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contact of the duodenal mucosa with the acidic material
emptied from the stomach.1 However, Pavlov’s school
strongly believed that the stimulus elicited by acid in the
duodenum involved a peripheral nervous reflex mecha-
nism between the duodenal mucosa and the pancreas.
In January 1902, Bayliss and Starling2 reported the his-
torical observation that infusion of 0.4% HCl into a
denervated jejunal loop, but not intravenous infusion of
the acid, resulted in continuous secretion from the pan-
creas for some minutes. They believed that the active
agent must be originated from the intestinal mucosa and
proceeded to demonstrate that intravenous injection of
an acid extract from the mucosa of the denervated jeju-
nal loop stimulated pancreatic secretion. They named
the active agent from the intestinal mucosa “secretin”
and subsequently coined the term “hormone” to de-
scribe an active chemical messenger-like secretin that is
produced in one organ and carried through the circula-
tion to another organ to exert its effect. Their observa-
tion thus had introduced a new epoch of an exciting
“Hormone Concept” on the regulatory mechanism of
digestive system and modern physiology. More than 100
years have elapsed since the discovery of secretin. In
this article, we review some of the major events and
important findings in secretin research, particularly
those accomplished in our laboratory in the past.

Milestones of secretin research

The research on secretin has gone through many major
events of isolation, purification, structural determina-
tion and verification, establishment of its hormonal sta-
tus, molecular cloning of secretin and its receptor, and
mechanism of its release and action that can be consid-
ered as milestones for secretin research (Fig. 1).

It took more than 60 years after its discovery before
porcine secretin was purified by Jorpes and Mutt3 and
its amino acid sequence was determined.4 Soon after the

Received: September 8, 2003 / Accepted: October 2, 2003
Reprint requests to: W.Y. Chey

One hundred years have elapsed since the discovery of
secretin by Bayliss and Starling in 1902. In the past
century, the research of secretin has gone by many mile-
stones including isolation, purification and structural
determination, chemical synthesis, establishment of its
hormonal status by radioimmunoassay and immuno-
neutralization, identification of the specific receptor,
cloning of secretin and its receptor, and identification of
a secretin-releasing peptide. It has become clear that
secretin is a hormone-regulating pancreatic exocrine
secretion of fluid and bicarbonate, gastric acid secre-
tion, and gastric motility. The release and actions of
secretin is regulated by hormone–hormonal and neuro-
hormonal interactions. The vagus nerve, particularly its
afferent pathway, plays an essential role in the physi-
ological actions of secretin. Substantial information
about the property of the secretin receptor has been
accumulated, but a potent secretin receptor-specific
antagonist remains to be formulated. The neural regula-
tory mechanisms of the release and action of secretin
await further elucidation. The physiological role of
secretin in intestinal secretions and motility and
extragastrointestinal organs remains to be defined. The
presence of secretin and its receptor in the central
nervous system is well documented, but its function as
a neuropeptide has been recognized gradually and
requires extensive study in the future.
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secretin-releasing peptides

At the end of the nineteenth century, Pavlov observed
in the dog that pancreatic exocrine secretion is con-
trolled by a dual mechanism, one part by the vagus
nerve and the other by a stimulus originating from the
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sequence of porcine secretin was determined, it was
chemically synthesized and its bioactivity confirmed by
Bodanszky and coworkers.5,6 The next major obstacle
for secretin research was to establish its hormonal status
in late 1970s. Using Bodanszky’s synthetic secretin, we
had successfully raised a high-titer and specific rabbit
antisecretin serum to develop a specific high sensitivity
radioimmunoassay method for secretin, and we used it
to demonstrate that plasma secretin level is elevated in
the dog and human upon duodenal administration of
diluted acid and, more importantly, after ingestion of a
meal.7,8 Schaffalitzky de Muckadell and Fahrenkrug9

reported similar results at the same time.9 Subsequently,
immunoneutralization studies in dogs10 decisively
proved that secretin is a hormone that drives pancreatic
secretion of fluid and bicarbonate. In that study, we
showed that antisecretin serum nearly abolished the
postprandial pancreatic secretion (Fig. 2). The next
major event was the demonstration of secretin receptor
in the pancreas by Gardner and Jensen11 that appeared
to a prerequisite for its action in the pancreas. In the
early 1990s, three major accomplishments were made,
namely, the discovery of secretin-releasing peptide,12

cloning of the secretin gene,13 and cloning of the secretin
receptor.14 Today, the research in secretin has become
ever more diversified, particularly with questions re-
garding its physiological roles in other organs, neuro-
hormonal regulation of its release and action, and
its function as a neuropeptide, which remain to be
elucidated.

Structure of secretin

Secretin has been isolated in several animal species in-
cluding humans, pigs, dogs, rats, mouse, goats, rabbits,
guinea pigs, and chickens. Aside from avian secretin,

mammalian secretins (Fig. 3) are highly homologous,
with 1–3 amino acid residues differing from the se-
quence of porcine/ovine/bovine secretin (which are
identical). The structure of secretin also has sequence
homology with other subsequently isolated regulatory
peptides forming a secretin/glucagons/vasoactive intes-

Fig. 1. Milestones of secretin research

Fig. 2. Effect of a rabbit antisecretin serum on postprandial
pancreatic bicarbonate secretion in dogs. (From Chey et al.,10

with permission)

Fig. 3. Structure of secretins from various animal species. The
boldface characters denote amino acid residues different from
those of porcine, bovine, and ovine secretins, which are iden-
tical. *, –CONH2
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tinal polypeptide (VIP) superfamily of more than 10
peptides (Table 1). In addition, Mutt and coworkers
have isolated several forms of prosecretins with either
C- or N-terminal extensions that exhibited various
extents of bioactivity. The structures of porcine
prosecretins agree well with those deduced from the
nucleotide sequence of secretin cDNA cloned by Kopin
et al.13 To date, secretin cDNAs have been cloned from
the rat, mouse, pig, and human.14

Distribution of secretin

Secretin-containing cells are distributed mainly in the
upper small intestine (duodenum and jejunum).15 How-
ever, secretin has also been shown, either through im-
munochemical or molecular biological methods, to exist

Table 1. Peptides of secretin/glucagons/vasoactive intestinal
polypeptide superfamily

Peptide Discovered or isolated by

Secretin Bayliss and Starling 1902
Glucagon Kimball and Murlin 1923
GIP Brown et al. 1970
VIP Said and Mutt 1974
Glycentin (proglucagon) Moody et al. 1976
Oxytomodulin (glucagons-37) Bataille et al. 1981
PHI (PHM) Tatemoto and Mutt 1981

(Itoh et al. 1983)
GLP-1, GLP-2 Lund et al. 1982
GRF Guillemin et al. 1982
PACAP Miyata et al. 1989
Hypocretins (orexins) De Lecea et al. 1998

(Sakurai et al. 1998)
Helodermin Hoshino et al. 1984
Helospetins Parker et al. 1984
Exendin-3, -4 Eng et al. 1990, 1992

VIP, vasoactive intestinal polypeptide; PACAP, pituitary adenylate
cyclase-activating polypeptide; GLP-1, glucagon-like peptide-1; GLP-
2, glucagon-like peptide-2; GIP, gastric inhibitory peptide or glucose-
dependent insulinotropic peptide; GRF, growth hormone-releasing
factor; PHI, peptide histidine isoleucinamide; PHM, peptide histidine
methioninamide (human analogue of PHI)
Helodermin, helospectins, and exendins were isolated from the Gila
monster (Heloderma suspectum); PHI (PHM) and GLPs are VIP and
glucagon gene-associated peptides, respectively

in other organs including heart, lung, kidney, ileum,
colon, stomach, and brain of various species. For ex-
ample, secretin cells that are found in the antral and
oxyntic mucosae of rat stomach are distinguished from
gastrin and somatostatin cells, respectively.16 Moreover,
secretin mRNA in the same molecular size as that found
in the duodenum is found in both gastric mucosae either
by reverse transcriptase-polymerase chain reaction
(RT-PCR) or Southern blot after RT-PCR.

The mechanism of secretin release

Secretin is released mainly by gastric acid delivered into
the duodenal lumen. In addition, secretin is also re-
leased by digested products of fat and protein, bile acid,
and herbal extracts.17 The stimulants of secretin release
are listed in Table 2. The importance of gastric acid for
postprandial release of secretin is demonstrated by the
observation that suppression of gastric acid secretion
with a histamine H2 blocker, cimetidine, resulted in a
complete suppression of secretin release after ingestion
of a meal in dogs (Fig. 4).8 Like cholecystokinin, the
release of secretin along with pancreatic exocrine secre-
tion is controlled through a feedback regulatory mecha-
nism, as first proposed by Green and Lyman,18 that is
mediated by pancreatic proteases. Thus, diversion of
pancreatic juice from the duodenum in dogs augmented
postprandial pancreatic secretion and the release of
secretin that was suppressed by duodenal infusion of
pancreatic juice or trypsin but not by infusion of bicar-
bonate.19 This feedback effect was shown to involve
suppression of secretin release in both fasting and post-
prandial states in both humans and rats.20 In anesthe-
tized rats, diversion of pancreatic juice from the
duodenum results in a time-dependent increase in se-
cretin release and pancreatic secretion. The increased
secretin release and pancreatic exocrine secretion was
suppressed by duodenal infusion of either freshly col-
lected or precollected pancreatic juice.21 At present, the
effect of proteases or pancreatic juice is believed to
result from degradation of a luminal secretin-releasing
peptide (SRP).

Table 2. Stimulants of secretin release

Exocrine secretions Digested food Herbal extracts Chemicals

Gastric acid Long-chain fatty acids Licorice extract Camostat
Bile salts Sodium oleate 1-Phenylpentanol Terprenonea

Pancreatic Peptone Plaunotola

juice (SRP)b

Intestinal Oligopeptides MCI-727a

secretion (SRP)b

a Terprenone (geranyl geranyl acetone), plaunotol, and MCI-727 are antiulcer agents used in
Japan
b Both pancreatic juice and intestinal secretion contain a secretin-releasing peptide (SRP) to
stimulate secretin release
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Discovery of secretin-releasing peptide

Li et al.12 reported that the acid-stimulated release of
secretin is mediated by an SRP. SRP was discovered in
the intestinal acid perfusate collected from donor rats.
The rat was anesthetized, a duodenal cannula was in-
serted through the stomach, and the pylorus was ligated.
Diluted HCl or saline was then infused and the intesti-
nal perfusate was collected from a distal cannula placed
in the jejunum. After neutralization, the concentrated
acid perfusate (CAP) and saline perusate (CSP) were
prepared and administered intraduodenally to recipient
rats and their effect on pancreatic secretion and secretin
release were compared. As shown in Fig. 5,22 CAP
caused an increase in pancreatic bicarbonate output
whereas CSP did not. Plasma secretin level increased to
6.5pM after infusion of CAP, whereas no increase was
found with CSP, indicating the presence of an SRP in
CAP. The bioactivity in CAP was inactivated by trypsin
but withstood boiling, indicating that it is a heat-stable
peptide. The result of an ultrafiltration study indicated
that SRP in CAP had an apparent MW less than
10 000. It was therefore concluded that an SRP mediates
the release of secretin and that the activity of SRP
was subject to feedback regulation by pancreatic
proteases.12

Canine pancreatic juice also contains a secretin-
releasing factor because the concentrate of pancreatic
juice stimulated secretin release and pancreatic bicar-
bonate secretion when it was infused into the duode-
num of both dogs and rats.23,24 An active fraction of
canine pancreatic juice with an apparent MW � 4000
(Fr. 3) was found to stimulate pancreatic juice volume
and bicarbonate outputs as well as elevation of plasma
secretin concentration in recipient rats. These effects of
the fraction were abolished by i.v. infusion of a specific

antisecretin serum.24 Thus, a factor in pancreatic juice
that mediates a positive feedback regulation for secretin
release and pancreatic secretion was found. Subse-
quently, two SRPs of 14kDa, SRF-1 and SRF-2, were
purified from canine pancreatic juice.25 The N-terminal
sequence (31 residues) of SRF-1 was identical to canine
pancreatic phospholipase A (PLA2), whereas SRF-2
had 71% homology with the enzyme. Both canine
SRFs25 and procine pancreatic PLA2 stimulated secretin
release from secretin-producing cells in vitro through
activation of calcium influx and protein kinase C.26 In
addition, acid in the duodenum released pancreatic
PLA2-like immunoreactivity. Moreover, pretreatment
of CAP with a specific anti-PLA2 serum abolished its
stimulatory effects on secretin release and pancreatic
exocrine secretion (the SRP activity) in recipient rats
(Fig. 6).27 These observations suggested that PLA2 acts
as an SRP. It should be noted, however, that intraduo-
denal infusion of purified porcine pancreatic PLA2 is
unable to elicit secretin release in rats, suggesting that
an additional factor is required for its action. The
unidentified factor may either function as a costimula-
ting factor for S-cells or provide transport of PLA2

through the mucus layer.

Physiological actions of secretin

Physiologic actions of secretin include stimulation of
pancreatic exocrine secretion of water and bicarbonate
and inhibition of gastric acid secretion and emptying.
As shown in Fig. 7, i.v. administration of an antisecretin
serum augmented postprandial gastrin release and acid
output in dogs,28 suggesting that secretin is an entero-

Fig. 4. Effect of cimetidine on postprandial plasma secretin
concentration in dogs. Suppression of gastric acid secretion
with a histamine H2 blocker, cimetidine, abolished
meal-stimulated secretin release. (From Kim et al.,8 with
permission)

Fig. 5. Stimulation of pancreatic bicarbonate secretion (left
panel) and elevation of plasma secretin concentration (right
panel) by a concentrate of acid perfusate (CAP) from upper
small intestine in recipient rats. CAP stimulated pancreatic
bicarbonate secretion and secretin release whereas a concen-
trate of saline perfusate (CSP) did not. (From Li et al.,22 with
permission.) *, **P � 0.05, 0.01 vs CSP
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Pancreatic exocrine secretion after a meal is mainly
stimulated by synergistic interaction between secretin
and cholecystoking (CCK),30,31 so that an adequate
amount of pancreatic juice is produced for proper diges-
tion. For example, pancreatic secretions of bicarbonate
and protein in dogs stimulated by a combination of
secretin and CCK-8 in physiological doses are abolished
by the CCK anatagonist proglumide.32 Secretin also
potentiates with neurotensin to stimulated pancreatic
enzyme secretion.33 Another example of hormone–
hormonal interaction is that insulin plays a permissive
role on the action of secretin and CCK. When the circu-
lating insulin was neutralized with a specific antiinsulin
serum in rats, there was a profound inhibition of pan-
creatic secretion stimulated with secretin in combina-
tion with CCK (Fig. 8) or a meal.34 In both isolated
and perfused rat stomach35 and the intact animals,36 it
has been clearly shown that inhibition of gastric acid
secretion by secretin is mediated by somatostatin and
prostaglandin.

Except in the rat, the action of secretin on exocrine
pancreas in a physiological dose is highly sensitive to
atropine, indicating an important mediation by cholin-
ergic neurons. For example, pancreatic bicarbonate
secretion in humans stimulated by secretin in graded
doses (Fig. 9),37 and its potentiation with CCK38 was
profoundly inhibited by administration of atropine.

The physiological action of secretin is highly depen-
dent on the vagal afferent pathway. Thus, chemical ab-
lation of vagal afferent fibers by perivagal application of
capsaicin in rats resulted in a profound inhibition of the
pancreatic secretion stimulated by a physiological, but
not by a pharmacological, dose of secretin (Fig. 10).22

The release and actions of SRP are also neurally medi-
ated and depend on the vagal afferent pathway. Thus,
CAP prepared from donor rats treated with tetrodot-
oxin, vagotomy, or perivagal capsaicin was unable to
stimulate pancreatic exocrine secretion or release of
secretin in recipient rats, indicating substantial reduc-
tion in SRP activity.22 In addition, CAP prepared from
untreated donor rats was also unable to stimulate secre-

Fig. 6. Effect of pretreatment of CAP with an antipho-
spholipase A (anti-PLA2) serum on CAP-stimulated pan-
creatic secretion and secretin release in recipient rats.
Pretreatment of CAP with an anti-PLA2 serum but not with a
normal rabbit serum (NRS) resulted in substantial decrease in
CAP-stimulated pancreatic secretion and secretin release, in-
dicating that a PLA2-like substance in CAP functions as an
SRP. (From Li et al.,27 with permission)

Fig. 7. Effect of an antisecretin serum on
postprandial gastrin release (left panel)
and gastric acid secretion (right panel) in
dogs. (From Chey et al.,28 with permission)

gastrone that functions as a feedback inhibitor of gastrin
release and gastric acid secretion. Also in dogs, gastric
acid secretion in response to a liquid amino acid (AA)
meal was inhibited dose-dependently by secretin in
physiological doses, whereas i.v. antisecretin serum
augmented AA meal-stimulated acid output, thereby
confirming the physiological role of secretin to inhibit
gastric acid secretion.29 Moreover, secretin also dose-
dependently inhibited gastric emptying of the AA meal,
whereas antisecretin serum accelerated gastric empty-
ing, indicating that secretin is also a regulator of gastric
motility.29 The physiological roles of secretin in intesti-
nal secretion and motility as well as in the functions of
other organs remain to be elucidated.

The regulatory mechanism of release and actions
of secretin

The physiological actions of secretin are subject to
hormone–hormonal and neuro-hormonal interactions.
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vagus nerve to potentiate the action of secretin. We
have also observed in rats that vagotomy, vagal ligation,
or perivagal colchicine, but not perivagal capsaicin
treatment, decreased the number of high-affinity
secretin-binding sites in rat forestomach and reduced
secretin-elicited relaxation of rat forestomach muscle
strips.43 This observation suggested that the vagal effer-
ent pathway also regulates secretin action through
modulation of secretin receptor in the rat forestomach.

Some neuropeptides and neurotransmitters may
modulate or mediate the release and action of secretin.
Both Met-enkephalin (MEK) and somatostatin inhibit
the release and action of secretin on the exocrine pan-
creas. Recently, we have observed that MEK also inhib-
ited the release of SRP and its action on secretin release
through the release of somatostatin.44 Thus, as shown in

Fig. 8. Effect of an antiinsulin serum or nor-
mal rabbit serum (NRS) on pancreatic exo-
crine secretion stimulated by a combination
of physiological doses of secretin and CCK-8
in rats. The antiinsulin serum abolished
stimulation of pancreatic secretion by
secretin and CCK-8. (From Lee et al.,34 with
permission)

Fig. 9. Inhibition of secretin-stimulated
pancreatic secretion by atropine in hu-
mans. Atropine profoundly inhibited pan-
creatic secretion stimulated by secretin at
various doses. (From You et al.,37 with per-
mission.) *, **P � 0.05, 0.01: secretin alone
vs secretin � atropine

tin release from the recipient rats pretreated with tetro-
dotoxin (TTX), vagotomy, or perivagal application of
capsaicin (Fig. 11). Similarly, perivagal capsaicin treat-
ment and vagotomy in conscious rats39 blocked the inhi-
bition of pentagastrin-stimulated gastric acid secretion
by secretin. Lu and Owyang40 also demonstrated that
the vagal afferent pathway mediates inhibition of gas-
tric motility by a physiological dose of secretin, confirm-
ing a previous observation made by Raybould and
Holzer.41 Electrical stimulation of medial amygdaloid in
the rat augmented pancreatic bicarbonate and fluid se-
cretion in response to duodenal acidification and a low
dose of secretin.42 This effect of medial amygdaloid
stimulation was abolished by bilateral truncal vago-
tomy, suggesting that stimulation of medial amygdaloid
elicited a stimulatory signal transmitted through the
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Fig. 12, CAP collected from donor rats pretreated with
MEK had reduced SRP activity to stimulate pancreatic
secretion and secretin release. The reduction in SRP
activity was partially reversed by cotreatment of the
donors with an antisomatostatin serum. Pituitary ade-
nylate cyclase-activating polypeptide (PACAP) stimu-
lated pancreatic exocrine secretion through the release
of both secretin and CCK45 in anesthetized rats, as
demonstrated by the inhibition of PACAP-stimulated
pancreatic exocrine secretion by i.v. infusion of an

antisecretin serum and the CCK-A receptor antagonist,
loxiglumide. PACAP also stimulated the release of se-
cretin in vitro.46 In conscious rats, secretin-stimulated
pancreatic exocrine secretion was inhibited by a NO
synthase inhibitor, N-nitro-l-arginine, and the inhibi-
tion was reversed by the substrate of the enzyme
arginine, suggesting that NO mediates the action of
secretin.47 In anesthetized rats, both the serotonin (5-
hydroxytryotamine, 5-HT2) antagonist ketanserin and
the 5-HT3 antagonist ondansetron dose-dependently
inhibited pancreatic volume and bicarbonate secretion
and secretin release elicited by duodenal acidification.48

Moreover, both 5-HT antagonists inhibited pancreatic
secretion stimulated by physiological doses of secretin.
These observations suggest that 5-HT mediates the
release and action of secretin through the two 5-HT
receptor subtypes. In isolated and perfused rat pan-
creas, electrical field stimulation enhanced stimulation
of pancreatic secretion by secretin. The enhanced
secretion was reduced by atropine49 or a specific
anti-GRP serum50 and abolished by the combination
of atropine and the antiserum,50 suggesting that the
enhancement of the effect of secretin was mediated
by acetylcholine and GRP released from intrapan-
creatic neurons. The physiological stimulant of these
intrapancreatic neurons is unknown at present. In
isolated rat pancreatic ducts, secretin-stimulated fluid
secretion was potentiated by acetylcholine,51 an obser-
vation also suggesting a possible interaction between
the two stimulants.

Fig. 10. Effect of perivagal treatment with capsaicin on
secretin-stimulated pancreatic secretion in rats. Perivagal
treatment with capsaicin significantly inhibited PES stimu-
lated by secretin at physiological doses (2.5 and 5 pmol/kg/h)
but not at a pharmacological dose (10pmol/kg/h). (Li et al.,
unpublished results; confirming data shown in reference 22.)
*P � 0.05 vs vehicle (n � 6 in each group)

Fig. 11. Effect of various neural blockade, vagotomy, or
perivagal capsaicin treatment in recipient rats on CAP-
stimulated secretin release. CSP, concentrate of saline perfu-
sate (from upper small intestine); CAP, concentrate of acid
perfusate (from upper small intestine); TTX, tetrodotoxin;
VT, bilateral vagotomy; CS; perivagal capsaicin; AT, atropine;
HX, hexamethonium; Prop, propranolol. CAP-stimulated
secretin-release was blocked by TTX, VT, and CP but not by
AT, Hx, or Prop, suggesting that the action of SRP in CAP is
mediated by a noncholinergic and nonadrenergic vagal affer-
ent pathway. (From Li et al.,22 with permission.) *P � 0.05 vs
CAP

Fig. 12. Effect of Met-enkephalin (MEK) on CAP-stimulated
pancreatic secretion and secretin release and its reversal by
an antisomatostatin serum (anti-SS) in recipient rats. MEK
significantly inhibited pancreatic eocrine secretion (PES) and
secretin release elicited by CAP. The inhibition by MEK was
reversed by cotreatment of the recipients with an anti-SS,
indicating that the inhibition was mediated through the
release of somatostatin. (From Li et al.,44 with permission)
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The secretin receptor

Biochemical studies on the secretin receptor were car-
ried out in the 1980s by the laboratories of Gardner and
Jensen,11 Robberecht and Christophe,52 and Rosselin.53

These investigators found that secretin receptor is a
glycoprotein receptor coupled to adenylate cyclase
through an oligomeric G protein and is widely distrib-
uted in many organs. The rat secretin receptor was first
cloned by Ishihara et al.14 Subsequently, human54–56 and
rabbit57 secretin receptors were also cloned. Human se-
cretin receptor is a 7-transmembrane G protein-coupled
receptor with a long N-terminal extracellular tail,
three extracellular and three intracellular loops, and
a short hydrophilic cytoplasmic C-terminal chain. The
extensive studies carried out by L. Miller’s and P.
Robberecht’s groups have indicated that the N-terminal
extracellular tail of the receptor is involved in binding
secretin. The putative N-glycosylation site at position
72N is also crucial for ligand binding,58 whereas ex-
tracellular loops are also essential, probably for main-
taining the active conformation of the receptor’s
extracellular binding domain. The cytoplasmic C-
terminal tail is involved in desensitization of the recep-
tor through phosphorylation59 by G protein-coupled
receptor kinase. Secretin receptor is expressed in the
pancreas, stomach, liver, kidney, colon, heart, lung,
ovary, and brain of various species. In the pancreas,
secretin receptor is present in both the ductal and acinar
cells.60

Secretin as a neuropeptide

Secretin and its mRNA are detected in the brain. Secre-
tin receptor is also present in the brain as demonstrated
by specific binding,61 stimulation of cAMP production in
brain slices,62 and presence of the receptor transcript in
the brain.63 Recent studies have indicated that secretin
indeed may function as a neuropeptide. For example,
secretin specifically stimulated adenylate cyclase in hy-
pothalamus and hippocampus.62 125I-[Tyr10]-Secretin was
found to cross the blood–brain barrier and entered
every brain region, with fastest uptake found in hypo-
thalamus and hippocampus.64 Intravenous infusion was
found to stimulate activation of c-Fos expression in the
central amygdala of rats.65 In isolated rat superior cer-
vical ganglia, secretin dose-dependently stimulated
tyrosine hydroxylase activity, an effect potentiated by
carbachol that was abolished by atropine but not by
hexamethonium.66 Moreover, secretin is known to in-
hibit the release of corticotropin (ACTH)67 and stimu-
lates the release of somatostatin from enriched rat
enteric synaptosomes.68 Intracerebroventricular injec-
tion of secretin stimulated pancreatic exocrine secretion

in rats.69 Secretin is also found in the brainstem, includ-
ing a subpopulation of neurons in the primary sensory
ganglia.70 Secretin was reported to stimulate γ-
aminobutyric acid (GABA) transmission from Purkinje
cells in rat cerebellar slices.63

Clinical aspects of secretin

Diagnosis

Secretin has been widely used for pancreatic function
test for diseases involving the pancreas, particularly
chronic pancreatitis. In recent years, secretin has been
used to collect pancreatic juice for analysis of molecular
biological markers to diagnose pancreatic cancer. Se-
cretin is also used to enhance noninvasive magnetic
resonance cholangiopancreatography. A secretin
provocation test71 is useful for detecting gastrinomas in
the pancreas or extrapancreatic region, whereas a selec-
tive arterial secretin injection was found to be useful for
detecting gastrinoma in the duodenal submucosa.72

Pathophysiology of secretin

Hyposecretinemia is observed in two pathological
states, namely, in patients with achlorhydria and adult
celiac sprue. In achlorhydria patients, the content of
secretin cells in the intestinal mucosa is normal and
hyposecretinemia can be corrected by providing acidic
drinks such as orange juice. In adult celiac sprue, mu-
cosal atrophy in upper small intestine leads to loss of
secretin cells, and hyposecretinemia can be corrected
only after mucosal regeneration with a gluten-free diet.
In a recent report,73 secretin and gastric inhibitory
polypeptide contents in the duodenal bulb were re-
duced and correlated well with malnutrition in patients
with familial amyloidotic polyneuropathy. Hyper-
secretinemia is found in patients with Zollinger–Ellison
syndrome, duodenal ulcer with hypersecretion of gas-
tric acid, and renal failure,17 and in a patient with a
secretin-producing endocrine tumor in the pancreas
causing hypersecretion of pancreatic juice and watery
diarrhea.74 Secretin-producing cells were also found in
the tumor of a patient with esophageal small cell carci-
noma.75 It is possible that secretin-producing endocrine
tumors may occur more frequently than one realizes but
are overlooked unless causing hypersecretinemia and
watery diarrhea.

Therapeutic use of secretin

Secretin has been reported to improve the behavior of
an autistic child.76 This effect of secretin has been re-
futed by several groups of investigators.77 However, in
view of the observations that secretin uptake64 and its
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stimulation of adenylate cyclase62 are highest in hypo-
thalamus and hippocampus and the action of i.v. secre-
tin on central amygdala65 where neural abnormality has
been reported in autism,78,79 the treatment of autism
with secretin probably merits further investigation.

Summary and future prospects

More than 100 years have elapsed since the discovery of
secretin by Bayliss and Starling. Substantial accomplish-
ments in secretin research have been made with respect
to purification, structure determination, establishment
of hormonal status, cloning of secretin and its receptor,
and neural and hormonal regulation of its release and
action during the past 10 decades. Although not men-
tioned in this article, a considerable amount of knowl-
edge pertaining to the cellular action mechanism of
secretin has also been acquired. It is hoped that future
studies will focus on identification of neural pathways
through which the vagus nerve and pancreatic neurons
participate in regulation of release and/or action of
secretin, particularly with respect to the key
neurotransmitter(s) and/or neuropeptide(s) involved
and their point of action in the neural pathways. It is our
hope that the extensive molecular studies in secretin
receptor will lead to formulation of a potent and specific
secretin receptor antagonist to facilitate future study.
The physiological roles of secretin in enterocolonic
motility and secretion and in the brain and other
nongastrointestinal organs remain to be determined. It
will be also interesting to determine the physiological
roles of various forms of prosecretins.

References

1. Babkin BP. Pavlov: a biography. Chicago: University of Chicago
Press; 1949.

2. Bayliss HP, Starling EH. Mechanism of pancreatic secretion. J
Physiol Lond 1902;28:325–53.

3. Jorpes JE, Mutt V. On the biological activity and amino acid
composition of secretin. Acta Chem Scand 1961;15:1790–1.

4. Mutt V, Jorpes JE. Secretin: isolation and determination of struc-
ture (abstract). In: Proceedings, I.U.P.A.C. Fourth International
Congress on the Chemistry of Natural Products, June 26–July 2,
1966, Stockholm, Sweden, Section 2C-3.

5. Bodanszky M, Ondetti MA, Levine SD, Williams NJ. Synthesis
of secretin. II. The stepwise approach. J Am Chem Soc 1967;89:
6753–7.

6. Ondetti MA, Narayanan VL, von Saltza M, Sheehan JT, Sabo EF,
Bodanszky M. The synthesis of secretin. III. The fragment con-
densation approach. J Am Chem Soc 1968;90:4711–5.

7. Chey WY, Lee YH, Hendricks JR, Rhodes RA, Tai HH. Plasma
secretin concentration in fasting and postprandial state in man.
Am J Dig Dis Sci 1978;23:981–8.

8. Kim MS, Lee KY, Chey WY. Plasma secretin concentrations in
fasting and postprandial states in dog. Am J Physiol 1979;236:
E539–44.

9. Schaffalitzky de Muckadell OB, Fahrenkrug J. Secretion pattern
of secretin in man: regulation of gastric acid. Gut 1978;19:812–28.

10. Chey WY, Kim MS, Lee KY, Chang TM. Effect of rabbit
antisecretin serum on postprandial pancreatic secretion in dog.
Gastroenterology 1979;77:1268–75.

11. Gardner JD, Jensen RT. Regulation of pancreatic enzyme secre-
tion in vitro. In: Schultz SF, editor. Physiology of the gastrointes-
tinal tract. vol 2. New York: Raven Press; 1981. p. 831–7.

12. Li P, Lee KY, Chang TM, Chey WY. Mechanism of acid-induced
release of secretin in rats: presence of a secretin releasing factor.
J Clin Invest 1990;262:8956–9.

13. Kopin AS, Wheeler MB, Leiter AB. Secretin: structure of the
precursor and tissue distribution of the mRNA. Proc Natl Acad
Sci U S A 1990;87:2299–303.

14. Ishihara T, Nakamura S, Kaziro Y, Takahashi T, Takahashi K,
Nagata S. Molecular cloning and expression of a cDNA encoding
the secretin receptor. EMBO J 1991;10:1635–41.

15. Polak JM, Bloom SR, Couling I, Pearse AGE. Immunofluores-
cence localization of secretin in the canine duodenum. Gut
1971;14:284–8.

16. Chey WY, Chang CH, Pan HJ, Chang C, Kim BM, Park IS, et al.
Evidence on the presence of secretin cells in the gastric antral and
oxyntic mucosa. Regul Pept 2003;111:183–90.

17. Chey WY, Chang TM. Secretin. In: Makhlouf G, editor. Hand-
book of physiology. Section 6: the gastrointestinal system. vol 2.
Bethesda: American Physiological Society; 1989. p. 359–402.

18. Green GM, Lyman RL. Feedback regulation of pancreatic en-
zyme as a mechanism for trypsin inhibitor-induced hypersecretion
in rats. Proc Soc Exp Biol Med 1972;140:6–12.

19. Immamura M, Lee KY, Song Y, Moriyasu M, Chang TM, Chey
WY. Role of secretin in negative feedback regulation of postpran-
dial pancreatic secretion in dogs. Gastroenterology 1993;105:548–
53.

20. Chey WY, Li P, Jin H, Lee KY, Chang TM. Mechanisms on
the releases and physiological actions of secretin. Biomed Res
1994;15(suppl 2):151–9.

21. Sun G, Lee KY, Chang TM, Chey WY. Effect of pancreatic juice
diversion on secretin release in rats. Gastroenterology 1989;96:
1173–9.

22. Li P, Chang TM, Chey WY. Neuronal regulation of the release
and action of secretin-releasing peptide and secretin. Am J
Physiol 1995;269:G305–12.

23. Song Y, Li P, Lee KY, Chang TM, Chey WY. Canine pancreatic
juice stimulates the release of secretin and pancreatic secretion in
the dog. Am J Physiol 1999;277:G731–5.

24. Li P, Song Y, Lee KY, Chang TM, Chey WY. A secretin-releasing
peptide exists in dog pancreatic juice. Life Sci 2000;66:1307–16.

25. Chang TM, Lee KY, Chang CH, Li P, Song Y, Roth FL, et al.
Purification of two secretin-releasing peptides structurally related
to phospholipase A2 from canine pancreatic juice. Pancreas 1999;
19:401–5.

26. Chang TM, Chang CH, Wagner DR, Chey WY. Porcine pancre-
atic phospholipase A2 stimulated secretin release from secretin-
producing cells. J Biol Chem 1999;274:10758–64.

27. Li JP, Chang TM, Wagner D, Chey WY. Pancreatic phospholi-
pase A2 from the small intestine is a secretin-releasing factor in
the rat. Am J Physiol Gastroint Liver Physiol 2001;581:G526–32.

28. Chey WY, Kim MS, Lee KY, Chang T-M. Secretin is an entero-
gastrone in the dog. Am J Physiol 1981;240:G239–44.

29. Jin HO, Lee KY, Chang T-M, Chey WY, Dubois A. Secretin, a
physiological regulator of gastric emptying and acid output in
dogs. Am J Physiol 1994;267:G702–8.

30. Chey WY, Lee KY, Chang T-M, Chen Y-F, Millikan L. Potentiat-
ing effect of secretin on cholecystokinin-stimulated pancreatic
secretion in dogs. Am J Physiol 1984;246:G248–52.

31. You CH, Rominger JM, Chey WY. Potentiation effects of
cholecystokinin octapeptide on pancreatic bicarbonate secretion
stimulated by a physiologic dose of secretin in humans. Gastroen-
terology 1983;85:40–5.



1034 W.Y. Chey and T.-M. Chang: Secretin 100 years later

32. Jo YH, Lee YL, Lee KY, Chang T-M, Chey WY. Role of chole-
cystokinin in pancreatic bicarbonate secretion in dogs. Pancreas
1991;6:197–201.

33. Baca I, Feurle GE, Hass M, Mernitz T. Interaction of neurotensin,
cholecystokinin, and secretin in the stimulation on exocrine pan-
creas in the dog. Gastroenterology 1983;84:556–61.

34. Lee KY, Zhou L, Ren XS, Chang T-M, Chey WY. An important
role of endogenous insulin on exocrine pancreatic secretion in
rats. Am J Physiol 1990;258:G268–74.

35. Chung I, Li P, Lee KY, Chang T-M, Chey WY. Dual inhibitory
mechanism of secretin action on acid secretion in totally isolated,
vascularly perfused rat stomach. Gastroenterology 1994;107:
1751–8.

36. Shimizu K, Li P, Lee KY, Chang, T-M, Chey WY. The mechanis
of inhibitory action of secretin on gastric acid secretion in con-
scious rats. J Physiol Lond 1995;488:501–8.

37. You CH, Rominger JM, Chey WY. Effects of atropine on the
action and release of secretin in humans. Am J Physiol 1982;242:
G608–11.

38. You CH, Chey WY. Atropine abolishes potentiation effect of
secretin and cholecystokinin octapeptide on exocrine pancreatic
secretion in humans. Pancreas 1988;3:99–103.

39. Li P, Chang TM, Chey WY. Secretin inhibits gastric acid secretion
via a vagal afferent pathway in rats. Am J Physiol 1998;275:G22–
8.

40. Lu Y-X, Owyang C. Secretin at physiological doses inhibits gastric
motility via a vagal afferent pathway. Am J Physiol 1995;268:
G1012–46.

41. Raybould HE, Holzer H. Secretin inhibits gastric emptying in rats
via a capsaicin-sensitive vagal afferent pathway. Eur J Pharmacol
1993;250:165–7.

42. Jo YH, Yoon SH, Hahn SJ, Rhie DJ, Sim SS, Kim MS. Effect of
medial amygdaloid stimulation on pancreatic exocrine secretion
in anesthetized rats. Pancreas 1994;9:117–22.

43. Kwon HY, Chang T-M, Lee KY, Chey WY. Vagus nerve modu-
lates secretin-binding sites in the rat forestomach. Am J Physiol
1999;276:G1052–8.

44. Li JP, Lee KY, Chang T-M, Chey WY. MEK inhibits secretin
release and pancreatic secretion: roles of secretin-releasing pep-
tide and somatostatin. Am J Physiol Gastrointest Liver Physiol
2001;280:G890–6.

45. Lee ST, Lee KY, Li P, Coy D, Chang T-M, Chey WY. PACAP
stimulates pancreatic secretion via the release of secretin and
cholecystokinin (CCK) in rats. Gastroenterology 1998;114:490–
7.

46. Chang CH, Chey WY, Erway B, Coy DH, Chang T-M. Modula-
tion of secretin secretion by neuropeptides in vitro. Am J Physiol
1998;275:G192–202.

47. Jyotheeswaran S, Li P, Chang T-M, Chey WY. Endogenous nitric
oxide mediates pancreatic exocrine secretion stimulated by secre-
tin and cholecystokinin in rats. Pancreas 2000;20:401–7.

48. Li JP, Chang T-M, Chey WY. Roles of 5-HT receptors in the
release and action of secretin on pancreatic secretion in rats. Am
J Physiol 2001;280:G595–602.

49. Park HS, Lee YL, Kwon HY, Chey WY, Park HJ. Significant
cholinergic role in secretin-stimulated exocrine secretion in iso-
lated rat pancreas. Am J Physiol 1998;274:G413–8.

50. Park HS, Kwon HY, Lee YL, Chey WY, Park HJ. Role of
GRPergic neuron in secretin-evoked exocreine secretion in iso-
lated rat pancreas. Am J Physiol 2000;278:G557–62.

51. Evans RL, Ashton N, Elliott AC, Green R, Argent BE. Interac-
tion between secretin and acetylcholine in the regulation of fluid
secretion by isolated rat pancreatic ducts. J Physiol Lond 1996;
496:265–73.

52. Robberecht P, Waebroeck M, Noyer M, Chatelain P, De Neef P,
Konig W, et al. Characterization of secretin and vasoactive intes-
tinal peptide receptors in rat pancreatic plasma membranes using
the native peptides, secretin 7–27 and five secretin analogues.
Digestion 1982;23:201–10.

53. Gespach CD, Bataille D, Vauclin N, Rosselin G, Moroder L,
Wunsch E. Secretin binding sites coupled with adenylate cyclase
in rat fundic membranes. Peptides 1981;2(suppl 2):247–51.

54. Jiang S, Ulrich C. Molecular cloning and functional expression of
human pancreatic secretin receptor. Biochem Biophys Res
Commun 1995;207:883–90.

55. Chow BKC. Molecular cloning and functional characterization of
a human secretin receptor. Biochem Biophys Res Commun 1995;
211:204–11.

56. Patel W, Kong Y, Sreedharan SP. Molecular cloning and expres-
sion of a human secretin receptor. Mol Pharmacol 1995;47:467–
73.

57. Svoboda M, Tastenoy M, De Neef P, Delporte C, Waelbroeck M,
Robberecht P. Molecular cloning and in vitro properties of the
recombinant rabbit secretin receptor. Peptides 1998;19:1055–62.

58. Pang RTK, Ng SSM, Cheng CHC, Holtmann MH, Miller LJ,
Chow BKC. Role of N-linked glycosylation on the function and
expression of the human secretin receptor. Endocrinology 1999;
140:5102–11.

59. Holtmann MH, Roettger BF, Pinon DL, Miller LJ. Role of recep-
tor phosphorylation in desensitization and internalization of the
secretin receptor. J Biol Chem 1996;271:23566–71.

60. Ulrich CD II, Wood P, Hadac EM, Kopras E, Whitcomb D,
Miller LJ. Cellular distribution of secretin receptor expression in
rat pancreas. Am J Physiol 1998;275:G1437–44.

61. Nozaki S, Nakata R, Mizuma H, Nishimura N, Watanabe Y,
Kohashi R, et al. In vitro autoradiographic localization of 125I-
secretin receptor binding sites in rat brain. Biochem Biophys Res
Commun 2002;292:133–7.

62. Karelson E, Laasik J, Sillard R. Regulation of adenylate cyclase
by galanin, neuropeptide Y, secretin and vasoactive intestinal
polypeptide in rat frontal cortex, hippocampus and hypothala-
mus. Neuropeptides 1995;28:21–8.

63. Yung WH, Leung PS, Ng SSM, Zhang J, Chan SCY, Chow BCK.
Secretin facilitates GABA transmission in the cerebellum. J
Neurosci 2001;21:7063–8.

64. Banks WA, Goulet M, Rusche JR, Niehoff ML, Boismenu R.
Differential transport of a secretin analog across the blood-brain
and blood cerebrospinal fluid barriers of the mouse. J Pharmacol
Exp Ther 2002;302:1062–9.

65. Goulet M, Shromani PJ, Ware CM, Strong RA, Boismenu R,
Rusche JR. A secretin IV infusion activated gene expression in
the central amygdala of rats. Neuroscience 2003;118:881–8.

66. Ip NY, Zimond RE. Synergistic effects of muscarinic agonists
and secretin or vasoactive intestinal peptide on the regulation of
tyrosine hydroxylase activity in sympathetic neurons. J Neurobiol
2000;42:14–21.

67. Nussdorfer GG, Bahcelioglu M, Neri G, Malendowica LK.
Secretin, glucagons, gastric inhibitory polypeptide, parathyroid
hormone, and related peptides in the regulation of the
hypothalamus-pituitary-adrenal axis. Peptides 2000;21:309–24.

68. Kurjak M, Schusdziarra V, Allescher HD. Presynaptic modula-
tion by VIP, secretin and isoproterenol of somatostatin release
from enriched enteric synaptosomes: role of cAMP. Eur J
Pharmacol 1996;314:165–73.

69. Conter RL, Hughes MT, Kauffman GL Jr. Intracerebroven-
tricular secretin enhances pancreatic volume and bicarbonate
response in rats. Surgery (St. Louis) 1996;119:208–13.

70. Koves K, Kausz M, Reser D, Horvath K. What may be the ana-
tomical basis that secretin can improve the mental functions in
autism? Regul Pept 2002;109:167–72.

71. Isenberg JI, Walsh JH, Passaro E Jr, Moore EW, Grossman MI.
Unusual effect of secretin on serum gastrin, serum calcium, and
gastric acid secretion in a patient with suspected Zollinger-Ellison
syndrome. Gastroenterology 1972;62:626–31.

72. Takasu A, Shimosegawa T, Fukudo S, Asakura T, Uchi M,
Kimura K, et al. Duodenal gastrinoma—clinical features and use-
fulness of selective arterial secretin injection test. J Gastroenterol
1998;33:728–33.



W.Y. Chey and T.-M. Chang: Secretin 100 years later 1035

73. Nyhlin N, Anan I, el-Salhy M, Ando Y, Suhr OB. Endocrine cells
in the upper gastrointestinal tract in relation to gastrointestinal
dysfunction in patients with familial amyloidotic polyneuropathy.
Amyloid 1999;6:192–8.

74. Schmitt MG Jr, Soergel KH, Hensley GT, Chey WY. Watery
diarrhea associated with pancreatic islet cell carcinoma. Gastro-
enterology 1975;69:206–16.

75. Nagashima R, Mabe K, Takahashi T. Esophageal small cell carci-
noma with ectopic production of parathyroid hormone-related
protein (PTHrp), secretin, and granulocyte colony-stimulating
factor (G-CSF). Dig Dis Sci 1999;44:1312–6.

76. Horvath K, Stefanatos G, Sokolski KN, Wachtel R, Nabors L,
Tildon JT. Improved social and language skills after secretin ad-

ministration in patients with autistic spectrum disorders. J Assoc
Acad Minor Physicians 1998;9:9–15.

77. Molloy CA, Manning-Courtney P, Swayne S, Ben J, Brown JM, et
al. Lack of benefit of intravenous synthetic human secretin in the
treatment of autism. J Autism Dev Disord 2002;32:545–51.

78. Ayylward EH, Minshew NJ, Goldstein G, Honeycutt NA, Augus-
tine AM, Yates KO, et al. MRI volumes of amygdala and hippoc-
ampus in non-mentally retarded autistic adolescents and adults.
Neurology 1999;53:2145–50.

79. Howard MA, Cowell PE, Boucher J, Broks P, Mayes A, Farrant
A, et al. Convergent neuroanatomical and behavioral evidence
of an amygdala hypothesis of autism. Neuroreport 2000;11:2931–
5.


