
Acylation Type Determines Ghrelin’s Effects on
Energy Homeostasis in Rodents

Kristy M. Heppner, Nilika Chaudhary, Timo D. Müller, Henriette Kirchner,
Kirk M. Habegger, Nickki Ottaway, David L. Smiley, Richard DiMarchi,
Susanna M. Hofmann, Stephen C. Woods, Bjørn Sivertsen, Birgitte Holst,
Paul T. Pfluger, Diego Perez-Tilve, and Matthias H. Tschöp

Metabolic Diseases Institute (K.M.He., N.C., K.M.Ha., N.O., S.C.W., D.P.-T., M.H.T.), Department of
Medicine, University of Cincinnati, Cincinnati, Ohio 45237; Department of Molecular Medicine and
Surgery (H.K.), Karolinska Institute, SE-171 77 Stockholm, Sweden; Institute for Diabetes and Obesity
(T.D.M., P.T.P., M.H.T.) and Division of Women and Diabetes (S.M.H.), Institute for Experimental
Genetics, Helmholtz Center and Technical University Munich, 85764 Munich, Germany; Department of
Chemistry (D.L.S., R.D.), Indiana University, Bloomington, Indiana 47405; and Department of
Pharmacology (B.S., B.H.), University of Copenhagen, DK-2200 Copenhagen, Denmark

Ghrelin isagastrointestinalpolypeptidethatactsthroughtheghrelinreceptor(GHSR)topromotefood
intake and increase adiposity. Activation of GHSR requires the presence of a fatty-acid (FA) side chain
on amino acid residue serine 3 of the ghrelin molecule. However, little is known about the role that the
type of FA used for acylation plays in the biological action of ghrelin. We therefore evaluated a series
of differentially acylated peptides to determine whether alterations in length or stability of the FA side
chain have an impact on the ability of ghrelin to activate GHSR in vitro or to differentially alter food
intake, body weight, and body composition in vivo. Fatty acids principally available in the diet (such as
palmitate C16) and therefore representing potential substrates for the ghrelin-activating enzyme
ghrelin O-acyltransferase (GOAT) were used for dose-, time-, and administration/route-dependent
effects of ghrelin on food intake, body weight, and body composition in rats and mice. Our data
demonstrate thatalteringthe lengthof theFAsidechainofghrelin results in thedifferentialactivation
of GHSR. Additionally, we found that acylation of ghrelin with a long-chain FA (C16) delays the acute
central stimulation of food intake. Lastly, we found that, depending on acylation length, systemic and
central chronic actions of ghrelin on adiposity can be enhanced or reduced. Together our data suggest
that modification of the FA side-chain length can be a novel approach to modulate the efficacy of
pharmacologically administered ghrelin. (Endocrinology 153: 4687–4695, 2012)

Ghrelin is a 28-amino acid peptide secreted mainly
from the X/A-like cells of the stomach (1–3). A unique

feature of ghrelin is the esterification with an 8-n acyl
group at the serine in position 3. Acylation of ghrelin oc-
curs during posttranslational modification in which an
n-octanoic acid is esterified to the serine 3 residue of the
peptide (4, 5). The enzyme that catalyzes this reaction is
ghrelin O-acyltransferase (GOAT), which is a membrane-
bound protein highly expressed in the stomach (4, 5).
Ghrelin is found in circulation in both the acyl and des-acyl

forms (1, 6). However, the presence of the fatty acid (FA)
side chain is required for the binding of ghrelin and acti-
vation of its G protein-coupled receptor known as the
GH-secretagogue receptor (GHSR) (1). This receptor re-
tains significant baseline constitutive activity (7–9) and is
highly expressed in the hypothalamus (10, 11), which is
the nexus for the regulation of energy balance. The agouti-
related peptide (AgRP)/neuropeptide Y (NPY) neurons of
the hypothalamus express GHSR (12, 13) and are a pri-
mary target of ghrelin (14–17). Ghrelin stimulation of
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these neurons (18) results in an increase in NPY/AgRP
peptide release in the paraventricular nucleus (PVN). NPY
activates Y1 and Y5 (19) receptors, whereas AgRP antag-
onizes melanocortin 4 receptor in the PVN (20). Addi-
tionally, ghrelin activation of GHSR on NPY/AgRP neu-
rons promotes the release of �-aminobutyric acid (14),
which acts to inhibit the anorectic effect of proopiomel-
anocortin-expressing neurons in the arcuate nucleus. The
collective ghrelin-induced activation of GHSR on NPY/
AgRP-expressing neurons in the hypothalamus is in-
creased food intake (16, 21–23) and adiposity (24, 25).

Although the acylated form of ghrelin that was initially
identified was octanoyl ghrelin (1), GOAT can actually
acylate ghrelin with FA of different lengths (4, 5, 26).
Furthermore, these FA can have dietary origin since mice
were found to have circulating ghrelin acylated with a
C7-FA side chain after being fed a diet rich in nonendog-
enously produced C7-chain FA (27, 28). In addition, ghre-
lin esterified by n-decanoic acid was isolated from human
stomach and plasma (6). This form of ghrelin has the same
potency to increase [Ca2�] in GHSR-expressing cells and
to stimulate GH release in anesthetized rats as octanoyl
ghrelin (6). One report demonstrated that altering the
structure of the fatty acid side chain alters ghrelin’s ability
to activate GHSR in human embryonic kidney-293 cells
(29), and another group found that replacing the ester
bond linking the octanoic acid to the Ser3 residue of the
ghrelin peptide with a more chemically stable ether or
thioether bond resulted in similar GHSR activation in Chi-
nese hamster ovary-GHSR62 cells as native ghrelin (30).
Interestingly, administering ghrelin stabilized with a
thioether bond iv to rats delayed the onset of GH secretion,
although total GH secretion of the stable vs. native ghrelin
was similar. Despite these findings exploring GHSR acti-
vation by ghrelin isoforms in cell-based assays and on GH
secretion, it is unclear whether these effects will translate
to the in vivo action of ghrelin on energy metabolism.

Circulating ghrelin levels change in pathophysiological
conditions involving perturbed energy balance, such as
obesity (31–35) and diabetes (36), and there are inconsis-
tent reports that surgical procedures intended to reduce
obesity and diabetes, such as Roux-en-Y gastric bypass,
also result in changes in plasma ghrelin levels (37, 38).
However, it is unknown whether different metabolic con-
ditions have an impact on the levels of different acyl ghre-
lin isoforms, and the accurate measurement of different
acyl ghrelin levels is still unfeasible due to the lack of spe-
cific high-throughput assays. Taken together, the changes
in ghrelin associated with the metabolic disease, and the
endogenous existence of ghrelin acylated with different
fatty acids, warrants further investigation of the possible
alternative physiological actions of these isoforms.

The aim of this study was to systematically dissect the
in vitro and in vivo actions of synthetic ghrelin compounds
acylated with FA of variable length (C2-C16) and stability
to determine whether these alterations affect the action of
ghrelin on GHSR activation, food intake, body weight,
and body composition.

Materials and Methods

Peptide synthesis
Rat ghrelin was synthesized using in situ neutralization for

Boc chemistry, purified by preparative chromatography, and
characterized by HPLC and mass spectral analysis, as described
previously (24). The native ghrelin used for these experiments
contained an octanoic acid (C8) forming an ester bond at the Ser3
hydroxyl side chain. Ghrelin isoforms were synthesized using the
28-amino acid sequence of rat ghrelin, but the number of carbons
in the FA side chain was altered (C2-C16). For the stabilized
analog, the ester bond at the Ser3 was replaced with an isostere
that has an amino group on the side chain. The amino group was
acylated with octanoic acid to form an amide bond, which is less
prone to hydrolysis, resulting in enhanced stability of bond of the
octanoyl group to the peptide molecule. These peptide acyl
amides are denoted as SC8 and SC16 to signify the absence of the
labile acyl ester of endogenous ghrelin isoforms.

Transfections and tissue culture
COS-7 cells were grown in DMEM 1885 supplemented with

10% fetal calf serum, 2 mM glutamine, and 0.01 mg/ml genta-
micin. The cells were transfected using the calcium phosphate
precipitation method with chloroquine addition as previously
described (39).

Phosphatidylinositol turnover
One day after transfection, COS-7 cells were incubated for

24 h with 5 �Ci of [3H]-myo-inositol (Amersham Bioscience,
Piscataway, NJ; PT6-271) in 1 ml medium supplemented with
10% fetal calf serum, 2 mM glutamine,180 U/ml penicillin, and
45 �g/ml streptomycin. Cells were washed twice in buffer, 20 mM

HEPES (pH 7.4), supplemented with 140 mM NaCl, 5 mM KCl,
1 mM MgSO4, 1 mM CaCl2, 10 mM glucose, and 0.05% (wt/vol)
bovine serum and were incubated in 0.5 ml buffer supplemented
with 10 mM LiCl at 37 C for 30 min. After stimulation with
various concentrations of peptide for 45 min at 37 C, cells were
extracted with 10% ice-cold perchloric acid followed by incu-
bation on ice for 30 min. The resulting supernatants were neu-
tralized with KOH in HEPES buffer, and the generated [3H]-
inositol phosphate was purified on Bio-Rad Laboratories
(Hercules, CA) AG 1-X8 anion-exchange resin as described. De-
terminations were made in duplicate.

Animals
Male C57BL/6 mice (8 wk old; Jackson Labs, Bar Harbor,

ME) and male Long-Evans rats (300–350 g; Harlan, Indianap-
olis, IN) were maintained on a standard chow diet (Teklad; Har-
lan). After receiving intracerebroventricular (icv) surgery, ani-
mals were singly housed on a 12-h light, 12-h dark cycle at 22 C
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with free access to food and water unless noted otherwise. Mice
that received C6 or C16 acylated ghrelin were housed in an in-
direct calorimetry system (TSE LabMaster, Bad Homburg
v.d.H., Germany) for the study period. Mice infused with C2,
C12, or C14 were housed in conventional cages. Each study had
a saline and C8 control group that was housed in the same man-
ner as their corresponding treatment groups. Animals that re-
ceived chronic sc injections were group housed (four mice per
cage) in conventional cages. GHSR-knockout (KO) mice (8–12
wk) were received from Regeneron Pharmaceuticals (Tarry-
town, NY) (40–42) and bred in our facilities as described pre-
viously (41). All studies were approved by and performed ac-
cording to the guidelines of the Institutional Animal Care and
Use Committee of the University of Cincinnati.

Acute icv cannula implantation in rats
A 22-gauge stainless steel cannula (Plastics One, Roanoke,

VA) was stereotaxically implanted into the third ventricle of rats
according to the following coordinates: �2.2 mm posterior to
bregma and to a depth of �7.5 mm from the surface of the brain,
with bregma and lambda being horizontal. Dental acrylic se-
cured the cannula to the skull and an obturator extending 1 mm
below the guide cannula was inserted. After a week of recovery,
correct placement of the cannula was verified by icv administra-
tion of angiotensin II (1 �g/�l of 0.9% saline). Rats that failed to
drink a minimum of 5 ml of water within 30 min were removed
from the studies.

Determination of the acute effect of icv ghrelin on
food intake

Food was weighed before icv injections which occurred at the
beginning of the light phase. Briefly, an internal cannula (Plastics
One) was connected to polyethylene-50 tubing, and the tubing
was connected to a 25-�l Hamilton syringe (Hamilton, Reno,
NV). The peptide was drawn into the tubing, the internal cannula
was inserted, and a 1-�l volume of the peptide or saline was
infused. Food intake was recorded 2, 4, and 24 h after injection.
Doses were used as indicated and they included 0.3, 0.9, and 3
nmol (equivalent to 1, 3, and 10 �g of ghrelin isoforms).

Intracerebroventricular infusions in mice
Ghrelin was dissolved in isotonic saline and infused icv at a

dose of 5 nmol/d per mouse (5 nmol � 15 �g of ghrelin isoforms)
using osmotic minipumps (1007D; Alzet, Cupertino, CA), pre-
pared following the manufacturer’s instructions. Male C57BL/6
mice were anesthetized using 5% isoflurane in oxygen in an
induction chamber and then maintained on 2.5% isoflurane de-
livered by a nose cone. Mice were stereotaxically implanted (Da-
vid Kopf Instruments, Tujunga, CA) with a cannula (brain in-
fusion kit no. 3; Alzet) placed in the lateral cerebral ventricle
using the coordinates �0.7 mm posterior to bregma, �1.2 mm
lateral to the midsagittal suture, and to a depth of �2.5 mm from
the surface of the brain, with bregma and lambda being hori-
zontal. A polyethylene catheter attached the cannula to an os-
motic minipump that was sc implanted in the interscapular re-
gion. The pumps infused either ghrelin or saline at a rate of 0.5
�l/h for 7 d. After surgery, the animals received a single sc dose
of 0.28 mg/kg buprenorphin (Buprenex; Reckitt Benckiser
Healthcare, Richmond, VA) and were maintained on a heated
surface until full recovery. Food intake and body weight were

measured daily. Body composition was analyzed immediately
before surgery and again on the final day of infusion.

Body composition measurements
Whole-body composition (fat and lean mass) was measured

using nuclear magnetic resonance technology (43) (EchoMRI-
100; Echo Medical Systems, Houston, TX).

Subcutaneous injections in mice
Mice were given a daily sc injection of saline, C8, C16, SC8,

or SC16-acylated ghrelin. Ghrelin compounds were dissolved in
saline and administered at a dose of 60 �mol/d per mouse (60
�mol � 200 �g of ghrelin isoforms). Food intake and body
weight were measured daily. Body composition was measured
before the initial injection and again after the final injection.

Calculations and statistical analysis
For inositol phosphate (IP) accumulation analysis in COS-7

cells, EC50 values were determined by nonlinear regression using
Prism version 4.0 software (GraphPad Software, San Diego,
CA). Statistical analysis for animal studies was performed using
GraphPad Prism version 5.0 (GraphPad Software). The differ-
ences among treatments were assessed by using a one-way
ANOVA and a Tukey’s post hoc test. For analysis of time-de-
pendent differences in body weight and food intake, two-way
ANOVA were used with the Bonferroni post hoc. All results are
given as means � SEM. Results were considered statistically sig-
nificant when P � 0.05.

Results

Altering the fatty acid side-chain length of ghrelin
results in variable activation of GHSR in COS-7
cells

We assessed synthetic ghrelin compounds acylated
with different side-chain lengths (C2-C16) for their ability
to activate GHSR by determining dose-response curves of
phosphatidylinositol turnover (Fig. 1). The receptor acti-
vation of the isoforms was compared with that of native
C8-acylated ghrelin induced receptor activation. Ghrelin
acylated with a C8-FA stimulated IP turnover with a po-
tency (EC50 � 0.43 nM) similar to what has previously
been reported (7, 44). C2-acylated ghrelin did not stimu-
late IP accumulation in these cells (Fig. 1A), indicating that
a FA side chain greater than 2 carbons is necessary to
induce GHSR activation. Ghrelin acylated with a C6 me-
dium chain FA (Fig. 1B) induced similar IP accumulation
as C8-acylated ghrelin. Ghrelin acylated with longer FA
side chains (C12 and C14, Fig. 1, C and D) shifted the dose
response curves to the right with 80- and 37-fold decrease
in potencies, respectively, compared with native C8-acy-
lated ghrelin. Unlike ghrelin acylated with long-chain fatty
acids of C12 and C14, ghrelin acylated with a C16 FA (Fig.
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1E) caused a similar induction of IP accumulation as C8-
acylated ghrelin.

Effect of acute icv injection of the different acyl
ghrelin isoforms on food intake in rats

To determine whether altering the length of the FA side
chain of ghrelin influences acute food intake, we con-
ducted a preliminary screening of C2-, C6-, C8-, C12-,
C14-, and C16-acylated ghrelin by administering these
compounds icv (0.9 nmol) to rats at the beginning of the
light phase (Fig. 2). Comparable with previous reports
(16, 21, 23), rats treated with C8-acylated ghrelin had
increased food intake at 2 and 4 h after injection compared

with saline-treated controls (P � 0.05, C8 vs.
saline, Student’s t test). Ghrelin acylated with
C2, C6, C12, C14, and C16 FA had no effect
on food intake 2 and 4 h after injection com-
pared with saline controls. Unexpectedly, rats
treated with C16-acylated ghrelin, which had
normal food intake at 2 and 4 h, had a signif-
icant increase in food intake after 24 h com-
pared with saline controls (P � 0.05,C16 vs.
saline, Student’s t test), whereas food intake in
the C2-, C6-, C8-, and C14-treated groups was
similar compared with saline controls. No
change in body weight was noted 24 h after
injection in any group (data not shown). Taken
together, these data suggest that modification
of ghrelin with a C16 FA delays the induction
of food intake in response to centrally admin-
istered ghrelin.

Effect of chronic icv infusion of different
acyl-ghrelin isoforms on food intake,

body weight, and adiposity in mice
To assess the chronic central effects of C2-, C6-, C8-,

C12-, C14-, or C16-acylated ghrelin, mice were infused
with each of the ghrelin analogs (5 nmol/d per mouse) via
a sc implanted minipump that was attached to a cannula
placed in the lateral ventricle of the brain. The effects on
food intake and body weight are summarized in Table 1.
Cumulative food intake was increased in the C12-acylated
ghrelin group compared with saline-treated controls after
6 d of infusion (Table 1). Body weight was increased 6 d
after treatment in the C8-, C12-, and C14-treated mice.
Animals administered with C2-acylated ghrelin had no
change in fat mass after the infusion period (Fig. 3A),
whereas mice receiving C6-, C8-, C12-, C14-, and C16-
acylated ghrelin all had increased fat mass (Fig. 3, B–E)
compared with saline-treated controls. Although animals
treated with C14-acylated ghrelin experienced an increase
in fat mass, this was significantly less than animals infused
with C8-acylated ghrelin. No change in lean mass was
observed in any group (data not shown). Mice infused
with C6- and C16-acylated ghrelin were placed in an in-
direct calorimetry system for the duration of the study for
further analysis. There were no differences in energy ex-
penditure, respiratory quotient, or locomotor activity
compared with C8-acylated ghrelin (data not shown).

The lack of effect on fat mass observed in the C2-treated
group as well as the decreased effect of C14-acylated ghre-
lin compared with C8-treated animals is consistent with
our GHSR activation assay in which we found that C2-
acylated ghrelin lacked the ability to induce GHSR acti-
vation and that C14-acylated ghrelin had decreased po-

FIG. 1. In vitro receptor activation in COS-7 cells transiently expressing GHSR.
Specificity of the receptor activation was established by the level of IP
accumulation induced by C8-acylated ghrelin. A, In similar conditions, C2-
acylated ghrelin has negligible activity. C6 and C16 have similar potency to
activate GHSR as that of C8-acylated ghrelin (B and E), whereas C12 and C14
have a decreased potency (C and D).

FIG. 2. Preliminary evaluation of ghrelin isoforms on acute food intake
in rats. Rats were administered icv saline or 0.9 nmol of C2-, C6-, C8-,
C12-, C14-, or C16-acylated ghrelin at the beginning of the light
phase. Food intake 2 and 4 h after injection was increased in animals
treated with C8-acylated ghrelin compared with saline controls. *, P �
0.05, C8 vs. saline, Student’s t test. Food intake 24 h after the
injection was significantly increased in rats receiving C16-acylated
ghrelin compared with saline-treated rats. *, P � 0.05, C16 vs. saline,
Student’s t test (n � 9–10 rats per group).
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tency compared with C8-acylated ghrelin. Interestingly,
we found that C12-acylated ghrelin had a similar potency
to increase fat mass as C8-acylated ghrelin; however, C12-
acylated ghrelin had a less potent effect on IP accumula-
tion compared with C8-acylated ghrelin (Fig. 1C). A pos-
sible explanation for this is that C12-acylated ghrelin may
have GHSR-independent actions.

C12-acylated ghrelin requires GHSR to increase
food intake and fat mass in mice

To explore the possibility that C12-acylated ghrelin has
GHSR-independent action, we infused GHSR-KO mice
icv with C8- or C12-acylated ghrelin (5 nmol/d per
mouse). Neither C8-nor C12-acylated ghrelin had an ef-
fect on food intake (Fig. 4A) during the infusion period.
We also found that body weight (Fig. 4B), fat mass (Fig.
4C), and lean mass (data not shown) were not altered in
either of the ghrelin treatment groups after the 7-d central
treatment. From these data we concluded that C12-acy-
lated ghrelin requires GHSR to mediate its effects in mice.

Effect of icv C16-acylated ghrelin on acute feeding
in rats

To confirm the delayed effect of C16-acylated ghrelin
on acute feeding, we administered doses of 0.3, 0.9, and 3

nmol of C16- and C8-acylated ghrelin
and compared them with saline-treated
controls (Fig. 5). Consistent with our
findings in Fig. 2 as well as previous
reports (16, 21, 23), icv C8-acylated
ghrelin induced a significant increase in
food intake at early time points (2 and
4 h) with doses of 0.9 and 3 nmol,
whereas C16-acylated ghrelin had no
effect at these time points (Fig. 5, A and
B). C8-acylated ghrelin had no effect on
24-h food intake, whereas doses of 0.9
and 3 nmol of C16-acylated ghrelin sig-
nificantly increased feeding at 24 h

compared with saline-treated controls (Fig. 5C). The rea-
son that C16-acylated ghrelin has a delayed effect on food
intake is not clear, but a possible explanation is due to
increased stability of the FA side chain to the ghrelin pep-
tide or enhanced association with plasma proteins, such as
albumin.

Effect of chronic peripheral administration of C16-
acylated ghrelin and stabilized ghrelin compounds
in mice

Ghrelin receptor activity is dependent on Ser3 acyla-
tion, and the ester bond is highly prone to hydrolysis by
circulating esterases, rendering thedurationofactiveghre-
lin action relatively short (45). Thus, stabilizing this ester
bond should increase the duration of action and enhance
the efficacy of ghrelin. We hypothesized that one expla-
nation for the delayed action of C16-acylated ghrelin on
acute food intake is due to enhanced resistance to enzy-
matic cleavage of the ester bond. If so, chronic peripheral
treatment with C16-acylated ghrelin or C8-acylated ghre-
lin with a stabilized bond (SC8) between the FA and ghre-
lin peptide should prolong the action of ghrelin and enable
it to have a more potent effect on food intake, body weight,
and adiposity. We therefore treated mice with daily sc

injections of C8, C16, SC8, or SC16 ghrelin
(Fig. 6). Mice were housed four animals per
group (n � 2 cages per treatment). Food intake
was similar among groups but tended to be
increased in the cages that received the C16
compared with saline-treated controls after 6 d
of injections (cumulative average per mouse:
saline, 24.07 � 2.41 g; C8-acylated ghrelin,
27.40 � 0.12 g; SC8-acylated ghrelin, 27.23 �
1.73 g; C16-acylated ghrelin, 33.34 � 1.21 g;
SC16-acylated ghrelin, 28.90 � 0.38 g). Body
weight was significantly increased in all ghrelin
treatment groups compared with saline-
treated controls (Fig. 6A). Body weight was

FIG. 3. Chronic central effects of ghrelin isoforms on adiposity. C57/BL6 mice were implanted
with icv minipumps that infused C2-, C6-, C8-, C12-, C14-, or C16-acylated ghrelin (5 nmol/d per
mouse). C2-acylated ghrelin did not have an effect on fat mass after a 7-d infusion period (A),
whereas C6- (B), C12- (C), C41- (D), and C16-acylated ghrelin (E) all increased fat mass compared
with saline treated controls. *, P � 0.05, **, P � 0.01, ***, P � 0.001 vs. saline, one-way
ANOVA. D, C14-acylated ghrelin was significantly less effective at increasing fat mass as C8-
treated animal. #, P � 0.05 C14 vs. C8 (one-way ANOVA with Tukey post hoc; n � 8–10 animals
per group). Sal, Saline.

FIG. 4. Effects of C12-acylated ghrelin on food intake, body weight, and body
composition in GHSR-KO mice. GHSR-KO mice were infused icv for 7 d with C8- or
C12-acylated ghrelin (5 nmol/d per mouse). A, Cumulative food intake in mice
treated with C8- or C12-acylated ghrelin was similar to that of saline-treated
controls 7 d after treatment. B, Change in body weight on d 7 of treatment was
similar in both experimental groups compared with saline-treated controls. C,
Change in fat mass on d 7 of treatment was also similar among all groups (n � 8
animals per group).
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significantly increased in the C16- and SC16-acylated
ghrelin treatment groups relative to the C8 and SC8 treat-
ment groups. Consistent with the effects on body weight,
all ghrelin treatment groups experienced a significant in-
crease in fat mass (Fig. 6B). Again, both C16-acylated
compounds more effectively increased fat mass compared
with both C8-acylated compounds (Fig. 6B). No change in
lean mass was observed in any of the treatment groups
(data not shown). These data suggest that acylation of
ghrelin with a C16 FA enhances the efficacy of pharma-
cological doses of ghrelin.

Discussion

Previous reports using cell-based assays demonstrate that
altering the fatty acid side-chain length of the ghrelin mol-
ecule alters its ability to bind and activate GHSR (29). The
ability of the enzyme GOAT to use dietary lipids as a
substrate to acylate ghrelin, coupled with studies docu-
menting the existence of ghrelin acylated with different
fatty acids, led us to investigate whether altering the fatty-
acid side-chain length of the ghrelin molecule will cause
the peptide to have differential biological action on food
intake, body weight, and/or adiposity. In addition to find-
ing differential GHSR activation in cell-based assays, we
report novel findings on energy metabolism of ghrelin acy-
lated with FA of varying length (C2-C16) and chemical
stabilities in rodents. Specifically, the presence of a FA side
chain longer than C2 is required for ghrelin to activate the
GHSR receptor and to exert its biological effects on food
intake, body weight, and adiposity. Our chronic studies
are in accordance with previous findings that demonstrate
ghrelin’s effects on adiposity can be independent of
changes in food intake (23, 24, 46, 47) and body weight

gain (46). As a rule, we find that GHSR acti-
vation in cells provides a reliable prediction of
how ghrelin analogs perform on in vivo adi-
posity, but interestingly, this is not always the
case. Ghrelin acylated with a C12 or a C14 FA
exhibits a decreased potency to activate GHSR
when compared with native C8-acylated ghre-
lin. As expected, chronic central treatment of
C14-acylated ghrelin to mice has a weak effect
on increasing adiposity. Unexpectedly, C12-
acylated ghrelin increases adiposity in mice
with a similar potency as C8-acylated ghrelin.
We hypothesized that this could be a result of
a GHSR-independent action of C12-acylated
ghrelin. To test this, we icv infused C12-acy-
lated ghrelin to GHSR-KO mice and found that
C12-acylated ghrelin loses its effects on adi-
posity in GHSR-KO mice. Thus, GHSR is es-

sential for the action of C12-acylated ghrelin.
These studies highlight the complexity of the in vivo

ghrelin system. Many reports demonstrate that GHSR is
able to heterodimerize with other G protein-coupled re-
ceptors (48, 49). Acylation of ghrelin with a C12 rather
than a C8 FA may differentially affect the heterodimeriza-
tion of these receptors. This could explain the strong effect
of C12-acylated ghrelin on adiposity in rodents that we
found as well as weak GHSR activation in COS-7 cells that
are not transfected with these additional G protein-cou-
pled receptor. Our data suggest that a combination of both
in vitro screening and in vivo testing of drug candidates
may be an important determinant for the development of
effective therapies based on targeting GHSR activity.

The most striking findings of the present report are the
acute and chronic actions of C16-acylated ghrelin in ro-
dents. Despite having a similar activation of GHSR in
COS-7 cells, centrally administered C16-acylated ghrelin
in rats reveals a unique delayed time course of action on
food intake. Comparable prolonged effects can be ob-
served in many pharmacological agents that are com-
monly acylated with a C16 FA. We explored the possibil-
ity that the prolonged onset of increased food intake could
be due to the increased stability of the C16 FA to the
ghrelin peptide and therefore might increase the efficacy of
chronic peripheral ghrelin administration. We found that
chronic peripheral treatment with ghrelin acylated with a
C16 FA side chain had a greater ability to increase body
weight and fat mass than ghrelin acylated with a C8-FA
side chain.

We tested a stabilized form of both C8- and C16-acy-
lated ghrelin, in which the ester bond linking the FA to the
Ser3 residue was replaced with a nonhydrolysable amide
bond. The stabilized ghrelin compounds did not increase

FIG. 5. Central administration of C16-acylated ghrelin delays the onset of acute
food intake in rats. Rats received icv saline or C8- or C16-acylated ghrelin at
doses of 0.3, 0.9, and 3 nmol. A, At 2 h after the injection, rats treated with C8-
acylated ghrelin experienced an increase in food intake with doses of 0.9 and 3
nmol. **, P � 0.01 C8 vs. saline (two way ANOVA). B, At 4 h after the injection,
rats treated with C8-acylated ghrelin experienced an increase in cumulative food
intake with doses of 0.9 and 3 nmol. *, P � 0.05, **, P � 0.01 C8 vs. saline
(two way ANOVA). C, Rats receiving C16-acylated ghrelin had a delayed effect
on food intake, and cumulative 24 h food intake was increased in rats treated
with 0.9 and 3 nmol. *, P � 0.05, ***, P � 0.001 C16 vs. saline (two way
ANOVA; n � 9 –15 animals per group).
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the efficacy of ghrelin on body weight or fat mass com-
pared with their nonstabilized counterparts. However,
acylation of ghrelin with a C16 FA, regardless of whether
the ester bond is stabilized, enhances ghrelin’s effects on
body weight and adiposity. This demonstrates that C16

acylation increases the potency of ghrelin through a mech-
anism other than enhanced stability of the FA to the pep-
tide molecule.

The mechanisms responsible for the enhancement of
C16-acylated ghrelin on energy metabolism require fur-
ther clarification. It has been reported that the octonyl side
chain of ghrelin provides an anchor to bind the peptide to
the cell membrane (50). It is possible that the C16-FA side
chain acts as a more effective anchor and therefore has a
decreased amount of clearance from the circulation than
C8-acylated ghrelin. In a related fashion, it is known that
serum albumin binds long-chain FA (51) and acylated pep-
tides, such as liraglutide and detemir. Consequently, it is
possible that the C16 FA ghrelin binds to albumin, allow-
ing the peptide to remain in circulation for an extended
period of time. This might also account for the diminished
early action in acute central administration of the C16-
acylated ghrelin because albumin binding could suppress
such activity. The rates of clearance of C8- vs. C16-acy-
lated ghrelin have yet to be determined, and whether a
decreased rate of clearance contributes to the increased
potency of chronic treatment with C16-acylated ghrelin
requires further investigation. In addition to examining
the rates of clearance, future studies investigating intra-
cellular signaling pathways could illuminate possible
mechanisms mediating the delayed effect on acute food
intake found with icv administration of C16-acylated
ghrelin. For example, AMP-activated protein kinase
(AMPK) has previously been suggested to act as an intra-
cellular energy sensor, and pharmacological activation of
hypothalamic AMPK has been shown to increases food
intake (52). Interestingly, the orexigenic action of icv C8-
acylated ghrelin administration correlates with a time-de-
pendent increase in AMPK phosphorylation that peaks
acutely at 2 h and returns to normal levels at 6 h after
treatment (53). It is possible that a delay in AMPK phos-
phorylation after icv administration of C16-acylated ghre-
lin mediates the delayed effect on food intake reported
here. However, whether ghrelin’s orexigenic action can
exclusively be attributed to activation of AMPK remains
to be determined. Additionally, central C8-acylated ghre-
lin administration causes neuronal activation in hypotha-
lamic nuclei including the arcuate nucleus and PVN (54).
Follow-up studies investigating induction of c-fos as a
marker of neuronal activation in these hypothalamic nu-
clei after icv administration of the various ghrelin isoforms
are underway to help clarify whether the differential ef-
fects on acute food intake are a result of alterations in
neuronal activation.

Future studies examining the endogenous existence of
these ghrelin isoforms and whether these isoforms are al-
tered in metabolic diseases including obesity, cancer ca-

TABLE 1. Chronic central effects of ghrelin isoforms
on food intake and body weight in mice

Cumulative FI (g) �Body weight (g)

C2
Saline 31.49 � 1.24 1.29 � 0.27
C8 35.57 � 1.72 2.75 � 0.43a

C2 31.78 � 1.60 1.70 � 0.28
C6

Saline 22.72 � 1.22 0.09 � 0.42
C8 25.04 � 1.26 1.06 � 0.31
C6 23.46 � 1.35 0.64 � 0.5

C12
Saline 31.49 � 1.24 1.29 � 0.27
C8 35.57 � 1.72 2.75 � 0.43a

C12 36.91 � 0.97a 2.85 � 0.36a

C14
Saline 26.98 � 1.0 0.24 � 0.155
C8 30.71 � 1.65 1.79 � 0.3275b

C14 27.69 � 1.36 1.32 � 0.23a

C16
Saline 22.72 � 1.22 0.09 � 0.42
C8 25.04 � 1.26 1.06 � 0.31
C16 22.88 � 1.85 0.87 � 0.32

Cumulative food intake and change in body weight after 6 d of
chronic icv infusion of C2-, C6-, C8-, C12-, C14-, or C16-acylated
ghrelin (5 nmol/d per mouse) in C57/BL6 mice.
a P � 0.05 vs. saline (one way ANOVA; n � 8–10 mice per group).
b P � 0.001 vs. saline (one way ANOVA; n � 8–10 mice per group).

FIG. 6. Effect of chronic peripheral treatment of C16-acylated ghrelin
and stabilized ghrelin compounds in mice. C57/BL6 mice were given
daily sc injections of native C8-acylated ghrelin (C8), C16-acylated
ghrelin (C16), stabilized C8-acylated ghrelin (SC8), or stabilized C16-
acylated ghrelin (SC16) at a dose of 60 nmol/d per mouse. A, All
ghrelin-treated mice had a significant increase in body weight
compared with saline-treated animals. $, P � 0.05 vs. saline (two way
ANOVA). Both C16- and SC16-treated groups had a greater increase
in body weight compared with C8. #, P � 0.05 C16- and SC16- vs. C8
(two way ANOVA) and SC8-treated animals. $, P � 0.05 C16 and
SC16 vs. SC8 (two way ANOVA). B, All ghrelin-treated mice had
increased fat mass after 6 d of injections. **, P � 0.01, ***, P �
0.001 vs. saline (one way ANOVA). Mice treated with C16 and SC16
had a greater increase of fat mass compared with C8 and SC8. #, P �
0.05, ##, P � 0.01, ###, P � 0.001 C16 or SC16 vs. C8 or SC18 (one
way ANOVA with Tukey post hoc test; n � 8 mice per group).
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chexia, and anorexia nervosa could help us understand the
pathogenesis of these disorders. A study in which mice
were fed diets enriched in FA of various lengths used mass
spectroscopy to demonstrate that stomach-derived ghrelin
can be acylated with FA of different lengths including C6,
C10, and C10:1 (28). Furthermore, this study demon-
strated that these various ghrelin isoforms can be secreted
into the circulation. Although it seems that stomach de-
rived ghrelin has a preference for medium chain FA, it
would be of interest to explore whether other tissues ex-
pressing both ghrelin and GOAT (e.g. brain, kidney, ad-
ipose tissue, small intestine, and large intestine) are able to
synthesize additional ghrelin isoforms when animals are
exposed to diets enriched in short- or long-chain FA.

Collectively this report provides a novel investigation
of the comparison of in vitro vs. in vivo effects of synthetic
ghrelin peptides of varied acyl-character. Our data dem-
onstrate that acyl chains of differing length possess unique
pharmacology and imply the existence of differential bi-
ological action profiles for naturally occurring acyl-ghre-
lin isoforms. These effects are specific to GHSR activation
but may involve other receptor signaling systems as well.
Importantly, our data demonstrate that C16-acylation is
a novel approach to enhance and prolong the efficacy of
pharmacologically administered ghrelin.
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