to give a
final concentration of 0.25 uM. At the peak of the resulting I
response, somatostatin receptor agonists were added to either
serosal or mucosal chambers and the change in I, monitored.
Where indicated, tissues were pre-treated for 15 min with GF
120918 (30 uMm) added to both luminal and serosal surfaces.

Statistical methods

Values are expressed as mean+s.e.mean for the number of
tissues indicated in each group. These were taken from a
minimum of three animals. Statistical significance was
assessed using Student’s #-test with a P value of <0.05 taken
as significant.

Materials

The somatostatin receptor subtype-specific non-peptide
agonists, L-797,591 (SSTR1), L-779,976 (SSTR2), L-796,778
(SSTR3), L-803,087 (SSTR4) and L-817,818 (SSTRS) were
kindly provided by Dr Susan Rohrer of Merck Research
Laboratories (Rahway, U.S.A.). GF120918 was provided by
GlaxoSmithKline (Ware, U.K.) and octreotide by Novartis
(Basel, Switzerland). Native somatostatin (SST-14) and
forskolin were purchased from Sigma-Aldrich Chemical Co.
Ltd. (Poole, Dorset, U.K.).

Results

Anti-secretory properties of non-peptide somatostatin
agonists

The anti-secretory effects of the non-peptide SSTR-selective
agonists were studied in rat colon stimulated by the cyclic
AMP-mediated secretagogue, forskolin (FSK). In colonic
mucosa, 0.25 uM FSK induced a sustained increase in Iy
(Control:  16.7+4.2 uA.cm~2, FSK: 47.245.5 uA.cm—?
n=36, P<0.01). Serosal addition of SSTR2 agonist L-
779,976 at a concentration of 1 nM caused a rapid and
almost complete inhibition of FSK-stimulated I, within
10 min. Octreotide at the same concentration inhibited
secretion by 44+9.5% while 1 nM SST-14 induced a very
small inhibitory effect (Figure 1). The non-peptide agonists
for receptor types 1 (L-797,591) and 5 (L-817,818), subtypes
that are also expressed in intestinal mucosa at the mRNA
level, exhibited very weak anti-secretory activity at concen-
trations in the micromolar range (Figure 2). It is likely that at
high concentrations the response to these agonists reflects
cross-reactivity with the type 2 receptor (see Table 1). The
type 4 (L-803,087) and type 3 (L-796,778) selective agonists
showed little or no activity respectively at concentrations up
to 10 um (Figure 2).

Dose response studies confirmed the SSTR2-selective
agonist L-779,976 as an extremely potent inhibitor of
intestinal ion secretion (Figure 2) producing half-maximal
inhibition of the FSK-stimulated I, response at 0.37 nM.
This is 10 fold lower than that observed for octreotide
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Figure 1 Inhibition of forskolin (FSK)-stimulated ion secretion in
rat colon in vitro by serosal addition of somatostatin and analogues.
Tissues were stimulated by addition of FSK to the serosal surface to
a final concentration of 0.25 um. The mean basal I, and the mean
FSK-stimulated increase in I, were 16.7+4.2 pyA.cm™2 and
30.4+2.3 uA.cm~? respectively. At the peak of the short circuit
current (I.) response (shown as r=0), somatostatin, octreotide, L-
779,976 (all at 1 nMm) or control buffer were added serosally. Results
show per cent decrease in the FSK-stimulated I, and represent
mean +s.e.mean for n=6-12 tissues in each group.
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Figure 2 Dose response inhibition of FSK-stimulated secretion by
non-peptide somatostatin analogues. Rat colonic mucosa stimulated
by 0.25 um FSK (final conc.) were exposed serosally to several
concentrations of L-797,591 (SSTR1), L-779,976 (SSTR2), L-796,778
(SSTR3), L-803,087 (SSTR4), L-817,818 (SSTRS), octreotide and
SST-14. Results show the decrease in Iy plotted as a percentage of
the FSK-stimulated response measured 10 min after addition of the
analogues. Data are shown as mean+s.e.mean for n=>5-7 tissues in
each group.

(3.8 nM) and almost 50 fold lower than the native peptide
SST-14 (18 nm). These data show that L-779,976 is the most
potent anti-secretory agent so far identified and that
activation of the other four SSTR subtypes produces no
significant anti-secretory effects.

Mucosal action of L-779,976

The high potency and relatively small size (645 Da) of the
SSTR2 agonist L-779,976 suggested that it may have the

potential to cross the intestinal epithelium and inhibit
secretion when applied to the mucosal (or luminal) surface.
To investigate this possibility, L-779,976 was added to the
mucosal bathing medium following activation of secretion by
0.25 uMm FSK, and the effect on I, monitored over a 60 min
period. Mucosal L-779,976 induced a marked dose- and time-
dependent inhibition of FSK-stimulated I (Figure 3). At the
highest concentration (1 uM) L-779,976 essentially abolished
secretion but, compared with serosal addition, the time-
course was much slower, with maximal inhibition occurring
after 20 min (c.f. 5—10 min following serosal addition). At
lower concentrations, the time needed to attain maximal I
inhibition was considerably longer (50 min with 10 nMm
mucosal L-779,976). In contrast, SST-14 had no significant
effect on I, when applied mucosally at concentrations of up
to 1 um (Figure 3). Since SST receptors are known to be
expressed only on the basolateral membrane of colonocytes
(Warhurst er al., 1995, 1996), these results suggest that L-
779,976 is able to permeate the intestinal epithelium.
Comparison of the dose response curves for serosal (K;—
0.38 nM) and mucosal (K;—48 nM) addition of L-779-976
indicates that approximately 0.4% of the agonist crosses the
colonic epithelium within 30 min (Figure 4).

To investigate further whether I, inhibition was due to L-
779,976 permeation from the mucosal to the serosal
reservoir, fluid was removed from the serosal reservoir of
tissues that had been exposed on the mucosal surface to
1 um L-779,976 for 60 min. The retrieved serosal fluid, at a
dilution of 1:5, was then added to the serosal reservoir of
fresh FSK-activated tissues where it elicited a rapid
inhibition of I, (61+8% 10 min after addition). By
reference to the dose response curve for serosal application
of 1-779,976 in Figure 2 it was possible to calculate the
concentration of agonist present in the retrieved serosal fluid
as 3.7 nM or 0.37% of the amount originally placed in the
mucosal reservoir. These data are further evidence that the
mucosal actions of the non-peptide agonist are mediated by
an effect on serosal SST receptors following permeation
across the colonic epithelium.
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Figure 3 Anti-secretory action of L-779,976 added to the mucosal
surface of FSK-stimulated rat colon. L-779,976 (1—1000 nm) or SST-
14 (1000 nm) was added to the mucosal surface of FSK-stimulated
tissue at the peak of the FSK response and the change in Iy
monitored over 60 min. Data are shown as the decrease in I plotted
as a percentage of the FSK-stimulated response. Values are
mean +s.e.mean for 68 tissues in each group.

British Journal of Pharmacology vol 135 (6)



1446 P.T.J. Emery et al Activity of non-peptide SSTR agonists
100 100,
[ Icontrol %
o Il + GF120918

5801 =" 75-
b= c 9
c O o®
-% 8 60 BS

SE 3 £ 501
273 40/ Se
=X S0

w o 251
‘s 20 -=-Serosal addition °

—o—-Mucosal addition
(_}10 9 .8 7 6 Proximal Distal

L-779,976 (log M)

Figure 4 Comparison of the dose response curves for inhibition of
FSK-stimulated I, by serosal and mucosal L-779,976 in rat colon.
Values were measured 10 min after addition of the agonist to the
serosal surface or 30 min after addition to the mucosal (luminal)
surface of the tissue. Data are shown as the decrease in Iy plotted as
a percentage of the FSK-stimulated response. Values are mean+
s.e.mean for 6—8 tissues in each group.

Potentiation of mucosal effects of L-779,976 by
GFI120918

The polyspecific xenobiotic transporter, P-glycoprotein (PGP)
may be a significant barrier to the absorption of orally
administered drugs by pumping them back into the lumen of
the gut (Wacher et al., 1998). To investigate the possible role
of PGP in limiting absorption of non-peptide somatostatin
agonists, the mucosal effects of L-779,976 on FSK-stimulated
secretion were measured in the presence or absence of
GF120918, a potent inhibitor of PGP (Figure 5). In proximal
colon, pre-treatment with 30 uMm GF120918 induced a small
but not significant increase in the anti-secretory action of
30 nMm  L-779,976. However, GF120918 potentiated the
inhibitory effect of mucosally applied L-779,976 in distal
colon by almost 3 fold (Figure 5). In contrast, GF120918 did
not change the antisecretory effect of serosally applied L-
779,976 in distal colon (0.6 nM L-779,976 alone: 72.4+2.3%,
0.6 nM L-779,976+30 um GF120918: 71.54+6.3% inhibition
of FSK-stimulated I.). Addition of GF120918 alone had no
effect on FSK-stimulated I (data not shown). These data
suggest that L-779,976 is a substrate for a GF120918-sensitive
colonic efflux transporter, possibly PGP, and that inhibition
of the transporter can markedly increase permeation of L-
779,976 across distal colon.

Discussion

The ability of somatostatin to regulate a wide range of
cellular processes via multiple receptor subtypes offers
considerable therapeutic potential. Although current pep-
tide-based analogues such as octreotide have been of
considerable therapeutic value, their use is limited by their
pharmacokinetic properties. Octreotide is characterized by
poor oral bioavailability, generally necessitating intravenous
administration. It is also subject to excretion by multiple
carrier-mediated systems resulting, for example, in poor

Figure 5 Anti-secretory effect of luminal L-779,976 is potentiated
by GF120918 in distal colon. Inhibition by L-779,976 of FSK-
stimulated I was measured 30 min after addition of the agonist at a
concentration of 30 nM to the luminal surface of proximal or distal
colonic mucosa in the presence or absence of 30 um GF120918.
GF120918 was added to both luminal and serosal compartments
15 min prior to addition of L-779,976. Data are shown as the
decrease in I, plotted as a percentage of the FSK-stimulated
response. Values are mean+s.e.mean for n=26 tissues in each group.
*P<0.025.

penetration into the central nervous system (Kitazawa et
al., 1998). As a result, development of non-peptide ligands
with improved oral bioavailability and the ability to target
different somatostatin receptor subtypes selectively has been
an important objective of recent research (Freidinger, 1999).

Despite a detailed knowledge of the primary cellular
mechanism responsible for secretory diarrhoea, octreotide
and related peptide analogues of somatostatin are the only
clinically available agents able to inhibit this pathway
directly. The aim of the present work was to investigate
the functionality of one group of non-peptide ligands as
inhibitors of intestinal fluid secretion and as potential
alternative anti-diarrhoeal agents. We employed a sensitive
bioassay system in which cyclic AMP-mediated ion
secretion in isolated rat colon was monitored continuously
by measuring I,.. This approach also allowed the luminal
and serosal effects of agents to be investigated. Using this
system, the SSTR2-selective agonist L-779,976 was shown
to be an extremely potent inhibitor of secretion when
applied to the basolateral surface with an ICsy 10 fold
lower than that of octreotide. The finding that none of the
other receptor-selective agents were able to inhibit
secretion (except at very high concentrations) is in
agreement with previous work that showed SSTR2 to be
the primary mediator of somatostatin’s anti-secretory
effects in the intestine (McKeen et al., 1995; Warhurst et
al., 1996). Of particular interest is the lack of effect of the
SSTR1-selective agonist L-797,591. A previous study had
suggested that SSTRI1 receptors in cultured colonocytes
may have anti-secretory properties (Warhurst et al., 1995),
and thus SSTR1 may be an alternative target for anti-
diarrhoeal therapy. However, this conclusion was based on
indirect evidence and without access to an SSTRI-selective
agonist. The results of the present study argue strongly
that this receptor subtype, although present in colonic
tissues (Warhurst er al.,, 1996), has no significant anti-
secretory potential.
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Figure 6 Molecular structures of the SSTR2-selective non-peptide agonist L-779,976 and the peptide agonist octreotide.

The ability of the SSTR2 agonist L-779,976 to inhibit
forskolin-stimulated secretion when applied mucosally sug-
gests that non-peptide agonists provide a potential route for
the development of novel, orally administered anti-diar-
rhoeal drugs. The present study has not directly measured
the concentration of L-779,976 appearing on the basolateral
surface after mucosal addition. Nevertheless, the data
presented here provide strong evidence that the anti-
secretory activity of 1-779,976 when applied mucosally is
due to translocation across the epithelium, since SST
receptors are functionally expressed only on the basolateral
surface (Warhurst et al., 1996). Although the potency of the
agonist was much lower when applied mucosally, concentra-
tions in the 100 nM range were sufficient to produce virtually
complete inhibition of secretion within 30 min. The bioavail-
ability of L-779,976 from the mucosal surface is still
relatively low (1%) but structural modifications such as
those suggested by Pasternak er al. (1999) may produce
similarly potent and selective compounds with substantially
improved intestinal absorption, although the routes of
translocation remain to be determined. Preliminary data
suggest that polyethylene glycol molecules of a similar size
to L-779,976 have a permeability consistent with that
calculated for L-779,976 indicating a possible paracellular
route (data not shown). However, interaction with P-
glycoprotein points to the involvement of a transcellular
process.

The marked increase in the anti-secretory effects of
mucosal L-779,976 when co-administered with GF120918
suggests that P-glycoprotein may be a factor limiting the
intestinal permeability of this compound. GF120918 is a
potent inhibitor of PGP (de Bruin et al, 1999) that has
been shown in co-administration studies to increase the
oral bioavailability of several compounds (Letrent et al.,
1998; Malingre et al., 2001). Octreotide, in common with
other cyclic peptides, has been shown to be a substrate for
PGP (Sharom et al., 1998; Yamada et al., 1998) and
interaction between another transporter molecule, MRP2,
and a fluorescent derivative of octreotide has also been
reported (Gutman et al, 2000). These interactions may
explain octreotide’s low bioavailability (<1%) and high
hepatic and renal elimination. In addition, previous work
has shown that octreotide is preferentially absorbed in the
proximal GI tract with little absorption seen in the distal
GI tract (Fricker et al., 1991). L-779,976, although a
considerably smaller molecule than octreotide, has distinct

structural similarities (Figure 6) which may explain an
interaction with colonic PGP. GF120918 has also been
shown to inhibit breast cancer resistance protein (BCRP)
which is expressed in intestinal tissues (Jonker et al.,
2000). Although we cannot rule out the possibility that
colonic BCRP may contribute to limiting the mucosal
effects of L-779,976, a study of PGP- and BCRP-
expressing cell lines suggests that GF120918 is at least
10 fold more potent an inhibitor of PGP than of BCRP
(de Bruin et al., 1999). Our data suggest that a GF120918-
sensitive transport process, most likely PGP, limits
absorption of L-779,976 significantly. This limitation is
particularly clear in the distal colon, in a pattern similar
to that of octreotide, since GF120918 increases the anti-
secretory potency of L-779,976 in this region by a factor
of three. However, there is clear evidence that 1L-779,976
can still be absorbed sufficiently in distal colon to have a
marked anti-secretory action even at mucosal concentra-
tions of 100 nM or less.

In conclusion, this study shows that the novel non-peptide
SSTR2-selective agonist, L-779,976 is, in terms of its ability
to inhibit ion secretion in rat colonic mucosa, the most potent
anti-secretory agent yet described. In contrast, an agonist
selective for the other major subtype present in intestine,
SSTRI1, had little effect on ion secretion. The ability of L-
779,976 to inhibit secretion when applied mucosally at sub-
micromolar concentrations suggests that this molecule is able
to cross the colonic epithelium, despite evidence of interac-
tion with a GF120918-sensitive efflux transporter. The ability
to deliver a non-peptide agent with such potent anti-secretory
properties via the gut lumen could provide a basis for
developing new anti-diarrhoeal therapies based on non-
peptide agonists of the SSTR2 receptor. However, it will be
important to test the activity of these compounds in human
tissues in the light of recent data which suggests that
activation of somatostatin receptors may have different
effects on ion transport in rat and human colon (Hope et
al., 2001).

The authors thank Dr Susan Rohrer, Merck Research Labora-
tories, Rahway, U.S.A. for providing the non-peptide SSTR
agonists. This study was supported by a grant from the Sir Jules
Thorn Charitable Trust.
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