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Abstract
The slowing of gastric emptying is an important mechanism for the satiating effect of gut peptide signaling. After food intake,
cholecystokinin (CCK), as well as glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2), are released from the
gastrointestinal tract to mediate satiety. In humans, CCK and the GLP-1 have been found to cause satiety in both normal and obese subjects.
This satiating effect may be caused by the peptides circulating as hormones with direct effects in the central nervous system, or indirect
effects through signals mediated either via the vagus nerve or by activation of vagal afferent fibers due to slow gastric emptying. These
peptides also cause gastric relaxation, considered an additional component in the satiating effect of the peptides. To conclude, after food
intake, gut peptides may act in concert as neurohormonal satiety signals acting directly in the brain or indirectly via the vagus nerve, as well
as through gastric sensory mechanisms to limit food intake. D 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction
Food intake is a vital nutritional function and an essential
component of normal life in any individual. For most
people, weight is relatively constant throughout life. However, for an increasing number of people, weight gain is
becoming an increasing problem. Diseases, such as noninsulin-dependent diabetes mellitus and cardiovascular diseases with myocardial infarction and hypertension, follow in
the footsteps of obesity, but other disorders including osteoarthritis and infertility are also common in the population.
Our understanding of factors that regulate food intake is
rapidly growing with the discovery of novel peptides that
may influence ingestive behavior (Table 1). These peptides
may be considered to act as neurohormonal agents because
of their dual capability to act as hormones and transmitters
in the periphery, as well as in the brain. These peptides have
traditionally been described as having organ-specific effects
in the brain, gastrointestinal tract, on the vascular bed and
more recently, also adipose tissue. However, most peptides
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are multifunctional with considerable redundancy and overlap, which seems to be of vital significance for the nutritional balance of the living organism. Sophisticated
surveillance systems of neuropeptide circuitries serve to
monitor signals of adequate substrate levels in the brain,
liver, adipose tissue and blood. At the cognitive level, these
signals are experienced as ‘‘hunger’’ or ‘‘satiety,’’ which
form the basis for our ingestive behavior.
There is a close relationship between the gut and the
brain. Peptides originally believed to exist only in hypothalamic feeding control centers have also recently been
found in the gut [1], and gut peptides have been found to
exert important functions in the brain and nervous tissue
[2 – 4]. Hence, these findings, along with the complex
interaction pattern between different nervous functions in
the gut and in the brain, have led to the evolution of the
concept of the gut as a minibrain.
The alimentary tract is the portal of entry of all nutrients
and has a fundamental role in the regulation of food intake.
The aim of this review is to describe the current status of
knowledge about the relationship between the function of
the gut and regulation of food intake, with focus on signals
from the upper gastrointestinal tract. These signals are
mostly mediated via the vagus nerve and interact with the
recognized satiating peptides cholecystokinin (CCK) from
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Table 1
Peptide implicated in the control of food intake
Stimulated food intake

Inhibited food intake

AGRP
Dynorphin
b-endorphin
b-casomorphine

Amylin
Bombesin
Calcitonin
Calcitonin gene-related
peptide (GGRP)
CART
CCK

Galanin
Growth hormone-releasing
hormone (GHRH)
Orexin A; orexin B
NPY
Peptide YY (PYY)

Enterostatin
GRP
Glucagon
GLP-1
GLP-2
Insulin
Leptin (ob protein)
a-MSH
Neurotensin (NT)
Oxytocin
Somatostatin
Thyrotropin-releasing
hormone (TRH)
Urocortin
Vasopressin

the upper gut, and glucagon-like peptide-1 (GLP-1) and
glucagon-like peptide-2 (GLP-2) from the lower gut.

2. Gastric signaling
The stomach has an obvious role in the regulation of food
intake, yet the mechanisms involved are only partly understood. The mechanisms related to stimulation of gastric
mechanoreceptors involved in the capacity and propulsive
functions of the stomach are best recognized where the
gastric distension in association with a meal is an adequate
stimulus that affects all types of gastrointestinal motor
activity. In addition, gastric chemoreceptors have a major
role in regulation of motility. The pyloric area senses the
energy content of the food and thereby permits a fixed
energy load to be emptied into the duodenum at a constant
rate, regardless of the composition of the food [5]. In
addition, multiple other endogenous or exogenous factors
can influence the emptying rate, of which peptides with
satiating effect are of primary importance.
Gastric distension causes a feeling of satiety in humans
[6– 8]. With balloon distension, an unpleasant feeling of
fullness occurs. Intragastric balloons may reduce food
intake in obese subjects, but only with a short-lasting effect
[9]. Viscous distending substances may also delay gastric
emptying and hence food intake. Again, the effect on food
intake is short-lived [10,11].
Hunger and fullness are often interpreted as opposites
although they are mediated through different pathways.
After a fat-containing meal, postprandial fullness, but not

hunger ratings, was related to intragastric volume [12]. After
ingestion of a meal with high-calorie olive oil and lowcalorie beef soup, postprandial fullness was related to
gastric volume achieved, whereas hunger feelings were
related to gastric fatty content [7,8]. Furthermore, postprandial fullness, but not hunger, was found to be related to
antral distension after a glucose load [13]. Thus, these
findings suggest that gastric distension by food may play
a major role in eliciting satiety, whereas reduction of hunger
feelings after a meal more likely results from an interaction
between nutrients and receptors in the upper gut and
postabsorptive signals from the liver or brain. In extension
to this, infusion of food into the denervated rat stomach
decreased food intake, implying a hormonal effect to be in
operation independent of a neural network [14]. Gastrinreleasing peptide (GRP) and somatostatin are released from
the antrum after food intake. Both peptides have been
shown to have a satiating effect in animals and humans
[15,16]. Recently, leptin has been demonstrated in gastric
mucosa from where it may be released after a meal [17] and
exert a paracrine effect, perhaps activating vagal afferents. It
is not yet known if this leptin source may be of importance
in food-taking.

3. Vagal signaling
With its extensive projections, both afferent and efferent,
throughout the gastrointestinal tract, the vagus nerve has an
important impact on functions of gastrointestinal organs.
Information from the gut to the brain is relayed through
vagal afferents projecting to the nucleus tractus solitarius
(NTS). Nerve fibers from the NTS project further to the
appetite-regulating nuclei of the hypothalamus. Gut peptides
circulating in the bloodstream, and insulin and leptin signaling information about the size of the adipose tissue, are
believed to enter the brain substance at the arcuate nucleus,
which projects fibers to the paraventricular nucleus (PVN)
of the hypothalamus and the lateral hypothalamus (LH). The
neurons of the arcuate nucleus, the PVN and LH contain a
multitude of neuropeptides known to effect food intake.
These include neuropeptide Y (NPY), orexins, cocaine–
amphetamine regulated transcript (CART), a-melanocytestimulating hormone (a-MSH), GLP-1, CCK and agoutirelated peptide (AGRP) [2,18 –21].
Gastric distension causes increased firing rate in vagal
afferents [22]. The reception areas of these fibers are
localized to small regions of less than 3 mm in the stomach.
These fibers show a short response latency, suggesting
involvement in the feedback control of propulsive and
retropulsive grinding contractions needed to achieve the
small particle size required for passage of macronutrients
through the pylorus [22]. After gastric distension in rats,
expression of c-fos is increased in the NTS and dorsal motor
nucleus [23]. After feeding, c-fos-like immunoreactivity is
increased in the dorsal motor ganglion and hypoglossal
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nucleus in the rat [24]. These data indicate vagal afferent
signaling from the stomach to the brain during and after
food intake. One possible mediator is CCK since local
administration of the peptide stimulates firing in vagal
afferent mechanosensitive fibers [22]. Furthermore, the
newly discovered peptide, urocortin, of the corticotropinreleasing factor (CRF) family has recently been shown to
inhibit food intake and gastric emptying in lean and ob/ob
mice when given peripherally [25]. Taken together, data
indicate the stomach as having a key role in our control of
food intake.

4. Gut peptide signaling
4.1. CCK
After food intake, CCK is released into the bloodstream
from endocrine I-cells of the duodenum and the jejunum
[26,27]. CCK exists in several bioactive molecular forms
ranging from 4 to 58 amino acid residues. All forms of CCK
have retained the bioactive C-terminal portion, and the
molecular forms CCK-8, -33 and -58 have all been shown
to have biological effects in association with food intake
[28 – 30]. The receptors for CCK have been subdivided into
CCK-A and CCK-B on the basis of structurally and functionally related peptide sequences [31,32].
Studies in humans have repeatedly shown that CCK
inhibits food intake [33 – 36]. However, a gastric preload
is generally necessary to achieve a satiating effect with
CCK. Thus, CCK-33 given at physiologically relevant
concentrations to fasting humans had no effect on satiety
or food intake [37], while the same infusion rate after a
banana preload decreased food intake in both obese and
normal subjects [38]. A common problem in the interpretation of data with CCK is that the peptide, in addition to its
direct satiating effect, also causes gastric relaxation that may
confound the understanding of the mechanism for its
satiating effect. The temporal relationship between the
peptide’s satiating and relaxing effect on the stomach has
not been clarified. The combination of a gastric distending
load and CCK seems, however, to act synergistically to
evoke greater discharge rates than that of either stimulus
alone [39].
Administration of CCK antibodies and receptor antagonists increases food intake, suggesting that CCK may be a
physiological inhibitor of food intake [40 – 42]. Peripherally
administered CCK acts on CCK-A receptors in the gastric
antrum, which are involved in the inhibition of gastric
emptying after administration of CCK [43]. CCK-A receptors have also been demonstrated in the subdiaphragmatic
vagus nerve [44] and vagotomy abolishes the satiating effect
of the peptide [3]. Feeding also results in a local release of
CCK in the brain to act on CCK-B receptors, indicating
additional pathways for the action of CCK in relation to
food intake [3]. A relationship between decreases in plasma
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levels of CCK and hunger as well as decreased fullness has
also been reported in man [45] and strengthens the data
pointing at CCK as a mediator of satiety.
4.2. GLP-1 and GLP-2
GLP-1 and GLP-2 are produced in endocrine L-cells
mainly found in the mucosa of the ileum and colon, and
arise as the result of proteolytic cleavage of proglucagon in
the gut. Both peptides are released in equimolar amounts
after food intake [46,47]. Interestingly, the amino acid
sequence of GLP-1 and GLP-2 is highly conserved through
the evolution, indicating physiologically important functions of the peptides [48,49].
The GLP-1 receptor is known to exist as a single
receptor type in the brain, lung, stomach, skeletal muscle
and adipose tissue [50 –53]. In the brain, GLP-1-immunoreactive cell bodies are found in the caudal portion of
the solitary tract and in the dorsal and ventral parts of the
medullary reticular nucleus, corresponding to regions that
receive vagal afferent fibers from the gut [2]. GLP-1immunoreactive nerve fibers are found in the PVN and
periventricular strata [2,54,55], as well as in thalamic
nuclei and brainstem [54,56]. GLP-1 binding sites are
found in the sensory circumventricular organs including
the subfornical organ and area postrema. Since the different regions of the circumventricular organs lack an
efficient perivascular blood –brain barrier, free exchange
of molecules between the blood and cerebrospinal fluid is
possible [57 – 59].
Physiologically, GLP-1 exerts dual actions in metabolic
control. Through its insulinotropic and glucagonostatic
mechanisms, blood glucose concentrations are regulated
[48]. In addition, GLP-1 slows gastric emptying of liquid
as well as solid meals [60,61] (Fig. 1), thereby reducing the

Fig. 1. Gastric half-emptying time (T50; mean ± S.E.M.) in eight male
subjects during scintigraphic gastric emptying test with saline or GLP-1
(0.75 pmol/kg/min) infusion for 120 min. * P < .05; Wilcoxon rank-signed
test for matched pairs.
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metabolic demand in association with food intake [62] and a
concomitant decrease in food intake (Fig. 2). There is
evidence that the effects of GLP-1 on gastric functions are
mediated via the vagus nerve both in animals and humans
[63 – 65], and data defy any direct action of the peptide on
denervated gastrointestinal musculature [66].
GLP-1 also exerts dual actions as regards feeding behavior and satiety. Several reports have demonstrated that
intracerebroventricular injection of GLP-1 in rats inhibits
food and water intake [67 –69] and induces c-fos expression
in the PVN [69]. Administration of the GLP-1 receptor
antagonist exendin (9 –39) amide intracerebroventricularly
to satiated, but not fasted, rats resulted in increased food
intake [69]. Furthermore, exendin (9– 39) amide given twice
daily during 10 days not only increased food intake, but also
resulted in significant weight gain [70]. No effect was seen
after intraperitoneal injections of GLP-1 [69], suggesting a
central mode of action for GLP-1 as regards food intake in
the rat.
In humans, so far, seven studies have shown GLP-1 to
increase satiety and decrease food intake in normal weight
[71 – 73], diabetic [74,75] and obese subjects [76,77].
However, one study failed to demonstrate any effect of
GLP-1 on food intake or appetite [78]. The studies range
from 2 to 48 h in duration with either intravenous or
subcutaneous infusions of GLP-1. In all studies, slightly
supraphysiological concentrations of GLP-1 were achieved.
No nausea or other side effects were noted. The physiological importance of GLP-1 as a satiating peptide may be
revealed as GLP-1 receptor antagonists such as exendin (9 –
39) amide or des-His –Glu – exendin-4 become generally
available for use in humans.
Commensurate with the findings above, indirect data
indicate GLP-1 as a physiological regulator of food intake.
It has been shown that the plasma increase of GLP-1 after a
meal is attenuated in obese subjects [79 –81]. As GLP-1

strongly inhibits gastric emptying by about 50% at 3 h after
a meal [76,77], data imply that low postprandial GLP-1
concentrations in the obese may promote an earlier onset of
the next anticipated meal. When obese individuals are
subjected to jejuno-ileal bypass, the gastric emptying is
slowed along with a restituted GLP-1 response to the
ingested meal [80]. In this context, genetic studies of
families with morbid obesity show a linkage with islet 1
locus (Isl-1) on chromosome 5q. As Isl-1 is a positive
regulator of proglucagon gene transcription, it may influence GLP-1 elaboration and release [82]. Thus, a defect in
this system may result in decreased plasma levels of GLP-1,
rapid gastric emptying and short intermeal periods due to
short postprandial satiety periods with increased food intake
as a consequence.
The importance of GLP-2 in regulation of food intake
is not as clearly characterized as for GLP-1. GLP-2 is
known to exert trophic effects on the intestinal mucosa
[83] and is investigated in the treatment of short bowel
syndrome [84]. GLP-2 also affects gastric motor activity.
In pigs, GLP-2 has been shown to inhibit antral motility
[85]. Recently, a GLP-2-containing neuronal pathway
connecting the NTS with the dorsomedial hypothalamic
nucleus has been found in rats together with mRNA for
the GLP-2 receptor in this hypothalamic nucleus. A
functional aspect of this finding is that central administration of GLP-2 to rodents resulted in a 35% decrease of
food intake compared to placebo [4].
Thus, in terms of gastric motor function, it would seem
as if the concept of an ‘‘ileal brake’’ mechanism would be
applicable to both GLP-1 and GLP-2 as these two distal
gut peptides exert similar effects on food intake and
gastric emptying.

5. Conclusion
Signals arising from the upper gastrointestinal tract
seem to influence the intermeal appetite and primarily
the food intake interval. These signals are initiated by
mechanoreceptors and chemoreceptors in the stomach, and
are relayed through the vagus nerve to the brain and its
cognitive centers for food-taking. The gut peptides CCK,
GLP-1 and GLP-2 are released in response to food intake
and may act as direct satiating mediators, but also form the
basis for gastric relaxation in response to a meal, which
may act in concert with direct peptidergic signaling in
order to achieve satiety.
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[58] Göke R, Larsen PH, Mikkelsen JD, Sheikh SP. Identification of specific binding sites for glucagon-like peptide-1 on the posterior lobe of
the rat pituitary. Neuroendocrinology 1995;62:130 – 4.
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