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n-Decanoyl ghrelin (D-ghrelin), a member of ghrelin-derived peptides, is found in plasma and the stomach;
however, there have so far been no studies describing its dynamics. A D-ghrelin-specific radioimmunoassay
was established to examine the tissue distribution and the kinetics of D-ghrelin in mice. The effect of D-
ghrelin on food intake was also examined and compared to n-octanoyl ghrelin (O-ghrelin). D-ghrelin was
detected throughout the gastrointestinal tissue and plasma with highest level in the stomach. An
immunofluorescent study revealed the co-localization of D- and O-ghrelin in the same stomach cells. Upon
fasting, the levels of D-ghrelin in the stomach and plasma significantly increased, while that of O-ghrelin in
the stomach declined. D-ghrelin increased the 2 h food consumption in mice as O-ghrelin does. These
findings indicate that D-ghrelin is mainly produced in the stomach to work in concert with O-ghrelin. The
different kinetics of D- and O-ghrelin in the stomach upon fasting implies the possibility of D-ghrelin-specific
bioregulation.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Ghrelin is an acylated peptide hormone primarily produced in the
stomach [1–4]. Ghrelin acts through the growth hormone secretago-
gue receptor (GHS-R, ghrelin receptor) [5,6] and has various
physiological functions including growth hormone-releasing activity
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[7], adipogenesis [8] and appetite-stimulation [9]. The third amino
acid residue, serine (Ser3), in the ghrelin peptide is modified by the
addition of an acyl group from fatty acids. This modification is
essential for the biological activity of ghrelin [4,10,11]. The primary
acyl-chain on the Ser3 in humans and rodents is n-octanoyl (C8:0, an
8-carbon chain containing no double bond) [4,12]. However, other
acyl-forms, including n-decanoyl (C10:0, a 10-carbon chain lacking
double bonds) and n-decenoyl (C10:1, a 10-carbon chain containing
one double bond) groups also modify the Ser3 of nascent ghrelin
peptide in human [12], rodents [13,14] and feline [15]. Ingested
medium-chain fatty acids (n-hexanoic, n-octanoic and n-decanoic
acid) and their triglyceride forms (glyceryl trihexanoate, glyceryl
trioctanoate and glyceryl tridecanoate) serve as a source of fatty acids
in acylation of ghrelin peptides in mice [14]. In addition, the levels of
n-decanoyl ghrelin (D-ghrelin) and n-octanoyl ghrelin (O-ghrelin) in
the stomachs of mice fall after the initiation of weaning and the rate of
reduction is larger in D-ghrelin [16]. These results suggest that the
nutritional condition alters the amount and the proportion of the
dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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respective acyl-forms of ghrelin in the stomach in mice. The dynamics
and the physiological activity of O-ghrelin have been described in
detail [7–9,17–19]. However, the kinetics and the physiological
function of D-ghrelin in vivo have not been examined. A radio-
immunoassay system was developed using a newly produced anti-D-
ghrelin antiserum, which selectively recognized D-ghrelin to study
the tissue distribution and the dynamics of this D-ghrelin. This D-
ghrelin-specific radioimmunoassay (D-ghrelin RIA) was used to
examine the tissue content of immunoreactivity for D-ghrelin (ir-D-
ghrelin) throughout the gastrointestinal tract, pancreas, hypothala-
mus and plasma of mice and the kinetics of ir-D-ghrelin upon fasting
in comparison to that of O-ghrelin (ir-O-ghrelin). An immunofluor-
escent analysis was conducted using this anti-D-ghrelin antiserum to
investigate the distribution of the cells that were positive for ir-D-
ghrelin in the stomach of mice. Furthermore, the biological activity of
D-ghrelin in mice was examined by comparing the orexigenic
potential of D-ghrelin with that of O-ghrelin.

2. Materials and methods

2.1. Animals

Male C57BL/6J mice (CREA Japan, Osaka, Japan) weighing 20–25 g
and male Wistar rats (Japan SLC, Shizuoka, Japan) weighing 350–450 g
were used in this study. The animals were maintained under controlled
temperatures (21–23 °C) and light conditions (light on 0700–1900 h)
with free access to standard laboratory chow(CE-2, CREACo. Ltd., Osaka,
Japan) and water. The samples from the mice were obtained under
anesthesia with sodium pentobarbital 30 mg/kg i.p. (Nembutal™,
Dainippon Pharmaceutical Co., Ltd., Osaka, Japan). Every experiment
was conducted in accordancewith the Kurume University Guide for the
Care and Use of Experimental Animals.

2.2. Schedule for fasting experiment

Prior to performing the fasting experiment, the micewere fed with
free access to food andwater. The fasting timewas calculated from the
time, when foodwaswithdrawn on the first day of the experiment. For
the sampling from 48 h fasted mice, food was withdrawn at 8:00 AM
on the first day of the experiment and samples (gastrointestinal tissue,
pancreas, hypothalamus and plasma)were obtained at 8:00 AMon the
third day (two-overnight; 48 h fast) of the experiment.

2.2.1. Peptides
Peptide syntheses were performed as previously described [18]. In

brief, fully protected [X9][Arg10][Arg11][Cys12]-rat ghrelin [1–8] (X;
mini-PEG™, Peptides International, Inc., KY, USA) and [Tyr12]-rat
ghrelin [1–11], with the exception of the exposed hydroxyl group of
Ser3 in each peptide, were synthesized by the Fmoc solid-phase
method on a peptide synthesizer (433A, Applied Biosystems, Foster
City, CA). The hydroxyl group of Ser3 in each synthesized peptides was
acylated with n-decanoic acid by the action of 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide in the presence of 4-(dimethylamino)
pyridine. n-Decanoyl modified peptides, [Ser3(n-decanoyl)]-[X9]
[Arg10][Arg11][Cys12]-rat ghrelin [1–8] ([X9][Arg10][Arg11] [Cys12]-D-
ghrelin [1–8]) and [Ser3(n-decanoyl)]-[Tyr12]-rat ghrelin [1–11]
([Tyr12]-D-ghrelin [1–11]), were purified by RP-HPLC equipped with
C18-column.

2.2.2. Preparation of anti-n-decanoyl ghrelin (D-ghrelin) antiserum
[X9][Arg10][Arg11] [Cys12]-D-ghrelin [1–8] (5 mg) was conjugated

to maleimide-activated mariculture keyhole limpet hemocyanin
(mcKLH, Pierce, Rockford, IL; 5 mg) in conjunction buffer (Pierce).
The conjugate was emulsified with an equal volume of Freund's
complete adjuvant and then was subcutaneously injected to New
Zealand white rabbits for immunization. One batch of antiserum out
Please cite this article as: Hiejima H, et al, Regional distribution and the
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of seven batches was selected and used for radioimmunoassay (RIA)
or immunofluorescence.

2.2.3. Preparation of tracer for D-ghrelin RIA
The synthesized tracer ligand for the n-decanoyl ghrelin RIA (D-

ghrelin RIA), [Tyr12]-D-ghrelin [1–11], was radioiodinated by the
lactoperoxidase method and the monoiodinated ligand was purified by
RP-HPLC in the same way as described previously [18]. The mono-
iodinated tracer was stored at −30 °C in a solution containing 0.1%
bovine serum albumin.

2.2.4. RIA for D-ghrelin
The RIA for D-ghrelin (D-ghrelin RIA) was performed using the

method described previously for rat ghrelin [14,18] with little modifica-
tion. In brief, theRIA incubationmixture contained 100 μl of standard rat
D-ghrelin or unknown sample and 200 μl of the antiserum diluted with
RIA buffer (50 mM PBS (pH 7.4), 0.25% BSA, 0.5% Triton X-100, 80 mM
NaCl, 25mMEDTA-2Na) containing 0.5% normal rabbit serum. The anti-
D-ghrelin [1–11] antiserum was used at final dilutions of 1/100,000.
After the incubation for 12 h at 4 °C, 100 μl of 125I-labeled tracer
(50, 000 cpm)was added. After additional 24 h incubation,100 μl of goat
antiserum against rabbit IgG (H+L)was added. Free and bound tracers
were separated after 24 h incubation by centrifugation at 3000 rpm for
45 min. After aspirating the supernatant, the radioactivity in the pellet
was counted with a gamma counter (Wizard, Wallac, Tokyo). All assays
were performed in duplicate.

2.3. RIAs for T-ghrelin and O-ghrelin

RIA for total ghrelin (T-ghrelin RIA) that recognized all ghrelin
peptideswith intact C-terminal sequences irrespective of their acylation
status and RIA for n-octanoyl ghrelin (O-ghrelin RIA) that mainly
recognized N-terminal sequence of n-octanoyl ghrelin (O-ghrelin)were
performed in the same way as described previously [14,18]. In brief, T-
ghrelin RIA utilized rabbit antiserum against the C-terminal fragment of
rat ghrelin (ghrelin [13–28]). O-Ghrelin RIA used rabbit antiserum
against theN-terminal fragment of rat O-ghrelin (O-ghrelin [1–11]). The
final dilution of anti-rat ghrelin [13–28] antiserum for T-ghrelin RIAwas
1/20,000. In addition, the final dilution of the anti-rat O-ghrelin [1–11]
antiserum for O-ghrelin RIA was 1/3,000,000. All assays were
performed in duplicate.

Both antibodies in these antisera exhibited complete cross-
reactivity with human, mouse and rat O-ghrelin. The anti-rat O-
ghrelin [1–11] antibody recognized the O-ghrelin, but did not
recognize des-acyl ghrelin. Although, this antibody showed consider-
able (20–30%) cross-reactivity to other acyl-forms of ghrelin including
D-ghrelin [18]. The anti-rat ghrelin [13–28] antibody equally recog-
nized both des-acyl and all acyl-forms of ghrelinwith intact C-termini,
such as des-acyl-, O- and D-ghrelin [14,18].

2.4. Preparation of tissue samples for D-, O- or T-ghrelin RIA

The stomach, hypothalamus, pancreas and other samples from
gastrointestinal tissues were prepared as previously described [18],
while referring to the anatomical atlas of mice [20,21]. In brief, tissue
samples were dissected from mice and washed twice in PBS (pH 7.4)
and weighed. Each sample was boiled for 5 min in ten-fold volume
(w/w) of water to inactivate intrinsic proteases. After cooling it on ice,
acetic acid (AcOH) and hydrochloric acid (HCl) were added to the tube
to make a 1.0 M AcOH/20 mM HCl solution. The boiled samples were
homogenized with a polytron mixer (PT 6100, Kinematica AG, Littan-
Luzern, Switzerland) and the supernatant was isolated, lyophilized
and stored at −80 °C. Lyophilized samples were dissolved in RIA
buffer to measure the each concentration of D-, O-, or T-ghrelin by D-,
O- or T-ghrelin RIA. To separate the respective forms of ghrelin peptide
including O- or D-ghrelin in the stomach, the respective supernatant
dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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from the homogenized stomach samples (10 mg tissue equivalent)
was passed through a Sep-Pak Plus™ C18 cartridge (Waters Corp.,
Milford, MA) and eluted by 60% CH3CN–0.1% TFA solution to extract
stomach peptides. The extracted peptides were subjected to RP-HPLC
(Gilson, Villiers le Bel, France) with a C18-cartridge (3.9×150 mm;
Symmetry 300, Waters Corp., Milford, MA) (C18-RP-HPLC) using a
linear gradient from 10 to 60% CH3CN–0.1% TFA at a flow rate of 1.0ml/
min for 40 min and every 500 μl fractions (fraction 1–80) was
collected and lyophilized [14]. The lyophilized sample in each fraction
was dissolved in 1.0ml of RIA buffer to performD-, O- or T-ghrelin RIA.
The concentration of immunoreactivity for T-, D- and O-ghrelin in
each sample was measured after a serial dilution by RIA buffer to
achieve optimal concentration (within 30% to 70%-maximal binding of
the radiolabeled tracer to each antiserum for T-, O-, or D-ghrelin; IC-30
to 70) for each assay. The recovery rates of respective synthetic ghrelin
peptides including O- or D-ghrelin as well as that of affinity purified
C10:1-ghrelin (described later in this article) were all over 90% when
treated with Sep-Pak Plus™ cartridge.

2.5. Preparation of plasma samples for D-, O-, or T-ghrelin RIA

Plasma samples from the mice were prepared as previously
described [14,16]. Blood samples were immediately transferred to
chilled polypropylene tubes containing EDTA-2Na (1 mg/ml) and
aprotinin (1000 kallikrein inactivator units/ml) and centrifuged at 4 °C.
The plasma was separated and concentrated HCl was added to make a
final concentration of 0.1 N and the acidified plasma was diluted with
an equal volume of 0.9% NaCl. The preparation of all plasma samples
described above was carried out on ice and all procedures were
done within 5 min after sampling from mice. The diluted sample
was processed as described for the stomach samples and eluted from a
Sep-Pak Plus™ C18 cartridge (Waters) by using 42% CH3CN–0.1% TFA
solution. To qualify the molecular forms of D-ghrelin immunoreactivity,
plasmaobtained fromfivemice fed freely (non-fast)wasmixed tomake
one plasma sample (2.2 ml) in the non-fasting state (non-fast) and
plasma from five mice fasted for 48 h (fast) was mixed to make one
plasma sample (2.2 ml) in the fasting state. Each plasma sample was
extracted using a Sep-Pak Plus™ C18 cartridge (Waters) by 60% CH3CN–
0.1% TFA solution. The extract was then lyophilized after evaporating off
the CH3CN. The lyophilized sample was then redissolved in 1.0 N AcOH
and was fractionated with C18-RP-HPLC as described above for the
preparation of stomach samples for the D-, O-, or T-ghrelin RIA. The RP-
HPLC fractionated samples in each fraction tube was dissolved in 440 μl
of RIA buffer and the immunoreactivity for D-, O- or T-ghrelin in each
100 μl solution (500 μl equivalent of the original plasma sample) was
measured using the D-, O- or T-ghrelin RIA.

2.6. Immunofluorescent analysis

Samples for immunofluorescence were prepared as described
previously [22,23]. In brief, the fundi of stomachs of mice fed ad
libitum were dissected and fixed in Zamboni's solution for 2 days at
4 °C. After washing in 0.15 M PBS (pH 7.4) at 4 °C, the fundi were
routinely embedded in paraffin and 3-μm-thick sections were cut
every 30 μm. Prior to immunofluorescent staining, the deparaffinized
sections were blocked with 5% normal donkey serum in PBS for 1 h.
Next, sections were incubated with rabbit anti-D-ghrelin antiserum
(described above for the D-ghrelin RIA) diluted 1:3000 with 0.15 M
PBS containing 0.02% Triton X-100 and incubated overnight at 4 °C.
Thereafter, the sections were stained with Alexa 488-conjugated
donkey anti-rabbit IgG antibody (A21206, Molecular Probes Inc.,
Eugene, OR) for 3 h at 4 °C. In addition, double staining for the D-
ghrelin and the O-ghrelin was performed in the fundic section of the
mouse stomachs. The same sections of fundi, that were already
stained for D-ghrelin, were further incubated with mouse monoclonal
antibody against the N-terminal sequence of O-ghrelin (Mitusbishi
Please cite this article as: Hiejima H, et al, Regional distribution and the
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Kagaku Iatron Inc., Tokyo) [15] diluted 1:2000 in PBS with 0.2% Triton
X-100 at 4 °C and stained with Alexa 555-conjugated donkey anti-
mouse IgG antibody (A31570, Molecular Probes Inc.) in the same
protocol as described above. The fluorescent-dye-stained sections
were routinely counter stained with 4′, 6′-diamidino-2-phenylindole
hydrochloride (DAPI, Molecular Probes Inc.) at a final concentration of
10 ng/ml in 0.15 M PBS (pH 7.4) and coverslipped with Gel/mount
(Biomeda Corp., Foster City, CA). Confocal images were taken with a
Zeiss Laser Scanning Microscope (Model LSM 510 Meta) essentially
the same protocol as described previously [23]. Negative control
studies were performed for the respective anti-D-ghrelin antiserum or
anti-O-ghrelin antibody in the same method as described previously
[22].

2.7. Measurement for the half-life of D- or O-ghrelin in plasma of rats in
vivo

The estimatedhalf-life of D- or O-ghrelin in plasmaof rats in vivowas
calculated by a regression analysis of the semi-logarithmic concentra-
tion vs. timedata of each acyl-forms of ghrelin in plasma of rats [24]. The
simple linear regression curves for all concentration-time data were
drawn using the software program incorporated in Microsoft Excel
(Microsoft Office Professional 2007). Regarding the serial collection of
the blood samples from the individual rat, a polyethylene cannula (PE-
50, Japan Becton Dickinon and Company, Toyo) filled with heparinized
saline (100 IU/ml) was inserted from the external jugular vein into the
right atrium of the anesthesized rat. After injecting 100 µg each of
synthesized D- or O-ghrelin into femoral vein, a sample of whole blood
(100 μl) waswithdrawn from the cannula on indicated time points (1, 3,
5, 7,10,15, 20, 30, 45, 60min) after the injection of ghrelins. Immediately
after collecting the each blood samples, the plasma was separated by
centrifugation at 4 °C, and the concentrated HCl was added to make a
final concentration of 0.1 N. The acidified plasma sampleswere stored at
−80 °C until the assay of D- or O-ghrelin by RIA.

2.8. Measurement for the half-life of D- or O-ghrelin in plasma of mice in
vitro

The estimated half-life of D- or O-ghrelin in plasma of mice in vitro
was calculated by regression of the semi-logarithmic concentration vs.
time data of each acyl-forms of ghrelin in plasma of mice in the same
way as described above for the study in vivo. The plasma samples used
for this in vitro study were obtained from supernatant of whole blood
samples of mice that were mixed with 10% volume of 10 mg/ml of
EDTA-2Na. Fifteen pico-moles each of D- or O-ghrelin in 100 μl of
plasmawas incubated at 37 °C for 1, 3, 5, 10, 15, 20, 30, 45, 60 min. The
reaction in each plasma mixture was terminated by introducing the
10% volume of 1 N HCl, and was immediately chilled and stored at
−80 °C until the assay for O- or D-ghrelin by RIA.

The kinetics for the in vitro production rate of des-acyl ghrelin,
which was converted from D- or O-ghrelin by des-acylation reaction
in vitro, was estimated by measuring the concentration of des-acyl
ghrelin in plasma of mice. We used a commercially available des-acyl
ghrelin ELISA kit (Mitusbishi Kagaku Iatron Inc., Tokyo) [25] to
measure the level of des-acyl ghrelin in plasma. The estimated time for
the half-maximal production of des-acyl ghrelin was calculated by the
regression analysis of semi-logarithmic time vs. concentration data.

2.9. Measurement of food consumption

Experiments for food consumptionwere initiated at the same time
of the day between 10:00 and 10:30 AM (3 to 3.5 h after the start of
the light cycle). To measure food consumption, the mice were caged
individually with free access to water and food. On the day of the
experiment mice were injected intraperitoneally with saline (100 μl),
D- or O-ghrelin, at a dose of 0.3, 1.0 or 3.0 nmol/100 μl saline and
dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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returned to the individual cage immediately after the injection.
Thereafter, pre-weighed chow was given and cumulative food
consumption at 2 and 24 h after the injection was measured by the
difference in chow weights between before and after the injection.
Feeding behavior, especially the diurnal rhythm of food intake, was
also monitored using an automated time sampling apparatus for the
continuous measurements of daily food/water intake and ambulant
activity of mice (ACTIMO system; Shintechno, Shinfactory CoLTD,
Fukuoka, Japan) [26] after injecting the D- or O-ghrelin at a dose of
1.0 nmol/body. To minimize the stress of being alone (isolation
stress), which was associated with this experiment, the mice were
kept alone in an individual cage for at least 5 days before the
experiment and handled once a day.

2.10. Statistical analysis

Data were presented as the means±S.D. The statistical signifi-
cance was determined by one-way ANOVA followed by post hoc test
(Scheffe's F-test). A p valueb0.05 was considered to be statistically
significant. Comparisons of two regression slopes that were obtained
by the simple linear regression of the concentration vs. time datawere
done using Students' t-test [27].

3. Results

3.1. Characterization of anti-D-ghrelin antiserum

Based on the respective competition curves drawn by rat n-decanoyl
ghrelin (D-ghrelin) or by other forms of rat ghrelin (des-acyl, n-octanoyl
or n-decenoyl ghrelin; Fig. 1), the anti-D-ghrelin antiserum hardly
recognized des-acyl nor n-octanoyl ghrelin (O-ghrelin), but showed
considerable cross-reactivity to n-decenoyl ghrelin (C10:1-ghrelin),
which was acyl-modified with n-decenoyl group (C10:1; 10-carbon
chainwith one double bond). The concentrations of D-ghrelin or C10:1-
Fig. 1. Competition curves of rat n-decanoyl-ghrelin (D-ghrelin) and other forms of ghrelin
was performed as described in the Materials and methods. Three independent experiments
(B) in the absence of peptides (B0) (mean; n=3). Parallel dilution curves to the D-ghrelin s
libitum. D-ghrelin, rat n-decanoyl ghrelin [1–28]; des-acyl ghrelin, rat des-acyl ghrelin [1–28]

Please cite this article as: Hiejima H, et al, Regional distribution and the
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ghrelin, which inhibited the half-maximal binding of the radiolabeled
tracer to this antiserum (IC-50), was 19.1 and 87.2 fmol/tube,
respectively. The sensitivity of this assay (D-ghrelin RIA) was 0.5 fmol
D-ghrelin/100 μl sample, based on a 95% confidence limit of a mean for
ten replicate tests for zero standards. The intra- and inter-assay
coefficients of variation were 6.4% (n=10) and 5.2% (n=5), respec-
tively. Each of the dilution curves obtained from stomach extract or
plasma sample from mice (Fig. 1) paralleled to the competition curves
drawn by the D-ghrelin standard, thus suggesting the existence of D-
ghrelin immunoreactivity in these samples. The recovery test of D-
ghrelin RIA using plasma samples of mice (100 μl plasma equivalent,
n=3)with 8,16 and32 fmol/tubeofD-ghrelin as spike levels confirmed
a mean recovery of 102.9±6.7%, 97.5±5.5% and 116.1±1.9%, respec-
tively. Under the co-administration of the same amount of O-ghrelin
(spikewith the same amounts ofD- andO-ghrelin at the same time), the
mean recovery ratios of spikedD-ghrelinwere alsowithin 80–120%, and
did not differ from those observed by the D-ghrelin spike alone. D-
ghrelins of human, rat and mouse were detected with the same
sensitivity by this D-ghrelin RIA (data not shown here).
3.2. Changes in molecular forms of ghrelin in stomach upon fasting

After the C18-RP-HPLC fractionation, three peaks of acylated
ghrelins were detected (peaks a1, b1 and c1 in Fig. 2A) in the stomach
of the control mouse by using the T-ghrelin RIA, which equally
recognized all ghrelin molecules with intact C-termini irrespective of
their acylation status. Peaks a1, a1′, a3, a3′, each eluted at the same
retention time as that of standard O-ghrelin, corresponded to O-
ghrelin (Fig. 2A, B, E, F). Peaks c1, c1′, c2, c2′, c3 and c3′, each eluted at the
same retention time as that of standard D-ghrelin, corresponded to D-
ghrelin (Fig. 2A–F). Peaks b1, b1′, b2, b2′, b3, b3′ (Fig. 2A–F), each eluted
between the retention times of O- and D-ghrelin, were estimated to be
those including C10:1-ghrelin [12,14,15]. When the content of ir-D-
ghrelin was measured in each RP-HPLC fraction by using D-ghrelin
for the binding of [125I] Tyr12-D-ghrelin [1–11] to the anti-D-ghrelin antiserum. The RIA
were done in duplicate and the results are expressed as a percentage of specific binding
tandard curve were drawn from the stomach extract and plasma extract of mice fed ad
; C10:1-ghrelin, rat n-decenoyl ghrelin [1–28]; O-ghrelin, rat n-octanoyl ghrelin [1–28].

dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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Table 1
Regional distribution and the kinetics of immunoreactivity for n-decanoyl- or n-
octanoyl ghrelin upon fasting in mice.

Region ir-D-ghrelin (fmol/mg
wet tissue)

ir-O-ghrelin (fmol/mg
wet tissue)

Control 48-h fast Control 48-h fast

Hypothalamus 1.43±0.61⁎⁎⁎ 1.51±0.43⁎⁎⁎ 0.15±0.05 0.11±0.25
Pancreas 0.32±0.06 0.41±0.08 0.15±0.07 0.13±0.06
Stomach 85.9±10.4⁎⁎⁎ 373.4±34.3⁎,⁎⁎⁎ 1579.3±247.4 994.6±130.1⁎

Duodenum 8.69±0.87⁎⁎⁎ 8.57±1.21 28.5±3.6 16.4±2.5⁎

Jejunum 1.62±0.15 3.10±0.71⁎,⁎⁎⁎ 1.65±0.39 1.97±0.16
Ileum 0.86±0.14 1.49±0.36⁎⁎,⁎⁎⁎ 0.73±0.16 0.60±0.23
Cecum 1.52±0.47⁎⁎⁎ 2.28±1.70⁎⁎⁎ 0.16±0.05 0.20±0.14
Colon 1.44±0.36⁎⁎⁎ 2.31±1.21⁎⁎⁎ 0.11±0.02 0.20±0.11
Plasma
(fmol/ml)

16.3±2.3⁎⁎⁎ 36.7±1.8⁎,⁎⁎⁎ 39.4±3.2 72.9±2.2⁎

Ir-D-ghrelin or ir-O-ghrelin represents immunoreactivity for n-decanoyl- or n-octanoyl
ghrelin, respectively.

* pb0.01.
** pb0.05 vs. control value.
*** pb0.01 vs. the content of ir-O-ghrelin.

Fig. 2. RP-HPLC profile of immunoreactivity for total ghrelin (ir-T-ghrelin), n-decanoyl ghrelin (ir-D-ghrelin) and n-octanoyl ghrelin (ir-O-ghrelin) in the stomachs of mice fed freely
(control, A, C, E), or fasted for 48 h (48 h fast, B, D, F). Arrows I or II indicate the elusion point of synthetic n-octanoyl ghrelin (O-ghrelin) or n-decanoyl ghrelin (D-ghrelin),
respectively. Based on the retention times of these synthetic ghrelin peptides (I, II), peaks a1, a1′, a3 and a3′ corresponded to those of O-ghrelin and peaks c1, c1′, c2, c2′, c3 and c3′
corresponded to those of D-ghrelin. Peaks b1, b1′, b2, b2′, b3 and b3′, eluted between peaks of O- and D-ghrelin, were estimated to be those including the fraction of n-decenoyl (C10:1)
ghrelin based on previous studies [12,14,15].

5H. Hiejima et al. / Regulatory Peptides xxx (2009) xxx–xxx

ARTICLE IN PRESS
RIA, 2 peaks were detected. One of which (peak c2 and peak c2′ in
Fig. 2C, D) corresponded to D-ghrelin (arrow II in Fig. 2) and the
other peak (peak b2 and peak b2′ in Fig. 2C, D) corresponded to
the estimated peak including C10:1-ghrelin. No significant peaks
corresponding to O-ghrelin were detected by the D-ghrelin RIA
following the RP-HPLC fractioning (arrow I in Fig. 2C, D). When
measured using the T- or O-ghrelin RIA, the stomach content of ir-O-
ghrelin in the 48 h fasted mice (peak a1′ and peak a3′ in Fig. 2B, F)
was smaller than that of ir-O-ghrelin in the control, non-fasted mice
(peak a1 and peak a3 in Fig. 2A, E). On the other hand, the content of ir-
D-ghrelin in stomach of 48 h fastedmouse (peak c1′ and c2′ in Fig. 2B, D)
was larger than that of control mouse (peak c1 and c2 in Fig. 2A, C).
Using this D-ghrelin RIA, no significant changes were detected in the
level of the estimated C10:1-ghrelin-like molecules in the stomach
upon fasting. The levels of ghrelin immunoreactivity (ir-ghrelin) in
peak b1 or b2, that seemed to include the putative C10:1 modified
version of ghrelin, was quite high in the T-ghrelin RIA (Fig. 2A, B) but
low in the O-ghrelin RIA (peak b3 or b3′ in Fig. 2E, F), and very low in
the D-ghrelin RIA (peak b2 or b2′ in Fig. 2C, D). These findings seem to
indicate the existence of other forms of ir-ghrelin except C10:1-
ghrelin, such as the fragment of acyl-ghrelins with intact C-termini, in
these peaks of b1 or b1′ (Fig. 2A, B). The same findings described above
were confirmed in another three experiments using the same protocol
(data not shown). Furthermore, the same kinetics in the stomach
levels of ir-O- or ir-D-ghrelin upon fasting was confirmed in a crude
extract from the mouse stomach by using the O- or D-ghrelin RIA
(Table 1).
Please cite this article as: Hiejima H, et al, Regional distribution and the
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3.3. Characterization of ir-D-ghrelin in plasma

The RP-HPLC-elution profiles of ir-D-ghrelin in the plasma of mice
were studied in the same protocol described above for the
dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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Fig. 4. RP-HPLC-profile of ir-D-ghrelin in plasma of mice fed freely (control), or fasted
for 48 h (48 h fast). Arrows I or II indicate the elusion point of synthetic O-ghrelin or D-
ghrelin, respectively. Based on the retention times of synthetic O- or D-ghrelin (I, II),
peaks a and a′ corresponded to D-ghrelin.
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measurement of ir-D-ghrelin in the stomach of mouse. By using the D-
ghrelin RIA combinedwith C18-RP-HPLC fractionation, the level of ir-D-
ghrelinwas also compared in theplasmaofmicebefore andafter fasting.
As shown in Fig. 3B, the ir-D-ghrelin in plasma of mice divided, at least,
into two peaks. Based on their retention times, both peaks of c and c′
(Fig. 3A, B) corresponded to that of D-ghrelin with intact N- and C-
terminal sequences (intact D-ghrelin). The peak of d in Fig. 3B, which
elutedwithin the retention times of 31–32min,was estimated to be that
of the N-terminal fragment of D-ghrelin, since these peaks did not
contain the ghrelin C-terminal immunoreactivity measured by a T-
ghrelin RIA (Fig. 3A). No significant peak of O-ghrelin was observed by
this assay system (D-ghrelin RIA combined with RP-HPLC) (Fig. 3B),
because ourD-ghrelin RIA selectively detected the immunoreactivity for
D-ghrelin (Fig. 1). After fasting for 48 h, the level of the intact D-ghrelin
in plasma increased to be over two times as that of intact D-ghrelin in
plasma of non-fastedmice (Fig. 4). The same datawas obtained in three
independent studies in the same protocol. In addition, in plasma
samples that were semi-purified with a Sep-Pak-C18 column using 42%
CH3CN/0.1% TFA as an eluate, the concentration of ir-D-ghrelin was
significantly higher in fasted mice than those in non-fasted mice
(Table 1). When we evaluated the RP-HPLC-elution profiles of ir-O-
ghrelin in plasma of mice by using the N-ghrelin RIA, we could detect
estimated small peaks of N-terminal fragment of O-ghrelin around the
retention times of 30 min (Fig. 3C). However, the level of estimated N-
terminal fragments of O-ghrelin was far smaller than the estimated N-
terminal fragments of D-ghrelin; approximately 3–5% to the level of
intact O-ghrelin (peak a′ in Fig. 3C).
Fig. 3. RP-HPLC-profile of immunoreactivity for total ghrelin (ir-T-Ghrelin; Fig. 3A), n-
decanoyl ghrelin (ir-D-Ghrelin; Fig. 3B) and n-octanoyl ghrelin (ir-O-Ghrelin; Fig. 3C) in
plasma of mice fed ad libitum. Arrows I or II indicate the elution point of synthetic n-
octanoyl (O-ghrelin) or n-decanoyl ghrelin (D-ghrelin), respectively. Based on the
retention times of synthetic O- or D-ghrelin (I, II), peaks a and a′ corresponded to O-
ghrelin. Peaks c and c′ corresponded to D-ghrelin. Peak b was estimated to be that
containing n-decenoyl ghrelin (C10:1-ghrelin), and peak d was estimated to be that
containing the putative N-terminal fragment of D-ghrelin.

Please cite this article as: Hiejima H, et al, Regional distribution and the
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3.4. Tissue distribution of immunoreactivity for D- and O-ghrelin

The content of D- or O-ghrelin immunoreactivity (ir-D-, or ir-O-
ghrelin) was measured in the stomach, duodenum, jejunum, ileum,
cecum, colon, pancreas, hypothalamus and plasma in mice (n=5).
The immunoreactivity for Both D- and O-ghrelin was detected
throughout the gastrointestinal tract, as well as in hypothalamus,
pancreas and plasma (Table 1). The amount of ir-D-ghrelin was the
highest in the stomach, while the next highest amount was found in
the duodenum. The amounts of ir-D-ghrelin in both the stomach and
duodenumwere significantly lower than the amounts of ir-O-ghrelin.
The amount of ir-D-ghrelin was far smaller in the lower intestine
(ileum and cecum) and colon in comparison to that in stomachs.
However, the amount of ir-D-ghrelin in the cecum or colon in non-
fasted mice exceeded that of O-ghrelin in respective tissues. The
amount of ir-D-ghrelin in the hypothalamus was ten times higher
than that of O-ghrelin. The concentration of ir-D-ghrelin in plasma
extract of mouse, which was eluted from the Sep-Pak-C18 column by
42% CH3CN/0.1% TFA to reflect the concentration of intact form of D-
ghrelin, was 30–50% to that of ir-O-ghrelin in both fasted and non-
fasted conditions.
3.5. Kinetics of D- and O-ghrelin immunoreactivity upon fasting

The amount of ir-D- or ir-O-ghrelin in the respective gastrointest-
inal regions of mice in non-fasted (control) or 48 h fasted condition
was measured and compared (Table 1). After fasting for 48 h, the
amount of ir-O-ghrelin decreased significantly in the stomach and the
duodenum. On the other hand, the amount of ir-D-ghrelin in the
stomachs of fasted mice increased to be over four times higher than
that of control, non-fasted mice. The amount of ir-D-ghrelin in the
jejunum, ileum increased significantly upon fasting, while no
significant changes were noted in that of O-ghrelin in these regions.
The concentration of ir-D-ghrelin in the plasma of mice significantly
increased after fasting for 48 h (2 times higher than those in non-
dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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fastedmice) in the same fashion as that of ir-O-ghrelin (2 times higher
than those in non-fasted mice).
3.6. Immunofluorescent analysis of D- and O-ghrelin in stomachs

As shown in the lowmagnification picture in Fig. 5A, stomach cells
positive for D-ghrelin immunoreactivity (ir-D-ghrelin) were sparsely
distributed in mucosal layer of the mouse stomach from the neck to
the fundi, where they were moderately abundant (16.1±4.8 cells/
mm2 mucosa). In the fundic mucosa of the mouse stomach, the
number of cells that were positive for ir-D-ghrelin was approximately
one fourth of that for ir-O-ghrelin (57.4±3.7 cells/mm2 mucosa) in
the same section. Double staining study for the ir-D- and ir-O-ghrelin
revealed the co-localization of the immunoreactivity for both D-
ghrelin (green cells, Fig. 5B) and O-ghrelin (red cells, Fig. 5C) in the
same cells in the merged image (yellow cells, Fig. 5D), indicating the
production of D- and O-ghrelin in the same cell population.
3.7. In vivo half-life of D- or O-ghrelin immunoreactivity in plasma of
rats

Based on the simple linear regression line drawn from the semi-
logarithmic concentrations (Y, pmol/ml) vs. time (X, min) data, the
concentration of D-ghrelin (Y1) or O-ghrelin (Y2) was regressed as
follows; log (Y1)=2.36−0.029 X (R2=0.95), and log (Y2)=2.53
−0.039 X (R2=0.98) (n=3). A comparison of the two regression
slopes of D- or O-ghrelin revealed a significant difference (pb0.01,
Fig. 5. Immunofluorescence micrographs of the mouse stomach immunostained for D-ghrelin
D-ghrelin (A). Highmagnification images for D- and O-ghrelin immunopositive cells in the sa
color) and immunopositive cells for O-ghrelin labeled with Alexa 555 (C, red color) were alm
were also stained with DAPI (D, blue color). (A) Scale bar: 100 μm. (B, C, D) Scale bar: 25 μm.
to the web version of this article.)
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Student's t). The estimated half-life for the respective acyl-forms of
ghrelin was 10.5 min for D-ghrelin and 7.7 min for O-ghrelin (Fig. 6A).

3.8. In vitro half-life of D- or O-ghrelin immnnoreactivity in plasma of
mice

The levels of D-ghrelin (Y1, pmol/ml) or O-ghrelin (Y2, pmol/ml) in
the plasma of mice at the indicated time points (X, min) regressed as
follows; log (Y1)=2.02−0.017 X (R2=0.86), and log (Y2)=1.98−
0.024 X (R2=0.93). The estimated half-life of each acyl-forms of
ghrelin in vitro, that partly reflected the vulnerability for des-acylation,
was 18.1 min for D-ghrelin and 12.8 min for O-ghrelin (n=4). A
significant difference was noted when we compared the two
regression slopes for the levels of D- or O-ghrelin in vitro (pb0.01,
Student's t-test) (Fig. 6B). In the same reaction mixture, the time for
the half-maximal production of des-acyl ghrelin from D- or O-ghrelin
was estimated to be 9.86 min or 6.89 min, respectively.

3.9. Effect of D-ghrelin on food intake

The orexigenic effect of D-ghrelin was examined and compared to
the effect of O-ghrelin or that of saline-injected control. In comparison
to the control, the D-ghrelin-injected group ate more food 2 h after the
injection of D-ghrelin in a dose of 1.0 nmol/body (pb0.05 vs. control)
and 3.0 nmol/body (pb0.0001 vs. control), respectively (Table 2). The
O-ghrelin-injected group also consumed larger amounts of food than
the controls at 2 h after the injection of it in a dose of 1.0 or 3.0 nmol/
body (pb0.0001 vs. control). No significant differences in the 2 h food
(A, B, D) or O-ghrelin (C, D). Lowmagnification image for the immunopositive cells for
me section (B, C, D). Immunopositive cells for D-ghrelin labeledwith Alexa 488 (B, green
ost completely matched in the merged image (D, yellow color). The nuclei of fundic cells
(For interpretation of the references to colour in this figure legend, the reader is referred
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Table 2
Cumulative food intake at 2 and 24 h following intraperitoneal injection of n-octanoyl-
or n-decanoyl-ghrelin.

Fig. 6. A, the time courses for the plasma concentrations of ir-D-ghrelin or ir-O-ghrelin
after iv-injecting the respective ghrelins. Log-converted plasma concentration vs. time
data was plotted in each acyl-forms of ghrelin. A respective straight-line or a dashed-
line indicated a simple linear regression (least squares method) from the concentra-
tions of D- or O-ghrelin vs. time data. B, time courses for the concentrations of ir-O- or
ir-D-ghrelin in plasma of mice, in vitro. A respective straight- or dashed-line indicated a
simple linear regression obtained from D- or O-ghrelin concentration vs. time data.

8 H. Hiejima et al. / Regulatory Peptides xxx (2009) xxx–xxx

ARTICLE IN PRESS
intake were observed between the D-ghrelin- and the O-ghrelin-
treated groups in a dose of 0.3 or 1.0 nmol/body. No significant
increases in food consumption were detected at 24 h after the
injection of both D- and O-ghrelins in comparison to the saline-
injected control (Tables 2 and 3). The continuous monitoring of food
consumption by an automated monitoring system (ACTIMO, Shin-
techno, Fukuoka) after the administration of D- or O-ghrelin also
revealed a significant increase of food consumption (pb0.01, D-
ghrelin vs. control; pb0.01, O-ghrelin vs. control) within 0–2 h after
the injection of them (Fig. 7). These results demonstrated that both D-
ghrelin and O-ghrelin had an orexigenic effect with a comparatively
short duration, when administrated peripherally.
Injected dose (nmol/body) 0 (control) 0.3 1.0 3.0

2 h food intake
O-ghrelin 0.17±0.04 0.20±0.09 0.31±0.04⁎ 0.43±0.11⁎,⁎⁎⁎
D-ghrelin 0.16±0.08 0.25±0.05⁎⁎ 0.35±0.04⁎

24 h food intake
O-ghrelin 3.75±0.26 3.86±0.46 3.81±0.12 3.78±0.54
D-ghrelin 3.65±0.40 3.75±0.20 3.62±0.92

n-Octanoyl ghrelin (O-ghrelin), n-decanoyl ghrelin (D-ghrelin), each 0.3, 1.0, and
3.0 nmol/body, were injected intraperitoneally and cumulative food consumption
(gram chow) 2 and 24 h after the injection were measured and compared to saline-
injected controls (0 nmol/body). Data are represented as the means±S.D. (n=10).

⁎ pb0.0001.
⁎⁎ pb0.05 vs. control.
⁎⁎⁎ pb0.05 vs. D-ghrelin injection (3.0 nmol/body).
4. Discussion

This study demonstrated, for the first time, the precise regional
distribution and the dynamics of n-decanoyl ghrelin (D-ghrelin)
immunoreactivity in rodents by using a newly established D-ghrelin-
specific radioimmunoassay system (D-ghrelin RIA). Immunoreactivity
for D-ghrelin (ir-D-ghrelin) was detected in the stomach, duodenum,
jejunum, ileum, cecum, colon, pancreas, hypothalamus and plasma
with highest content in the stomach. The content of ir-D-ghrelin in the
stomach of control mouse, fed ad libitum, was less than 10% to that of
Please cite this article as: Hiejima H, et al, Regional distribution and the
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O-ghrelin in the stomach. However, the proportion in the level of ir-D-
ghrelin to that of ir-O-ghrelin increased serially from the middle to
lower part of the gastrointestinal tract in mice. Furthermore, in the
hypothalamus, the content of ir-D-ghrelin was approximately 10
times higher than that of ir-O-ghrelin. These findings might imply a D-
ghrelin-specific function outside the stomach.

Upon fasting, a significant increase was detected in the level of ir-
D-ghrelin in both the stomach and plasma of mouse. In contrast,
fasting decreased the content of O-ghrelin immunoreactivity (ir-O-
ghrelin) in stomach while increasing its concentration in plasma.
These discrepancies on the kinetics of ir-D- and ir-O-ghrelin in the
stomach indicate a difference in the mechanisms underlying the
production, the secretion, the degradation or the clearance of these
two isoforms of ghrelin. One explanation for the discrepancy in the
kinetics of these two acyl-forms of ghrelin might be that O-ghrelin in
the stomach is secreted into the plasma more rapidly than it is
produced during food deprivation, while the production rate of D-
ghrelin in the stomach exceeded its secretion from the stomach. In this
respect, Markussen et al. reported in their article on the fatty acid-
acylated insulins that only two difference in the number of the
carbon-atoms of fatty acids (from C10 to C12) modifying the insulin
derivatives decreased profoundly (approximately 50%) the disappear-
ance rate of the acyl-derivatives from the pig skin [28]. Furthermore,
Yodoya et al. reported that the acylation of tetragastrin with short- to
medium-chain fatty acids changed their permeability across the
intestinal mucosa, and also decreased the degradation rate of them in
plasma and tissue homogenates [29]. These findings described above
may therefore support our hypothesis on the different kinetics
between ir-D- and ir-O-ghrelin in the stomach or the other gastro-
intestinal lesions of mouse.

Since an immunofluorescent analysis revealed the co-localization
of D- and O-ghrelin in the same cells of the stomach, further studies on
the dynamics of ir-D- and ir-O-ghrelin in X/A-like cells by immuno-
electron microscopy techniques should resolve the discrepancy in the
kinetics of these two acyl-forms of ghrelin [22]. In addition, the
substrate specificity of the recently discovered ghrelin-o-acyltransfer-
ase (GOAT) as well as its related molecules might explain this
discrepancy in the kinetics of these two isoforms of ghrelin in the
stomach [30–32].

Plasma samples from mice were semi-purified using a C18-Sep-
Pak cartridge, eluted with 42% of CH3CN and 0.1% TFA and applied to
the D-ghrelin RIA. Under these conditions, the eluate from the C18-
Sep-Pak cartridge mainly contained the intact form of D-ghrelin
(peaks a, a′ in Fig. 3A, C) and rarely contained the estimated fragment-
forms of D-ghrelin (peak d in Fig. 3B). Under this condition, the
plasma concentration of ir-D-ghrelin was around 40–60% in compar-
ison to that of O-ghrelin (Table 1).Whereas, the level of ir-D-ghrelin in
dynamics of n-decanoyl ghrelin, another acyl-form of ghrelin, upon
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Table 3
Time course of food intake after the intraperitoneal injection of n-octanoyl or n-decanoyl ghrelin.

Food intake (g) Time (h)

0–2 2–4 4–6 0–12 12–24 0–24

Control 0.16±0.12 0.08±0.11 0.09±0.16 0.97±0.22 2.15±0.24 3.23±0.30
O-ghrelin 0.35±0.11⁎ 0.10±0.11 0.07±0.10 1.36±0.36⁎ 1.94±0.67 3.48±0.73
D-ghrelin 0.32±0.16⁎ 0.13±0.11 0.06±0.08 1.43±0.33⁎ 1.92±0.34 3.45±0.31

n-Octanoyl ghrelin (O-ghrelin), n-decanoyl ghrelin (D-ghrelin) were injected intraperitoneally at a dose of 1.0 nmol/body and the food intake (gram chow) in every 2 h period from 0
to 24 h after the injection were measured and compared to saline-injected controls (Control). Data are represented as the means±S.D. (n=12).
⁎ pb0.001 vs. control.
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the stomach were smaller than that of ir-O-ghrelin; at most 30% of
that of O-ghrelin in the fasting condition. These findings again imply a
discrepancy in the process of degradation or clearance between the
two acyl-forms of ghrelin in plasma. Our findings on the in vivo half-
life of ir-D- or ir-O-ghrelin in plasma, together with the in vitro
observations supported the above explanation for the relatively high
concentration of ir-D-ghrelin in plasma. However, we have to consider
that these data for the half-life of D- or O-ghrelin were obtained after
administering pharmacological doses of ghrelins. It is also possible
that other sources of ir-D-ghrelin, outside the stomach, contribute to
its plasma concentration. Given the fact that the amount of the
estimated N-terminal fragment for D-ghrelin in the plasma of mice
was over 50% of that of ir-D-ghrelin (Fig. 3B), which was far larger
than the amount of the estimated N-terminal fragment of O-ghrelin
(Fig. 3C), the origin of the putative N-terminal fragments for D-ghrelin
needs to be clarified in future.

The comparatively high concentration of the circulating ir-D-
ghrelin, next to that of O-ghrelin, also suggests an endocrine role of it.
In this respect, our present observations on the feeding effect of D-
ghrelin at least confirmed the orexigenic potential of D-ghrelin, which
was almost comparable to that of O-ghrelin in mice, when admini-
strated peripherally within the range of 0.3–1.0 nmol/body. However,
Fig. 7. Continuous monitoring for the food consumption of mice after the injection of D-
or O-ghrelin. Each acyl-forms of ghrelin (1.0 nmol/body) was intraperitoneally injected
and the volume of food consumption in every 2 h intervals was monitored from 0 to
24 h after the injection by a continuously monitoring system (ACTIMO, Shintecho,
Fukuoka). Data in each time points represents the means of cumulative food
consumption (gram chow) within 2 h intervals.

Please cite this article as: Hiejima H, et al, Regional distribution and the
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there may be latent physiological functions of D-ghrelin that were
specific to this acyl-form.

In conclusion, this study demonstrated for the first time the tissue
distribution of D-ghrelin using newly established RIA for D-ghrelin. In
addition, the dynamics of D-ghrelin in the stomach of mice upon
fastingwas different from that of O-ghrelin, while bothwere produced
in the same cell population in the stomach. The differences in the
kinetics and the tissue distribution of these two isoforms of acyl-
ghrelin, O- and D-ghrelin, might imply the undetermined physiolo-
gical functions of D-ghrelin together with the undiscovered process
for the production of D-ghrelin. Under a negative energy balance such
as fasting, the production and the secretion of D-ghrelin increase to
ameliorate the energy conditions through its orexigenic and possibly
undetermined functions in concert with that of O-ghrelin.
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