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Abstract
We found in a primary study that ingestion of medium-chain fatty acids (MCFAs) or
medium-chain triacylglycerols (MCTs) increased the stomach contents of acyl ghrelin,
and we further showed that the carbon-chain length of the acyl groups that modified
the nascent ghrelin peptides corresponded to that of the ingested MCFAs or MCTs. These
findings clearly demonstrated that the ingested MCFAs are directly used for the acyl-
modificationofghrelin. Before thediscoveryof ghrelin-O-acyltransferase (GOAT), our in vivo
study suggested that the putative GOAT preferredMCTs (composed of C6:0 to C10:0 FFAs)
to either short- or long-chain triglycerides. In another study, we suggested that MCFAs or
MCTs might represent a potential therapeutic modality for the clinical manipulation of
energy metabolism through the modulation of ghrelin activity. After the discovery of
GOAT, many studies have been done on the acylation of ghrelin using MCFAs, MCTs, or
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their derivatives;however, results and interpretationshavebeen inconsistent, largelydue to
thedifferences inexperimental conditions. This chapter describes detailedmethods for the
analysis of ghrelin acylation in vivo to facilitate future research in this field.
1. INTRODUCTION

In a primary study, we detected n-heptanoyl ghrelin, an unnatural
form of acyl ghrelin, in stomachs and plasma of mice after the ingestion

of glyceryl triheptanoate, which cannot be synthesized by mammalian cells

except under very rare conditions (Nishi et al., 2005a). This suggested that

ingested medium-chain fatty acids (MCFAs) or medium-chain triglycerides

(MCTs) were directly utilized for the ghrelin acylation. This finding was

confirmed by subsequent studies both before (Nishi et al., 2005b; Yamato

et al., 2005) and after (Gutierrez et al., 2008; Kirchner et al., 2009) the

discovery of ghrelin-O-acyltransferase (GOAT) (Yang et al., 2008),

which catalyzes the acylation of ghrelin. MCFAs and MCTs are

commonly found in milk, vegetable oils (coconut or palm), and butter

(Babayan, 1968; Fernando-Warnakulasuriya et al., 1981; Greenberger and

Skillman, 1969). Their derivatives, such as medium-chain acyl CoAs, are

also produced in the body by metabolic processes involving long-chain

fatty acids, a main component of lipid nutrients (Coleman et al., 2000;

Eaton et al., 1996). The ability of acyl ghrelins to stimulate their receptor

(GHS-R) is highly dependent on the length of the fatty acid that

modifies the serine 3 residue (Ser3) of acyl ghrelins (Matsumoto et al.,

2001). These findings confirmed that the availability and carbon-chain

length of MCFAs, MCTs, or their derivatives are rate-limiting steps for

the acylation and the activation of ghrelin. This chapter describes

methods for in vivo experiments on ghrelin acylation based on previous

studies by us and by other groups of specialists in this field.

2. PREPARING FOOD AND WATER CONTAINING MCFAs
OR MCTs
2.1. Preparation of drinking water with MCFAs

MCFAs (n-hexanoic acid, n-octanoic acid, or n-decanoic acid (Sigma-

Aldrich, Japan)) were dissolved in distilled water at a concentration of

5 mg/ml (Nishi et al., 2005a). At this concentration, no precipitates were

formed at room temperature (25 �C).
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2.2. Preparation of chow with MCTs
Standard laboratory chow (CLEA Rodent Diet: CE-2, CLEA Japan Inc.,

Osaka, Japan) was used. The CE-2 chow contained 50.3% carbohydrate,

25.4% protein, and 4.4% fat. MCTs consisting of glyceryl trihexanoate

(C6-MCT) (Tokyo-Kasei, Tokyo, Japan), glyceryl trioctanoate (C8-

MCT) (Wako Pure Chemical, Osaka, Japan), glyceryl tridecanoate (C10-

MCT) (Wako Pure Chemical), or glyceryl triheptanoate (Fluka Chemie,

Switzerland) were mixed into the CE-2 chow at a concentration of 5%

(w/w) as described below (Nishi et al., 2005a).

1. Weigh out a portion of the CE-2 chow and sprinkle an appropriate

amount of the liquid MCT (5% w/w of the CE-2) onto it (e.g., 5.0 g

of liquid MCT onto 95 g of CE-2 chow).

2. Allow the MCT to soak into the CE-2 for at least 2 h at room

temperature.

3. In the case of C10-MCT, which is a solid at room temperature, dissolve

the C10-MCT by heating in a thermostat chamber at 60 oC.

4. Sprinkle the appropriate amount of liquid C10-MCT (5%w/w to CE-2)

onto the CE-2, which is prewarmed to 60 oC.

5. Heat the C10-MCT-sprinkled CE-2 in a thermostat chamber at 60 �C
for at least 2 h to allow the C10-MCT to soak into the CE-2.

6. Store the C6-, C8-, or C10-MCT-soaked CE-2 at 4 �C until use.
2.3. Feeding conditions
MaleC57BL/6JJcl mice (CLEA Japan, Inc.,Osaka, Japan)weighing 20–25 g

were used.Micewere given ad libitum access to either theMCT-mixed chow

(5% w/w) or the MCFA-mixed water (5 mg/ml) for 0–14 days (Nishi et al.,

2005a).Tominimize thedenaturingofMCFAsorMCTs, drinkingwater and

chow were changed twice a week.

3. SAMPLES FOR GHRELIN MEASUREMENT
3.1. Preparation of stomach samples

All mouse tissue samples were collected during a fed state between 9:00 and

10:00 a.m. (Nishi et al., 2005a). Tissue sampling was conducted in accordance

with the Guidelines for Animal Experimentation, Kurume University.

1. Dissect the whole mouse stomach immediately after induction of deep

anesthesia (intraperitoneal injection of 50 mg/kg pentobarbital).
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2. Wash each stomach sample twice in 50 mM sodium phosphate buffer

Saline (pH 7.4) (PBS) and measure the wet weight of each sample.

3. Boil each stomach sample for 5 min in a 10-fold volume of water to

inactivate intrinsic proteases.

4. After cooling on ice, adjust the boiled samples in water to 1 M acetic acid

(AcOH)–20 mM HCl.

5. Homogenize the boiled stomach samples in the 1 M AcOH–20 mM

HCl solution and isolate the extracted peptides by centrifugation

(e.g., 12,000� g for 15 min).

6. Transfer the extracted peptides in supernatant (1 mg wet weight tissue

equivalent) to stock tubes, lyophilize, and store at �80 �C until assay.

7. Dissolve the lyophilized peptide sample in RIA buffer and measure the

levels of ghrelin by ghrelin RIA (the precise procedure is described in

chapter 8 in this issue).

3.2. Preparation of plasma samples
Adetailedprocedure for themeasurementof plasmaghrelin level in themouse

(or rat) has been reported (Hosoda et al., 2000) and is also described in chapter

8 in this issue. Therefore, this chapter will focus on the method to

semiquantify the levels of n-heptanoyl ghrelin (C7-ghrelin) in mouse plasma

after the ingestion of glyceryl triheptanoate, a C7-MCT composed of

C7-FFA, which is rarely synthesized by mammalian cells under normal

conditions.

1. Aspirate blood (�1.0 ml per mouse) by heart puncture after induction

of deep anesthesia.

2. Immediately transfer the mixture of blood samples (from 7 to 10mice) to

a chilled polypropylene tube on ice containing EDTA-2Na (1 mg/ml)

and aprotinin (500–1000 kallikrein inactivator units per milliliter).

3. Isolate the plasma after centrifugation at 4 �C and immediately transfer

it to the polypropylene tube on ice.

4. Add HCl to the plasma to a final concentration of 0.1 M and dilute it

with an equal volume of ice-cold 0.9% NaCl solution (saline). To min-

imize the degradation of acyl ghrelins in plasma, steps 1–4 above must

be completed within 5 min.

5. Centrifuge the acidified and diluted plasma sample for 5 min at 4 �C
and transfer the supernatant to a Sep-Pak C18 cartridge pre-equilibrated

in 0.1% trifluoroacetic acid (TFA) and saline.

6. After a serial washing with saline and 5% acetonitrile (CH3CN)/0.1%

TFA, elute the plasma sample with 60% CH3CN/0.1% TFA from the

Sep-Pak C18 cartridge.
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7. Collect the eluate from the cartridge into a polypropylene tube and

lyophilize.

8. Dissolve the residual material (peptides) in 1 M AcOH (�2.0 ml) and

adsorb it onto an SP-Sephadex C25 column (Hþ-form, GEHealthcare,

Uppsala, Sweden) (bed volume: �1.0 ml) pre-equilibrated in 1 M

AcOH. Successive elutions in 3.0 ml of 1 M AcOH, 2 M pyridine,

and 2 M pyridine–AcOH (pH 5.0) will generate three fractions:

SP-I, SP-II, and SP-III.

9. Evaporate the SP-III fraction by heating (�55 �C) and dissolve the

residual material in 1 M AcOH.

10. Separate the acyl- or des-acyl ghrelins in 1M AcOH using reverse-

phase HPLC (RP-HPLC), as described below.

4. MEASUREMENT OF GHRELINS MODIFIED WITH OR
WITHOUT THE N-OCTANOYL GROUP
4.1. RP-HPLC plus ghrelin C-terminal RIA

Peptide samples from stomachs or plasma of mice dissolved in 1.0M AcOH

are fractionated by RP-HPLC and then quantified by ghrelin RIA (Hosoda

et al., 2000). The precise procedure for the measurement of ghrelin, includ-

ing C-terminal or N-terminal ghrelin RIA, is described in chapter 8 in this

issue. A significant increase was detected in stomach levels of n-hexanoyl

ghrelin (C6-ghrelin), n-octanoyl ghrelin (C8-ghrelin), or n-decanoyl

ghrelin (C10-ghrelin) after the ingestion of C6-MCT, C8-MCT, or

C10-MCT, respectively (Table 19.1), by means of the assay system

described below:

1. Before the RP-HPLC analyses of stomach ghrelins, the peptide sample

(from 1.0 mg wet weight tissue of stomach) is semipurified by a Sep-

Pak C18 cartridge (Waters, Milford, MA) and lyophilized. Next, the

lyophilized sample is dissolved in 1.0MAcOH. For the analysis of plasma

ghrelin, the Sep-Pak C18-purified samples from 7 to 10 ml of plasma are

lyophilized and redissolved in 1.0M AcOH.

2. The peptide solution in 1.0 M AcOH is fractionated by RP-HPLC in a

C18 cartridge (Symmetry 300, 3.9�150, Waters) (C18-RP-HPLC).

The peptide sample from 0.2 to 0.5 mg wet weight of stomach tissue

or that from 7 to 10 ml plasma is injected into the C18-RP-HPLC

column.

3. The injected sample (in 1.0 M AcOH) is fractionated by the C18-RP-

HPLC using a linear gradient from 10% to 60% CH3CN/0.1% TFA

at a flow rate of 1.0 ml/min for 40 min, collecting 500-ml fractions.



Table 19.1 Stomach contents of n-hexanoyl, n-octanoyl, or n-decanoyl ghrelin after the
ingestion of medium-chain (C6, C8, and C10) triglycerides

C6-ghrelin C8-ghrelin C10-ghrelin

Control 28.6�3.5 531.1�27.3 30.8�5.5

C6-MCT 237.8�34.8a 360.8�33.3b 25.8�6.0

C8-MCT 12.3�4.5 788.8�82.6b 8.8�5.7c

C10-MCT 24.6�4.4 516.9�42.3 108.4�12.0c

Male C57BL/6J mice were fed standard laboratory chow (control) or chow containing 5% (w/w) glyc-
eryl trihexanoate (C6-MCT), glyceryl trioctanoate (C8-MCT), or glyceryl tridecanoate (C10-MCT) for
14 days. The contents of n-hexanoyl ghrelin (C6-ghrelin), n-octanoyl ghrelin (C8-ghrelin), or n-dec-
anoyl ghrelin (C10-ghrelin) in stomach samples (fmol of ghrelins in 0.2 mg wet weight tissue) were mea-
sured by ghrelin C-terminal RIA after C18-RP-HPLC fractionation.
ap<0.001 versus C6-ghrelin level in control.
bp<0.001 versus C8-ghrelin level in control.
cp<0.001 versus C10-ghrelin level in control.
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4. Peptide samples in each resultant HPLC fraction are lyophilized and

dissolved in RIA buffer (50 mM sodium phosphate buffer (pH 7.4),

0.5% bovine serum albumin, 0.5% Triton X-100, 80 mM NaCl,

25 mM EDTA-2Na, and 0.05% NaN3) containing 0.5% normal rabbit

serum.

5. Each sample solution is quantified by ghrelin C-terminal RIA, which

recognizes the C-terminal sequence of the ghrelin peptide irrespective

of the N-terminal acylation (Hosoda et al., 2000).

6. By this assay system combining C18-RP-HPLC and ghrelin C-terminal

RIA, both C6-ghrelin and C7-ghrelin are eluted with shorter retention

times (RTs) than C8-ghrelin, while C8-ghrelin is eluted with a shorter

retention time than C10-ghrelin. (Fig. 19.1) (Nishi et al., 2005a).
4.2. n-Decanoyl ghrelin RIA
Stomach or plasma levels of n-decanoyl ghrelin, another acyl from of ghrelin,

can be directlymeasured by an n-decanoyl ghrelinRIA (Hiejima et al., 2009;

Yoh et al., 2011), which does not cross-react with n-octanoyl ghrelin or

des-acyl ghrelin (Figs. 19.2 and 19.3). The procedure for the measurement

of n-decanoyl ghrelin is exactly the same as that of ghrelin C-terminal

RIA, except that an antibody raised against the n-terminal sequence of the

n-decanoyl ghrelin is used.
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Figure 19.1 RP-HPLC profiles of ghrelin C-terminal immunoreactivity in the stomachs of
mice fed standard laboratory chow (control, A) or chow containing glyceryl trihexanoate
(C6-MCT, B), glyceryl trioctanoate (C8-MCT, C), or glyceryl tridecanoate (C10-MCT, D).
A linear gradient of 10–60% CH3CN containing 0.1% TFA was run for 40 min. Ghrelin
C-terminal immunoreactivity (ir-ghrelin-Cter) in the peptides extracted from 0.2 mg
of stomach tissue and fractionated by C18-RP-HPLC was quantified by ghrelin
C-terminal RIA. Black bars represent levels of ir-ghrelin-Cter. Arrows indicate the elution
positions of des-acyl ghrelin (I) and n-octanoyl ghrelin (II). Based on the retention times
of the respective ghrelin forms, peaks a, d, h, and k correspond to des-acyl ghrelin,
whereas peaks b, f, i, and l correspond to n-octanoyl ghrelin. Peak e corresponds to
n-hexanoyl ghrelin, whereas peak n corresponds to n-decanoyl ghrelin. Peaks c, g, j,
and m are considered to correspond to n-decenoyl (C10:1) ghrelin and other acyl
ghrelins, based on previous studies (Hiejima et al., 2009; Nishi et al., 2005a).
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5. PURIFICATION AND CHARACTERIZATION OF ACYL
GHRELINS FROM STOMACHS
5.1. Purification of n-heptanoyl and other acyl forms of
ghrelin
The method for the purification of acyl ghrelins from the stomach is similar

to that used for the purification of n-heptanoyl ghrelin (C7-ghrelin). There-

fore, in this section, we will describe how to purify n-heptanoyl ghrelin from
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Figure 19.2 Competition curves of n-decanoyl ghrelin (C10-ghrelin) and other forms of
ghrelin for the binding of [125I]Tyr12-C10-ghrelin [1–11] to the anti-C10-ghrelin antise-
rum. Three independent experiments were done in duplicate and the results are
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the stomach extract and plasma extract of mice fed ad libitum. The antibody (within an-
tiserum) used in this assay exhibited little (<2%) or no cross-reactivity to C8-ghrelin or
des-acyl ghrelin, respectively. C10-ghrelin, n-decanoyl ghrelin [1–28]; C8-ghrelin,
n-octanoyl ghrelin [1–28]; des-acyl ghrelin, des-acyl ghrelin [1–28].
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stomachs of mice fed glyceryl triheptanoate (C7-MCT) by means of

immune-affinity chromatography using rabbit IgG raised against rat

ghrelin(1–11) IgG (Kaiya et al., 2001; Nishi et al., 2005a).

1. Prepare the stomach sample (total 1000 mg) from 7 to 10 mice fed

C7-MCT for 4 days, as described in steps 1–6 of Section 3.1.

2. Dissolve the residual material (peptides) in 1 M AcOH, adsorb it onto

an SP-Sephadex C25 column, fractionate it as described in steps 8 and 9

of Section 3.2., and collect the SP-III fraction.

3. Evaporate the SP-III by heating (�55 �C), and dissolve the residual

material in 0.5–1.0 ml of 1.0M AcOH.

4. Apply the SP-III fraction in 1.0 M AcOH to a Sephadex G-50 fine gel-

filtration column (1.9�145 cm) (GE Healthcare Japan, Tokyo), frac-

tionate it at a flow rate of 5.0 ml/h, and collect the 5.0-ml fractions.

5. Subject a portion of each fraction (15–50 ml from 5 ml) to a ghrelin

calcium-mobilization assay (described in Section 5.2) using a fluoro-

metric imaging plate reader system (Molecular Devices, CA, USA),
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Figure 19.3 RP-HPLC profile of the immunoreactivity for n-decanoyl ghrelin (ir-C10-
ghrelin, A, B), n-octanoyl ghrelin (ir-C8-ghrelin, C, D), or the C-terminal sequence of
ghrelin (ir-ghrelin-Cter, E, F) in the stomachs of mice freely fed a standard laboratory
chow (Control, A, C, E) or a chow containing 5% (w/w) glyceryl tridecanoate
(C10-MCT, B, D, F). Arrows I or II indicate the elution point of synthetic n-octanoyl ghrelin
(C8-ghrelin) or n-decanoyl ghrelin (C10-Gghrelin), respectively. Based on the retention
times of these synthetic ghrelin peptides (I, II) and that of purified ghrelin immunore-
activities, peaks c, c0, f, and f0 corresponded to C8-ghrelin and peaks b, b0, e, e0, h, and h0

corresponded to C10-ghrelin. Peaks a, a0, d, d0, g, and g0, eluted between peaks of
C8- and C10-ghrelin, were considered to represent n-decenoyl (C10:1) and other acyl
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in a cell line stably expressing the rat ghrelin receptor (Hosoda et al.,

2000; Kojima et al., 1999).

6. Collect half (2.5 ml each) of each active fraction (around fraction

numbers 47–52) and condense it using a Sep-Pak C18 light cartridge

(Waters). Then lyophilize the eluate in 60% CH3CN/0.1% TFA.
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7. Dissolve the lyophilized eluate in 100 mM sodium phosphate buffer

(pH 7.4) and purify by anti-rat ghrelin (1–11) IgG immuno-affinity

chromatography. Elute the adsorbed substances (purified ghrelin pep-

tides) in 500 ml of 10% CH3CN/0.1% TFA.

8. Lyophilize the eluate fromthe immune-affinity chromatography,dissolve

it in 500 ml of 1.0M AcOH, and load onto the C18-RP-HPLC column

(Symmetry 300, 3.9�150, Waters) working on a linear gradient from

10% to 60%CH3CN/0.1%TFA at a flow rate of 1.0 ml/min for 40 min.

9. Collect the eluate of C7-ghrelin in the HPLC peak at a RT around

18.4 min, which comes before the peak of C8-ghrelin (RT

around 20.4 min) (Fig. 19.4). In the same fashion, C6-ghrelin or

C10-ghrelin is eluted by C18-RP-HPLC at an RT around 17.0 or

24.0 min, respectively.

10. Analyze the peptide sequences of the purified C7-ghrelin or other

acyl ghrelins with a protein sequencer (model 494; Applied Biosystems,

CA, USA). Molecular weight of each purified peptide is determined by

matrix-assisted laser desorption/ionization time of flight (MALDI-

TOF) mass spectrometry (Hillenkamp and Karas, 1990) with a

Voyager-DE PRO instrument (Applied Biosystems) (Ida et al., 2007;

Nishi et al., 2005a).
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Figure 19.4 RP-HPLC profile of the purified n-heptanoyl ghrelin (C7-ghrelin). Ghrelin
peptides were purified from the stomachs of mice fed glyceryl triheptanoate. Elutes
from anti-rat ghrelin immuno-affinity column were subjected to C18-RP-HPLC. Based
on the retention times of control samples in HPLC and MALDI-TOF-MS analysis, peaks
1 and 2 corresponded to C7- and C8-ghrelin, respectively. Arrows indicate the elution
points of n-hexanoyl (I), n-octanoyl (II), and n-decanoyl (III) ghrelin. RT, retention time.
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5.2. Bioactivities of acyl ghrelins in vitro
Bioactivities of acyl ghrelins in vitro were estimated by measuring changes in

intracellular calcium concentrations ([Ca2þ]i) with a fluorometric plate

reader (FLIPR) system (Molecular Devices) in a cell line stably expressing

rat ghrelin receptor (GHS-R1a) (Chinese hamster ovary (CHO)-GHSR62)

(Hosoda et al., 2000; Kojima et al., 1999) as follows (Fig. 19.5):

1. Plate the CHO-GHSR62 cells on flat-bottom, black-walled 96-well

plates at a density of 4.0�104 cells/well, and incubate at 37 �C for

12–15 h before the assay of ghrelin activity.

2. Incubate the cells for 1 h with 4 mM of Fluo-4-AM fluorescent indicator

dye (molecular probes, Eugene, OR) in the assay buffer (Hanks’ balanced

salts solution, 20 mM Hepes, 2.5 mM probenicid) containing 1% fetal

calf serum.

3. Wash the incubated cells four times with the assay buffer.

4. Dissolve the assay samples (e.g., purified peptide samples from stomachs)

in the assay buffer containing 0.1% bovine serum albumin.

5. Measure the changes of [Ca2þ]i in CHO-GHSR62 cells through the

changes of fluorescence intensity using the FLIPR system (Fig. 19.5).

The in vitro bioactivity of n-hexanoyl or n-heptanoyl ghrelin to increase

[Ca2þ]i in CHO-GHSR62 cells is approximately 5% or 60% that of
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Figure 19.5 Time course for the changes of fluorescence intensity as a measure of
[Ca2þ]i changes induced by n-hexanoyl, n-heptanoyl, n-octanoyl, and n-decanoyl
ghrelin in ghrelin receptor (GHS-R1a)-expressing cells (CHO-GHSR62). Ghrelin peptides
(1.0�10�8 M) were added at the time indicated by the arrow. The in vitro bioactivity of
n-hexanoyl or n-heptanoyl ghrelin to increase [Ca2þ]i in CHO-GHSR62 cells is approxi-
mately 5% or 60% that of n-octanoyl ghrelin, respectively. In contrast, the activity of
n-decanoylghrelin is almost equipotent to that of n-octanoyl ghrelin in this assay system
(Matsumoto et al., 2001; Nishi et al., 2005a).
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n-octanoyl ghrelin, respectively. In contrast, the activity of n-decanoyl

ghrelin is almost equipotent to that of n-octanoyl ghrelin in this assay system

(Matsumoto et al., 2001; Nishi et al., 2005a).

6. SUMMARY

One of the main physiological roles of the ghrelin–GOAT system is to
serve as a nutrient sensor, sending the brain information about lipids within

the gastrointestinal tract. The bioactivity of ghrelin is regulated by the type

of medium-chain fatty acyl group modifying the ghrelin peptides. In fact,

the bioactivity of C6-ghrelin measured by the CHO-GHSR62 system is

far smaller (�5%) than that of C8-ghrelin. Since the medium-chain acyl

molecules modifying the stomach ghrelin peptides are easily displaced by

ingested MCFAs or MCTs, it might be possible to manipulate appetite

and control obesity, to some degree, simply by ingesting MCFAs or MCTs

that weaken the bioactivity of the acylated ghrelins. In vivo tracing of ghrelin

acylation processes by unnatural MCFAs or MCTs (e.g., tracing the

C7-ghrelin produced by the ingestion of C7-MCT) is a simple and useful

system to investigate the production, secretion, and degradation of acyl

ghrelins. However, to maximize the accuracy of this system, great care must

be taken to prepare samples properly before the ghrelin assay, since acyl

ghrelins are rapidly degraded by intrinsic esterases that catalyze their

deacylation. Precise examinations of in vivo acylation of ghrelin by ingested

MCFAs using this method, in concert with in vitro enzymatic studies on

GOAT, will help to clarify the ghrelin–GOAT system and stimulate further

research in this important field.
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