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Abstract: Ghrelin is a 28-aminoacid peptide predominantly, but not exclusively, produced by stomach’s X/A-like cells
that acts through the growth hormone secretagogue receptor (GHS-R). It is the only peptidic hormone stimulating appetite
and adiposity. Although ghrelin has a wide range of actions in the body, including the regulation of glucose homeostasis,
regulation of gastric and pancreatic activity, and stimulation of growth hormone or cardiovascular activities, its main
role is the regulation of energy balance. In fact, the ghrelin system has recently become an interesting target to design
chemicals against obesity and related comorbidities. Fatty acids, which play a crucial role in the metabolic syndrome,
are essential mediators for the actions of ghrelin on both food intake and adiposity. In this review we will summarize the
current knowledge about ghrelin actions and signaling pathways on metabolic homeostasis and energy balance with special
emphasis on those related to its effects at hypothalamic level.

29.1 INTRODUCTION

Ghrelin is a 28-aminoacid peptide predominantly, but
not exclusively, produced by the stomach’s X/A-like
cells that acts through the growth hormone secret-
agogue receptor 1a (GHS-R1a). Ghrelin is the only
peptidic hormone stimulating appetite and adipos-
ity. Although ghrelin has a wide range of actions in
the body, including the regulation of glucose home-
ostasis, regulation of gastric and pancreatic activ-
ity, and stimulation of growth hormone release and
cardiovascular activities, its main role is the regula-

tion of energy balance. In fact, recently the ghrelin
system has becoming an interesting target to design
chemicals against obesity and related comorbidities.
Fatty acids, which play a crucial role in metabolic
syndrome, are essential mediators for the actions
of ghrelin on both food intake and adiposity. In
this chapter we will summarize the current knowl-
edge about ghrelin actions and signaling pathways
on metabolic homeostasis and energy balance with
a special emphasis on those related to its effects at
hypothalamic level.
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29.2 GHRELIN: A STOMACH-DERIVED
PEPTIDE MODULATING
ENERGY BALANCE

Ghrelin, a hormone mainly produced in the stomach
with orexigenic properties [1–6], has attracted great
attention as a potential antiobesity therapeutic tar-
get [7, 8]. Chronic ghrelin administration promotes
weight gain and adiposity in rodents [2], as well
as increasing voluntary food-intake in humans [9].
Assessment of total circulating ghrelin levels (acy-
lated and unacylated forms) have demonstrated an
opposite relationship with body weight [10]. Contrary
in obese patients diagnosed with Prader-Willi syn-
drome, increased levels of ghrelin are detected, which
could explicate their hyperphagia and increased body
weight [11]. Additionally, ghrelin levels are markedly
increased before meals [12, 13]. Furthermore, ghre-
lin knockout (KO) mice [14] or ghrelin receptor KO
(GHS-R KO) mice [15] are protected against diet-
induced obesity (DIO). All this evidence suggests
that ghrelin might be an important signal to get ready
for meal initiation [12, 16, 17]. More recent data have
demonstrated that meals inhibited secretion of both
ghrelin and des-acyl ghrelin, and in contrast to previ-
ous findings assessing total ghrelin long-term fasting
inhibited acylation but not total secretion [18, 19].

29.3 GHRELIN EFFECTS ON
FOOD-INTAKE ARE MEDIATED BY THE
OREXIGENIC NPY/AGRP NEURONS

The ghrelin receptor, namely the growth hormone
secretagogue receptor 1a (GHS-R1a), is expressed in
neuropeptide Y/agouti-related peptide (NPY/AgRP)
neurons in the arcuate nucleus of the hypothalamus
(ARC) [5, 20–26], indicating that this set of neu-
rons could be involved in ghrelin’s orexigenic action.
In keeping with this, adult male rats, fed or fasted,
treated centrally (intracerebroventicularly, ICV) with
ghrelin, showed increased AgRP and NPY expression
in the ARC (Fig. 29.1)[3, 4, 27]. These changes are
quite restricted to this hypothalamic region because
no change was demonstrated in the mRNA levels
of the other feeding-related neuropeptides (such as
melanin concentrating hormone, MCH, and prepro-
orexin) studied at any time evaluated [4]. The

Fig. 29.1 The “classical” mechanism under ghrelin orex-
igenic effect. Ghrelin, acting on growth hormone secreta-
gogue receptor 1a (GHS-R 1a), increased the expression
of hypothalamic homeobox domain transcription factor
(BSX), forkhead box O1 (FOXO1) and the phosphorylated
cAMP response-element binding protein (pCREB). Subse-
quently, agouti-related peptide (Agrp) and neuropeptide Y
(Npy) gene expression is stimulated in the arcuate nucleus
of the hypothalamus (ARC).

physiological relevance of both neuropeptides as
mediators of ghrelin effects was definitely established
by assessing the response to ghrelin in KO mice.
These experiments showed that although NPY KO
or AgRP KO showed a normal response in terms of
food intake to ghrelin, the double null NPY/AgRP
mice failed to display any response, indicating the
existence of redundancy among these two neuropep-
tides as mediators of ghrelin’s orexigenic action [28].

29.4 TRANSCRIPTIONAL MACHINERY
MEDIATING THE HYPOTHALAMIC
ACTIONS OF GHRELIN

It has been reported that the hypothalamic homeobox
domain transcription factor BSX, is highly expressed
in AgRP/NPY neurons in the ARC and regulates
ghrelin’s stimulatory effect on Agrp and Npy gene
expression [29–31]. Although both genes share BSX
as a common part of the transcriptional system, BSX
needs to interact with another two transcription fac-
tors to regulate Agrp and Npy mRNA expression:
the forkhead box O1 (FOXO1) for Agrp gene and



GHRELIN, LIPID METABOLISM, AND METABOLIC SYNDROME 477

the phosphorylated cAMP response-element bind-
ing protein (pCREB) for Npy gene [30–33]. We
have shown that BSX, FOXO1 and pCREB pro-
tein content in the hypothalamus is increased after
central ghrelin treatment (Fig. 29.1) [31]. Of note,
the ghrelin-BSX-FOXO1/pCREP-AgRP/NPY path-
way seems to exhibit a nucleus-specific pattern,
because BSX expression in the dorsomedial nucleus
of the hypothalamus (DMH) is unaffected by central
ghrelin treatment [30].

29.5 HYPOTHALAMIC FATTY ACID
METABOLISM AND AMPK MEDIATE
GHRELIN’S ACTIONS ON FOOD INTAKE

Although the classic pathway involving AgRP/NPY
neurons, and more recently BSX-FOXO1/pCREB,
has shown some of the mechanisms underlying

the orexigenic effect of ghrelin, it was obvious
that several key upstream and downstream factors
involved in the transduction pathway of the activated
GHS-R1a were still missing. Current evidence has
demonstrated that nutrient-related metabolic path-
ways, such as lipid acid metabolism, may act as direct
modulators of the hypothalamic control of feed-
ing [6, 34–45], suggesting that maybe ghrelin could
exert its orexigenic effect through these metabolic
pathways.

This hypothesis was confirmed by data from
several groups indicating that ghrelin modu-
lates hypothalamic AMP-activated protein kinase
(AMPK), a key upstream master regulator of
lipid metabolism and its upstream kinase Ca2 + /
calmodulin (CaM)-dependent protein kinase kinase
2 (CaMKK2) (Fig. 29.2) [6, 37, 38, 42–45]. How-
ever, despite this evidence, the molecular events and
anatomical aspects of this interaction have not been

Fig. 29.2 Central ghrelin actions on hypothalamic lipid metabolism and AMPK. Ghrelin, acting on growth hormone
secretagogue receptor 1a (GHS-R 1a), regulates hypothalamic AMP-activated protein kinase (AMPK), phosphorylating
(pAMPK) and activating it, which in turn phosphorylates and inactivates acetyl-CoA carboxylase (ACC), decreasing the
cytoplasmic pool of malonyl-CoA. The net result of this action is an increase in carnitine palmitoyltransferase 1 (CPT1)
activity and subsequent fatty acid oxidation, which promotes the generation of reactive oxygen species (ROS) that are
buffered by uncoupling protein 2 (UCP2). This mechanism is critical for ghrelin-induced electric activation of agouti-
related peptide/neuropeptide Y (AgRP/NPY) neurons, ghrelin-induced upregulation of Agrp and Npy gene expression in
the ARC and ghrelin-induced feeding. MCD: malonyl-CoA decarboxylase; FAS: fatty acid synthase; BSX: homeobox
domain transcription factor; FOXO1: forkhead box O1; pCREB: phosphorylated cAMP response-element binding protein.
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fully identified and more importantly, there was no
mechanistic data indicating that AMPK is required
for ghrelin’s orexigenic effects. Back in 2008, we
investigated that possibility. By using a combina-
tion of pharmacological and genetic approaches, we
first demonstrated that the physiological orexigenic
response to ghrelin requires specific inhibition of
fatty acid biosynthesis induced by AMPK result-
ing in decreased hypothalamic levels of malonyl-
CoA and increased carnitine palmitoyltransferase 1
(CPT1, the key enzymatic activity modulating fatty
acid oxidation into the mitochondria) activity (Fig.
29.2) [6, 43]. In addition, we also showed that fasting
downregulates fatty acid synthase (FAS) in a region-
specific manner, namely the ventromedial nucleus of
the hypothalamus (VMH), and that this effect is reg-
ulated by an AMPK and ghrelin-dependent mech-
anisms (Fig. 29.2) [6, 43]. This mechanistic link
was further explored by Diano and colleagues, who
showed that hypothalamic fatty acid oxidation path-
way, specifically involving AMPK and CPT1, elicited
by ghrelin induced the production of reactive oxygen
species (ROS), which are buffered by uncoupling pro-
tein 2 (UCP2) [44]. This mechanism involving UCP2
is critical for ghrelin-induced electric activation of
AgRP/NPY neurons, ghrelin-triggered synaptic plas-
ticity of POMC neurons and ghrelin-dependent gene
transcription events, such as AgRP and Npy, in those
neurons (Fig. 29.2) [44], integrating ghrelin signal-
ing on GHS-R1a at the membrane with oxidative pro-
cesses in the mitochondria and nuclear transcriptional
events.

29.6 GHRELIN AND THE HYPOTHALAMIC
SIRTUIN1 (SIRT1)/P53 AXIS

The sirtuins are a family of highly conserved NAD + -
dependent deacetylases that act as cellular sensors
to detect energy availability and modulate metabolic
processes [46–48]. Two sirtuins that are central to the
control of metabolic processes are mammalian SIRT1
and SIRT3, which are localized to the nucleus and
mitochondria, respectively [46–48]. Both are acti-
vated by high NAD + levels, a condition caused
by low cellular energy status [46–48]. By deacety-
lating a variety of proteins that induce catabolic

processes while inhibiting anabolic processes, SIRT1
and SIRT3 coordinately increase cellular energy
stores and ultimately maintain cellular energy home-
ostasis [46–48].

One of the most important cellular targets of
SIRT1 is p53, a central tumor suppressing protein that
regulates many cellular activities, such as cell cycle
regulation, DNA repair, and programmed cell death.
As SIRT1 binds and deacetylates p53 to decrease its
transcriptional activity, p53 is suggested to play a
central role in SIRT1-mediated functions in tumori-
genesis and senescence [48–52].

Several lines of evidence have linked AMPK
to SIRT1. AMPK controls the expression of genes
involved in energy metabolism in mouse skeletal
muscle by acting in coordination with SIRT1 [46–48].
AMPK increases SIRT1 activity by increasing cel-
lular NAD + levels [53]. Interestingly, this inter-
action between SIRT1 and AMPK seems to be
reciprocal, as SIRT1 activation stimulates fatty acid
oxidation and indirectly activates AMPK [54].
Besides this functional evidence, morphological data
have demonstrated that SIRT1 is present in metabol-
ically important areas of the brain, including the
ARC, VMH, DMH, and paraventricular hypothala-
mic (PVH) nuclei [55, 56], where it is modulated
by nutritional status, leptin, and melanocortin tone
[55–59].

On the basis of these data, we have recently
explored the possible relationship between ghre-
lin and SIRT1/p53 pathway at hypothalamic level.
Our data showed that pharmacological blockade of
hypothalamic SIRT1 (by using the specific antagonist
Ex527) prevents the orexigenic action of ghrelin [58,
60]. Consistent with these pharmacological results,
the selective disruption of SIRT1 in AgRP neurons in
mice blunted electric responses of AgRP neurons to
ghrelin and decreased food intake [58]. Also in keep-
ing with this evidence, p53 null mice are insensitive
to ghrelin in terms of feeding behavior. Of note, the
link ghrelin-SIRT1/p53 is upstream of hypothalamic
AMPK signaling because ghrelin failed to phospho-
rylate AMPK either when rats were pre-treated with
Ex527 or in p53 KO mice. Overall, these data indicate
that ghrelin specifically triggers a central SIRT1/p53
pathway that is essential for its orexigenic action
(Fig. 29.2).
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29.7 DOES GHRELIN ACT ON
ALTERNATIVE CANONICAL ENERGY
SENSORS BESIDES AMPK AND SIRT1?

So far, we have shown that central ghrelin exerts its
action through modulation of AMPK and SIRT1,
which act as cell and whole-body energy sensors
[3, 4, 6, 31, 42, 44, 60, 61]. The key question is
whether that is an exclusive relationship, or whether
ghrelin may act on additional energy gauges.

Mammalian target of rapamycin (mTOR) is
an evolutionarily conserved serine-threonine kinase
that acts sensing cellular changes in energy bal-
ance, growth factors, nutrients and oxygen [62–66].
mTOR is a component of at least two multi-
protein complexes: mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2) [62, 63, 66].
mTORC1 phosphorylates and modulates the activity
of the serine/threonine ribosomal protein S6 kinase
1 (S6K1). In turn, S6K1 phosphorylates and acti-
vates S6, a ribosomal protein involved in translation
[62, 63, 66].

Recent evidence has shown that hypothalamic
mTOR signaling plays a major role in modulating
energy balance by responding to nutrient availabil-
ity and the hormonal milieu [67–75]. Thus, cen-
tral administration of hormones (i.e., leptin; thy-
roid hormone; ciliary neurotrophic factor, CNTF;
bone morphogenetic protein 7, BMP7) or metabo-
lites (i.e., leucine, �-lipoic acid) regulates feeding
behavior through modulation of hypothalamic mTOR
[67, 69, 70, 75, 76]. On the basis of these data, we
have recently investigated whether ghrelin actions
may be modulated by hypothalamic mTOR signal-
ing. Our data show that central ghrelin administration
promotes a marked increase in the phosphorylated
(active) form of mTOR and its downstream targets,
pS6K1 and pS6 in the ARC. Importantly, inhibition
of mTOR signaling following inhibition of mTOR
(by using rapamycin) reverses the orexigenic action
of ghrelin treatment [77]. Of note, this action is asso-
ciated with normalization of AgRP and NPY expres-
sion in the ARC, as well as pCREB and FOXO1.
These data indicate that activation of hypothalamic
mTOR signaling as a mediator of food intake might
be of potential importance for the understanding and
treatment of obesity.

29.8 CENTRAL GHRELIN ACTIONS ON
PERIPHERAL LIPID METABOLISM

In addition to its role as main modulator of hypotha-
lamic lipid metabolism, recent data have also high-
lighted the role of ghrelin as a main modulator of
peripheral lipid metabolism [78]. Central administra-
tion of ghrelin promotes adiposity by the stimula-
tion of the lipogenic program in the white adipose
tissue (WAT) in a food intake-independent fashion
[61, 79–81]. In particular, central ghrelin administra-
tion stimulates AgRP/NPY neurons, which promotes
the blockade of the melanocortin receptors 3 and
4 (MC3R and MC4R) and regulation of peripheral
lipid metabolism through the sympathetic nervous
system (SNS) [79, 80]. As a result of these events,
mRNA expression of various key fat storage enzymes
such as lipoprotein lipase (LPL), ACC�, FAS, and
stearoyl-CoA desaturase 1 (SCD1) is induced in
WAT; on the other hand, the rate-limiting step in fat
oxidation, CPT1, was decreased [61, 79, 80]. Alto-
gether, this evidence indicates that central ghrelin’s
action is physiologically relevant in the control of
adipocyte metabolism and that ghrelin could elicit
processes in the central nervous system (CNS) in
preparation for the ingestion of food [78].

Interestingly, besides the actions of ghrelin on
WAT lipid metabolism, central ghrelin also affects
energy expenditure. Thus, central administration of
ghrelin decreased the expression of uncoupling pro-
teins 1 and 3 (UCP1 and UCP3) in brown adipose
tissue (BAT) [79] (Fig. 29.3), suggesting that, in
addition to increased lipogenesis, decreased thermo-
genesis and energy expenditure might contribute to
increased adiposity. In this sense, a recent and ele-
gant report form Horvath and colleagues demon-
strated that the feeding-independent lipogenic actions
of ghrelin are enhanced in UCP2 null mice [81].
The molecular mechanisms under this effect are not
totally clarified, but UCP2 KO mice display high
expressions of lipogenic enzymes, such as FAS,
SCD1, and LPL and decreased the expression of
CPT1a in WAT [81]. These data also highlight the
key role of UCP2 as mediator or ghrelin actions at
central [44] and peripheral levels [81].

One important caveat is whether the role of ghre-
lin as growth hormone (GH) secretagogue [1,82–84]
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Fig. 29.3 Central ghrelin actions on peripheral lipid metabolism. Ghrelin stimulates agouti-related peptide/neuropeptide
Y (AgRP/NPY) neurons in the ARC. This action leads to subsequent modulation of lipid metabolism in liver and white
adipose tissue (WAT) through the sympathetic nervous system (SNS). Central ghrelin also decreases the expression of
uncoupling proteins 1 and 3 (UCP1 and UCP3) in brown adipose tissue (BAT), which decreases thermogenesis and energy
expenditure. Subsequently, the overall effect of central ghrelin contributes to increased adiposity. 3V: third ventricle;
ACC: acetyl CoA carboxylase; ARC: arcuate nucleus of the hypothalamus; CPT1: carnitine palmitoyltransferase; LPL:
lipoprotein lipase; SCD1: stearoyl-CoA desaturase 1; DMH: dorsomedial nucleus of the hypothalamus; FAS: fatty acid
synthase; LHA: lateral hypothalamic area; PVH: paraventricular nucleus of the hypothalamus; VMH: ventromedial nucleus
of the hypothalamus.

may be relevant in its actions on energy balance. This
question is of relevance, bearing in mind the impor-
tant actions of GH on peripheral lipid metabolism
[85–87]. To address this issue, we have recently
examined the effects of chronic central ghrelin
administration on liver and adipose lipid metabolism
in dwarf (GH-deficient) rats. Our results demon-
strate that central chronic ghrelin administration reg-
ulates adipose lipid metabolism, mainly in a GH-
independent fashion, as a result of increased mRNA,
protein expression, and activity levels of ACC�,
FAS, and SCD1 [61]. Alternatively, central ghre-
lin regulates hepatic de novo lipogenesis in a GH-
independent manner but fatty acid oxidation in a GH-
dependent manner, because CPT1 was inhibited only
in normal rats [61]. Moreover, and quite the opposite
to the hypothalamus [6, 43, 44], we have showed that
in peripheral tissues, increased total levels of ghrelin
during food deprivation do not mediate the effects of
fasting. In these tissues, complete food deprivation
downregulates the expression of lipogenic enzymes,
and activates (in liver) or downregulates (in WAT)

CPT1, which are opposite effects to those observed
after the ghrelin treatment [61].

29.9 CONCLUSION

Compelling evidence over the last decade has demon-
strated that ghrelin exerts a deep effect in hypotha-
lamic networks modulating feeding behavior and
peripheral metabolism. Of note, lipid metabolism
seems to be a canonical downstream pathway modu-
lating ghrelin’s effects at central and peripheral level
[6, 31, 37, 38, 42–44, 61, 79, 81, 88].

On the basis of these data, it is appealing to specu-
late that ghrelin favors energy stores in order to dimin-
ish negative effects in periods of food deficiency [78,
89]. During fasting, increased ghrelin levels stimu-
late food intake and make possible anabolic processes
when food becomes available by triggering biological
responses that modulate the efficiency of energy stor-
age, i.e, increasing lipogenesis and inducing UCP2
in WAT, which shifts the organism from a negative
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energy balance state to a neutral energy balance state,
preventing overweight and obesity [6, 44, 61, 78, 81,
90]. However, this mechanism, which was primarily
designed as a response to fasting under obesogenic
conditions, such as high fat diet (HFD) [14,15] or GH
deficiency [61], seems to increase excessively posi-
tive energy balance and fat mass, which ultimately
may lead to harmful pro-obese and diabetic states.

Otherwise, a new and crucial link between ghre-
lin and lipids has been recently exposed by study-
ing ghrelin O-acyl transferase (GOAT), the enzyme
responsible for ghrelin acylation [91,92]. Tschöp and
colleagues have gracefully demonstrated that GOAT
is regulated by nutrient availability and depends on
precise dietary lipids, such as medium chain fatty
acids, which act as acylation substrates [93]. This
evidence links dietary lipids to ghrelin action and
indicates that to get optimal nutrient partitioning, the
accessibility to high-caloric food is signaled to the
hypothalamus through readily absorbable medium-
chain fatty acids originating from the GOAT-ghrelin
system working as a nutrient sensor.

Overall, these data recognize the ghrelin–lipid
metabolism interaction as a key homeostatic mecha-
nism modulating energy balance. Further work will
be necessary to investigate the therapeutic implica-
tion of the ghrelin-lipid metabolism partnership for
the treatment of obesity and metabolic syndrome.
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6. López M, Lage R, Saha AK, et al. Hypothalamic fatty
acid metabolism mediates the orexigenic action of
ghrelin. Cell Metab 2008;7:389–399.

7. Foster-Schubert KE, Cummings DE. Emerging ther-
apeutic strategies for obesity. Endocr Rev 2006;27:
779–793.

8. Zorrilla EP, Iwasaki S, Moss JA, et al. Vaccina-
tion against weight gain. Proc Natl Acad Sci U S A
2006;103:13226–13231.

9. Wren AM, Seal LJ, Cohen MA, et al. Ghrelin Enhances
Appetite and Increases Food Intake in Humans. J Clin
Endocrinol Metab 2001;86:5992.

10. Tschop M, Weyer C, Tataranni PA, Devanarayan V,
Ravussin E, Heiman ML. Circulating ghrelin levels
are decreased in human obesity. Diabetes 2001;50:
707–709.

11. Cummings DE, Clement K, Purnell JQ, et al. Elevated
plasma ghrelin levels in Prader Willi syndrome. Nat
Med 2002;8:643–644.

12. Cummings DE, Purnell JQ, Frayo RS, Schmidova K,
Wisse BE, Weigle DS. A preprandial rise in plasma
ghrelin levels suggests a role in meal initiation in
humans. Diabetes 2001;50:1714–1719.

13. Cummings DE, Weigle DS, Frayo RS, et al. Plasma
ghrelin levels after diet-induced weight loss or gastric
bypass surgery. N Engl J Med 2002;346:1623–1630.

14. Wortley KE, Del Rincon JP, Murray JD, et al. Absence
of ghrelin protects against early-onset obesity. J Clin
Invest 2005;115:3573–3578.



482 METABOLIC SYNDROME AND NEUROLOGICAL DISORDERS

15. Zigman JM, Nakano Y, Coppari R, et al. Mice
lacking ghrelin receptors resist the development of
diet-induced obesity. J Clin Invest 2005;115:3564–
3572.

16. Tschop M, Wawarta R, Riepl RL, et al. Post-
prandial decrease of circulating human ghrelin levels.
J Endocrinol Invest 2001;24:RC19–RC21.

17. Drazen DL, Vahl TP, D’Alessio DA, Seeley RJ, Woods
SC. Effects of a fixed meal pattern on ghrelin secretion:
evidence for a learned response independent of nutrient
status. Endocrinology 2006;147:23–30.

18. Liu J, Prudom CE, Nass R, et al. Novel ghrelin assays
provide evidence for independent regulation of ghrelin
acylation and secretion in healthy young men. J Clin
Endocrinol Metab 2008;93:1980–1987.

19. Prudom C, Liu J, Patrie J, et al. Comparison of compet-
itive radioimmunoassays and two-site sandwich assays
for the measurement and interpretation of plasma ghre-
lin levels. J Clin Endocrinol Metab 2010;95:2351–
2358.

20. Guan XM, Yu H, Palyha OC, et al. Distribution of
mRNA encoding the growth hormone secretagogue
receptor in brain and peripheral tissues. Brain Res Mol
Brain Res 1997;48:23–29.

21. Bennett PA, Thomas GB, Howard AD, et al. Hypotha-
lamic growth hormone secretagogue-receptor (GHS-
R) expression is regulated by growth hormone in the
rat. Endocrinology 1997;138:4552–4557.

22. Tannenbaum GS, Lapointe M, Beaudet A, Howard
AD. Expression of growth hormone secretagogue-
receptors by growth hormone- releasing hormone neu-
rons in the mediobasal hypothalamus. Endocrinology
1998;139:4420–4423.

23. Willesen MG, Kristensen P, Romer J. Co-localization
of growth hormone secretagogue receptor and NPY
mRNA in the arcuate nucleus of the rat. Neuroen-
docrinology 1999;70:306–316.

24. Mitchell V, Bouret S, Beauvillain JC, et al. Compar-
ative distribution of mRNA encoding the growth hor-
mone secretagogue-receptor (GHS-R) in Microcebus
murinus (Primate, lemurian) and rat forebrain and pitu-
itary. J Comp Neurol 2001;429:469–489.

25. Smith RG. Development of Growth Hormone Secret-
agogues. Endocr Rev 2005;26:346–360.

26. Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist
JK. Expression of ghrelin receptor mRNA in the
rat and the mouse brain. J Comp Neurol 2006;494:
528–548.

27. Kamegai J, Tamura H, Shimizu T, Ishii S, Sugihara
H, Wakabayashi I. Chronic central infusion of ghrelin

increases hypothalamic neuropeptide Y and Agouti-
related protein mRNA levels and body weight in rats.
Diabetes 2001;50:2438–2443.

28. Chen HY, Trumbauer ME, Chen AS, et al. Orexigenic
Action of Peripheral Ghrelin is Mediated by Neuropep-
tide Y (NPY) and Agouti-Related Protein (AgRP).
Endocrinology 2004;145:2607–2612.

29. Sakkou M, Wiedmer P, Anlag K, et al. A role for
brain-specific homeobox factor bsx in the control of
hyperphagia and locomotory behavior. Cell Metab
2007;5:450–463.
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