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S
ome of us may remember from
school biology lessons that goats
are classified as ruminants be-
cause they have four stomachs.

However, recent findings now demon-
strate that most mammals have GOAT
in their stomach. In this issue of PNAS,
Gutierrez et al. identified and character-
ized the enzyme ghrelin O-acyl trans-
ferase (GOAT) that adds a fatty acid
moiety to the gastric hormone ghrelin
(1). This important discovery marks a
major step forward in understanding the
ghrelin signaling system and could have
significant implications both for body
weight regulation and nutrient–gene
interactions.

About Ghrelin
Ghrelin is an orexigenic peptide hor-
mone secreted mainly from the stomach
and proximal small bowel (2, 3). It is
cleaved from a larger precursor, pre-
proghrelin, which bears a signal
sequence dictating secretion into the cir-
culation (2). Uniquely, ghrelin requires
posttranslational modification in which
the serine-3 hydroxy-containing residue
is covalently linked to a medium-chain
fatty acid, typically octanoate, through
an ester bond. This is required for the
peptide to bind to its receptor, GHSR1a.
Most biological actions ascribed to ghre-
lin require this acylation (4), whereas
desacyl ghrelin has as yet no defined
biological action (2, 5, 6). Thus, GOAT
may play a key role in the molecular
regulation of energy metabolism, and
also represent a prime drug target for
the treatment of obesity and diabetes.

Discovery of GOAT
The discovery of GOAT can be traced
back to the identification of a family of
acyl transferases named MBOATs for
membrane-bound O-acyl transferases
that catalyze O-acylation reactions re-
lated to Wnt signaling (7). Wnt-secreting
cells are known to require the action of
a gene product called porcupine, which
exhibits structural similarities to
MBOATs and transfers acyl groups,
such as palmitic acid, to a conserved
cysteine residue (8, 9). Knowledge on
Wnt signaling provided the essential
framework and direction guiding scien-
tists toward the discovery of GOAT.
The development of a ghrelin octanoyla-

tion cell culture system by using the hu-
man medullary thyroid carcinoma cell
line (TT cell line) (10), which secretes
acylated ghrelin when supplemented
with octanoic acid, was another crucial
step for the successful identification of
GOAT. The authors then used gene-
silencing technology to identify the spe-
cific ghrelin acyl transferase from a pool
of candidate genes with structural and
functional features shared by known
acylating enzymes. Knockdown of candi-
date 7, later confirmed as a member of
the MBOAT family of acyl transferases,
but not other candidate genes, greatly
diminished octanoyl ghrelin synthesis.
The predicted protein encoded by the

longer transcript of candidate 7 was re-
named the ghrelin O-acyl transferase,
GOAT. Next, the ability of GOAT to
octanoylate ghrelin was confirmed by
transfection studies in human embryonic
kidney (HEK-293) cells by demonstrat-
ing that cotransfection with GOAT and
ghrelin led to secretion of octanoylated
ghrelin. This octanoylation, confirmed
by mass spectrometry fragmentation to
occur exclusively at serine 3, appeared
to be unique and specific to GOAT and
could not be shown for other members
of the MBOAT family of enzymes. An-
other interesting observation relates to
the limited, but existing, capacity of
GOAT to acylate ghrelin with other
medium-chain fatty acids besides oc-
tanoate, ranging from acetate to tetra-
decanoic acid. Furthermore, the fact
that GOAT is conserved across verte-
brates and that mouse, rat, or zebrafish
GOAT were all functionally able to
faithfully octanoylate human ghrelin,
further suggests that GOAT has an im-
portant physiological function in the
regulation of ghrelin signaling. The de-
tection of significant levels of GOAT
transcripts primarily in stomach and
pancreas with very low levels in other

tissues of humans further connected
GOAT with ghrelin production and se-
cretion. However, the most convincing
evidence that GOAT is essential for
ghrelin acylation in vivo was provided by
the finding of complete absence of oc-
tanoylated ghrelin in mice with a dele-
tion of the GOAT gene.

In the February 2008 issue of Cell,
Yang et al. (11) reported mouse
MBOAT4 as the enzyme that octanoy-
lates ghrelin GOAT. The authors pro-
vided evidence for the specificity of
GOAT for ghrelin octanoylation and
suggest that this enzyme is located
within the endoplasmic reticulum (ER).
The relative difference of the amount
of GOAT mRNA and preproghrelin
mRNA is �200-fold, which is consistent
with the relative ratio of an enzyme and
its substrate. It is of interest that GOAT
mRNA was not found in mouse pan-
creas in that study.

Future Implications
Now, since the GOAT has been driven
out of the woods, its appearance in the
garden of obesity research brings new
questions and opportunities. Ghrelin is
not only the lone circulating factor to
markedly trigger hunger, but it also rep-
resents the only hormone that is known
to require O-acylation with octanoate to
be biologically active. The physiologi-
cally relevant functions of acylated ghre-
lin and the putative absence of such for
des-acylated ghrelin remain to be con-
firmed and clarified in detail. The
GOAT knockout mouse presented by
Gutierrez and colleagues is by definition
an octanoyl-ghrelin-deficient mouse, but
one that still has large amounts of des-
octanoyl ghrelin. A careful comparison
with the total ghrelin knockout mice
could therefore provide insight into a
possible physiological role for nonacy-
lated ghrelin.

Other important open questions are
how, by which mechanism(s), and in
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Evidence suggests
that long-term
fasting inhibits

ghrelin acylation.
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which physiologic situations GOAT is
activated or blocked? It is well known
that ghrelin levels rise before meals (12,
13) and decrease with food intake (14).
Very recent evidence suggests that long-
term fasting inhibits ghrelin acylation
but not total secretion, whereas feeding
suppresses both the acylated and des-
acylated forms of ghrelin (15). It is
plausible that metabolic conditions such
as fasting and satiation modulate the
activation and activity of GOAT by con-
trolling its substrate (e.g., octanoic acid)
and thereby the physiologic function of
ghrelin.

A basic question arising from the
works of Gutierrez et al. presented in
this issue (1) and earlier from Yang and
coworkers (11) is whether GOAT gets
its substrate from diet-derived fatty
acids or fatty acids mobilized from adi-
pose stores. De novo synthesis of medium-
chain fatty acids is minimal in most
mammals. Therefore, it is likely that di-
etary lipids are a principle source of
octanoate in the stomach, consistent
with the findings of Nishi et al. (16).
The results of Gutierrez and colleagues
demonstrating that, like specific gastric
cells, pancreatic tissues also express
transcripts for ghrelin and GOAT in
humans, raise the possibility of an endog-
enous production of octanoate in the
GOAT-expressing or their surrounding

cells. Another intriguing possibility
would be that white adipose tissue mo-
bilizes and releases fatty acids of suit-
able length for GOAT to activate
ghrelin during fasting, which would be
consistent with the known fact that cir-
culating ghrelin levels increase during
food deprivation.

Mice deficient for ghrelin or its recep-
tor have been reported to show an en-
ergy balance relevant phenotype only on
a high-fat diet, whereas ghrelin/ghrelin-
receptor double-knockout mice show a
leaner and more metabolically fit phe-
notype even on a standard diet (17–20),
suggesting the potential existence of a
second relevant ghrelin receptor. If this
hypothesis is correct, traditional recep-
tor antagonism may not be a superior
strategy for altering endogenous ghrelin
signaling. Pharmacologic interventions
specifically targeting GOAT or ghrelin
activation, on the other hand, may
present a novel, elegant, and complete
way to prevent and treat obesity by indi-
rectly interfering with ghrelin signaling.

The role of ghrelin in the regulation
of insulin secretion and insulin action
remains a controversial topic. It has not
been proven clearly that absence of
ghrelin signaling alone improves insulin
secretion or glucose homeostasis (20)
and des-acylated ghrelin has recently
been proposed to play an important role

in pancreatic function (21). The loss-of-
function GOAT mutants will provide a
unique tool to delineate the important
physiologic functions of the different
isoforms of ghrelin in the pancreas as
well as other tissues.

Another intriguing question that de-
serves attention is why ghrelin, among
all other peptides, may be the only hor-
mone that requires octanoylation to
activate its receptor. Is this a specific
modification important for the orexi-
genic properties of this gut hormone?
What is the significance of the medium-
chain fatty acid specificity in ghrelin
octanoylation? Furthermore, is octanoy-
lation the key mechanism by which gh-
relin activity or tissue distribution is
controlled? The discovery of GOAT
marks a new beginning of an exciting
time for ghrelin research. With better
characterization of this enzyme and the
availability of GOAT mutant models,
our understanding of the physiologic
functions of ghrelin, especially des-
acylated ghrelin, should be making con-
siderable progress.

It will take time and further study to
determine whether MBOAT4 will be a
promising target for drugs to treat obe-
sity. Until then however, at least we now
know a scapeGOAT we can blame for
our next midnight binge.

1. Gutierrez JA, et al. (2008) Ghrelin octanoylation medi-
ated by a lipid transferase. Proc Natl Acad Sci USA
105:6320–6325.

2. Kojima M, et al. (1999) Ghrelin is a growth-hormone
releasing acylated peptide from stomach. Nature
402:656–660.

3. Date Y, et al. (2000) Ghrelin, a novel growth hormone-
releasing acylated peptide, is synthesized in a distinct
endocrine cell type in the gastrointestinal tracts of rats
and humans. Endocrinology 141:4255–4261.

4. van der Lely AJ, Tschop M, Heiman ML, Ghigo E (2004)
Biological, physiological, pathophysiological, and
pharmacological aspects of ghrelin. Endocr Rev
25:426–557.

5. Gauna C, et al. (2005) Ghrelin stimulates, whereas
des-octanoyl ghrelin inhibits, glucose output by pri-
mary hepatocytes. J Clin Endocrinol Metab 90:1055–
1060.

6. Broglio F, et al. (2003) Non-acylated ghrelin does not
possess the pituitaric and pancreatic endocrine activity
of acylated ghrelin in humans. J Endocrinol Invest
26:192–196.

7. Hofmann K (2000) A superfamily of membrane-bound
O-acyltransferases with implications for wnt signaling.
Trends Biochem Sci 25:111–112.

8. Kadowaki T, Wilder E, Klingensmith J, Zachary K, Perri-
mon N (1996) The segment polarity gene porcupine en-
codes a putative multitransmembrane protein involved
in Wingless processing. Genes Dev 10:3116–3128.

9. Takada R, et al. (2006) Monounsaturated fatty acid
modification of Wnt protein: Its role in Wnt secretion.
Dev Cell 11:791–801.

10. Kanamoto N, et al. (2001) Substantial production of
ghrelin by a human medullary thyroid carcinoma cell
line. J Clin Endocrinol Metab 86:4984–4990.

11. Yang J, Brown MS, Liang G, Grishin NV, Goldstein JL
(2008) dentification of the acyltransferase that oc-
tanoylates ghrelin, an appetite-stimulating peptide
hormone. Cell 132:387–396.

12. Cummings DE, et al. (2001) A preprandial rise in plasma
ghrelin levels suggests a role in meal initiation in hu-
mans. Diabetes 50:1714–1719.

13. Cummings DE (2006) Ghrelin and the short- and long-
term regulation of appetite and body weight. Physiol
Behav 89:71–84.

14. Tschop M, et al. (2001) Post-prandial decrease of circulating
human ghrelin levels. J Endocrinol Invest 24:RC19–RC21.

15. Liu J, et al. (March 18, 2008) Novel ghrelin assays pro-
vide evidence for independent regulation of ghrelin
acylation and secretion in healthy young men. J Clin
Endocrinol Metab, 10.1210/JC.2007-2235.

16. Nishi Y, et al. (2005) Ingested medium-chain fatty acids
are directly utilized for the acyl modification of ghrelin.
Endocrinology 146:2255–2264.

17. Sun Y, Ahmed S, Smith RG (2003) Deletion of ghrelin
impairs neither growth nor appetite. Mol Cell Biol
23:7973–7981.

18. Wortley KE, et al. (2004) Genetic deletion of ghrelin
does not decrease food intake but influences metabolic
fuel preference. Proc Natl Acad Sci USA 101:8227–
8232.

19. Zigman JM, et al. (2005) Mice lacking ghrelin receptors
resist the development of diet-induced obesity. J Clin
Invest 115:3564–3572.

20. Pfluger PT, et al. (2008) Simultaneous deletion of
ghrelin and its receptor increases motor activity and
energy expenditure. Am J Physiol 294:G610 –
G618.

21. Granata R, et al. (2007) Acylated and unacylated
ghrelin promote proliferation and inhibit
apoptosis of pancreatic beta-cells and human is-
lets: involvement of 3�,5�-cyclic adenosine mono-
phosphate/protein kinase A, extracellular signal-
regulated kinase 1/2, and phosphatidyl inositol
3-Kinase/Akt signaling. Endocrinology 148:512–
529.

6214 � www.pnas.org�cgi�doi�10.1073�pnas.0802461105 Tong et al.

D
ow

nl
oa

de
d 

at
 H

el
m

ho
ltz

 Z
en

tr
um

 M
ue

nc
he

n 
- 

Z
en

tr
al

bi
bl

io
th

ek
 o

n 
F

eb
ru

ar
y 

24
, 2

02
0 


