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Abstract
Ghrelin is a powerful orexigenic peptide predominantly secreted by the stomach. Blood concentration
of ghrelin increases before meals and fall postprandial. Its regulation appears to be influenced by the
type of macronutrient ingested, the vagus nerve stimulation and by other post-meal stimulated
hormonal factors. However, the direct role of nutrients (amino acids or lipids), neuronal (vagal
neurotransmitter acetylcholine) and satiety-inducing factor such as CCK are not known. To study
this we applied amino acids, lipids, acetylcholine and CCK via vascular perfusion to the isolated
stomachs and found that amino acids significantly reduced ghrelin release from the isolated stomach
by approximately ~30% vs the control while lipids (10% Intralipid) had no affect. Acetylcholine
(1μM) increased ghrelin release from the stomach by ~37% whereas insulin (10nM) decreased it by
~30% vs the control. Interestingly, CCK (100nM) potently increased ghrelin release by ~200% vs
the control. Therefore it appears that ghrelin secretion from the stomach is under direct influence of
amino acids, neurotransmitter acetylcholine and hormones such as insulin and CCK.
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Introduction
The stomach is the major source of circulating ghrelin in rodents and humans [2,18].
Circulating ghrelin concentrations rise before meals [7] and fall after meals or gastrointestinal
nutrient infusion [38,40]. Also, during negative energy balance, such as insulin-induced
hypoglycemia, chronic leptin infusion, and low-protein diets increased gastric ghrelin gene
expression, whereas high caloric diets decreased [36]. In rats, carbohydrates more potently
decreased gastric ghrelin gene and peptide levels compared to fats. In humans, although both
carbohydrates and fats decreased ghrelin levels, protein diet increased [11,32]. Macronutrients
can stimulate the release of several gastrointestinal (GI) peptides (e.g. insulin, glucagon, CCK,
peptide YY (PYY), gastric inhibitory peptide (GIP) and glucagon like peptide-1 (GLP-1));
moreover insulin and glucagon can directly reduce or stimulate ghrelin release, respectively,
from isolated perfused stomach [9,19]. However, it is unclear whether a specific nutrient
directly affects ghrelin release from the stomach.
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Recent reports suggest that CCK inhibits peripheral ghrelin’s orexigenic effect by attenuating
the neuronal activity in the arcuate nucleus (ARC) of the hypothalamus [9,20]. Peripheral
ghrelin as well as CCK mediate their orexigenic and anorexigenic effects, respectively, via the
vagus afferent terminals, where GHS-R and CCK-AR (CCK receptor type A) are co-localized,
and also when centrally administrated [3,6,9]. Protein, fats and glucose stimulate plasma CCK
levels in rodents and humans [5,23]. In addition, CCK delays gastric emptying whereas ghrelin
stimulates [10,13]. Functionally, ghrelin and CCK seem to antagonize one another; however
a direct role of CCK on ghrelin in the stomach has not been tested.

Peripheral ghrelin administration stimulates food intake and this effect is abolished by blocking
the vagal afferent nerves by capsaicin treatment [8]. Vagotomy disrupted fasting-induced
elevation of plasma ghrelin but not the post-meal suppression of ghrelin. Also, antagonism of
the muscarinic receptors substantially inhibited ghrelin release in fasted rats suggesting that
ghrelin release is under the influence of the vagus nerve [41]. Cholinergic activation also
stimulates release of other GI peptides such as insulin, somatostatin and glucagon that have
been shown to influence ghrelin release [17,19,28]. Therefore, in order to determine the direct
effect of cholinergic stimulation, nutrients and hormones on ghrelin release from the stomach,
we examined the affect of acetylcholine, amino acids, lipids, and CCK on ghrelin release in
the vascularly perfused isolated rat stomach.

Materials and Methods
Animals

Male Sprague-Dawley (SD) rats (Harlam, N.C.), weighing 400–450 grams, were housed in
conventional hanging cages with a 12 hrs light/12 hrs dark photoperiod (lights on at 07:00) in
a temperature-controlled room (21–22 °C). Rats had ad libitum access to standard chow (Purina
5001, Purina Mills, Richmond, IN, USA) and water. All animal procedures were conducted in
accordance with established guidelines of the University of Georgia Institutional Animal Care
and Use Committee.

Nutrients and drugs
Intralipid emulsion (10%), MEM amino acid solution (50X), Insulin and Acetylcholine were
purchased from Sigma-Aldrich (MO, USA). CCK-octapeptide (26–33) was purchased from
Peptides International (KY, USA).

Preparation of isolated stomach perfusion
After 36 hours of food deprivation rats were anesthetized with an intramuscular (i.m.) injection
of a cocktail of ketamine: xylazine: atropine solution (75:0.04:10 mg/kg of body weight) at a
dose of 0.13 ml/100 g body weight. However, in the experiment where the effect of
acetylcholine on ghrelin release from the stomach was studied, atropine was not included in
the cocktail solution, only ketamine: xylazine with similar ratio and dose was used to
anesthetize the rats. Following anesthetization, a ~2 cm midline laparotomy was made and the
connective tissues surrounding the gastric artery and gastric vein were carefully removed and
the vagus nerve was excised. To the exposed side of the stomach and the gastric vessels, 1 mL
heparin solution (10U heparin in 1mL saline) was dispensed to prevent clotting. Subsequently,
the gastric artery and the gastric vein were cannulated with stretched polyethylene tubes (10
PE). Tubing inserted into the gastric artery was perfused at a rate of 0.58ml/min with basal
media containing 5.5mM glucose in Krebs-Ringer bicarbonate buffer at pH at 7.4 and warmed
at 37°C. Basal media also included heparin at 5U/ml and was continuously gassed with a
mixture of 95% O2 and 5% CO2. The exposed stomach and the peritoneum were at all times
covered with warm saline-drenched gauze to prevent from drying due to the heat lamp that
was placed over the stomach to maintain its temperature at 37°C.
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Experimental design
An optimization period of 30 min was performed with the basal media (containing 5.5mM
glucose in Krebs-Ringer bicarbonate buffer at pH at 7.4); the first 15 min of the optimization
period was done with the basal media that included heparin (5U/mL) but the remaining
incubation did not include heparin. Following optimization, a further 10 min perfusion was
done with the latter media (not including heparin) for measurement of basal level of total ghrelin
release into the effluent. Total ghrelin was measured in this study because it has been shown
to serve as good surrogate for measurement of the biologically active form ser-3 octanylated
ghrelin. Two major forms of ghrelin are released from stomach, octanylated and des-
octanylated and their ratio is generally found to remain constant across a wide range of
physiological conditions that are known to affect ghrelin levels [1,26,27]. After an equilibration
period of 30 min and a basal period of 10 min, the treatments was added to the perfusate for
15 min followed by another 10 min perfusion without the treatments. All treatment drugs and
nutrients were added to the basal media and the glucose concentration was always maintained
at 5.5mM. Treatments included amino acids (Table 1), 10% Intralipid (Table 2), CCK (100nM),
Insulin (10nM), or acetylcholine (1μM). Treatment doses were determined based on previous
studies [15,19,29,34,39]. The viability of isolated stomachs was monitored at the end of each
experiment by infusion of potassium chloride (60mM) and measurement of the increase of
ghrelin [14,24]. In each stomach, only one experimental condition was examined. Following
each treatment, a 10 min wash out period was included. All venous effluent were collected in
eppendorf tubes containing EDTA/2Na (1.5mg/mL), aprotinin (500U/mL), and 1N HCl
(26.5μL/mL) and stored at −80°C until assay.

Radioimmunoassay (RIA)
Total ghrelin levels were determined by a commercially available rat total ghrelin
radioimmunoassay kit (RIA) from Linco Research (Millipore, MA, USA), using rat ghrelin as
standards. All samples were run in triplicates and only samples with the intra assay coefficient
of variation below 10% were considered for statistical analysis.

Statistical analysis
Due to the number of animals (n=4) included in each experimental group, a paired t-test was
used on data that passed the normality test (basal media vs treatment media on each animal)
and those data that did not pass the normality test Wilcoxon Signed Ranks Test was chosen to
statistically analyze the data. Effects due to treatments were considered significant when p
values were less than 0.05. Statistical analysis was performed using the Sigma Plot (ver.11,
Systat Software Inc, CA, USA).

Results
Effect of nutrients on ghrelin release in the isolated stomach perfusion

Amino acids added in the basal media significantly reduced total ghrelin release by
approximately ~30% compared to that during the 10 min of basal media perfusion (Fig 2, Expt
4, p=0.011). However, 10 % Intralipid perfusion did not change the total ghrelin release from
the basal level (Fig 2, Expt 5). KCl (60mM) challenge for 15 min markedly increased the ghrelin
release in the isolated stomach (>200 % of basal level ghrelin release), suggesting that the
tissue was viable during the perfusion experiments (data not shown).

Effect of Acetylcholine, CCK and insulin on ghrelin release in the isolated stomach perfusion
Acetylcholine chloride (1μM) added in the basal media increased total ghrelin release in the
isolated stomach with respect to basal level by ~37% (Fig 1, Expt 3, p=0.017). Insulin (10nM)
on the other hand decreased total ghrelin release by ~30% (Fig 1, Expt 1, p=0.043).

Shrestha et al. Page 3

Peptides. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Interestingly, CCK (100nM) treatment most potently increased total ghrelin release from the
stomach by ~200% (Fig 1, Expt 2, p=0.018). KCl (60mM) challenge for 15 min markedly
increased the ghrelin release in the isolated stomach (>300% of basal level ghrelin release),
suggesting that isolated stomach was viable during the perfusion experiments (data not shown).

Discussion
We found that perfusion of amino acids into the isolated stomach significantly reduced ghrelin
release. This finding correlates with previous reports where amino acids infused into the
duodenum or jejunum potently suppressed ghrelin levels [29]. However, in humans, oral
protein load did not affect ghrelin levels whereas glucose and lipid meals decreased them
[16]. In another report, enriched protein diet increased ghrelin secretion compared to
carbohydrate or fat diets in rats [39]. The reason behind these conflicting reports is unclear.
However, the difference between our isolated stomachs versus whole animal studies could be
due to the direct effect of amino acids on ghrelin cells independent of other factors from the
GI tract that are influenced by protein or amino acid content in circulation in the latter.

Recently, a report demonstrated that ghrelin secretion was reduced in fasted rats by intragastric
infusion of fats, protein and carbohydrates [15]. The report also demonstrated that intravenous
infusion of triglyceride emulsion or dextrose decreased ghrelin secretion. Elsewhere, total
parenteral nutrition (TPN), given intravenously, including lipids, amino acids, glucose and
minerals and vitamins, significantly reduced plasma ghrelin levels compared to fasted as well
as fed rats, suggesting that nutritional status may be more important than actual presence of
food or nutrients in the GI tract [30]. Eight days on TPN induced a hyperlipidemic state in the
experimental animals but no change in insulin or glucose was found, suggesting that
hyperlipidemia may contribute to lower serum ghrelin levels. However, our results show that
fat emulsion (Intralipid 10%) administered directly into the gastric circulation in the isolated
stomach of rats did not affect the ghrelin release. The reason for this lack of effect may be that
lipids may not directly affect ghrelin producing (Gr) cells in the stomach but probably do affect
post-absorption from the intestines, via factors secreted by other entero-endocrine cells
influenced by lipids. This possibility is absent in our study because intestines were surgically
separated during the isolation of the stomach from the GI tract. Dietary fat can activate secretion
of CCK [22,33] and administration of soybean trypsin inhibitor (SBTI), a secretagogue for
intestinal CCK secretion has been shown to significantly reduce ghrelin secretion in fasted rats
[15]. Also a fat diet can activate PYY and GLP-1, and both have been shown to decrease ghrelin
levels in vivo and from isolated stomach [4,24].

Acetylcholine potently and significantly increased ghrelin release from isolated stomachs of
rats. This is in line with other reports that cholinergic blockade by atropine significantly
decreased plasma ghrelin in overnight fasted rats [25] or by sub-diaphragmatic vagotomy
[41]. In contrast, others have reported that ghrelin secretion is regulated by cholinergic neurons
of the vagus and that cholinergic activity suppresses ghrelin secretion in sheep [34].

Interestingly, we found that CCK (100nM) significantly and potently increased ghrelin release
from the isolated stomach. A similar effect was reported where a single bolus injection of CCK
(20μg/kg body weight) in rats significantly increased ghrelin release by approximately 4-fold,
comparable to 12h fasted ghrelin levels [26]. After adjusting for the doses, approximately 1.5
μg of CCK (since ~10 ml of 100nM CCK was actually perfused) was used in our study, which
would be approximately 1/10th the dose used in the study by Murakami and collaborators
[26]. Because of the lower dose used in our study we may have observed a slightly lower
stimulation on ghrelin release, i.e. 2-fold compared to ~ 4–fold increase seen in their report.
However, we agree that it is not possible to accurately determine the actual amount of CCK
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that the stomach may have been exposed to in their report. Nevertheless, the results are
congruent and suggest that CCK may directly stimulate ghrelin secretion from the stomach.

A recent report elegantly demonstrated that ghrelin levels were significantly lower in CCK-
AR (−/−) BR(−/−) mice than in wild-type mice, and no change in response to fasting was
observed [31]. A similar phenomenon was reported in that the lack of both CCK and gastrin,
but not gastrin alone, attenuated fasting-induced ghrelin gene expression and secretion. Also
CCK administration increased ghrelin expression in the fundus, where the Gr cells express the
CCK-A receptors [12]. Our result is in agreement with these reports in that CCK directly
stimulates ghrelin release from the stomach. However, the physiological interpretation of this
is challenging. CCK is well documented as a satiety factor, released post-absorption of
nutrients, such as fats and proteins. In contrast ghrelin, an orexigenic factor, increases during
pre-meal and decreases post-meal, suggesting functional antagonism between the two factors.
Therefore, how is it possible that a satiety factor, CCK, increases production and secretion of
an orexigenic factor, ghrelin? Interestingly enough the satiety signal CCK, appears to have a
rather unconventional role on ghrelin secretion. However, a scenario could be imagined where
CCK, stimulated by diets with high fat and protein, could induce satiety as well as stimulate
ghrelin secretion, which has being shown to inhibit fat utilization [35,37], thus promoting fat
accumulation with diets rich in fat and protein.

We also found that insulin significantly reduced ghrelin release in isolated stomach. This is in
congruence with a previous report where insulin decreased ghrelin release from the isolated
stomach [19]. However, others have reported that insulin injected twice daily for 3 days resulted
in increased stomach and plasma ghrelin levels in vivo [21]. It is unclear at this time what could
have accounted for this conflict, we think that perhaps the subsequent insulin injection-induced
hypoglycemia, may have accounted for the stimulation of ghrelin release in the latter study.

In conclusion, our results show that nutrients can directly influence ghrelin secretion and that
the Gr cells in the stomach may be stimulated directly by cholinergic system via its
neurotransmitter, acetylcholine.
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Figure 1.
Paired sampling between basal and treatment was performed within each experimental group,
separately; Expt 1, Treatments: basal 1 and Insulin (10nM), Expt 2, Treatments: basal 2 and
CCK (100nM), and finally Expt 3, Treatments: basal 3 and Acetylcholine (1μM). At the end
of the experiments a 15 min KCl (60mM) challenge was performed to test the viability of the
isolated stomach. A significant increase in ghrelin release was determined in all the experiments
indicating that the stomach was viable during treatments (data not shown for clarity). Data is
represented as percent change compared to the mean of the basal group, (n=4 rats/group).
Asterisk indicates p <0.05 compared to its paired basal group.
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Figure 2.
Paired sampling between basal and treatment was performed within each experimental group,
separately; Expt 4, Treatments: basal 4 and amino acid (5X) and Expt 5, Treatments: basal 5
and Intralipid (10%). At the end of the experiments a 15 min KCl (60mM) challenge was
performed to test the viability of the isolated stomach. A significant increase in ghrelin release
was determined in all the experiments indicating that the stomach was viable during treatments
(data not shown for clarity). Data is represented as percent change compared to the mean of
the basal group, (n=4 rats/group). Asterisk indicates p <0.05 compared to its paired basal group.
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Table 1
Amount of the amino acids that was included in the amino acids media perfused into the isolated stomach of rats

Components of Amino Acids

amino acids g/L

L-Arginine.HCl 0.632

L-Cystine 0.1565

L-Histidine·HCL·H2O 0.21

L-Isoleucine 0.2625

L-Leucine 0.26

L-Lysine·HCL 0.3625

L-Methionine 0.0755

L-Phenylalanine 0.165

L-Threonine 0.238

L-Tryptophan 0.051

L-Tyrosine 0.18

L-Valine 0.234

L-Glutamine 1.46
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Table 2
Amount of the lipids and its constituent fatty acids expressed in percentage in the 10% Intralipid media perfused into
the isolated stomach of rats.

components of 10% Intralipid

Soybean oil 20%

egg yolk phospholipids 1.20%

glycerin 2.25%

cholesterol N/A

water 76.55%

major component of fatty acids

linoleic 44–62%

oleic 1–30%

plamitic 7–14%

linolenic 4–11%

stearic 1.4–5.5%
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