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Commentaries

Is ghrelin a signal for the development
of metabolic systems?

Kevin L. Grove and Michael A. Cowley

Division of Neuroscience, Oregon National Primate Research Center, Oregon Health & Science University, Beaverton, Oregon, USA.

Ghrelin, produced in the stomach, acts on growth hormone secretagogue
receptors (GHSRs) in hypothalamic neurons to potently increase food
intake. However, male mice with deletions of ghrelin (Ghrl~~ mice) or GHSR
(Ghsr~~ mice) display normal growth and regulation of food intake. Further-
more, adult Ghrl~/~ mice display a normal sensitivity to high-fat diet-induced
obesity. These findings from early studies raised the question as to wheth-
er the ghrelin system is an essential component for the regulation of food
intake and body weight homeostasis. However, recent studies by Wortley et
al. and Zigman et al. demonstrate that Ghrl7/~ and Ghsr~~ mice are resistant
to diet-induced obesity when fed a high-fat diet during the early post-wean-
ing period (see the related articles beginning on pages 3564 and 3573). This
commentary highlights 3 key issues raised by these 2 reports: (a) the impact
of ghrelin on the development of metabolic systems; (b) the constitutive
activity of GHSR; and (c) gender differences in the sensitivity to deletion of

the ghrelin signaling system.

The growth hormone secretagogue recep-
tor (GHSR) was originally characterized
in 1988 by Smith et al. (reviewed in ref. 1)
as the receptor for a family of synthetic
ligands that stimulated growth hormone-
producing (GH-producing) pituitary
somatotrophs. More than 10 years later,
Kojima et al. reported that the endogenous
ligand for GHSR was the 28-aa peptide
ghrelin, which was produced predomi-
nantly in the stomach (2). While ghrelin
does indeed stimulate GH release from the
pituitary, this finding was quickly eclipsed
by the discovery that this gut peptide also
has potent effects on several aspects of
energy homeostasis, including the stimu-
lation of food intake, carbohydrate utiliza-
tion, and decreased lipid metabolism (3).
Because chronic ghrelin administration
causes weight gain leading to obesity, the
ghrelin “pathway” quickly became a poten-
tial therapeutic target for the treatment of
wasting syndromes. Ghrelin has also been
suggested to be the gut signal that initiates
ameal, since itis released from the stomach
prior to meals, and levels increase greatly in
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response to a fast. Ghrelin stimulates food
intake through the activation of the orexi-
genic neuropeptide Y/agouti-related pro-
tein (NPY/AgRP) neurons in the arcuate
nucleus of the hypothalamus (ARH) (4, 5)
(Figure 1A). Due to the potential to block
this potent orexigenic pathway, antago-
nists of ghrelin action have been proposed
as obesity therapies.

However, several subsequent studies
demonstrated that mice in which the genes
encoding ghrelin and GSHR had been
knocked out did not display the expected
lean phenotypes. The animals appeared to
have normal growth, regulation of food
intake, and energy expenditure (6-8). Fur-
thermore, placing adult ghrelin knockout
mice (Ghrl/~ mice) on a high-fat diet result-
ed in normal, or near-normal, increases in
body weight and adiposity. Thus, deletion
of a critical element of this potent feeding
system failed to provide the hypothesized
protection against diet-induced obesity in
adult animals. However, this phenotype
might have been predicted, since NPY- and
AgRP-knockout and NPY/AgRP double-
knockout mice (9) also display a normal
metabolic phenotype under standard
laboratory conditions. Was this the end
of the ghrelin story? More recent studies
have demonstrated that ablation of NPY/
AgRP neurons in the ARH in adult mice,
but not infant mice, does cause the pre-
dicted hypophagia, indicating that there
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is developmental compensation in this
system (10, 11). While this finding reduced
the enthusiasm for developing ghrelin
antagonists for the treatment of obesity,
in this issue of the JCI, 2 separate groups
have revisited this question. Wortley et al.
(12) and Zigman et al. (13) report, respec-
tively, that deleting ghrelin and GHSR pro-
tects against diet-induced obesity in mice
started on a high-fat diet in the early post-
weaning period (4-6 weeks of age). These
new studies provide some key insight into
the potential role of the ghrelin system in
the maintenance and development of met-
abolic systems and into gender differences
in the resistance of Ghsr~~ mice to a high-
fat diet. The purpose of this commentary is
to highlight 3 key concepts raised in these
2 reports: (a) the impact of ghrelin on the
development of metabolic systems; (b) the
constitutive activity of GHSR; and (c) gen-
der differences in the sensitivity to deletion
of the ghrelin signaling system.

Is ghrelin an important signal for the

development of metabolic systems?

In the studies by Wortley et al. (12) and
Zigman et al. (13), male Ghrl7~ and Ghsr~/~
mice fed a high-fat diet starting in the early
post-weaning period (4-6 weeks of age)
displayed an equivalent resistance to diet-
induced obesity in comparison to the diet-
sensitive wild-type animals. Since previous
studies had shown that adult Ghrl~~ mice
had failed to display a resistance to diet-
induced obesity (6, 8), Wortley et al. sug-
gest that resistance observed in the young
male Ghrl7~ mice is due to early post-wean-
ing exposure to the high-fat diet and is,
therefore, a developmental issue. Wortley
and colleagues conclude that there might
be an interaction of the ghrelin system
during the early post-weaning period with
the development of neural circuitry in the
hypothalamus that controls food intake
and that the lack of the ghrelin signal in
the developing orexigenic circuits allows
the young Ghrl/~ mice to be resistant to
the high-fat diet. However, as the animals
grow older, the central circuitry may devel-
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op compensatory pathways to adjust for
the loss of the ghrelinergic drive on food
intake, thus making the adult Ghrl7~ mice
sensitive to diet-induced obesity. Even
though the Ghsr/~ mice displayed a similar
resistance to high-fat diet-induced obesity
when the studies were initiated at 4 weeks
of age, Zigman and colleagues do not raise
this possibility of a developmental issue,
but rather raise other key possibilities to
explain the resistance of these young mice
to high-fat diet-induced obesity (as will be
discussed below).

What are the potential effects of ghrelin
during the critical developmental period in
mice? Neurons in the ARH (i.e., NPY/AgRP
and o-melanocyte-stimulating hormone),
which are the key homeostatic feedback

3394

The Journal of Clinical Investigation

regulators of energy balance, start devel-
oping axonal projections to efferent tar-
get sites near the end of the first postnatal
week but don’t complete their full projec-
tion pattern until the late second to early
third postnatal week (14-16). Leptin has
been identified as one of the critical signals
that initiate the development of these cir-
cuits (17), and the natural surge of leptin
that occurs during the second postnatal
week in the rodent is probably one of the
endogenous signals (18) (Figure 1B). Since
ghrelin directly excites NPY/AgRP neurons,
can it also be a signal for the development
of ARH circuits, and do abnormalities in
ghrelin signaling during the postnatal peri-
od have a long-term impact on homeostat-
ic feedback regulation of energy balance?
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Figure 1

Ghrelin, leptin, and gonadal steroids inter-
act at ARH NPY/AgRP neurons to modulate
food intake and energy balance. (A) Ghrelin
produced in the stomach directly stimulates
ARH NPY/AgRP neurons through the GHSR
to increase food intake. Ghrelin can also act
directly on pituitary somatotrophs to stimulate
the release of GH. Leptin, produced in white
adipose tissue, directly inhibits ARH NPY/
AgRP through the leptin receptor (OB-R).
Estrogen (released by the ovary) and testos-
terone (released by the testis) also have direct
actions on ARH NPY/AgRP through actions
on nuclear estrogen and androgen receptors
(ER and AR, respectively). In females, estro-
gen inhibits food intake and may act together
with leptin to counteract the orexigenic effects
of ghrelin and promote a lean phenotype.
Testosterone stimulates food intake and may
act together with ghrelin to promote a more
obese phenotype in males. (B) Leptin levels
are very low at birth in rodents, show a surge
in release toward the end of the second post-
natal week, and then slowly increase to reach
adult levels between weaning (around 21-23
days of age) and puberty (around 28 days of
age). Ghrelin levels are also very low at birth
in rodents and show a steady increase lead-
ing up to puberty.

Ghrelin receptors appear to be expressed
on, and to activate, NPY/AgRP neurons
as early as postnatal day 5, as evidenced
by the activation of c-Fos expression (K.L.
Grove et al., unpublished observations).
However, this signal is not transmitted to
downstream target sites, such as the para-
ventricular nucleus or dorsomedial nucleus
of the hypothalamus, which are critical for
modulation of food intake. Thus, exoge-
nous ghrelin treatment is unable to stimu-
late food intake until after these circuits are
completely developed in the third to fourth
postnatal week (K.L. Grove et al., unpub-
lished observation). In contrast, ghrelin
can stimulate GH release as early as the
first postnatal week (19), indicating that
receptors in the pituitary are functional at
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this early age. Surprisingly, in spite of this
ability to stimulate GH release during the
postnatal period, chronic daily treatment
with ghrelin, from birth to postnatal day
30, fails to increase growth in both female
(19) and male (K.L. Grove et al., unpub-
lished observations) rats.

Although NPY neurons appear respon-
sive to ghrelin in the early postnatal peri-
od, it seems unlikely that ghrelin per se is
involved in the development of ARH axo-
nal projections. Endogenous ghrelin levels
are very low until the third postnatal week
(19) (Figure 1B), after the development of
ARH circuits; but ghrelin may be involved
in development of synaptic inputs into
ARH NPY/AgRP neurons. Pinto et al. (20)
have demonstrated that ghrelin alters the
ratio of excitatory to inhibitory synapses
on NPY/AgRP neurons. Alteration of this
ratio could have a long-term impact on the
excitability of these neurons.

The major question is why adult Ghrl”/
mice become obese on a high-fat diet,
whereas young, post-weaning animals are
resistant to the obesity-producing effects
of this diet. Clearly, compensatory mecha-
nisms occur in the complete absence of spe-
cific orexigenic signals throughout the lifes-
pan of the animals. As mentioned above,
NPY- and AgRP-knockout mice, which
lack the Npy and Agrp genes throughout
their life, or mice that have these neurons
ablated soon after birth, develop a near-
normal body weight phenotype (10, 11).
In addition, like the adult Ghrl/~ mouse,
adult Npy/~mice also develop diet-induced
obesity that is equivalent to that of wild-
type mice (21), suggesting no critical defect
in body weight regulation in adults with
a deletion of this system. However, mice
that have NPY/AgRP neurons ablated as
adults become anorexic (10, 11), indicating
that this orexigenic circuit is critical when
the animal goes through normal develop-
ment with these systems intact. The overall
conclusion from all of these studies is that
in the absence of specific orexigenic sig-
nals, such as NPY, AgRP, or ghrelin, other
orexigenic systems are able to compensate
to manage normal body weight/energy
homeostasis. It should be recognized that
in the case of many of the specific gene
deletions, such as the Npy, Agrp, or even the
Npy/Agrp double knockout, these ARH neu-
rons still exist and release y aminobutyric
acid, which itself may be able to maintain
the function of these neurons. The stron-
gest evidence of compensatory mechanisms
is in the case where ARH NPY/AgRP neu-
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rons are destroyed at birth but the animals
go on to develop normal body weight phe-
notype (10, 11). But it is not known what
the compensations in these other orexi-
genic systems may entail (i.e., increased
expression, increased fiber branching, new
projections) or when these compensatory
mechanisms develop. The data presented
by Wortley and colleagues (11), coupled
with the findings of previous studies (6, 8),
may have provided us with critical insight
into these questions by demonstrating that
early post-weaning Ghrl~~ mice (6 weeks of
age) are resistant to high-fat diet-induced
obesity, but adults (10-20 weeks of age) are
sensitive to high-fat diet-induced obesity.
The studies by Zigman and colleagues (13)
also demonstrate that young Ghsr~~ mice
(4 weeks of age) also display resistance to
high-fat diet-induced obesity, suggesting
that no compensatory mechanisms exist
in these animals at this age; however, no
studies exist in which these same animals
were tested on the high-fat diet as adults. It
is worth noting that while there are many
examples in which a deletion of a single
anorexigenic signal (such as the melano-
cortin or leptin systems) results in obesity,
there are few examples of animals with
deletion of a single orexigenic system hav-
ing alean phenotype. The most well-known
exception to this is melanin-concentrating
hormone-null mice, which do display a
leaner phenotype as adults (22), indicating
that these animals are incapable of devel-
oping the compensatory mechanisms.

So what are the mechanisms that allow
the young Ghrl/~ mice to resist high-fat
diet-induced obesity? In the wild-type ani-
mal, the weaning period is characterized
by a rise in circulating concentrations of’
ghrelin and leptin leading up to puberty
(around 4 weeks of age). Both leptin and
ghrelin can modulate NPY neuronal activ-
ity and the synaptic inputs into these neu-
rons in an opposing manner (20). Maybe
the critical determinant of neuronal devel-
opment in this context is the ratio of leptin
(inhibitory) to ghrelin (excitatory) signals?
Young mice (4-6 weeks of age) lacking ghre-
lin or GHSR might be exposed to relative
hyperleptinemia due to the absence of ghre-
lin signal, resulting in a chronic unabated
inhibitory input into the NPY/AgRP neu-
rons. Thus, a high-fat diet might be better
resisted by these mice due to the overall
suppression of this orexigenic circuit. Mice
that are exposed to high-fat diets later in
life might not perceive the same hyperlep-
tinemia because the neural circuits have
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compensated for the lack of ghrelin signal-
ing to ensure maintenance of body weight.
An important next step to interpreting
these findings will be to determine whether
early exposure to a high-fat diet in ghrelin-
or GHSR-deficient mice does change the
response parameters of these pathways.
For this hypothesis to be supported, adult
Ghsr~~ mice would need to show normal
sensitivity to a high-fat diet and be capable
of developing diet-induced obesity. Young
Npy~/~ or Agrp~~ mice should display resis-
tance to weight gain when fed a high-fat
diet. It might also be predicted that young
Ghrl~~ mice would have different respons-
es to ghrelin, leptin, and peptide YY than
adult Ghrl/~ mice. The young Ghrl”/~ mice
should also display different sensitivity to
these inputs when compared with young
wild-type mice. More investigation is need-
ed to fully understand the role of ghrelin
in the development of metabolic systems,
both central and peripheral, as well as to
understand the compensatory signals that
allow for maintenance of normal body
weight and sensitivity to high-fat diets in
the absence of potent orexigenic systems.

Does constitutive activity

of GHSR contribute to sensitivity

to diet-induced obesity?

Zigman and colleagues (13) suggest an
alternative hypothesis to account for the
differences between the resistance of their
Gshr~~ mice to the high-fat diet and the pre-
viously published lack of resistance in Ghrl~~
mice (6, 8). They point out that GHSR has
constitutive activity (23-26). Thus, some
signaling would occur even in the absence
of ligand — and hence GHSR-deficient ani-
mals would have a complete lack of signal-
ing, while ligand-deficient animals might
have residual GHSR signaling. Thus, even
in the absence of ghrelin, the basal activity
of this receptor could facilitate the develop-
ment of diet-induced obesity. If the GHSR
does exhibit constitutive activity, then in
order for a ghrelin antagonist to be effec-
tive as an obesity therapy, it may have to
also possess inverse agonist properties, to
reduce any constitutive activity.

A limitation to the hypothesis that con-
stitutive activity of the GHSR explains the
differences in sensitivity to the high-fat
diet between Ghrl/~ and Ghsr~~ mice is that
the Ghrl”~ mice are resistant to the high-
fat diet when they are fed the diet during
the early post-weaning period (12). If con-
stitutive activity of the GHSR were play-
ing a major role, the Ghrl~~ mice would be
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expected to show at least an intermediate
phenotype, i.e., being leaner than wild-type
mice but more obese than Ghsr7~ mice.
However, the male wild-type mice used by
Wortley and colleagues displayed the same
degree of sensitivity to the high-fat diet as
those used by Zigman et al., and the Ghrl~~
and Ghsr~~ mice displayed the same degree
of resistance to diet-induced obesity. This
is not to suggest that GHSR constitutive
activity does not occur, but rather that it
does not appear to explain why adult Ghrl~~
mice are sensitive to the high-fat diet and
early post-weaning mice are resistant. To
directly compare the effects of deletion
of the ligand versus deletion of the recep-
tor, the Ghsr/~ mice need to be exposed to
the high-fat diet as adults (10-12 weeks of
age). If under these conditions they retain
their resistance to high-fat diet-induced
obesity, then constitutive activity could be
allowing normal development of metabolic
systems in the Ghrl/~ mouse, thus allowing
it to develop its sensitivity to the high-fat
diet as adults.

Gender differences in body weight
homeostasis in Gshr- mice

Zigman and colleagues (13) also report
some critical gender differences in Gshr~~
mice, whereby female Gshr~~ mice dis-
played a leaner phenotype compared with
wild-type females when being maintained
on either standard or high-fat chow, while
male Gshr”/~ mice were indistinguishable
from wild-type mice when maintained ona
standard chow diet. This gender difference
in basal body weight phenotype is consis-
tent with the findings of other investiga-
tors who independently generated their
own Gshr~/~ mice (7). In contrast, Wortley
et al. (12) did not find a significant dif-
ference between female Ghrl/~ and wild-
type mice, but the wild-type female mice
from this colony were resistant to high-fat
diet-induced obesity, and so direct com-
parisons are not instructive. However, the
preponderance of evidence supports the
existence of a gender difference in body
weight homeostasis in response to dele-
tion of GHSR. One of the possible sites
of interaction between female gonadal
steroids (estrogen) and ghrelin is the ARH
NPY/AgRP neurons that express both the
GHSR and estrogen receptors (27) (Figure
1). Estrogen has similar actions to those
of leptin, whereby it decreases food intake
and promotes a leaner phenotype (28),
with one of the likely actions being inhi-
bition of ARH NPY/AgRP neurons. Thus
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in the female, leptin and estrogen may act
together to promote a leaner phenotype,
while ghrelin, which acts on the same
ARH NPY/AgRP neurons, may function
to counteract the anorexigenic signals to
maintain body weight/adiposity. Howev-
er, in female Ghsr/~ mice, which lack the
orexigenic ghrelin signaling, the leptin
and estrogen actions are unapposed, lead-
ing to a leaner phenotype. In contrast, in
males, testosterone increases food intake
in young animals (29, 30) and increases
ARH NPY expression (31). Thus testoster-
one has actions similar to those of ghrelin
and may work in conjunction with this gut
peptide to promote increased weight gain
(Figure 1). Therefore, in male Ghsr~~ mice,
testosterone is still available to counteract
the anorexigenic effects of leptin and also
may be able to promote the compensatory
mechanisms that develop in adult male
Ghsr7~ mice to maintain normal body
weight and sensitivity to a high-fat diet.
These ideas have remained unexplored
and need further investigation to truly
understand the gender differences in body
weight management.

The sexual dimorphism in response
to the deletion of the GHSR led Zigman
and colleagues (13) to suggest an interest-
ing concept regarding the use of ghrelin
antagonists for the treatment of obesity.
Female Gshr~~ mice were leaner when fed
either a high-fat or standard chow diet;
Gshr~/~ males, however, were leaner only
when fed a high-fat diet. Thus, it is pos-
sible that ghrelin antagonists may be use-
ful in females eating a low-fat or high-fat
diet, while they may only help males eating
a high-fat diet.

Are ghrelin antagonists good
therapeutic targets for the

treatment of obesity?

The studies published in this issue of the
JCI (12, 13) show that decreased signaling
through GHSR and exposure to a high-fat
diet in the early post-weaning period can
protect against the development of high-
fat diet-induced obesity. In contrast, pre-
vious studies have suggested that there is
no protection against diet-induced obe-
sity if the ghrelin-deficient animals are
exposed to high-fat food as adults. An
important question to be answered is if
ghrelin blockade were to be utilized as an
antiobesity therapy, to what age does this
“early” exposure in a mouse correspond
in the timeline of human development?
We may assume that a ghrelin antagonist
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would be of little value if it mimicked
what happens when adult GHSR- or ghre-
lin-deficient mice are fed a high-fat diet.
However, there are several reports of ghre-
lin antagonists having significant effects
on energy balance when given to lean and
obese adult rats (32-34). Finally, because
the GHSR possesses constitutive activity,
a ghrelin therapeutic may need to have
inverse agonist activity to cause signifi-
cant changes in energy balance.

The history of antiobesity drug develop-
ment includes many examples of targets
that showed fine promise in rodent stud-
ies but failed on the way to the clinic. It
is unreasonable to infer from these gene
deletion studies that a particular gene
product is, or is not, likely to be an effec-
tive therapeutic or therapeutic target.
Although it may be premature to sell the
farm to invest in ghrelin antagonists,
these studies provide further hope that
ghrelin blockade may have value in the
treatment of obesity.
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Expanding the immunotherapeutic potential
of minor histocompatibility antigens

Eric Spierings and Els Goulmy
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Minor histocompatibility antigens (mHAgs) selectively expressed by cells or
cell subsets of the hematopoietic system are targets of the T cell-mediated
graft-versus-leukemia response that develops following allogeneic hemato-
poietic stem cell transplantation (HSCT) for the treatment of hematologi-
cal malignancies. This observation has served as the rationale for utilizing
mHAg-specific immunotherapy for the treatment of particular patients.
However, at present, only a select and small number of patients could poten-
tially benefit from mHAg-based immunotherapy. A report from de Rijke
et al. in this issue of the JCI describes a new hematopoietic lineage-specific
HLA-B7-restricted mHAg associated with remission of chronic myeloid leu-
kemia (see the related article beginning on page 3506). This result represents
another example of an mHAg-mediated graft-versus-leukemia response,
thereby expanding the number of patients eligible for mHAg-based immu-

notherapy in the setting of HSCT.

Nonstandard abbreviations used: GVHD, graft-ver-
sus-host disease; GVL, graft-versus-leukemia; HSCT,
hematopoietic stem cell transplantation; LRH-1, lym-
phoid-restricted histocompatibility antigen-1; mHAg,
minor histocompatibility antigen.
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Characteristics of minor
histocompatibility antigens
applicable for immunotherapy

Minor histocompatibility antigens (mHAgs)
were originally defined in mice by character-
ization of in vivo rejection responses to skin
grafts and tumors exchanged between mice
of different inbred strains (1, 2). Simultane-
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ous with the discovery that matching HLA
antigens are necessary for optimal suc-
cess of allogeneic BM transplantation (3),
clinical results demonstrated the powerful
alloimmune reactions against mHAgs. In
an HLA-matched hematopoietic stem cell
transplantation (HSCT) setting, mHAg
disparities between recipient and donor can
lead to graft-versus-host disease (GVHD)
(4) or graft rejection (5). Aside from these
detrimental effects, the mHAg-induced
alloimmune response also causes the cura-
tive graft-versus-leukemia (GVL) effect.
Since mHAg-specific T cells are involved in
both GVHD and GVL, dissecting the role of
these cells in the immunobiology of GVHD
and GVL has proven challenging. The first
indication that led us to propose the use
of mHAgs as immunotherapeutic tools in
HSCT (6) was provided by the results of in
vitro studies showing differential modes of
recognition of various cell types by mHAg-
specific CTLs, i.e., ubiquitous or hemato-
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