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It is very well established that peptides can act as the 
circulating blood born messengers known as hormones. In 
addition, during the last decade, much attention has been 
focused upon peptides that act as neurotransmitters. 
Actually, the same peptide can often act both as a tradi
tional hormone or a neurotransmitter relaying information 
over long or short distances. The gastrointestinal tract is 
the largest endocrine organ in the body. Peptide-con-
taining endocrine cells are scattered along the gastroin
testinal mucosa throughout the gut. Moreover, many of 
the neurones that constitute the intrinsic and extrinsic 
innervation of the gut utilize peptides as their neuro
transmitters. 

When considering the history of peptidergic messengers, 
the gut has played a central role. The first peptide hor
mone to be discovered was secretin in 1902 by Bayliss and 
Starling.1 Gastrin and pancreozymin/cholecystokinin 
followed in subsequent decades.2'3 It should also be noted 
that in spite of the enormous current interest in peptidergic 
neurotransmitters, the first member of this group, sub
stance P, was detected in the gut in 1931 by Gaddum and 
Von Euler.4 Some 20 peptides that possess endocrine or 
neurotransmitter functions in the gut have now been de
scribed. Several exciting areas of interest are now 
emerging. These include the following: (a) the identifi
cation of families of bioactive peptides, (b) interesting 
connections in the biosynthetic pathways of many of these 
peptides, (c) novel methods for the identification and 
purification of bioactive peptides, and (d) new sites of 
action for peptides in the gut and identification of multiple 
subtypes of receptors at which these peptides act. Obvi
ously, it is not possible to cover all aspects of this subject 
adequately in a short article. However, in what follows, 
I shall describe some newer discoveries in this area and 
give examples that will illustrate the points I have alluded 
to. 

PHI 
The discovery of the gut peptide PHI (Peptide having 

N-terminal ifistidine and C-terminal JTsoleucine amide) is 
an excellent example of the success of "modern" ap
proaches to peptide pharmacology. Traditionally, bioactive 

(1) Bayliss, W. M.; Starling, E. H. J. Physiol. 1902, 28 325. 
(2) Gregory, R. A.; Tracy, H. J. Gut 1964, 5, 103. 
(3) Ivy, A. C; Oldberg, E. Am. J. Physiol. 1928, 86, 599. 
(4) Von Euler, U. S.; Gaddum, J. H. J. Physiol. 1931, 72, 74. 

peptides have been isolated on the basis of their biological 
actions. Thus, back in 1902, secretin was discovered as a 
substance that stimulated pancreatic bicarbonate and fluid 
secretion.1 More recently, enkephalin was discovered 
because of its opiate like effects.5,6 A few years ago, 
however, Tatemoto and Mutt proposed a novel idea.7 

They noted that several peptide hormones had charac
teristic chemical features such as a C-terminal a-amide 
structure. For example, gastrin, secretin, calcitonin, cho
lecystokinin, vasopressin, oxytocin, bombesin, vasoactive 
intestinal polypeptide (VIP), and substance P all possess 
this feature. They argued that rather than identifying a 
function and then looking for a peptide that produces it, 
why not just look for novel peptides with C-terminal a-
amides. The likelihood would be that such novel peptides 
would be bioactive. Using this "chemical" approach, Ta
temoto and Mutt isolated PHI and a second peptide PYY 
(vide infra) from porcine intestinal tissue. PHI proved to 
have 27 amino acids.8 Its sequence can be seen in Table 
I.9 It is quite evident that PHI has many sequence hom
ologies with other gut peptides in the secretin/glucagon 
family. In particular, the homology is greatest between 
PHI and VIP. Subsequent investigations have revealed 
further connections between these two peptides. For ex
ample, radioimmunoassay and immunohistochemical in
vestigations in some 40 tissues showed that the two pep
tides had very closely related distributions.10 Indeed they 
seemed to exist in the same cells. When such peptide 
colocalization has been observed previously it has often 
indicated that the peptides in question were related 
biosynthetically. The relationship between corticotropin 
(ACTH) and 0-endorphin is an example of this phenom
enon. This also proved to be the case for PHI and VIP. 
The DNA coding for human VIP has been cloned and the 
sequence of the protein precursor to VIP determined.11 

(5) Hughes, J. Brain Res. 1975, 88, 295. 
(6) Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothegill, L. H.; 

Morgan, B. A.; Morris, H. Nature (London) 1975, 255, 577. 
(7) Tatemoto, K.; Mutt, V. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 

4115. 
(8) Tatemoto, K.; Mutt, V. Nature (London) 1980, 285, ill. 
(9) Tatemoto, K.; Mutt, V. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 

6603. 
(10) Christofides, N. D.; Yiangou, Y.; Blank, M. A.; Tatemoto, K.; 

Polak, J. M.; Bloom, S. R. Lancet 1982, 2, 1398. / 
(11) Itoh, N.; Obata, K. I.; Yanaihara, N.; Okamoto, H. Nature 

(London) 1983, 304, 547. 
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Table I. Comparison of the Amino Acid Sequence of PHI with Those of Other Members of the Glucagon-Secretin Family" 
PHI HADGYFTSDFSRLLGQLSAKKYLESLl* 
VIP H S B A l ' f r D N Y T i i t R K Q M A V X K Y L N S I L N ' 
secretin H S D O T F T S E L S i J I R D S A R L O R L L Q G L V * 
glucagon H S Q G T F T S B Y 5 K Y L D S R R A Q D F V Q W L M N T 
GIP Y A E G T f l S D Y S I A M D K I R Q Q D F V N W L X A Q K G K K S D W K H N T Y Q 

"Identities are underlined. A. alanine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine, K, lycine; 
L, leucine; M, methionine; N, asparagine; Q, glutamine; R, arginine; S, serine, T, threonine; V, valine; W, tryptophan; Y, tryosine; GIP, 
gastric inhibitory peptide. (*) Amidated COOH terminus. 

This precursor is a protein of 170 amino acids with a 
molecular weight of about 20 000. Residues 125-152 cor
respond to VIP. In addition, residues 81-107 are virtually 
identical with porcine PHI. In fact there are two differ
ences in that the human peptide contains a lysine instead 
of the arginine residue at position 12 of PHI and the C-
terminal residue is a methionine rather than an isoleucine. 
Thus, the human peptide is designated "PHM" for con
sistency. Two important general points arise from this 
discovery. The first is that there are now several examples 
of gut peptides from the same family that share biosyn-
thetic precursors. PHI and VIP are one example. How
ever, this is also true for the opioid peptides and for sub
stance P/substance K as will be discussed below. In ad
dition, this discovery also illustrates the impact of mo
lecular biological techniques in this area. In every instance 
where the biological precursor of a gut peptide has been 
identified, the sequence has been obtained by cloning and 
sequencing the gene that codes for it rather than by iso
lating and sequencing the protein per se. 

PHI is localized in enteric neurones as is VIP.1213 As 
might be expected, PHI has several actions in the gas
trointestinal system and associated tissues. An important 
question however, relates to the identification of the re
ceptors on which PHI acts. Does PHI act on a unique 
population of receptors or does it exert its effects at re
ceptors for secretin, VIP, or another member of this pep
tide family? It appears that PHI exerts its effects mainly 
at VIP receptors. For example, pancreatic acinar cells 
possess receptors for both VIP and/or secretin depending 
on the species in question. Stimulation of these receptors 
leads to an increase in amylase and fluid secretion. The 
effects of PHI on amylase secretion examined in various 
species fit the VIP profile rather than that for secretin.14"16 

It is not clear whether all PHI effects are exerted via VIP 
receptors or not. One possibility is that VIP receptors will 
ultimately prove to be heterogeneous as has been shown 
to be the case with substance P and opiate receptors (vide 
infra). In such a situation, it could turn out that PHI and 
VIP favored different receptor subclasses. VIP/(PHI) 
containing nerves are very well represented in the intestinal 
mucosa.17'18 It is well known that mucosal cells in the 
small intestine possess VIP receptors19 and that VIP is a 

(12) Christofides, N. D.; Yiangou, Y.; Aaron, S. E.; Ferri, G. L.; 
Tatemoto, K.; Polak, J. M.; Bloom, S. R. Dig. Dis. Sci. 1983, 
28, 507. 

(13) Christofides, N. D.; Yiangou, Y.; McGregor, G. P.; Ghatei, M. 
A.; Tatemoto, K.; Polak, J. M.; Bloom, S. R. Gut 1982, 23, 
A883. 

(14) Bataille, D.; Gespach, C; Laburthe, M.; Amiranoff, B.; Tatem
oto, K.; Vauclin, N.; Mutt, V.; Rosselin, G. FEBS Lett. 1980, 
114, 240. 

(15) Dimaline, R.; Dockray, G. J. Life Sci. 1980, 27, 1947. 
(16) Jensen, R. T.; Tatemoto, K.; Mutt, V.; Lemp, G. F.; Gardner, 

J. D. Am. J. Physiol. 1981, 241, G498. 
(17) Schultzberg, M.; Hokfelt, T.; Nilsson, G.; Terenius, L.; Rehfeld, 

J. F.; Brown, M.; Elde, R.; Goldstein, M.; Said, S. I. Neuros-
cience 1980, 5, 699. 

(18) Keast, J. R.; Furness, J. B.; Costa, M. Gastroenterology, in 
press. 

powerful stimulator of electrolyte secretion by this tissue.20 

As expected, PHI shares this property of VIP.21,22 Thus, 
both PHI and VIP secreted from enteric neurones may 
have an important physiological role in the control of in
testinal electrolyte transport. This may also be important 
in pathological situations. Certain pancreatic tumors have 
been found to synthesize and hypersecrete VIP and PHI. 
This leads to an enormous and abnormal stimulation of 
electroyte secretion and a state known as the "watery 
diarrhea syndrome". Here again the case of PHI illustrates 
an important point. That is, the sensitivity of the intes
tinal mucosa to bioactive peptides and other agents. It is 
well known that intestinal smooth muscle is sensitive to 
many neurotransmitters. Indeed these responses have 
furnished generations of pharmacologists with many useful 
in vitro assay systems. The sensitivity of enteric neurones 
to bioactive peptides has also been evident. When con
sidering the gastrointestinal effects of drugs such as opi
ates, actions on gut muscles and neurones have been the 
focus of attention. However, over the last few years, it has 
become evident that the interstinal mucosa also possesses 
receptors for virtually all the bioactive substances that act 
on gut smooth muscle and nerve. Activation of such mu
cosal receptors regulates electrolyte transport by the mu
cosal epithelium. This is probably important from the 
point of view of both normal and pathological gut function. 
It is known that many pathological diarrhea states result 
primarily from dysfunctions of mucosal electrolyte 
transport. Thus, the pharmacology of this process is clearly 
of great importance for the development and design of new 
drugs for treating such disorders. The effects of PHI/VIP 
on the mucosa have been mentioned above. Effects of 
other peptides will be discussed below. In addition to 
altering transport in the small intestine, VIP/PHI are also 
active in the gall bladder where they relax the bladder and 
inhibit fluid absorption.23'24 

Thus, the case of PHI illustrates many of the current 
trends associated with the study of gut bioactive peptides. 
A combination of pharmacological, chemical, anatomical, 
immunological, and molecular biological techniques have 
been applied to the study of this peptide. The information 
obtained about PHI is in many respects "typical" of that 
known about many gut bioactive peptides. 

PYY and NPY 
Using their procedure of identifying novel amidated 

peptides, Tatemoto and Mutt isolated a second peptide 

(19) Laburthe, M.; Prieto, J. C; Amiranoff, B.; Christophe, D.; Hui 
Bon Hoa, D.; Rosselin, G. Eur. J. Biochem. 1979, 96, 239. 

(20) Schwartz, C. J.; Kimberg, D. V.; Sheerin, H. E.; Field, M.; Said; 
S. I. J. Clin. Invest. 1974, 54, 536. 

(21) Anagnostides, A. A.; Manolas, K.; Christofides, N. D.; Yiangou; 
Y.; Welbourn, R. B.; Bloom, S. R.; Chadwich, V. S. Dig. Dis 
Sci. 1983, 28, 893. 

(22) Ghiglione, M.; Christofides, N. D.; Yiangou, Y.; Uttenthal, L 
O.; Bloom, S. R. Neuropeptides 1982, 3, 121. 

(23) Brennan, L. J.; McLoughlin, T. A.; Mutt, V.; Tatemoto, K. 
Wood, J. R. J. Physiol. 1982, 329, 71. 

(24) Wood, J. R.; Brennan, C. J.; McLoughlin, T. A.; Tatemoto, K. 
Mutt, V. Regul. Pept. 1982, 4, 383. 
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Table II. Amino Acid Sequences of NPY and Related Pancreatic Polypeptides" 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

NPY Tyr-P^-Ser-Lys-P^-Asp-Asn-P^-GJ^-Glu-A^-Aj^-Pj^-Ala-Glu-As£-Leu-Ala-
PYY Tyr-Pro-Ala-Lys-Pro-Glu-Ala-Pro-Gly-Glx-Asx-Ala-Ser-Pro-Glx-Glx-Leu-Ser-
APP Gly-Pj^-S^-Gln-Pro-Thr-Tyr-Pro-GJj-Asp-A^-Aj^-Pr^-Val-GJ^-A^-Leu-Ile-
HPP Ala-Pro-Leu-Glu-Pro-Val-Tyr-Pro-Gly-Asp-Asn-Ala-Thr-Pro-Glu-Gln-Met-Ala-
PPP Ala-Pro-Leu-Glu-Pro-Val-Tyr-Pro-Gly-Asp-Asn-Ala-Thr-Pro-Glu-Gln-Met-Ala-

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
NPY Arg-Tyr-Ty^-Ser-Ala-Le^-Arg-His-Tyj;-Ile~A^-Leu-Ile-Tta-Ar£-Gln-Arg-Ty_r-NH2 

PPY Arg-Tyr-Tyr-Ala-Ser-Leu-Arg-His-Tyr-Leu-Asn-Leu-Val-Thr-Arg-Gln-Arg-Tyr-NH2 

APP Ar^-Phe-Tvr-Asp-Asn-Leu-Gln-Gln-Tyr-Leu-Asn-Val-Val-Thr-Arg-His-Arg-Tyr-NH, 
HPP Gln-Tyr-Ala-Ala-Asp-Leu-Arg-Arg-Tyr-Ile-Asn-Met-Leu-Thr-Arg-Pro-Arg-Tyr-NH2 

PPP Gln-Tyr-Ala-Ala-Glu-Leu-Arg-Arg-Tyr-Ile-Asn-Met-Leu-Thr-Arg-Pro-Arg-Tyr-NH2 

0 Abbreviations: NPY = neuropeptide Y, PYY = peptide YY, APP = avian pancreatic polypeptide, H P P = human pancreatic poly
peptide, PPP = porcine pancreatic polypeptide. Amino acids common to APP and NPY are underlined. 

at the same time that they isolated PHI.8 This peptide 
had 36 amino acids and possessed a tyrosine at both N and 
C termini. It was therefore named PYY.25 Just as with 
PHI, it quickly became apparent that PYY fitted nicely 
into a preexisting family of bioactive peptides, the pan
creatic polypeptides (Table II). There is, in fact, an ap
proximately 50% homology between porcine PYY and 
pancreatic polypeptides from various sources. This group 
of peptides occurs in endocrine cells in the pancreas and 
also in the gastrointestinal mucosa.26 PYY was also found 
to be localized in gut endocrine cells.27 These cells were 
absent from the stomach and duodenum but present in 
large numbers in the distal small intestine, colon, and 
rectum. The distribution of PYY-containing cells was 
clearly different from those containing pancreatic poly
peptide.26 The effects of PYY on the gut have not yet been 
extensively investigated; however, some actions are already 
clear or implied. PYY has a vasoconstrictor action28,29 and 
inhibits jejunal and colonic motility.27 It can also inhibit 
secretin- and cholecystokinin-stimulated pancreatic se
cretion in the anesthetized cat25 and has an inhibitory 
effect on hormone secretion from the endocrine pancreas.30 

It should be noted, however, that in some cases the 
physiologically significant peptide may be NPY (vide infra) 
rather than PYY. Ultrastructural examination of PYY-
containing mucosal cells shows that they emit cytoplasmic 
processes that impinge upon neighboring goblet cells. 
Thus, PYY may also have a local hormonal (paracrine) role 
in the control of mucous secretion.26 

There is still another dimension to this particular family 
of peptides. As many gut bioactive peptides are also found 
in the central nervous system, it was natural to explore the 
possibility that pancreatic polypeptide existed in the brain. 
Early experiments using antisera against avian pancreatic 
polypeptide (APP) revealed an abundance of immuno-

(25) Tatemoto, K. Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 2514. 
(26) El-Salhy, M.; Grimelius, L.; Wilander, E.; Ryberg, B.; Terenius, 

L; Lundberg, J. M.; Tatemoto, K. Histochemistry 1983, 77,15. 
(27) Lundberg, J. M.; Tatemoto, K.; Terenius, L.; Hellstrom, P. M.; 

Mutt, V.; Hokfelt, T.; Hamberger, B. Proc. Natl. Acad. Sci. 
U.S.A. 1983, 79, 4471. 

(28) Lundberg, J. M.; Tatemoto, K. Acta Physiol. Scand. 1982,116, 
393. 

(29) Lundberg, J. M.; Tatemoto, K. Eur. J. Pharmacol. 1982, 83, 
143. 

(30) Szecowka, J.; Tatemoto, K.; Rajamaki, G.; Efendic, S. Acta 
Physiol. Scand. 1983, 119, 123. 

reactive neurones.31"33 However, biochemical analysis of 
brain extracts revealed precious little authentic peptide. 
Thus, it was hypothesized that the peptide responsible 
for the APP immunoreactivity seen histochemically might 
be a closely related peptide rather than APP itself. PYY 
appeared to be an excellent candidate, and attempts were 
made to purify PYY from the brain. However, the brain 
peptide was found to differ slightly in sequence from PYY 
and was therefore named neuropeptide Y (NPY)34 (Table 
II). NPY-containing nerves are found throughout the 
central and peripheral nervous systems, including the en
teric nervous system.18'36-40 Indeed in spite of the close 
structural homologies between PYY and NPY, the latter 
peptide seems to have an exclusively neuronal localization 
and the former peptide seems to be found exclusively in 
endocrine cells. The gut possesses a large number of 
NPY-containing neurones.18,37 Cell bodies containing the 
peptide are found in both the myenteric plexus and the 
submucous plexus. Some NPY-containing fibers also seem 
to have an extrinsic origin as they can be removed by an 
abdominal sympathectomy. It seems possible that, in some 
cases, NPY and norepinephrine are colocalized in sym
pathetic neurones.38,39 In addition, it has recently been 
demonstrated that some intrinsic NPY-containing fibers 
in the submucous plexus also contain choline acetyl-
transferase, indicating that these neurones are also cho
linergic (ref 18 and J. Furness, personal communication). 
NPY-containing fibers are found in all layers of the gut 
wall. This suggests that NPY might modulate several gut 

(31) Loren, I.; Alumets, R.; Hakanson, R.; Sundler, F. Cell Tissue 
Res. 1979, 200, 179. 

(32) Hunt, S. P.; Emson, P. C ; Gilbert, R.; Goldstein, M.; Kimmel, 
J. R. Neurosci. Lett. 1981, 21, 125. 

(33) Jacobowitz, D. M.; Olschowka, J. A. Peptides 1981, 3, 569. 
(34) Tatemoto, K.; Carlquist, M.; Mutt, V. Nature (London) 1982, 

296, 659. 
(35) Allen, Y. S.; Adrian, T. E.; Allen, J. M.; Tatemoto, K.; Crow, 

T. J.; Bloom, S. R.; Polak, J. M. Science 1983, 221, 877. 
(36) Emson, P . C ; DeQuidt, M. E. Trends Neurosci. 1984, 2, 31. 
(37) Sundler, P.; Moghimzadeh, E.; Hakanson, R.; Ekelund, M.; 

Emson, P. Cell Tissue Res. 1983, 230, 487. 
(38) Lundberg, J. M.; Terenius, L.; Hokfelt, T.; Martling, C. R.; 

Tatemoto, K.; Mutt, V.; Polak, J.; Bloom, S.; Goldstein, M. 
Acta Physiol. Scand. 1982, 116, 477. 

(39) Lundberg, J. M.; Terenius, L.; Hokfelt, T.; Goldstein, M. 
Neurosci. Lett. 1983, 42, 167. 

(40) Nicholson, S. A.; Adrian, T. E.; Bacarese-Hamilton, A. J.; 
Gillham, B.; Jones, M. T.; Bloom, S. R. Regul. Pept. 1983, 7, 
385. 
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Table III. Structures of the Tachykinins 

Perspective 

Mol luscan t a c h y k i n i n s 

P y r - P r o - S e r - L y s - A s p - A l a 

Amphibian t a c h y k i n i n s 

Pyr -Ala -Asp-Pro -Asn-Lys 

P y r - A l a - A s p - P r o - L y s - T h r 

P y r - P r o - A s p - P r o - A s n - A l a 

Pyr -Asn-Pro-Asn-Arg 

Asp -Va l -P ro -Lys -Se r -Asp -Gin ' 

Asp-Glu -Pro -Lys -Pro -Asp-Gln ' 

Asp -Pro -P ro -Asp-Pro -Asp-Arg 

Mammalian t a c h y k i n i n s 

Arg-Pro-Lys-Pro-Gln-Gln 

Arg-His-Lys-Thr-Asp-Ser 

-Phe-Ile-Gly-Leu-Met-NH2 Eledoisin 

-Phe-Tyr-Gly-Leu-Met-NH2 Physalaemin 

•Phe-Tyr-Gly-Leu-Met-NH2 [Lys5,Thr6]Physalaemin 

Phe-Tyr-Gly-Leu-Met-NH2 Uperolein 

•Phe-Ile-Gly-Leu-Met-NH2 Phyllomedusin 

Phe-Val-Gly-Leu-Met-NH2 Kassinin 

Phe-Val-Gly-Leu-Met-NH2 [Glu2,Pro5] 

Phe-Tyr-Gly-Met-Met-NH2 Hylambatin 

Phe-Phe-Gly-Leu-Met-NH2 Substance P 

•Phe-Val-Gly-Leu-Met-NH2 Substance K 

functions, including the firing of gut neurones, gut smooth 
muscle tone, epithelial electrolyte transport, and local 
blood flow. Indeed, potent vasoconstrictor effects of NPY 
have already been reported in several instances.28 Re
cently, we have found that NPY is an extremely potent 
inhibitor of ileal electrolyte transport (unpublished ob
servations). This is particularly interesting as NPY is 
clearly potentially one of the major neurotransmitters in 
the mucosa. It is also interesting that, in the mouse vas 
deferens, both NPY and PYY block electrically induced 
contractions of the tissue by inhibiting the electrically 
stimulated release of norepinephrine from sympathetic 
nerves.41 As NPY and norepinephrine are often colo-
calized in sympathetic nerves, this observed inhibition may 
indicate a role for NPY in a local negative feedback reg
ulation of norepinephrine release. Obviously the list of 
potent actions of both NPY and PYY is rapidly growing. 
Like PHI, these are novel gut peptides with a large number 
of possible physiological functions. 

Substance P/Substance K 
In spite of the fact that substance P was discovered as 

long ago as 1931,4 research on this peptide only reached 
its now ferocious pace in the last few years. The wide 
distribution of substance P in both the peripheral and 
central nervous systems,42 including the enteric nervous 
system,17'18 and its role in mediating nociceptive and other 
responses have made it a prime target for research. Re
cently, several areas of research on substance P have 
coalesced to form a most satisfying story. One of the 
threads in this story concerns the pharmacology of re
sponses to substance P in various tissues.43 Substance P 
is one of a group of bioactive peptides known as the ta
chykinins (Table III). Apart from substance P, these other 
tachykinins are generally thought to exist only in non-
mammalian species44 (physalaemin may be an exception). 
All members of the group are structurally related, par-

(41) Allen, J. M.; Adrian, T. E.; Tatemoto, K.; Polak, J. M ; Hughes, 
J.; Bloom, S. R. Neuropeptides 1982, 3, 71. 

(42) Jessell, T. M. In "Handbook of Psychopharmacology"; Iversen, 
L. L., Iversen, S. D., Synder, S. H., Eds.; Plenum Press: New 
York, 1983; Vol. 16, pp 1-105. 

(43) Sandberg, B. E. B.; Iversen, L. L. J. Med. Chem. 1982, 25, 
1009. 

(44) Bertaccini, G. Pharmacol. Rev. 1977, 28, 127. 

ticularly with respect to their C-terminal 5 amino acids, 
which are extremely similar in each case. These peptides 
can therefore be considered naturally occurring analogues 
of substance P. In addition, however, many synthetic 
substance P analogues have been produced. Interestingly, 
some of these peptides appear to be partial agonists or 
competitive antagonists of the effects of substance P.43'45 

In particular, [D-Pro2,Phe7,D-Trp9]- and [D-Pro2,D-
Trp7,9]-substance P appear to possess considerable an
tagonist properties although in some situations they are 
clearly not pure antagonists. This is one of the few ex
amples of antagonists to the effects of peptide neuro
transmitters reported to date. Comparison of the phar
macological profiles of natural and synthetic substance P 
analogues in different tissues has yielded strikingly dif
ferent potency series.43,45 In general, two types of sensi
tivity can be distinguished, suggesting the existence of two 
subclasses of substance P receptors. Eledoisin and kassinin 
have potent actions at both types of receptor. However, 
whereas substance P and physalaemin act in the nana-
molar range at one receptor subtype, 3 orders of magnitude 
higher concentrations are required to activate the second 
receptor type. In the guinea pig ileum, for example, a 
potency series physalaemin > substance P > eledoisin > 
kassinin is found for the contraction of the smooth muscle. 
This receptor has been designated "SP-P" as physalaemin 
is the most potent peptide. Similar receptors are found 
in the guinea pig vas deferens and the rat bladder. In the 
rat vas deferens, however, the same four tachykinins show 
a potency series kassinin > eledoisin » substance P =* 
physalaemin. This receptor has been designated "SP-E" 
and is also found in the hamster bladder and rat duode
num. Some synthetic analogues of substance P show a 
greater receptor selectivity than the parent molecule. This 
is true for example with the C-terminal methyl ester 
analogue of substance P which exhibits increased selec
tivity for the SP-P subtype.43,46 Of the synthetic substance 
P antagonists, there is also some data suggesting that [D-
Pro2,D-Trp7,9]-substance P may be SP-E receptor selec
tive.50 

(45) Brown, J. R.; Hill, R. G. Trends Pharm. Sci. 1983, 4, 512. 
(46) Bjorkroth, V.; Rosell, S.; Xu, J. C; Folkers, F. Acta Physiol. 

Scand. 1982, 116, 167. 
(47) Hanley, M. R. Trends Neurosci. 1982, 5, 138. 
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The finding of a kassinin-selective tachykinin receptor 
has recently taken an added significance. Studies on the 
biosynthesis of substance P revealed that in bovine brain 
two substance P precursors could be found.61 Both of 
these protein precursors contained the sequence of sub
stance P. However, in addition, one of these molecules also 
contained a second tachykinin that had a sequence that 
was extremely similar to that of kassinin. This mammalian 
equivalent of kassinin was named substance K. The 
peptide has now been actually detected in porcine spinal 
cord. The group that detected it named it neurokinin a.52 

However, the name substance K will probably be the one 
that sticks. The interesting thing about substance K is 
that, when analyzed in a series of pharmacological assays, 
it behaves in a very similar fashion to kassinin rather than 
to substance P,53 i.e., it has potent effects on both SP-E 
and SP-P receptors. Clearly, therefore, substance K and 
substance P could be looked upon as the endogenous lig-
ands for the SP-E and SP-P receptors, respectively. 
However, such a simplistic scheme is unlikely to be wholly 
correct. 

The ability of substance P to contract gut smooth muscle 
is well established. Moreover, as both SP-P and SP-E 
receptors appear to occur in the gut, it is likely that both 
substance P and substance K play a physiological role in 
the control of gastrointestinal motility.42'57'58 Both pep
tides probably also act on intestinal nerves.54"56 In addi
tion, both substance P and kassinin (and therefore pre
sumably also substance K) are potent stimulators of in
testinal electrolyte transport.59 This observation takes 
on particular significance with respect to the actions of the 
opiate antidiarrheal drug loperamide. It has been recently 
shown that low concentrations of loperamide (<10"6 M) 
completely inhibit substance P induced electrolyte se
cretion.60 The effects of other secretogogues such as 
carbachol, PGE2, or VIP are not blocked. At a molecular 
level, tachykinins appear to function in the mucosa by 
increasing the influx of Ca2+ into mucosal cells. This can 
be demonstrated by observing an increase in the fluores
cence of the Ca2+ sensing dye, quin-2, loaded into enter-
ocytes. Substance P induced Ca2+ uptake can also be 
completely blocked by loperamide.60 Interestingly, all 
these actions of loperamide are unaffected by opiate an
tagonists such as naloxone and diprenorphine. Thus, lo
peramide may have some ability to block calcium channels 
linked to substance P receptors in addition to being a 
potent opiate agonist. Such ancillary nonopiate effects 
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may explain the unusual effectiveness of this drug as an 
antidiarrheal agent. Indeed, drugs such as verapamil, 
which can block various kinds of calcium channels, are 
known to produce constipation as one of their major side 
effects. Other workers have also detected blockade of 
voltage-sensitive calcium channels by loperamide in 
smooth muscle.61 It will be interesting to see whether 
loperamide can also antagonize the effects of subnstance 
P in tissues apart from the ileal mucosa. 

The Opioid Peptides 
Perhaps the most intensively investigated of all the 

peptidergic families found in the gut are the endogenous 
opioid peptides. The effects of opiate drugs on the gas
trointestinal system have been known about and studied 
for many years. Indeed the use of morphine in the 
treatment of gastrointestinal disorders preceded its use of 
as an analgesic.62 The sensitivity of various isolated 
gastrointestinal preparations (particularly the guinea pig 
ileum) to the effects of opiates are also well known, and 
such preparations have been important in the assay of 
opiate agonist activity. We now realize, of course, that 
opiate effects on the gut are a reflection of the endogenous 
opioid system that presumably normally operates in this 
tissue and elsewhere. Research on this system has revealed 
it to be rather complex. We are now aware of the existence 
of several related families of endogenous opioid peptides 
and at least five types of receptors on which they can 
potentially exert their effects. Briefly, there appear to be 
three opiate peptide families that are the products of three 
separate genes63"66 (Figure 1). The individual opioid 
peptides are released from their large precursors by pro
teolytic processing enzymes. /3-Endorphin is derived from 
a precursor named proopiomelanocortin along with the 
nonopioid peptide hormone corticotropin (ACTH). The 
enkephalins and two other related short opioid peptides 
are derived from proenkephalin A. The dynorphins and 
a and /3-neoendorphins are derived from proenkephalin 
B. There is some suggestion that proenkephalin B might 
also give rise to [Leu5] enkephalin, but this is still specu
lative.67 Actually, although these are the major opioid 
peotides, variations in processing could potentially give rise 
to several others as well. Thus the final word on exactly 
how many endogenous opioid peptides exist and what the 
functional significance of many of them might be is yet 
to come. The five major opiate receptors are named M, <5, 
K, a, and e.68 Again further categories have been suggested. 
The first four on the list have been identified in the gut 
in at least one species. Indeed, in some tissues (e.g., the 
opposum lower esophageal sphincter62,69) up to four re
ceptor subtypes may coexist and all mediate different 
effects. In general, the enkephalins show a preference for 
5-receptors, ^-endorphin for e-receptors, and the products 
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Figure 1. Precursors for the three families of opioid peptides and their possible biosynthetic products.63 

of proenkephalin B for K-receptors. Morphine and many 
of the opiates used as antidiarrheal agents such as di
phenoxylate and loperamide (vide supra) act preferentially 
at jt-receptors.62'68 

It is likely that endogenous opioids play several signif
icant roles in the regulation of gastrointestinal function. 
The localization of these peptides within the gut is quite 
well established. The enkephalins are clearly widely dis
tributed, and some recent data also suggests that dynor
phin is also present.17,18'70,71 /^-Endorphin has not been 
consistently reported to occur in the gut. Interestingly 
/3-endorphin-specific e-receptors have also not been re
ported in this tissue. Enkephalin-containing nerve cell 
bodies are localized mainly in the myenteric plexus of 
many parts of the gut.70 In the guinea pig ileum, for ex
ample, these perikarya give rise to processes that innervate 
the myenteric plexus, the circular muscle, and submucosa. 
Enkephalin-containing fibers in the mucosa are not fre
quently found however. The distribution of dynorphin-
containing fibers has been reported to be similar to that 
of enkephalin-containing fibers although the former are 
usually rather less well represented.71 Thus, neurones 
containing endogenous opioids are in a position to influ
ence most types of gastrointestinal functions. Indeed, 
opiate drugs and endogenous opioid peptides can alter 
intestinal motility,72 epithelial electrolyte transport,73,74 

neurotransmission in enteric ganglia,75 and hormone se-
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cretion from intestinal endocrine cells.76 It is well known 
that the overall effect of opiates on the gut is a constipating 
one.79 It is not really clear which of the many actions of 
opiates is the most "important" in producing this overall 
effect. This particularly is true as the precise actions of 
opiates in different species differ considerably. Thus in 
some species opiates slow contractions of the intesine while 
in others these contractions are enhanced.72 However 
opiates produce constipating effects in all species. 

The enkaphalins are thought to act as neurotransmitters 
within the enteric ganglia.75,77 Electrophysiological effects 
of opioid peptides within the myenteric plexus are readily 
demonstrated.77 Enkephalins hyperpolarize myenteric 
neurones and increase the duration of the after-hyperpo-
larization that follows an action potential. Such effects 
serve to impede the progess of action potentials into the 
nerve terminal and hence the release of neurotransmitters. 
It is thought that these opioid effects result from an in
crease in a specific Ca2+-activated K+ conductance in the 
nerve cell.78,79 This type of action seems to be linked to 
opiates acting at n- and 5-receptors.80"82 Another opiate 
receptor linked action appears to be a direct modulation 
(inhibition) of voltage-sensitive calcium channels by agents 
acting at K-receptors.83 However, the net result of both 
types of action is the same with respect to neurotransmitter 
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release. As a result of such actions on neurotransmitter 
release in the gut, endogenous opioids are in a position to 
alter the contraction of gut smooth muscle. However, in 
addition, opiate receptors seem to be found on some gut 
smooth muscle eels, and so some direct effects of opioid 
peptides may also occur.84 Opioid peptides also modulate 
intestinal electrolyte transport.73'74'85,86 It has been dem
onstrated in vitro that stable enkephalin analogues reduce 
electrogenic anion transport across isolated ileal mucosa. 
This effect is produced by agents that interact with 5-
opiate receptors such as the enkephalins. However n-
specific agents are rather ineffective. It is not entirely clear 
whether the 5-receptors that mediate these effects are 
actually localized on epithalial cells or on neurones of the 
submucous plexus that innervate the mucosa.73 Clearly, 
therefore, there are local effects of opioid peptides on both 
motility (mostly mediated by M-receptors) and electrolyte 
transport (mostly mediated by 5-receptors) that may be 
important in the control of overall gastrointestinal func
tion. These effects might be exploited pharmacologically, 

(84) Bittar, K. N.; Makhlouf, G. M. Nature (London) 1983, 297, 
279. 

(85) Kachur, J. F.; Miller, R. J. Eur. J. Pharmacol. 1982, 81,177. 
(86) Vinayek, R.; Brown, D. R.; Miller, R. J. Eur. J. Pharmacol. 

1983, 94, 159. 

Several related (diphenylalkyl)piperazines, including the 

6 6 
CH3 CH3 

1,R= H (cyclizine) 3, R = H 
2, R = CI (chlorcyclizine) 4, R = CI 

antihistaminics cyclizine (1) and chlorcyclizine (2), reduce 
serum cholesterol levels in the mouse, rat, and dog.1"4 It 
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particularly as it seems as though they exhibit differential 
pharmacological specificity. 

Another interesting new development in this area is the 
realization that, as well as operating at the local level, 
opioid peptides can also regulate gut motility and elec
trolyte transport via central mechanisms. Opiates, par
ticularly those with a ^-selectivity can inhibit intestinal 
transit following direct injection into the brain.87 On the 
other hand, central administration of 5-specific opioid 
peptides but not ^-specific agents produces an inhibition 
of cholera toxin induced fluid secretion in the small in
testine.88 Further investigation of this latter effect showed 
that it was mediated by the release of norepinephrine from 
sympathetic nerves in the small intestine.89 Thus, it seems 
that there is a hierarchy of sites at which opioid peptides 
can exert a control over gastrointestinal functions. This 
may also turn out to be case for other gut peptides as well. 
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was discovered during our search for novel hypolipidemic 
agents that the isothiazole cyclizine analogues 3 and 4 
significantly reduced the concentration of serum chole
sterol and triglycerides in the serum of rats. However, 
compounds 3 and 4 were considered to lack sufficient 
potency to warrant further investigation. We subsequently 
prepared and evaluated a number of analogues of these 
compounds in order to discover compounds with greater 
potency in lowering these serum lipids. A systematic in
vestigation of structure-activity relationships in the series 
led to the synthesis and selection of (i?,S)-(3,5-dimethyl-
isoxazol-4-yl)[4-(l-methylethyl)phenyl](4-methyl-
piperazin-l-yl)methane dihydrochloride (75, M&B 31426) 
for detailed biological evaluation.6 

Chemistry. The heterocyclic analogues of chlorcyclizine 
(2) (3-66, 74-82; Tables I-III) were synthesized by the 
methods depicted in Scheme I. The carbinols were pre-

(5) A full report of the animal pharmacology of M&B 31426 will 
be published elsewhere. 
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