Physiology & Behavior 105 (2011) 77-81

Contents lists available at ScienceDirect

Physiology & Behavior

journal homepage: www.elsevier.com/locate/phb

Intestinal feedback signaling and satiety

Timothy H. Moran *, Megan J. Dailey

Department of Psychiatry and Behavioral Sciences, Johns Hopkins University School of Medicine, Ross 618, 720 Rutland Ave., Baltimore, MD 21205, United States

ARTICLE INFO ABSTRACT

Article history:

Received 27 December 2010

Received in revised form 28 January 2011
Accepted 1 February 2011

Peptidergic and neural signals arising from the presence of food in the gastrointestinal track provide feedback
signals to the brain about the nature and quantity of consumed nutrients. Peptide secreting cells are
differentially distributed along the gastrointestinal tract. How ingested nutrients activate or inhibit peptide
secretion is complex and depends upon local, hormonal and neural mechanisms. The mode of action of the
various peptides is equally complex involving endocrine, paracrine and neurocrine signaling. The success of
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cCK bariatric surgical approaches to obesity treatment is secondary to alterations in gastrointestinal feedback
GLP-1 signaling and roles of increased secretion of lower gut peptides such as peptide YY (PYY) and glucagon like
PYY peptide 1 (GLP-1) in mediating the superior effects of Roux-en-Y gastric bypass (RYGB) surgery are becoming
Ghrelin evident. Direct nutrient delivery to jejunal sites that models the site of gastric-jejunal anastamosis in RYGB is
Amylin especially effective at inhibiting food intake. Such infusions also stimulate the release of lower gut peptides
Glucagon suggesting a role for increased gut peptide signaling in sustaining such feeding inhibitions. Thus, gut peptides
Vagus are clear targets for future obesity therapeutic developments.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nutrients in the gastrointestinal tract stimulate a variety of signals
that provide feedback to the brain about both their quality and quantity.
Such signals are critically important to the controls of food intake,
especially the controls of meal size. This is most dramatically
demonstrated in what is referred to as sham feeding. Sham feeding
paradigms take a number of forms but what they share in common is
that ingested food drains out preventing its accumulation in the stomach
or its entry into the intestine. In the sham feeding situation, significantly
more is consumed than in the normal feeding situation — normal meal
termination does not occur [1]. The absence of signals arising from both
the stomach and the intestine can be demonstrated to play a role in this
over-ingestion but the major source of such inhibitory feedback appears
to arise from the intestine. For example, infusion of a liquid food into the
proximal intestine significantly inhibits sham feeding and can be shown
to elicit a normal sequence of satiety [2,3]. Thus, signals arising from the
presence of food in the intestine appear to be sufficient for terminating a
meal.

Nutrients in the stomach provide feedback in relation to their
volume. Nutrient loads isolated to the stomach with the use of a
pyloric noose inhibit food intake. With a closed pyloric noose different
gastric volumes reduced food intake in a dose dependent manner
according to their volume [4]. Altering the concentration or nutrient
character of the gastric loads did not differentially affect food intake
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[4]. Gastric nutrients also activate vagal afferent fibers innervating the
stomach in relation to their total volume — altering their concentra-
tion does not affect vagal afferent activity [5].

The nature of the inhibitory signals arising from the intestine is
more complex. Vagal afferents innervating intestinal sites do respond
to the local volume or stretch of the intestinal wall, but the activity is
also responsive to the nutrient character or concentration [6,7].
Furthermore, the intestine is not homogenous. Differential nutrient
absorption occurs in various segments and enteroendocrine cells are
differentially distributed along its length. In this review, we will
provide a characterization of the peptide feedback that plays various
roles in feeding control and discuss data that supports the idea that
nutrients delivered to various intestinal sites may differentially affect
food intake and this may be the result of differential peptide secretion.

The gastrointestinal tract secretes a variety of peptides that play
roles in stimulating and inhibiting food intake. Three different, but in
some cases overlapping, actions can be identified: feeding stimula-
tion, feeding inhibition specific to the meal that stimulated the release
and feeding inhibition that can go across multiple meals by altering
inter-meal intervals and/or by suppressing the size of subsequent
meals. The site of release and patterns of secretion are consistent with
the actions of these peptides.

2. Meal initiation

Ghrelin is a gastric peptide released from oxyntic cells in the
stomach [8]. Plasma levels of ghrelin rise prior to meals and rapidly
decline when food is consumed [9]. Exogenous ghrelin administration
increases food intake [10] and ghrelin is thought to play a role in meal
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initiation. Examinations of meal patterns in response to ghrelin
administration have demonstrated major effects on meal number
with smaller effects on the size of spontaneous meals [11]. Central and
peripheral ghrelin administration results in increased expression of
the orexigenic peptides NPY and AgRP within the hypothalamic
arcuate nucleus suggesting a common final pathway for the feeding
stimulatory effects [12,13]. Ghrelin transport across the blood brain
barrier has been demonstrated suggesting that such hypothalamic
sites may be directly sensing alterations in plasma ghrelin levels [14].
These sites do contain ghrelin receptors [15].

In addition to a hypothalamic mode of action for ghrelin, the
brainstem also has been suggested to play a role. Ghrelin receptors are
also expressed by extra-hypothalamic cells including those of the
dorsal vagal complex [16]. Central and peripheral administration of
ghrelin activates cells in the nucleus of the solitary tract and area
postrema as indicated by an increase in the number of c-fos positive
cells [17] (Hirofumi, Hiroaki et al.). Administration of ghrelin in the
fourth ventricle or directly in the dorsal vagal complex results in a
hyperphagic response with a magnitude similar to the one obtained
after injection into the third ventricle [11]. The ability of peripheral
and central injections of ghrelin into the forebrain or brainstem to
stimulate food intake and increase arcuate NPY mRNA expression
suggests a distributed ghrelin system that mediates changes in food
intake through a final common output involving the arcuate nucleus
[13].

The controls of ghrelin secretion are not completely understood.
Although ghrelin is primarily a gastric peptide, the drop in ghrelin
secretion in response to food intake depends upon ingested food
gaining access to intestinal sites. Food localized to the stomach is not a
sufficient stimulus for decreasing ghrelin secretion [18]. Furthermore,
jejunal and duodenal nutrient infusions are equally effective at
reducing ghrelin secretion suggesting an indirect control that may be
neurally or hormonally mediated [19]. Vagotomy experiments have
demonstrated that intact vagal signaling is not necessary for the meal-
induced decline in ghrelin secretion but that the rise with food
deprivation does depend on the vagus [20]. Glucose and amino acids
have been shown to be equally effective in inhibiting ghrelin release
while lipids are less effective [19]. The role of other gut peptides in the
meal-induced decrease in circulating ghrelin has not been thoroughly
investigated. However, a postprandial rise in insulin does not appear
to be a necessary signal since plasma ghrelin levels also fall in
response to nutrients that do not elevate insulin and in response to a
meal in type 1 diabetics lacking insulin [21]. A role for cholecystokinin
(CCK) in the ability of lipids to inhibit plasma ghrelin levels has been
demonstrated. Thus, administration of the CCK1 antagonist dexlox-
iglumide blocks the ability of intraduodenal long chain fatty acids to
inhibit ghrelin levels [22]. Consistent with these data, administration
of amounts of CCK that raise plasma levels equivalent to those found
post-prandially also result in a decline in plasma ghrelin levels [23].
Whether the release of other intestinal peptides contributes to the
meal-induced decrease in plasma ghrelin levels has not been
adequately investigated. As well as responding to current nutritional
status, ghrelin levels are also affected by body weight. Ghrelin levels
rise with weight loss and levels tend to be lower in obese than in lean
individuals [9]. How levels of body fat affect ghrelin secretion is not
well understood.

3. Within meal satiety signaling

Plasma levels of some peptides increase rapidly in response to food
intake. Examples are cholecystokinin (CCK), amylin and glucagon.
CCK is released from I cells mainly located in the proximal duodenum.
Both amylin and glucagon are pancreatic peptides. Long chain fatty
acids and proteins are particularly effective CCK secretagogues [24]
although plasma CCK levels also rise in response to carbohydrate rich
meals [25]. Amylin is co-secreted with insulin and levels rise rapidly

in response to carbohydrate ingestion [26]. The ability of other
macronutrients to stimulate amylin release is not well studied
although given the relationship with insulin, it is likely that amylin
secretion would also be stimulated by proteins and lipids although to
a lesser extent than in response to carbohydrate ingestion. Although
glucagon's main physiological role is to stimulate glucose production,
plasma levels of pancreatic glucagon do rise in response to ingestion
of mixed nutrient meals [27].

Meal contingent administration of each of these peptides has been
demonstrated to reduce meal size and produce satiety [28-30].
Importantly, the actions are limited to that meal and do not affect
subsequent food intake. Furthermore, the actions of the exogenously
administered peptides mimic the actions of the endogenous peptides.
For example, administration of CCK1 receptor antagonists increases
food intake and do so by increasing the size of the meal [31,32].
Similarly, CCK1 receptor knockout mice or OLETF rats lacking CCK
receptors have significantly increased meal sizes [33,34]. Similar
actions have been demonstrated for an amylin antagonists and a
glucagon antibody [35,36]. Administration of these compounds result
in increased food intake expressed as increases in the size of meals.

The mode of signal transmission differs across peptides. In some
cases the actions appear to be through local paracrine effects. For
example, plasma levels may simply be a marker of peptide release
having occurred. For CCK, plasma levels are unlikely to be the relevant
signal [37]. CCK's satiety actions depend upon the interaction of the
peptide with receptors on vagal afferent fibers [38]. Given the close
proximity of intestinal I cells and vagal terminals in the intestinal villi,
it is likely that such interaction is paracrine in nature and that plasma
levels may not reflect levels at the critical site of interaction. Amylin's
mode of action is endocrine. Amylin's feeding inhibitory effects
depend upon interaction with amylin receptors within the area
postrema, a dorsal hindbrain circumventricular organ with a porous
blood brain barrier [39]. The satiety actions of pancreatic glucagon
appear to depend upon its actions at the site innervated by the hepatic
vagus [40]. As the hepatic branch innervates both the liver and
proximal intestine either site remains a possibility.

4. Across meal satiety signaling

Peptide YY (PYY) and glucagon like peptide-1 (GLP-1) have
demonstrated feedback roles in food intake and both are secreted
from L cells in the distal intestine. Their pattern of secretion is
different from that of CCK or amylin in that plasma levels can remain
elevated for up to 6 h following meal termination. This pattern of
release suggests roles for these peptides that extend beyond the meal
that stimulated their release.

The controls of PYY and GLP-1 release differ even though they are
secreted from the same enteroendocrine cells. Plasma PYY levels are
significantly increased within 15 min of meal ingestion and remain
elevated for a number of hours [41]. PYY release is stimulated both by
nutrients directly contacting lower intestinal L cells and in response to
duodenal lipids [42]. Duodenal nutrients most likely contribute to the
early release and this is both hormonally and neurally mediated [43].
CCK has been demonstrated to play a role in the release of PYY as
exogenous CCK increases plasma PYY levels [23] and administration of
a CCK antagonist blocks the ability of duodenal lipid to stimulate a PYY
release [22]. Distal intestinal administration of a range of nutrients has
been demonstrated to stimulate PYY release and it is this direct
nutrient stimulated release that contributes to the duration of PYY
elevation following a meal [44].

Within the intestinal L cells, proPYY is processed to PYY(1-36)
with very little conversion to PYY (3-36) [45]. Once released into the
circulation, PYY(1-36) is rapidly converted to PYY(3-36) through the
enzymatic action of dipeptidyl peptidase-4 (DPP-1 V) [46]. PYY(1-36)
and PYY(3-36) have different affinities for the various Y receptors
[47]. PYY(1-36) has broad activity across multiple of the receptor
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subtypes, including the Y1, Y2, Y4 and Y5. PYY(3-36) has relative
specificity for the inhibitory Y2 receptor and its food inhibitory actions
are thought to be mediated by interactions with this receptor subtype
[48].

Exogenous administration of PYY(3-36) inhibits food intake [48-50].
The mode of action is thought to be primarily hormonal with the likely
site of action within the hypothalamic arcuate nucleus [48]. Y2 receptors
are expressed on AgRP/NPY containing arcuate neurons and activation
of the Y2 receptors inhibits activity in these cells [48]. However, total
subdiaphragmaitic vagotomy has been demonstrated to block the
feeding inhibitory effect of a low dose of PYY(3-36) suggesting
peripheral vagal mediation as well [51]. PYY(3-36) inhibits food intake
through a reduction in meal size without significant changes in meal
frequency [50,52]. Arole for endogenous PYY(3-36) in meal termination
has yet to be demonstrated.

GLP-1 plasma concentrations rise rapidly in response to the
ingestion of a carbohydrate rich meal suggesting the involvement of
an indirect neural mechanism in addition to a direct action of
nutrients on the enteroendocrine L cells in the distal small intestine
and colon [53]. Fats are potent secretagogues and the secretion in
response to fat ingestion is delayed relative to that in response to
carbohydrate. However, the elevated levels are sustained [53]. Results
from studies examining the ability of proteins to induce GLP-1
secretion have been inconsistent [54,55]. There appear to be species
differences in the degree to which duodenal nutrients can stimulate
GLP-1 release. In the rat, there is evidence for an enteroendocrine loop
involving GIP in stimulating the release of GLP-1 from distal sites [56].
In humans, direct nutrient contact with enteroendocrine L cells
appears to be necessary [57].

Exogenously administered GLP-1 or long acting GLP-1 analogs
inhibit food intake. Meal contingent GLP-1 administration leads to
earlier meal termination [58]. Prolonged GLP-1 infusions or adminis-
tration of long acting GLP-1 analog reduce overall food intake through
reductions in meal size [59,60]. Examinations of a role for endogenous
GLP-1 in the controls of meal size have produced mixed results and this
may have to do with the timing of antagonist administration relative to
the initiation of feeding [61,62].

In the plasma, GLP-1 is rapidly degraded within minutes by DDP-IV
making it unlikely that feeding actions of the peptide are mediated
through endocrine mechanisms [63]. GLP-1 receptors are expressed in
vagal afferent neurons and total subdiaphragmatic or specific afferent
vagotomy has been demonstrated to significantly attenuate the
satiety effects of intraperitoneally administered GLP-1 [58]. Thus, it
is likely that GLP-1 acts on vagal afferent terminals in close
approximation to the enteroendocrine L cells.

As well as being expressed in the gut, GLP-1 is also expressed in
neurons within the dorsal hindbrain [64]. These neurons project
extensively including to a variety of hypothalamic sites [65]. Centrally
administered GLP-1 also inhibits food intake although the behavioral
effects are site specific [66]. GLP-1 in the amygdala induces
conditioned taste aversion while GLP-1 administration to hypotha-
lamic or hindbrain sites appears to have specific feeding inhibitory
actions [67]. Whether gut released GLP-1 affects feeding through
activation of specific brain targets has not been adequately investi-
gated. However, given its rapid degradation in plasma, this seems
unlikely.

5. Nutrient infusions and satiety

Nutrients can have differing effects on overall food intake
depending on whether they are naturally consumed or administered
to specific gastrointestinal sites. Gastric preloads generally affect food
intake in relation to their caloric load. Preloads of mixed nutrients,
carbohydrates, proteins or lipids all have been noted to reduce food
intake such that overall caloric intake is maintained. Such results have
been noted in rodents, nonhuman primates and man [68-71]. Roles

for both gastric distention and intestinal nutrient contact in these
inhibitions have been demonstrated.

The effects of intraduodenal nutrient on food intake in part depend
upon the state of the stomach. Small volume infusions that, by
themselves are ineffective in reducing food intake, do have an effect
when combined with nonnutrient gastric loads. Similar results are
found when the nutrient is allowed to empty naturally from the
stomach — feeding is only inhibited if the gastric volume is
maintained. If it is emptied by aspiration there is little inhibition on
food intake [72,73]. The gastric emptying of such loads is inhibited by
the duodenal nutrients demonstrating a role for gastric distention in
satiety [74].

Glucose infusions into the duodenum at a rate that mimics the rate
of caloric delivery through gastric emptying and represent a more
significant portion of overall intake, inhibit food intake in a dose
response manner in rats [75]. Higher caloric loads result in greater
degrees of suppression. Duodenal infusions of the lipid, oleic acid,
have been reported to have a greater inhibitory effect on food intake
than would be predicted by their caloric content and a role for
endogenous CCK release in this suppression has been demonstrated
[76]. Similar infusions into the distal ileum result in equivalent
feeding suppression for glucose and oleic acid that are appropriate to
the caloric load [75]. Peptidergic mediation of the feeding suppression
produced by these loads has not been investigated.

Infusions of lipid into the jejunum or ileum prior to a test meal in
man produced different effects on hunger and satiety [77]. While both
reduced the duration of eating, jejunal infusions also slowed the rate
of ingestion and reduced feeling of hunger prior to the start of the
meal suggesting the engagement of additional feedback mechanisms.
Infusions of lipid into the jejunum have been shown to be especially
potent in inhibiting food intake in the rat. Cox and colleagues have
further demonstrated that jejunal infusions of long chain fatty acids
inhibit food intake well in excess of their caloric content and continue
to do so across multiple days without compensation [78]. Transection
of the subdiaphragmatic vagus resulted in a partial blockade of this
inhibition suggesting the involvement of multiple mechanisms
underlying the feeding inhibition by jejunal nutrients [79].

6. Roux-en-Y gastric bypass

Recent work has identified a potential role for altered gastroin-
testinal peptide secretion in the improved outcomes with Roux-en-Y.
Bariatric surgery has become the treatment of choice for individuals
with severe obesity (BMI>40 or BMI>35 with serious weight related
complications such as type 2 diabetes). The two predominant surgical
approaches used today are the Roux-en-Y gastric bypass (RYGB) and
the adjustable gastric band (AGB). Both procedures involve creating a
small gastric pouch (around 30 cm? in volume). In the former, the
pouch is produced by dividing and stapling the stomach. AGB uses an
inflatable band to create a similar pouch, the outflow from which is
determined by the band fill. In RYGB, the proximal jejunum is divided
about 30 cm below the Ligament of Treitz and the distal end is
stitched or stapled to the gastric pouch. The proximal (orad) end is
stapled to the small bowel about 75 cm down-stream. Thus, in RYGB
the gastric pouch drains directly to the distal jejunum, bypassing the
pylorus, most of the stomach, the duodenum and the proximal
jejunum.

Initial work showed that RYGB produced overall decreases in
ghrelin secretion as well as an absence of plasma elevation in response
to food deprivation. Such alterations were postulated to contribute to
the reported reduced hunger accompanying RYGB surgery [80].
However, this finding has not been consistently replicated [81].
More consistent data have been obtained for the effects of bariatric
surgery on plasma levels of GLP-1 and PYY. Following RYGB but not
gastric banding, plasma levels of both peptides are significantly
increased [82,83]. Meal stimulated PYY and GLP-1 secretion are
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significantly elevated as early as 2 days postoperatively and remain
elevated at a 6 week time point [84]. Cross-sectional data demon-
strate a significant difference between good and poor responders as
evaluated by % weight loss at a 2 year time point. Good responders
(~40% weight loss) had significantly higher PYY and GLP-1 responses
to an early postoperative test meal than did poor responders (<20%
weight loss). These data suggest that the magnitude of the change in
GLP-1 and PYY plasma levels may mediate some of the variability in
response to the RYGB and that short term changes in gut peptide
plasma profiles may predict weight loss outcomes [84]. Glucose
induced amylin secretion has been reported to be decreased following
RYGB in humans [85] but a mixed meal produced a significant
increase in amylin secretion in rats [86].

The protocols developed by Cox and colleagues discussed above
[78] have provided a model for assessing the role of direct jejunal
nutrient delivery as occurs in RYGB in the overall feeding suppression.
Recent work using a rat model [54], has demonstrated that jejunal
infusions of glucose or the linoleic acid during the first 7 h of daily
feeding reduce overall food intake greatly in excess of the calories
infused. Reductions are maintained across days without evidence of
compensation. Infusions of casein hydrolysate reduce intake during
the infusion period but rats compensate for this reduction such that
overall daily intake is not affected. Such data demonstrate not only the
potency of such infusions for reducing food intake but also the
nutrient specificity of the effects. Measurements of plasma hormone
levels suggest a role for increased GLP-1 secretion in the feeding
suppressions. Both linoleic acid and glucose infusions produced
greatly elevated plasma GLP-1 levels. While linoleic acid infusions
also elevated plasma levels of PYY(3-36), the elevations in response
to casein hydrolysate infusions were comparable. Such data suggest
that these elevations are not sufficient to account for the feeding
suppression.

7. Summary

Nutrients in the gastrointestinal tract modulate the release of
multiple gastrointestinal peptides that play feedback roles for
modulating food intake. Peptide feedback signaling demonstrates
both GI site and nutrient specificity. Modeling aspects of bariatric
surgical approaches that are successful for the long term treatment of
obesity may result in the development of less invasive peptide based
obesity treatments.
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