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Abstract

The mammalian target of rapamycin (mTOR), an evolutionarily conserved serine-threonine
kinase, is an intracellular fuel sensor critical for cellular energy homeostasis. Gastrointestinal
endocrine cells play a vital role in the regulation of energy balance by secreting hormones that
inform the brain about energy supply. Here we showed the localization of mTOR signaling
molecules in more than 90 % of gastric ghrelin cells and 36 + 3% of gastrin cells, while no
somatostatin-positive cell showed phospho-S6K1 immunoreactivity. Inhibition of mMTOR
significantly stimulated expression of gastric ghrelin mRNA and protein, and the concentration of
plasma ghrelin (2.06+0.34 vs. 12.53+3.9 ng/ml, p<0.05), inhibited gastrin synthesis and secretion
(75.0146.71 vs. 54.04+3.65 pg/ml, p<0.05), but had no effect on somatostatin production
(165.2+25.07 vs. 178.9+29.14 pg/ml, p=0.73). Gastric mTOR is a gastric sensor whose activity is
linked to the differential regulation of gastric hormone production and release.
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1. Introduction

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved serine-
threonine kinase which promotes anabolic cellular processes such as protein synthesis in
response to growth factors, nutrients and stress [16]. Ribosomal S6 kinase 1 (S6K1) and
eukaryotic initiation factor 4E-binding protein (4EBP1) are downstream targets of mTOR
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[16]. Activation of mTOR leads to the phosphorylation of S6K which increases kinase
activity and results in phosphorylation of ribosomal S6 polypeptide [23]. Phosphorylation of
S6 selectively increases the translation of mMRNA transcripts containing a tract of pyrimidine
(TOP) motif. These TOP-containing mRNAS encode ribosomal proteins and other
translational regulators [19].

MTOR has also been reported to serve as an intracellular ATP sensor. In vitro studies have
demonstrated that cellular levels of ATP increase mTOR signaling [6]. Cota et al. have
recently demonstrated that mTOR signaling in hypothalamic neurons is critical for energy
balance [3]. This concept is supported by the observation that tissue-specific deletion of
tuberous sclerosis complex 1, an upstream inhibitor of mTOR signaling in hypothalamic
pro-opiomelanocortin (POMC) neurons, results in hyperphagic obesity. This effect can be
reversed by inhibition of mTOR signaling by rapamycin [20]. We have reported that mTOR
is also a gastric fuel sensor whose activity is linked to the regulation of energy intake
through ghrelin expression [33]. These observations suggest that mTOR may have a role in
control of nutrient intake and energy balance through both central and peripheral
mechanisms.

While initiation of food intake is driven by the hypothalamus [9], anorexigenic and
orexigenic peptides secreted by the endocrine cells within the gastrointestinal tract signal the
hypothalamus relative to energy status [4]. Within the stomach, endocrine cells have the
following relative abundances: G, ECL, D, enterochromaffin (EC), and X/A-like cells. The
major neuroendocrine products have been identified as gastrin in G cells, histamine and
uroguanylin in ECL cells, somatostatin in D cells, serotonin in EC cells, and ghrelin in X/A
like cells [28]. Whether mTOR may serve as the fuel sensing molecule in gastric endocrine
cells and mediate production of gastric hormones is unknown. The aim of this study was to
examine the distribution of mMTOR in gastric endocrine cells and to determine the
relationship between mTOR activity and gastric hormone production. We report here that
mTOR signaling molecules are expressed selectively in nearly all gastric X/A like cells,
about 1/3 of G cells, but not in D cells. Inhibition of gastric mTOR signaling by rapamycin
leads to increases in production of ghrelin, decreases in gastrin synthesis, while rapamycin
demonstrates no effect on the production of somatostatin.

2. Materials and Methods
2.1. Ethical approval

The animals used in this study were handled in accordance with the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of Health (NIH
publication no. 85-23, revised 1996), and all the experimental protocols were approved by
the Animal Care and Use Committee of Peking University.

2.2. Administration of drugs

Twelve week old male C57BL/6J mice were housed in standard plastic rodent cages and
maintained at a regulated environment (24°C, 12:12 hour light:dark cycle with lights on at
7:00 AM). Regular chow and water were available ad libitum. C57BL/6J mice were divided
into two groups: control group (n=6) in which animals were administered dimethylsulfoxide
(DMSO) by intraperitoneal (ip) injection, and treatment group (n=6) in which mice received
rapamycin at a dose of 1 mg/kg injection for 6 days.

2.3. Materials

Eukaryotic initiation factor (elF)-4E (species cross-reactivity: human, mouse and rat),
phospho-mTOR (Ser2448) rabbit monoclonal antibodies (species cross-reactivity: human,
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mouse and rat), and phospho-p70S6 (Thr389) mouse monoclonal antibody (species cross-
reactivity: human, mouse and rat) were from Cell Signaling Technology (Beverly, MA).
Rabbit anti-phospho-S6 (ser235, 236) (species cross-reactivity: human, mouse and rat),
mouse anti-preproghrelin (species cross-reactivity: human, mouse and rat) was purchased
from Abcam Inc. (Cambridge, MA). Rabbit anti-gastrin (species cross-reactivity: human,
mouse and rat) was from Novus Biologicals, Inc (Littleton, CO). Chromogranin A rabbit
antibody (species cross-reactivity: human, mouse and rat) was purchased from Epitomics,
Inc. (Burlingame, CA). Somatostatin rabbit antibody (species cross-reactivity: human,
mouse and rat), mouse anti-p-actin antibody (species cross-reactivity: human, mouse, rat,
dog and monkey), goat anti-rabbit fluorescein isothiocyanate-conjugated 1gG, and goat anti-
mouse Texas Red-conjugated 1gG and rapamycin were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Dimethylsulfoxide was from Sigma Chemical Co.
(St. Louis, MO). Ghrelin enzyme immunoassay kit, and gastrin and somatostatin
radioimmunoassay kits were from Phoenix Pharmaceuticals, Inc. (Burlingame, CA).
Aprotinin was purchased from Amersham Biosciences (Pittsburgh, PA). IRDye-conjugated
affinity purified anti-rabbit, anti-mouse 1gGs were purchased from Rockland (Gilbertsville,
PA). Trizol reagent and the reverse transcription (RT) system were from Promega, Inc.
(Madison, W1).

2.4. Measurement of plasma ghrelin, gastrin, and somatostatin

Blood samples were transcardially collected after anesthesia in the presence of aprotinin
(2ug/ml) and EDTA (1 mg/ml). Plasma was stored at -70° before use. Total ghrelin was
measured using an enzyme immunoassay kit according to the manufacturer’s instructions.
Gastrin and somatostatin were measured using radioimunoassay Kits according to the
manufacturer’s instructions.

2.5. RNA extraction and quantitative real-time PCR analysis

Gastric total RNA was isolated using the trizol reagent. RT was performed using the RT
system according to the manufacturer’s instruction. PCR was conducted in a 25uL volume
containing 2.5uL cDNA, 5 mM MgCly, 0.2 mM dNTPs, 0.2 uM each primer, 1.25 U
AmpliTaqg Polymerase and 1uL 800 x diluted SYBRGreen | stock using the Mx3000
multiplex guantitative PCR system (Stratagene, La Jolla, CA). Primers used in this study
were:

Mouse ghrelin (accession no. NM 021488) sense 5’-CCATCTGCAGTTTGCTGCTA -3’
and antisense 5’-GCAGTTTAGCTGGTGGCTTC-3’,

Mouse gastrin (accession no. NM 010257) sense 5’-GGACCAATGAGGACCTG GAAC-3’
and anti-sense 5’-CCAAAGTCCATCCATCCGTAG-3’,

Mouse somatostatin (accession no. NM 009215) sense 5’-TGAGGCAAGGAAG
ATGCTGTC-3’, anti-sense 5’-GACAGCAGCTCTGCCAAGAAG-3’,

Mouse GAPDH (accession no. M32599) sense 5’-ATGACATCAAGAAGGTGGTG-3’ and
antisense 5’-CATACCAGGAAATGAGCTTG-3'.

2.6. Western blot analysis

Gastric tissue was quickly harvested, rinsed thoroughly with PBS, and then homogenized on
ice in lysis buffer (50 mM Tris-HCI; 15 mM EGTA,; 100 mM NacCl; 0.1% Triton X-100
supplemented with protease inhibitor cocktail, pH 7.5). After centrifugation for 10 min at 4
°C, the supernatant was used for Western blot analysis. Protein concentration was measured
by Bradford’s method. A total of 80 ug protein from each sample was loaded onto SDS-
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PAGE gels. Proteins were transferred to polyvinylidene fluoride membranes. The
membranes were incubated for 1 h at room temperature with 5% fat-free milk in Tris
buffered saline containing Tween-20, followed by incubation overnight at 4 °C with the
individual primary antibody. Specific reaction was detected using IRDye-conjugated second
antibody and visualized using the Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE).

2.7. Double-labeling immunohistochemistry

C57BL/6J mice were deeply anesthetized using sodium pentobarbital (40mg/kg, ip),
perfused transcardially with 20 ml 0.1 M PBS (pH 7.4), followed by 20 ml 4%
paraformaldehyde in PBS. The whole stomach was quickly removed and opened along the
greater curvature and rinsed thoroughly with PBS to remove attached debris. The tissues
were post-fixed in 4% paraformaldehyde, dehydrated, embedded in wax, and sectioned at 6
um. Paraffin-embedded sections were dewaxed, rehydrated, and rinsed in PBS. After boiling
for 10 min in 0.01 mol/L sodium citrate buffer (pH 6.0), sections were blocked in 5% goat
serum in PBS for 1 h at room temperature. Primary antibodies used were rabbit anti-
phospho-mTOR (Ser2448) antibody (1:50), mouse anti-phospho-p70S6 (1:50), rabbit anti-
phospho-S6 (ser235, Ser236) (1:100), chromogranin A rabbit antibody (1:100), mouse anti-
preproghrelin (3pg/ml), rabbit anti-gastrin (1:200), and rabbit anti-somatostatin (1:100).
Slides were incubated with primary antibody overnight at 4°C, then washed in 1X PBS/0.1%
Tween-20 three times for 5 minutes each. Secondary antibodies used included goat anti
rabbit fluorescein isothiocyanate-conjugated 1gG (1:100) and goat anti-mouse Texas Red-
conjugated 1gG (1:100). Gastric tissues were incubated with secondary antibody for 2 hours
at room temperature. Controls included substituting primary antibodies with relevant 1gGs.
Fluorescent signals were observed and photomicrographs taken under a confocal laser-
scanning microscope (Leica, Germany).

2.8. Statistical analysis

3. Results

All values are expressed as mean £SEM. Statistical differences were evaluated by two-way
ANOVA and Newman-Student-Keuls test. Comparisons between two groups involved use
of the Student’s t test. P value < 0.05 denotes statistical significance.

3.1. Localization of mTOR signaling molecules in gastric mucosa

To determine whether mTOR signaling molecules are expressed in gastric mucosa,
immunofluorescent staining was used to localize phospho-mTOR (Ser2448) and its
downstream targets, phospho-S6K1 (Thr389) and phospho-S6 (ser235,236), in mouse
gastric mucosa. Antibodies recognizing phospho-mTOR (Ser2448), phospho-S6K1 (Thr389)
and phospho-S6 (ser235, 236) demonstrated strong positive reactivity in cells located in the
basal one third of the gastric mucosa (Figure 1).

3.2. Co-localization of mTOR signaling molecules in gastric neuroendocrine cells

To investigate whether mTOR signaling is present within endocrine cells of the stomach, we
performed dual-labeled immunofluorescent analyses to detect the co-localization of
phospho-mTOR, phospho-S6K1 or phospho-S6 with various markers of endocrine cells. In
gastric fundus, 31+ 4% of chromogranin A-immunoreactive cells also expressed phospho-
S6K1, the down-stream target of mTOR, while 76:10% phospho-S6K1-immunoreactive
cells expressed chromogranin A (Figure 2).

As shown in Figure 3, 36 + 3 % of gastrin-immunoreactive cells expressed phospho-S6K1,
while 12+ 5 % of phospho-S6K1 containing gastric mucosal cells co-expressed gastrin.
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As illustrated in Figure 4, 95% of ghrelin-positive cells stained positively for phospho-
mTOR. Similarly, 92 + 1 % of ghrelin-immunoreactive gastric cells expressed phospho-S6,
while 26 = 1 % of phospho-S6 containing gastric mucosal cells were positive for ghrelin
immunoreactivity (Figure 4).

No co-localization of somatostatin immnuoreactivity with phospho-S6K1 was observed in
gastric epithelium (Figure 5).

3.3. Effect of rapamycin on gastrin

The effects of rapamycin, a well-characterized mTOR inhibitor, were examined in C57BL/
6J mice. Twelve week old male C57BL/6J mice were divided into two groups: control
dimethylsulfoxide (DMSO) intraperitoneal (ip) injection or rapamycin (1 mg/kg) injection ip
for 6 days. As shown in Figure 6, intraperitoneal injection of rapamycin significantly
decreased gastric phospho-S6 (Ser235/236) expression, a marker of mTOR activity (Figure
6A). The decrease in gastric mTOR signaling in mice treated with rapamycin was associated
with a significant decrease in gastric gastrin mRNA (Figure 6B), gastric gastrin protein
levels (Figure 6A), and circulating gastrin (Figure 6C) compared with control mice.

3.4. Regulation of ghrelin by rapamycin

The decrease in gastric mTOR signaling in mice treated with rapamycin was associated with
a significant increase in gastric ghrelin mRNA (Figure 7B), gastric preproghrelin levels
(Figure 7A), and circulating ghrelin (Figure 7C) compared with control mice.

3.5. Effect of rapamycin on somatostatin

In contrast to the changes in ghrelin and gastrin, intraperitoneal injection of rapamycin
demonstrated no effect on somatostatin expression for tissue somatostatin mRNA (Figure
8B) and protein levels (Figure 8A) and in circulating somatostatin (Figure 8C), despite of
the inhibition of gastric mTOR signaling by rapamycin (Figure 6A).

4. Discussion

The major finding of the current study is that mTOR signaling is present in gastric endocrine
cells and that its inhibition alters the expression of ghrelin and gastrin. This conclusion is
supported by the following distinct observations: 1) the mTOR signaling molecules,
phospho-mTOR, phospho-S6K1 and phospho-S6, are expressed in gastric mucosa; 2) a
subpopulation of gastric mucosal cells that express the neuroendocrine marker
chromogranin A also express mTOR pathway molecules; 3) nearly all ghrelin-positive cells
stained positively for phospho-mTOR and 1/3 of gastrin-immunoreactive gastric cells
expressed phospho-S6K1, while somatostatin-immunoreactive gastric cells do not; 4)
rapamycin stimulates ghrelin production, inhibits gastrin synthesis, but demonstrates no
effect on the synthesis and secretion of somatostatin.

Ghrelin, a 28-amino-acid gastric peptide, is the only currently identified circulating hormone
that is able to induce the sensation of hunger and to initiate food intake [32]. The stomach is
the predominant site of the production of ghrelin, although low-level expression of ghrelin
has been detected in a wide variety of tissues [34]. Ghrelin secretion patterns are related to
periods of fasting and feeding, and ghrelin levels are inversely correlated with energy supply
[15]. During fasting, ghrelin secretion increases [5]. Conversely, plasma ghrelin
concentrations are decreased in models of obesity [10,11,25,27]. The mechanism by which
organismal energy level influences the synthesis and secretion of ghrelin is the subject of
intense scrutiny. Most investigations relate to mechanisms involving the central nervous
system [15]. A recent study by Cota et al suggests that mTOR signaling molecules in
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hypothalamic neurons serve as a fuel sensor to modulate energy level and to coordinate
energy availability via appetite and feeding behavior [3]. Together with previous
observations that hypothalamic neurons regulate a variety of orexigenic and anorexigenic
peptides, it is proposed that hypothalamic mTOR signaling provides a central mechanism for
control of caloric intake [2]. Our study extends this model to involve mTOR signaling
pathway in gastric endocrine cells. These studies demonstrate that direct control of ghrelin
expression and secretion can occur at the level of gastric mucosa and that the mTOR
signaling pathway is a crucial control point in ghrelin expression and secretion.

Gastrin is an important hormone regulating gastric acid secretion and is produced by
endocrine G cells present in the antropyloric region of the stomach [7]. Gastrin release is
stimulated by vagal impulses during the cephalic phase and by intramural neural reflexes as
well as by the presence of food constituents in the gastric lumen during the gastric phase of
acid secretion [26]. Increased production of hydrochloric acid lowers intragastric pH and
inhibits further secretion of gastrin [17,30]. The observation that rapamycin significantly
inhibits gastric gastrin production and secretion in normal mice suggests that mTOR
signaling may be involved in the regulation of gastrin synthesis and secretion in a proportion
of gastric G cells. Notably, only 1/3 of gastrin cells contain mTOR signaling molecules,
suggesting that regulation of gastrin synthesis and secretion may involve multiple
mechanisms.

Somatostatin was originally isolated as a hypothalamic somatotropin-release inhibiting
factor [18] and was soon found to exert powerful inhibitory effects on the secretion of
multiple hormones, including gastrin [24]. In this study, we detected no mTOR activity in
somatostatin cells. Furthermore, inhibition of gastric mTOR signaling by rapamycin
demonstrated no effect on the synthesis and secretion of somatostatin, while other gastric
hormones such as ghrelin and gastrin are altered by such treatment. This observation
suggests that mTOR signaling selectively regulates the production of gastric hormones.

Chromogranin A is a widely recognized marker of neuroendocrine cells, including those of
the stomach, large and small intestine, adrenal medulla and pancreatic islets [31].
Chromogranin A is also an excellent marker for carcinoid tumors, phenochromocytomas,
paragangliomas, and other neuroendocrine tumors [1,8,22]. Co-expression of chromogranin
A and neuron specific enolase is common in neuroendocrine neoplasms [21]. Detection of
phospho-S6K1 in only one third of chromogranin A-immunoreactive gastric cells suggests
mTOR signaling may selectively influence the function of a subpopulation of gastric
endocrine cells.

Aberrant mTOR activity has been linked to the development of cancer, diabetes, and obesity
[12,13]. Significant elevation of mTOR signaling has been observed in liver and skeletal
muscle of insulin-resistant obese rats maintained on a high-fat diet [14]. In contrast, absence
of the mTOR downstream target ribosomal protein S6 (S6) kinase 1 protects against diet
induced obesity and improves insulin sensitivity in mice [29]. These studies suggest that
mTOR signaling is critical for the regulation of energy metabolism. Our study provides
further evidence supporting the concept that mTOR signaling may be involved in the
modulation of energy metabolism by selectively regulating the production of gastric
hormones.

In summary, our study demonstrates differential expression of mTOR activity in a
proportion of gastric endocrine cells. Gastric mTOR signaling selectively affects the
production of ghrelin and gastrin. These observations suggest the existence of a fuel-sensing
pathway within the gastric endocrine cells.
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Research highlights

1. the mTOR signaling molecules, phospho-mTOR, phospho-S6K1 and phospho-
S6, are expressed in gastric mucosa;

2. asubpopulation of gastric mucosal cells that express the neuroendocrine
markers chromogranin A also express mTOR pathway molecules;

3. nearly all ghrelin-positive cells stained positively for phospho-mTOR and 1/3 of
gastrin-immunoreactive gastric cells expressed phospho-S6K1, while
somatostatin-immunoreactive gastric cells do not;

4. rapamycin stimulates ghrelin production, inhibits gastrin synthesis, but
demonstrates no effect on the synthesis and secretion of somatostatin.
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Figure 1. Localization of mTOR signaling molecules in mouse gastric mucosa
Green, pmTOR (panel A) and pS6 (panel C); red, pS6K (panel B). Controls included
substituting primary antibodies with mouse 1gG or rabbit 1gG (panel D).
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Figure 2. Co-localization of pS6K1 with chromogranin A

Images depicting chromogranin A (green) and phosphoS6K1 (pS6K1) (red) in gastric
mucosal cells. Merged image illustrates co-localization of phosphoS6K1 and chromogranin
A (orange) (panel A). Controls included substituting primary antibodies with mouse IgG and
rabbit 1gG (panel B). Cells expressing both pS6K1 and chromogranin A were marked with
white arrows.
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Figure 3. Co-localization of pS6K1 with gastrin

Immunofluorescent staining for gastrin (green) and phosphoS6K1 (pS6K1) (red) in gastric
mucosal cells. Merged image illustrates co-localization of pS6K1 and gastrin (orange)
(panel A). Controls included substituting primary antibodies with mouse 1gG and rabbit IgG
(panel B). Cells expressing both pS6K1 and gastrin were marked with white arrows.
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Figure 4. Co-localization of mTOR signaling molecules with ghrelin

Immunofluorescent staining for phospho-mTOR (pmTOR) (green) and ghrelin (red) in
gastric mucosal cells. Merged image illustrates co-localization of pmTOR and ghrelin
(orange) (panel A). Immunofluorescent staining for phospho-S6 (pS6) (green) and ghrelin
(red) in gastric mucosal cells. Merged image illustrates co-localization of pmTOR and
ghrelin (orange) (panel B). Controls included substituting primary antibodies with mouse
IgG and rabbit IgG (panel C). White arrows indicate the co-localization of ghrelin and
pmTOR or pS6.
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Figure 5. Co-localization of mTOR signaling molecules with somatostatin

Images depict immunofluorescent staining for somatostatin (green) and phosphor-S6K1
(pS6K1) (red) in gastric mucosal cells. Merged image illustrates co-localization of pS6K1
and somatostatin (panel A and B). Controls included substituting primary antibodies with
mouse IgG and rabbit IgG (panel C).
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Figure 6. Regulation of gastrin by rapamycin

(A) Western blot from mice that received ip injection of DMSO or rapamycin (Rapa 1 mg/
kg). Phospho-S6 (pS6), elF-4E, gastrin and B-actin in gastric mucosa were detected using
specific antibodies. B-actin and elF-4E were used as loading controls. Quantification of
image analysis of gastric pS6 and gastrin is expressed as mean +SEM. (B) Results of
quantitative PCR analysis of gastrin is expressed as fold change from control using
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as loading control. (C) Plasma
gastrin was expressed as mean +SEM. Six animals were examined for each condition. *, P
<0.05 vs. mice receiving DMSO.
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Figure 7. Modulation of ghrelin by rapamycin

(A) Ghrelin and p-actin in gastric mucosa were detected using specific antibodies. -actin
was used as loading controls. Quantification of image analysis of preproghrelin is expressed
as mean +SEM. (B) Results of quantitative PCR analysis of ghrelin are expressed as fold
increase from control using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as
loading control. (C) Plasma ghrelin expressed as mean £SEM. Six samples were examined
for each condition. *, P <0.05 vs. mice receiving DMSO.
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Figure 8. Regulation of somatostatin by rapamycin
(A) Somatostatin and p-actin in gastric mucosa were detected using specific antibodies. p-
actin was used as loading controls. Quantification of image analysis of gastric somatostatin
is expressed as mean +SEM. (B) Results of quantitative PCR analysis of somatostatin is
expressed as fold change from control using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as loading control. (C) Plasma somatostatin was expressed as mean +SEM. Six
samples were examined for each condition. *, P <0.05 vs. mice receiving DMSO.
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