Fig. 1 Gene expression levels
(a) and immunostaining (b-f) of
insulin in the pancreases of 21-
day-old n0-STZ and n0-STZ/
Ghrelin animals. b Quantifica-
tion of insulin-positive cells per
unit of total tissue area; ¢ Con-
trol group; d Ghrelin group;

e n0-STZ group; { n0-STZ/
Ghrelin group. Cont Control
group, G Ghrelin group, STZ
n0-STZ group, STZ+ G n0-STZ/
Ghrelin group. Values are ex-
pressed as means+SEM for four
observations in each group.
#p<0.001; #*p<0.005 (n=6-8
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rats). In e—f, original magnifi-
cations were x100

0

To explore the mechanism governing the alteration of
insulin expression in the pancreas, we examined the
expression of Pdx 1, one of the major transcriptional factors
involved in pancreatic development. Pdx] mRNA levels
changed in a manner similar to those of insulin except for
the Ghrelin group (Fig. 2a~f). The expression levels of the
gene encoding Pdx1 in the Ghrelin group was higher than
that of the Control (Fig. 2a). Pdx/ expression levels in the
n0-STZ group were less than one-tenth of the Control
group levels; those of the n0-STZ/Ghrelin group returned
to levels similar to those seen in the Control group.
Immunofluorescence staining for Pdx ! within the pancreas
exhibited a similar pattern to that of insulin in the n0-STZ
and n0-STZ/Ghrelin groups (Fig. 2b-f). Corresponding to
the change in Pdx/ mRNA, the area of Pdx-1-positive cells
in the Ghrelin group was significantly increased compared
with that in the Control group.
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Thus, the n0-8STZ group exhibited diminished insulin
production at 21 days after birth, although FBG levels
achieved a spontancous remission. The n0-STZ/Ghrelin
group showed increased insulin expression in both mRNA
and protein levels, Therefore, neonatal ghrelin treatment in
this model may improve the reduction of insulin production
at 21 days and prevent development of hyperglycaemia at
70 days.

Furthermore, to examine whether beta cell proliferation
contributed to ghrelin effects on insulin production and
beta cell number in STZ-treated rats or not, we performed
phospho-histone H3 immunohistochemical analysis
(Fig. 3a). Phospho-histone H3 is a cell proliferation mitosis
marker [22, 23]. In 2l-day-old rats, ghrelin treatment
increased cells double-positive for phospho-histone H3 and
insulin approximately 1.7- and 15-fold in Ghrelin and n0-
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Fig. 2 Gene expression levels
(a) and immunostaining (b—f) of #
Pdx1 in the pancreases of 21-
day-old n0-STZ and n0-STZ/
Ghrelin animals. b Quantifica-
tion of Pdx1-positive cclls per
unit of total tissue area; ¢ Con-
trol group; d Ghrelin group;

e n0-STZ group; f n0-STZ/
Ghrelin group. Cont Control
group, G Ghrelin group, STZ
n0-STZ group, STZ+G n0-STZ/
Ghrelin group. Values are ex-
pressed as means+=SEM for four
observations in each group. In
¢~f, original magnifications
were x500. *p<0.05;
##p<0.001; ***p<0.0001
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STZ/Ghrelin groups in comparison with Control and n0-
STZ rats, respectively (Fig. 3b).

Long-lasting effects of early treatment with ghrelin:
studies at 10 weeks

As the n0-STZ model develops hyperglycaemia after 8-
10 weeks [14], we examined the long-term effects of early
treatment with ghrelin in this model. The characteristics of
Control, Ghrelin, n0-STZ and n0-STZ/Ghrelin animals at
10 weeks are detailed in Table 2. As expected, the n0-8TZ
group demonstrated reduced body weight and hypergly-
caemia. Although the plasma insulin levels of this group
were not decreased but tended to be slightly increased, the
levels for each rat appeared to be relatively low for elevated
glucose levels (Table 2, Fig. 4a). In fact, the pancreatic
insulin levels of the n0-STZ group were reduced from those

G STZ STZ+G

Cont G STZ STZ+G

of the Control (Table 2). In contrast, the FBG levels of n0-
STZ/Ghrelin group animals, which were not significantly
higher than those of the Control, were significantly lower
than those of the n0-STZ group. Furthermore, the pancre-
atic insulin levels of the n0-STZ/Ghrelin group returned to
levels similar to those of the Control group. Body weight of
the n0-STZ/Ghrelin group was significantly lower than that
of the Control group, but not that of the n0-STZ group.

The mRNA expression of insulin at the adult stage in the
Ghrelin group was lower than that in the Control group
(Fig. 4b). In the n0-STZ group, the mRNA expression of
insulin at day 70 remained reduced. The n0-STZ/Ghrelin
group demonstrated a similar insulin expression level to
that of the Control group, as was also observed 21 days
alter birth (Fig. ia and Fig. 4b).

The patterns of mRNA expression for Pdx-1 in the four
groups except the Ghrelin group were similar to those
observed 21 days after birth (Fig. 5a). The expression level



Fig. 3 Examination of beta cell a
proliferation by phospho-
histone H3 staining in rats. 2 A
representative confocal image of
phospho-histone H3 (green) and
insulin (red) immunostaining in
an n0-STZ/Ghrelin rat. Phos-
pho-histone H3 labelling index
of the beta cell in 21-day-old
(b) and 70-day-old (c¢) rats. It
was evaluated through quantifi-
cation of phospho-histone
H3-positive cells in the 1,000
insulin-positive cells. Cont
Control group, G Ghrelin group,
STZ n0-STZ group, STZ+G
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of Pdx] in the Ghrelin group was similar to that of the
Contro! (Fig. 5a). Pdx] gene expression in the n0-STZ
group was approximately one-third that of the Control,
while that in the n0-STZ/Ghrelin group returned to levels
close to that of the Control group. In immunofluorescent
staining for Pdx-1 in the pancreas, the increase in staining
of the n0-STZ/Ghrelin group was not significant compared
with the n0-8TZ group, although the Ghrelin group
exhibited a significant increase compared with the Control
group. (Fig. 5a—e).

We performed the experiments of immunostaining for
phospho-histone H3 and insulin also in the adult stage.
There were no significant differences between the four
groups. But in the model of STZ, the ghrelin treatment
tended to increase the double-positive cells for phospho-
histone H3 and insulin, while in the Control group, the
ghrelin treatment tended to decrease those cells (Fig. 3c).

Thus, in this n0-STZ model of diabetes, animals
developed reduced insulin production in the pancreas and

Table 2 Characteristics (means+SEM) of fasted rats at 70 days

G STZ STZ+G

hyperglycaemia at 10 weeks after birth. Ghrelin treatment
may prevent this deterioration through maintenance of
insulin-positive cells and insulin production, which
mechanistically may involve the increased expression of
Pdx1.

Discussion

Neonatal rats treated with STZ exhibit normal glycaemia at
3 weeks after birth by rapid remission, but then deteriorate
gradually after 8 weeks [14-16]. This delayed deterioration
probably follows from the inability of the insulin
production of the pancreas to recover to the levels of
control rats [14, 15]. In this study, we observed a similar
clinical course, characterised by the reduction of insulin
production and content in the pancreases of n0-STZ rats,
This neonatal model showed more reduction of pancreatic
beta cells compared with other reports, in which the

Control Ghrelin n0-STZ n0-STZ/Ghrelin
Body weight (g) 31746 (6) 364422 (8) 2858 (5) 248%11 (13)*
FBG (mmol/l) 5.7%0.4 (6) 6.9+0.4 (8) 11.8+0.3 (5)** 7.6+0.4 (13)
Plasma insulin (pmol/l) 18117 (6) 20715 (6) 302+68 (5) 160430 (8)
Pancreas weight (mg) 414433 (6) 49116 (6) 520442 (5) 556+23 (13)
Pancreatic insulin (ug/pancreas) 78.6£7.8 (6) 99.6+6.0 (6) 39.6=14.1 (5) 92.6+2.4 (8)F

Statistical analysis (Mann-Whitney test) was carried out between all groups

*p<0.05, **p<0.0005 (vs. Control)
"p<0.0005, "'p<0.05 (vs. n0-STZ)
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Fig. 4 a Relationship between serum glucose and insulin
concentrations in adult animals following fasting. Gene expression
levels (b) and immunostaining (c-g) of insulin in the pancreases of
adult rats. ¢ Quantification of insulin-positive cells, as performed in
Fig. Ib; d Control group; e Ghrelin group: f n0-STZ group; g n0-

reduction was approximately 50% that of controls [15, 16,
24]. This may be due to the different timing of STZ
injection, which is known to result in type 2 diabetes
models with different severity [14]. In fact, we injected
STZ at 24 h after birth, while others injected within 12 h of
birth [135, 16, 24].

Moreover, we first demonstrated that ghrelin treatment
prevented the development of hyperglycaemia in n0-STZ
rats at adult ages. In n0-STZ/Ghrelin rats, both the
transcription and translation of insulin in the pancreas
were significantly increased at 21 and at 70 days. In
addition, Pdxl gene and protein expression levels at
21 days were restored to levels similar to those of the
Control group. These findings strongly suggest that beta
cells damaged by STZ administration during the neonatal
stage can be regenerated or replicated foliowing ghrelin
treatment. Indeed, the immunohistochemical analysis for
phospho-histone H3, which is a proliferation marker,
demonstrated that ghrelin treatment significantly increased
the staining in both Control and STZ-treated rats at the age
of 21 days.

Similar findings have been reported for glucagon-like
peptide-1 and exendin-4 by Tourrel et al. [13]. They
demonstrated that glucagon-like peptide-1 and exendin-4
stimulated beta cell neogenesis or regeneration in STZ-
treated newbomn rats. While these n0-STZ rats ameliorated
plasma glucose levels at adult stages, such treatment could
not improve insulin secretion during a glucose-tolerance

f
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STZ/Ghrelin group. Cont Control group, G Ghrelin group, S7Z n0-
STZ group, STZ+G n0-STZ/Ghrelin group. Values are expressed as
means=SEM  for four observations in each group. *p<0.003;
##p<0.05 (1=5--8 ras). In d-g, original magnifications were x100

test. In future, it will be necessary to examine the effects of
ghrelin treatment on insulin secretion in this n0-STZ/
ghrelin model in detail, including an examination of
glucose tolerance. In addition, a possibility that ghrelin
treatment might modulate STZ toxic effects should be
considered, because ghrelin administration was performed
shortly after STZ treatment. Finally, another possibility that
STZ may have affected hepatic metabolism and/or insulin
sensitivity in peripheral tissues should be taken in account.
These effects could -explain some of the discrepancies
between pancreas and plasma insulin levels.

Several reports have shown that both ghrelin and GHS-R
are expressed in the pancreas [8, 9, 25-27]. Ghrelin is
expressed in both the alpha [28] and beta [9, 29] cells of the
pancreas. Recently, ghrelin was also identified in
epsilon cells [30]. The pancreas is one of the organs in
which GHS-R expression has been detected by RNA
protection assay [8]. In addition, ghrelin gene expression is
higher in the fetal pancreas than in fetal stomach [10],
while expression is highest in the stomach in adults. Thus,
ghrelin may act on beta cells in a paracrine or autocrine
manner, potentially functioning in the differentiation,
proliferation or development of beta cells.

Ghrelin has been shown to induce the proliferation of
neoplastic cells in certain systems [31], whilc other studies
have demonstrated [2] anti-proliferative or anti-apoptotic
effects against neoplastic cells [32]. Ghrelin treatment of
pre-adipocytes or motor neurons induced cellular prolifer-



Fig. 5 Gene expression levels
(a) and immunostaining (b-e) of

Pdx! in the pancreases of adult Lsr
rats. b Quantification of Pdx!
positive cells per unit of total 1.2¢

tissue area; ¢ Control group;

d Ghrelin group; e n0-STZ
group; f n0-STZ/Ghrelin group.
Cont Control group, G Ghrelin
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ation' and differentiation into mature adipocytes or neurons
{11, 12, 33}, While these findings suggest ghrelin may
influence cell differentiation, proliferation, development or
apoptosis, the mechanism by which ghrelin treatment
exerts these effects is not clear. In the present study,
expression of Pdx1, insulin and phospho-histone H3 in n0-
STZ/Ghrelin rats was markedly increased in comparison
with the level observed in 21-day-old n0-STZ rats. These
findings strongly favour the conclusion that ghrelin is
stimulating beta cell regeneration or replication in STZ-
treated newborn rats, although further studies are necessary
to clarify the mechanism including the contribution of
apoptosis. The values obtained with phospho-histone H3
were higher than those obtained with 5-bromodeoxyuridine
{BrdU) staining of beta cells at 21 days in Wistar rats
(approximately 0.5-1.5%) [16, 24]. At this moment, we do
not clearly know why we obtained higher phospho-histone
H3 values in Sprague-Dawley rats of the same age and at
70 days, compared with the BrdU values. Although the
correlation between anti-BrdU and -histone labelling
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indices was statistically significant, variation was noted
in the percentage of the BrdU-positive cells double-
labelled with phospho-histone H3, depending on cell type
and length of BrdU incubation [34, 35]. Because, as far as
we know, no phospho-histone H3 staining of pancreatic
beta cells has been performed, it is difficult to directly
compare our results with others. Nonetheless, ghrelin
treatment increased the expression level of phospho-
histone H3 at the age of 21 days but not 70 days. Finally,
neonatal STZ treatment in earlier studies resulted in a slight
increase of beta cell proliferation measured by the BrdU
labelling index, in contrast to marked decrease in the
present study. This discrepancy will be due to the fact that
this neonatal model showed more reduction of pancreatic
beta cells compared with other reports, as already
discussed.

In addition, it was observed that ghrelin treatment in
control rats appeared to result in different alterations from
that in STZ-treated rats, for example, regarding body
weight and FBG at day 21 and insulin gene expression
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level at day 70. This is probably because physiological and
pathological responses to ghrelin treatment are different
between healthy control and diabetic STZ-treated rats.
Although it is hard to explain these apparent discrepancies
at this time, it is necessary to study ghrelin action in healthy
controls separately from morbid subjects. Although ghrelin
treatment increased body weight in the Ghrelin group
compared with the Control group in this study, such a
significant difference was not observed in a previous report
by Hayashida et al. [36]. However, they also observed that
body weight tended to increase after ghrelin treatment,
albeit not statistically significantly (personal communica-
tion with N. Murakami, Miyazaki University, Miyazaki,
Japan). They speculate that the increase in body weight
might have reached statistically significance if the number
of rats was increased.

From a clinical standpoint, results of the present study
suggest that the n0-STZ/Ghrelin rat may be a valuable
model to investigate novel treatment strategies for diabetes
mellitus. In addition, ghrelin may be a useful treatment for
diabetes. Recently, circulating ghrelin levels were dis-
covered to be decreased in patients with type 2 diabetes
[37]. Ghrelin activity is involved in insulin resistance as
well as the maintenance of energy balance [37]. As
multiple studies have demonstrated the importance of
ghrelin in glucose and insulin metabolism [2, 3], ghrelin
will be an important molecule to investigate the patho-
physiology of diabetes.

In conclusion, we have provided evidence that ghrelin
may assist the regeneration of beta cells, using STZ-treated
newborn rats as a model of diabetes mellitus. In these rats,
ghrelin treatment increased pancreatic insulin expression
and resulted in the improvement of plasma glucose levels
with normal plasma insulin levels. These findings suggest
that early administration of ghrelin may prevent the
development of diabetes in disease-prone subjects after
beta cell destruction.

Acknowledgements We would like to thank H. Hiratani, C.
Ishimoto, N. Takehisa and K. Imai for their excellent technical
assistance; M. Kouchi and K. Amemiya for their excellent secretarial
assistance; and S. Teramukai (Kyoto University, Kyoto, Japan) for
his statistical advice. This study was supported by funds from the
Ministry of Education, Science, Culture, Sports and Technology of
Japan, and the Ministry of Health, Labor, and Welfare of Japan.

References

1. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H,
Kangawa K (1999) Ghrelin is a growth-hormone-releasing
acylated peptide from stomach. Nature 402:656-660

2. van der Lely AJ, Tschop M, Heiman ML, Ghigo E (2004)
Biological, physiological, pathophysiological, and pharmaco-
logical aspects of ghrelin. Endocr Rev 25:426-457

3. Korbonits M, Goldstone AP, Gueorguiev M, Grossman AB
(2004) Ghrelin—a hormone with multiple functions. Front
Neuroendocrinol 25:27-68

. Lee HM, Wang G, Englander EW, Kojima M, Greeley GH Jr

(2002) Ghrelin, a new gastrointestinal endocrine peptide that
stimulates insulin secretion: enteric distribution, ontogeny, influ-
ence of endocrine, and dietary manipulations. Endocrinology
143:185-190

. Adeghate L, Ponery AS (2002) Ghrelin stimulates insulin

secretion from the pancreas of normal and diabetic rats.
J Neuroendocrinol 14:555-560

. Arosio M, Ronchi CL, Gebbia C, Cappiello V, Beck-Peccoz P,

Peracchi M (2003) Stimulatory effects of ghrelin on circulat-
ing somatostatin and pancreatic polypeptide levels. J Clin

* Endocrinol Metab 88:701-704

20.

AN

22,

. Broglio F, Gottero C, Benso A et al (2003) Effects of ghrelin

on the insulin and glycemic responses to glucose, arginine, or
free fatty acids load in humans. J Clin Endocrinol Metab
88:4268-4272

. Guan XM, Yu H, Palyha OC et al (1997) Distribution of mRNA

encoding the growth hormone secretagogue receptor in brain
and peripheral tissues. Brain Res Mol Brain Res 48:23-29

. Volante M, Allia E, Gugliotta P et al (2002) Expression of

ghrelin and of the GH secretagogue receptor by pancreatic islet
cells and related endocrine tumors. J Clin Endocrinol Metab
87:1300-1308

. Chanoine JP, Wong AC (2004) Ghrelin gene expression is

markedly higher in fetal pancreas compared to fetal stomach:
effect of maternal fasting. Endocrinology 145:3813-3820

. Kim MS, Yoon CY, Jang PG et al (2004) The mitogenic

and anti-apoptotic actions of ghrelin in 3T3-L1 adipocytes.
Mol Endocrinol 18:2291-2301

. Thompson NM, Gill DA, Davies R et al (2004) Ghrelin and

des-octanoy! ghrelin promote adipogenesis directly in vivo by a
mechanism independent of the type la growth hormone
secretagogue receptor. Endocrinology 145:234-242

. Tourrel C, Bailbe D, Meile MJ, Kergoat M, Portha B (2001)

Glucagon-like peptide-1 and exendin-4 stimulate beta-cell
neogenesis in streptozotocin-treated newborn rats resulting in
persistently improved glucose homeostasis at adult age. Diabetes
50:1562-1570

. Tsuji K, Taminato T, Usami M et al (1988) Characteristic

features of insulin secretion in the streptozotocin-induced
NIDDM rat model. Metabolism 37:1040-1044

. Wang RN, Bouwens L, Kloppel G (1994) Beta-cell prolifer-

ation in normal and streptozotocin-treated newbom rats: site,
dynamics and capacity. Diabetologia 37:1088-1096

. Wang RN, Bouwens L, Kloppel G (1996) Beta-cell growth in

adolescent and adult rats treated with streptozotocin during the
neonatal period. Diabetologia 39:548-557

. Watada H, Kajimoto Y, Miyagawa J et al (1996) PDX-1 induces

insulin and glucokinase gene expressions in alphaTC1 clone 6
cells in the presence of betacellulin. Diabetes 45:1826-1831

. Ferber S, Halkin A, Cohen H et al (2000) Pancreatic and

duodenal homeobox gene 1 induces expression of insulin genes
in liver and ameliorates streptozotocin-induced hyperglycemia.
Nat Med 6:568-572

. Kojima H, Nakamura T, Fujita Y et al (2002) Combined

expression of pancreatic duodenal homeobox | and islet factor
| induces immature enterocytes to produce insulin, Diabetes
51:1398-1408

Matsuoka T, Kajimoto Y, Watada H et al (1995) Expression of
CD38 gene, but not of mitochondrial glycerol-3-phosphate
dehydrogenase gene, is impaired in pancreatic islets of GK rats.
Biochem Biophys Res Commun 214:239-246

Petrik J, Reusens B, Arany E et al (1999) A low protein diet
alters the balance of islet cell replication and apoptosis in the
fetal and neonatal rat and is associated with a reduced pancreatic
expression of insulin-like growth factor-II. Endocrinology
140:4861-4873

Sun L, Lee J, Fine HA (2004) Neuronally expressed stem cell
factor induces neural stem cell migration to areas of brain
injury. J Clin Invest 113:1364-1374



23.

24.

25.

26.

27.
28.

29.

30.

Davidson EJ, Morris LS, Scott IS et al (2003) Minichromosome
maintenance (Mcm) proteins, cyclin Bl and D1, phosphohis-
tone H3 and in situ DNA replication for functional analysis of
vulval intraepithelial neoplasia. Br J Cancer 88:257-262
Garofano A, Czemichow P, Breant B (2000) Impaired beta-cell
regeneration in perinatally malnourished rats: a study with STZ.
FASEB J 14:2611-2617

Gnanapavan S, Kola B, Bustin SA et al (2002) The tissue
distribution of the mRNA of ghrelin and subtypes of its
receptor, GHS-R, in- humans. J Clin Endocrinol Metab
87:2988~2991

Wierup N, Svensson H, Mulder H, Sundler F (2002) The
ghrelin cell: a novel developmentally regulated islet cell in the
human pancreas. Regul Pept 107:63-69

Broglio F, Gottero C, Benso A et al (2003) Ghrelin and the
endocrine pancreas. Endocrine 22:19-24

Date Y, Nakazato M, Hashiguchi S et al (2002) Ghrelin is
present in pancreatic alpha-cells of humans and rats and
stimulates insulin secretion. Diabetes 51:124-129

Colombo M, Gregersen S, Xiao J, Hermansen K (2003) Effects
of ghrelin and other neuropeptides (CART, MCH, orexin A and
B, and GLP-1) on the release of insulin from isolated rat islets.
Pancreas 27:161-166

Prado CL, Pugh-Bernard AE, Elghazi L, Sosa-Pineda B, Sussel
L (2004) Ghrelin cells replace insulin-producing beta cells in
two mouse models of pancreas development. Proc Natl Acad
Sci USA 101:2924-2929

32

33.

34.

35.

36.

37.

1273

. Cassoni P, Ghe C, Marrocco T et al (2004) Expression of

ghrelin and biological activity of specific receptors for ghrelin
and des-acyl ghrelin in human prostate neoplasms and related
cell lines. Eur J Endocrino! 150:173-184

Volante M, Allia E, Fulcheri E et al (2003) Ghrelin in fetal
thyroid and follicular tumors and cell lines: expression and
effects on tumor growth. Am J Pathol 162:645-654

Zhang W, Lin TR, Hu Y et al (2004) Ghrelin stimulates
neurogenesis in the dorsal motor nucleus of the vagus. J Physiol
559:729-737

Gown AM, Jiang JJ, Matles H et al (1996) Validation of the
S-phase specificity of histone (H3) in situ hybridization in normal
and malignant cells. J Histochem Cytochem 44:221-226
Muskhelishvili L, Latendresse JR, Kodell RL, Henderson EB
(2003) Evaluation of cell proliferation in rat tissues with BrdU,
PCNA, Ki-67(MIB-5) immunohistochemistry and in situ
hybridization for histone mRNA. J Histochem Cytochem
51:1681-1688

Hayashida T, Nakahara K, Mondal MS et al (2002) Ghrelin
in neonatal rats: distribution in stomach and its possible role
J Endocrinol 173:239-245

Poykko SM, Kellokoski E, Horkko S, Kauma H, Kesaniemi
YA, Ukkola O (2003) Low plasma ghrelin is associated with
insulin resistance, hypertension, and the prevalence of type 2
diabetes. Diabetes 52:2546-2553



Endocrine Journal 20006, 53 (5), 585-591

REVIEW

Translational Research on the Clinical Applications of Ghrelin

TAKASHI AKAMIZU* AND KENJI KANGAWA®#%

*Ghrelin Research Project, Departnent of Experimental Therapeutics, Translational Research Center, Kvoto University Hospital,

Kyoto University School of Medicine, Kvoto 606-8507, Japan

**Department of Biochemistry, National Cardiovascular Center Research Institute, Osaka 565-8563, Jupan

Key words: Cachexia, Anorexia nervosa, GH deficiency, Clinical trial, Ghrelin

(Endocrine Journal 33: 385-591, 2006)

GHRELIN is a peptide hormone that was discovered
in 1999 as an endogenous ligand for the growth
hormone (GH)-secretagogue receptor (GHS-R) [1, 2].
Ghrelin, a 28-amino-acid peptide, possesses a unique
fatty acid modification, an n-octanoylation, at Ser 3.
Of the two circulating forms of ghrelin, acylated and
unacylated (desacyl), the acylated form is thought to
be essential for ghrelin’s biological activity through
GHS-R. Recently, however, desacyl ghrelin was re-
ported to influence both cell proliferation and adipo-
genesis through an unknown receptor different from
GHS-R [2-3]. Ghrelin is mainly produced in the
stomach and circulates in the blood at a considerable
plasma concentration. Expression of ghrelin is also
detectable in the hypothalamus, intestine, pituitary,
placenta and other tissues {1, 3~5]. Ghrelin is now
known to play a role in a number of different physio-
logical processes. For example, ghrelin increases GH
secretion, feeding, and body weight when adminis-
tered centrally or peripherally (Fig. 1) [1, 6-15].
These unique effects of ghrelin and GHS should be
invaluable for the development of novel treatments
and disease diagnostic techniques [16—18]. Clinical
trials have already been performed to assess the utility
of GHS for the treatment of short stature [19], GH
deficiency [19, 20}, obesity [21] and catabolic condi-
tions [22]. Several preliminary studies have also been
performed to assess the possible benefits of ghrelin
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administration to humans [9-15, 23-26]. Because
many excellent reviews concerning basic and clinical
researches on ghrelin have already been published, we
will summarize and discuss recent clinical trials of
ghrelin in this work.

Phase [ studies

In 2001, Nagaya et a/. gave six healthy men either
an intravenous bolus of human ghrelin (acylated form)
(10 pg/kg) or placebo and then the opposite injection
1-2 wks later in a randomized fashion [12]. They
found that the plasma total (acylated and desacyl)
ghrelin level dropped with a half life of 10 min and
that all study subjects tolerated this study protocol
well, although ghrelin caused a slight warm feeling
and drowsiness in four subjects. In 2003, we con-
ducted a larger double-blinded, randomized, placebo-
controlled trial in which the pharmacokinetics of both
total and acylated ghrelin were analyzed simultaneously
{27]. Eighteen male volunteers were randomly as-
signed into three groups of six subjects: members of
the low- and high-dose ghrelin groups received intra-
venous injections of 1 and 5 pg/kg ghrelin (acylated
form), respectively, and those in the placebo group
were injected with mannitol instead of ghrelin.
Acylated ghrelin disappeared more rapidly from the
plasma than did total ghrelin, with elimination half-
lives of 9-13 and 27-31 min, respectively. The num-
ber of subjects that experienced adverse effects did
not significantly differ among the three groups, and
all adverse effects were transient and well tolerated.
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Fig. 1. Examples of the multiple actions and potential clinical applications (in italics) of ghrelin. CHF, congestive heart failure;
COPD. chronic obstructive pulmonary disease; AN, anorexia nervosa; FD, functional dyspepsia, GH. growth hormone.

Among all studies analyzed, more than one hundred
subjects have received ghrelin injections, and only
mild adverse effects have been reported, including
sensations of bowel movement, feelings of warmth,
huger, somnolence, and hyperhidrosis [9-15, 23-26].

Phase II studies
1. Appetite-related disorders

Ghrelin is the first circulating hormone demon-
strated to stimulate appetite in humans. Wren er al.
showed that a 17 ng/kg/min intravenous infusion of
ghrelin for 270 min enhanced appetite and food intake
in humans [15]. The total amount of ghrelin infused in
this study was 4.5 pg/kg. Similarly, we found that
ghrelin administration tended to increase the sensation
of hunger in a dose-dependent manner, particularly in
the early phase after injection, although the difference
between groups was not statistically significant. In
addition, whereas two of the six subjects in the place-
bo group did not show any change in the hunger score,
all of the subjects in both the low- and high-dose
groups reported increases. To confirm the orexigenic
effect of ghrelin, either a crossover study or one
analyzing larger groups will be necessary. In addition,

because tests for appetite are subjective and variable
among subjects, only double-blinded studies such as
that described here will yield reliable findings.

1) Cachexia

Cachexia manifests with excessive weight loss in
the setting of ongoing disease including congestive
heart failure (CHF), cancer, chronic obstructive
pulmonary disease (COPD) and severe inflammation
[28]. Anorexia is among the major causes of weight
loss in cachexia. Loss of appetite and loss of weight
are major causes of morbidity and mortality affecting
many patients with anorexia-cachexia syndrome.
There is a strong and immediate need for more effec-
tive and better-tolerated appetite stimulatory treat-
ments. Several trials have already been performed to
explore the utility of ghrelin in the treatment of
cachexia. Circulating ghrelin levels are elevated in
patients with cachexia, compared with normal-weight
control subjects, reflecting the state of negative energy
balance [29-32].

Nagaya ef al. investigated the effects of ghrelin on
cardiac cachexia in patients with CHF [33]. A three-
week administration of ghrelin (2 ug/kg twice a day)
significantly increased food intake and tended to in-
crease body weight. Moreover, they demonstrated
improvement in exercise capacity, muscle wasting and
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left ventricular function. Ghrelin treatment resulted
in a significant decrease in plasma norepinephrine.
Although this study was neither randomized nor
placebo-controlled, eight patients with CHF who did
not receive ghrelin (control group) were studied to
exclude time-course effects during hospitalization. All
of the aforementioned parameters remained unchanged
in the patients with CHF who did not receive ghrelin
therapy.

Anorexia is frequently encountered in cancer pa-
tients, and is one of the major causes of malnutrition
and eventually cachexia. Nearry ef al. performed an
acute, randomized, placebo-controlled, cross-over
clinical trial to determine whether ghrelin stimulates
appetite in seven cancer patients with anorexia [34]. A
marked increase in energy intake (31 +/~ 7%; P =
0.005) was observed with ghrelin infusion (17 ng/kg/
min intravenous infusion of ghrelin for 270 min)
compared with saline control, and every patient in the
study increased food consumption. The meal appreci-
ation score was higher by 28 +/~ 8% (P =0.02) in
ghrelin-treated individuals.

The ability of ghrelin to improve cachexia and func-
tional capacity in patients with COPD has been studied
in an open-label pilot study in which ghrelin (2 pg/kg
bid) was administered intravenously to seven cachectic
patients with COPD for three weeks [35]. Repeated
administration of ghrelin resulted in a significant
increase in food intake, body weight, lean body mass
and peripheral and respiratory muscle strength. Ghrelin
attenuated the exaggerated sympathetic nerve activity,
as indicated by a marked decrease in plasma norepi-
nephrine level. Thus, treatment with ghrelin improved
appetite, body composition, muscle wasting, function-
al capacity, and sympathetic augmentation in cachectic
patients with COPD.

Finally, ghrelin may have a beneficial effect on
anorexia in sepsis. In an animal model of excessive
inflammation, septic shock, and wasting syndrome,
repeated ghrelin treatment (twice daily for five days)
increased food intake and body weight [36]. Although
no clinical trial has been attempted in patients with
sepsis, these findings suggest the therapeutic potential
of the anti-wasting effects of ghrelin.

2) Anorexia nervosa (AN) and its related disorders
Anorexia nervosa (AN) is an eating disorder charac-

terized by chronically decreased caloric intake, result-

‘ing in self-induced starvation. Plasma ghrelin levels

are elevated in lean patients with anorexia nervosa,
consistent with a state of negative energy balance [37-
39]. Only a few preliminary studies have been per-
formed to examine the effects of ghrelin in individuals
with AN. Miljic et @l. infused ghrelin (300-min intra-
venous infusion of 5 pmol/kg/min ghrelin) into nine
AN patients with very low body weights six AN pa-
tients who had partially recovered their body weight
but were still amenorrheic, and ten constitutionally
thin female subjects [40]. The fifteen AN patients felt
significantly less hungry compared with the constitu-
tionally thin subjects, suggesting that AN patients are
less sensitive to the orexigenic effects of ghrelin com-
pared with healthy controls. [n another paper, how-
ever, six of nine patients with restrictive AN were
reported to be hungry after ghrelin administration
(1.0 pg/kg as an intravenous bolus) which was a simi-
lar ratio to that seen in normal subjects (five of seven)
[41]. Clearly, further studies, including randomized
controlled trials, are needed to determine whether
ghrelin is useful for the treatment of AN.

Functional dyspepsia (FD) is a disorder character-
ized by the presence of chronic or recurrent symptoms
of upper abdominal pain or discomfort [42]. Although
no known specific organic abnormalities are present in
FD, abnormalities in gastrointestinal motility and
sensitivity are thought to play a role in a substantial
subgroup of patients. In addition, some patients also
suffer from anorexia and body-weight loss. Therefore,
we are currently examining whether repeated ghrelin
administration increases food intake in FD patients. We
found that plasma acylated, but not desacyl ghrelin,
levels were correlated with a subjective symptom score
in FD patients, suggesting that acylated ghrelin may
play a role in the pathophysiology of FD [43].

2. GH deficiency-related disorders

Strong stimulation of GH secretion by ghrelin has
been well demonstrated in humans [9-13, 17, 27]. As
with GHS, ghrelin may be useful for the diagnosis and
treatment of short stature and GH deficiency. Elderly
individuals would be particularly suitable candidates
for ghrelin treatment. Aging is associated with pro-
gressive decreases in GH secretion, appetite and ener-
gy intake [44-47]. This reduced GH secretion is
called “somatopause” and may be a cause of age-
related metabolic and physiologic changes including
reduced lean body mass and expansion of adipose
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mass. Sarcopenia is associated with functional decline
and death. Altered blood lipid profiles also favor the
development of vascular diseases that may increase
overall mortality. The age-related reduction in energy
intake has been termed “the anorexia of aging” and
predisposes to the development of under-nutrition,
which has been implicated in the development and
progression of chronic diseases commonly affecting
the elderly, as well as in increasing mortality. Growth
hormone therapy increases IGF-1 levels, promotes
anabolism and increases muscle strength in healthy
elderly individuals, as well as in selected patient
groups [48-50]. Therefore, ghrelin and GHS may also
have therapeutic potential to assist in the recovery of
frail patients who require nutritional support and con-
ventional rehabilitation [51]. Indeed, we are currently
evaluating whether repeated ghrelin administration
during the perioperative period would promote func-
tional recovery in elderly patients undergoing elective
total hip replacement.

We found that plasma levels of acylated ghrelin in
healthy elderly female subjects tended to be low and
were correlated positively with IGF-1 levels, suggest-
ing that the negative feedback mechanism does not
function properly in elderly subjects [52]. Further,
acylated ghrelin concentrations in elderly females
correlated with both systolic blood pressure and the
frequency of bowel movements. These findings sug-
gest that, in elderly females, acylated ghrelin may
play a role in the regulation of the GH/IGF-1 axis,
blood pressure and bowel movements.

3. Other disorders

Reflecting the wide expression patterns of both
ghrelin and its receptor, this peptide is now known to
play a role in a number of different physiological pro-
cesses including cardiovascular function, cellular pro-
liferation and differentiation, gastric motility and acid
secretion, pancreatic exocrine and endocrine function

as well as on glucose metabolism, sleep and behavior,
and timmune regulation. For example, as we mentioned
above, repeated administration of ghrelin in patients
with CHF significantly improved left ventricular func-
tion as well as food intake. A large number of studies
have been vigorously performed to elucidate the vari-
ous activities of ghrelin by many investigators all over
the world. We believe that some of these may lend
support to the development of novel clinical applica-
tions of ghrelin in the future.

Epilogue

Since the discovery of ghrelin, more than six years
have passed and abundant evidence supporting its vari-
ety of functions has accumulated. In parallel, clinical
trials have begun and proceeded to exploit these activ-
ities in the treatment and diagnosis of human disease.
There are several characteristic features of the clinical
applications of ghrelin; 1) the multiplicity and unique-
ness of its function, 2) the unique structure with fatty
acid modification, and 3) the paucity of severe adverse
effects. These characteristics should allow us to devel-
op novel and unique therapies for a variety of disor-
ders, including many currently intractable and serious
diseases. Indeed, translational research into the clini-
cal applications of ghrelin is a challenging and poten-
tially rewarding avenue for the future.
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Ghrelin, an endogenous ligand for the GH secretagogue re-
ceptor, is a hormone expressed in stomach and other tissues,
such as hypothalamus, testis, and placenta. This hormone acts
at a central level to stimulate GH secretion and food intake.
Little is known, however, about the molecular forms and phys-
iclogical roles of ghrelin within the hypothalamus. In this
report, we detail the molecular forms, mRINA expression pat-
terns, and peptide contents of ghrelin within the rat hypo-
thalamus. Using the combination of reverse-phase HPLC and
ghrelin-specific RIA, we determined that the rat hypothala-
mus contains both n-octanoyl-modified and des-acyl ghrelins.
Fasting for 24 and 48 h significantly decreased ghrelin mRNA

expression in the hypothalamus to 24% and 28% of control
values, respectively. Both n-octanoyl-modified and des-acyl
ghrelin content in the hypothalamus decreased after 24 and
48 h of fasting. These results contrast the changes in gastric
ghrelin after fasting, which decreased in content despite in-
creased mRNA expression. Two hours after injection of 2-
deoxy-D-glucose (2-D@G), a selective blocker of carbehydrate
metabolism, ghrelin peptide levels also decreased. Thus, in-
duction of glucoprivic states, such as fasting and 2-DG treat-
ment, decreased ghrelin gene expression and peptide content
within the hypothalamus. (Endocrinology 146: 2510-25186,
2005)

HRELIN, ORIGINALLY purified from rat stomach, is

an endogenous ligand of the GH secretagogue recep-

tor (GHS-R) (1). Ghrelin is a 28-amino acid peptide existing

in two major forms: n-octanoyl-modified ghrelin, which pos-

sesses an #-octanoyl modification on serine-3, and des-acyl

ghrelin (2). Lipid modification of ghrelin is essential for

ghrelin-induced GH release from the pituitary (3) and ap-

petite stimulation (4-7). Thus, the postiranscriptional regu-

lation of octanoyl modification is an important step control-
ling the biological activity of ghrelin.

In addition to the stomach, ghrelin is localized to the hypo-
thalamic arcuate nucleus (ARC) of rats and mice (1, 8, 9). The
hypothalamus, especially the ARC, plays a central role in the
integration of different metabolic signals and in appetite reg-
ulation. In the hypothalamus, ghrelin neurons contact the cell
bodies and dendrites of neuropeptide Y (NPY)/agouii-related
protein (AgRP) and proopiomelanocortin neurons, which pro-
duce orexigenic peptides and anorexigenic peptide, respec-
tively (9). Intracerebroventricular injection of ghrelin potently
promotes food intake in rats and mice (5, 10, 11), suggesting that
hypothalamic ghrelin acts as an orexigen.

The molecular composition of hypothalamic ghrelin and
its functions in that site, however, remains unclear. In this
study, we investigated the molecular forms of hypothalamic
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ghrelin and the changes in hypothalamic ghrelin mRNA and
peptide levels after fasting and 2-DG treatment.

Materials and Methods
Animals

Sprague Dawley male rats (CREA, Tokyo, Japan) were individually
housed in a room maintained at a constant ambient temperature of 25
C with a 12-h light, 12-h dark cycle of 12 h (lights on at 0700 h, lights off
at 1900 h). Animals were fed standard rodent chow pellets with water
ad libitum. Body weight was approximately 310 g at the beginning of the
experiments. All animal procedures were performed in accordance with
the National Institutes of Health guidelines for the human care of lab-
oratory animals and approved by the Institutional Animal Care
Committee.

Fasting experiment

Rats were divided into three groups (12 rats per group) and subjected
to experimental fasting for 0, 24, and 48 h. Samples from half of the
animals in each group were used for ELISAs, whereas the other half were
used for mRNA analysis.

2-D@G injection

The rats were divided into two groups (16 rats per group). Rats were
injected with either 2-DG (600 mg/kg, ip; Sigma-Aldrich, Tokyo, Japan)
or saline (0.9% NaCl, ip). We collected the hypothalami from rats 2 h after
injection. Half of the animals in each group were used for ELISAs,
whereas the other half were used for mRNA analysis.

Quantification and molecular forms of immunoreactive
ghrelin in rat hypothalamus

Fresh rat hypothalami (18 g) were diced and boiled for 5 min in 10
vol of water to inactivate intrinsic proteases. The solution was then
adjusted to a final concentration of 1 m acetic acid (AcOH) and 20 mMm
HCL The boiled hypothalami were homogenized with a Polytron mixer.
The supernatants of the homogenized samples, obtained after centrif-
ugation at 15,000 rpm (18,000 X g) for 40 min, was concentrated to
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approximately 20 ml in an evaporator. The residual concentrate was
subjected to acetone precipitation in a concentration of 66% acetone.
After removal of the precipitates, the acetone supernatant was evapo-
rated. The sample was loaded onto a 10-g Sep-Pak C18 cartridge (Waters,
Milford, MA) and washed with 10% CH;CN/0.1% trifluoroacetic acid
(TFA). After elution with 60% CH,CN/0.1% TFA, samples were evap-
orated and lyophilized. The residual materials were redissolved in 1 M
AcOH and adsorbed on an SP (sulphopropyl)-Sephadex C-25 (H ™ form)
column that had been preequilibrated in 1 M AcOH. Successive elution
with 1 M AcOH, 2 M pyridine, and 2 M pyridine-AcOH (pH 5.0) provided
three fractions, designated SP-1, SP-II, and SP-III. The Iyophilized SP-III
fraction was separated by reverse-phase HPLC (RP-HPLC) using a
pBondasphere C18 (3.9 X 150 mum; Waters) column. A linear gradient
of CH,CN from 10-60% in 0.1% TFA for 40 min served as the solvent
system using a flow rate of 1 ml/min. Each fraction (0.5 ml) was ly-
ophilized and subjected to RIAs specific for ghrelin.

RIAs for rat ghrelin

To characterize the molecular forms of immunoreactive ghrelin, we
employed two polyclonal antibodies [no. 6-6 for amino-terminal RIA
(N-RIA), and no. 1-7 for carboxyl-terminal RIA (C-RIA)] raised against
the C-RIA (GIn13-Arg28) and amino- {(Gly1-Lys1l with O-n-octanoyla-
tion at Ser3) terminal fragments of rat ghrelin (2). Each RIA incubation
mixture contained 100 ul of either a ghrelin standard or an unknown
sample and 200 pl of antiserum diluted in RIA buffer [50 mm PBS (pH
7.4), 0.5% BSA, 0.5% Triton X-100, 80 mm NaCl, 25 mm EDTA-2Na, and
0.05% NalN;] containing 0.5% normal rabbit serum. Two antisera were
added at final dilutions of 1:12,000 (C-RIA) and 1:2,500,000 (N-R1A) and
incubated for 12 h. Samples were then incubated with 100 ul of '*]-
labeled ghrelin (20,000 cpm/tube) for 36 h. Next, 100 w1l of antirabbit IgG
goat serum was incubated with the samples for 24 h. Free and bound
tracers were separated by centrifugation at 3,000 rpm for 30 min. Ra-
dioactivity in the pellet was quantitated with a y counter (ARC-1000M,
Aloka, Tokyo, Japan).

Immunohistochemistiy

Porcine hypothalamus was immersed in 4% PFA solution, then im-
mersed in a series of 10%, 20%, and 30% sucrose solutions with 10%
alabia gum. Tissues were then embedded in OCT compound (Tissue-Tek
Miles, Elkhart, IN). Sections were cut at a thickness of 20 pm using a
cryostat (CM 30508; Leica Microscopy and Scientific Instruments Group,
Heerbrugg, Switzerland) and mounted on Matsunami adhesive slide-
coated slides (Matsunami, Osaka, Japan). Ghrelin immunohistochemical
staining was performed by the avidin-biotinylated-peroxidase complex
(ABC) system using a VECTASTAIN ABC-PO kit {Vector Laboratories
Inc., Burlingame, CA) as previously described (12). Briefly, sections were
dried at 37 C for 30 min, washed in 10 mm PBS (pH 7.4), and pretreated
with 3% hydrogen peroxide in methanol for 10 min to block endogenous
peroxidase activity. Sections were treated with 0.01% saponin in PBS for
20 min. After rinsing with PBS, sections were treated with 3% normal
goat serum for 1 h, then incubated in polyclonal rabbit antighrelin
antibody (no. 6-6; diluted 1:80,000) for 16 h in 4 C. Sections were rinsed
with PBS, then incubated with biotinylated antirabbit IgG for 40 min.
After washing in PBS, sections were incubated with VECTASTAIN ABC
Reagent for 1 h. Samples were visualized in 3,3'-djaminobenzidine using
a Dako liquid diethylaminobenzidine substrate-chromogen system
{(Dako, Kyoto, Japan). The specificity of the antibodies was demonstrated
by immunoabsorption and by the total loss of staining when primary
antibodies were omitted. For an immunoabsorption test, we examined
porcine ghrelin antigen at concentrations of 0, 0.01, 0.1, 1, and 10
(ng/mi).

Preparation of tissue and plasma samples

To prepare hypothalamus and stomach samples, rat tissues were
quickly removed after the rats were killed. Each tissue was diced and
boiled for 5 min in a 10-fold volume of water to inactivate intrinsic
proteases. The solutions were adjusted to a final concentration of 1 M
AcOH and 20 mm HCl after cooling. Tissues were then homogenized
with a Polytron mixer and after centrifugation at 15,000 rpm for 10 min
supernatants were obtained as tissue samples. To prepare plasma sam-
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ples, whole blood was mixed with EDTA-2Na (2 mg/ml) and aprotinin
(500 kIU/ml). Plasma was collected by centrifugation at 4 C. Tissues and
plasma samples were loaded onto Sep-Pak C18 cartridges (Waters). The
cartridges were washed in 0.9% NaCl and 10% CH,CN/0.1% TFA.
Bound protein was eluted with 60% CH,CN/0.1% TFA. The eluate was
lyophilized and subjected to ghrelin-specific ELISA.

ELISA

To quantify hypothalamus, stomach, and plasma ghrelin levels, we
used an Active Ghrelin ELISA Kit (Mitsubishi Kagaku latron, Inc., To-
kyo, Japan) to assess n-octanoyl modified ghrelin and a Desacyl-Ghrelin
ELISA Kit (Mitsubishi Kagaku Iatron, Inc.) to measure des-acyl ghrelin
according to the manufacturer’s instructions.

Real-time PCR of rat ghrelin, NPY, AgRP, and melanin-
concentrating hormone (MCH)

Total RNA was extracted from frozen rat stomach and hypothalamus
samples using TRIzol (Invitrogen, Tokyo, Japan). Poly(A)™ RNA was
purified from 75 ug total hypothalamic RNA using Oligotex-dT30
<Super> (Roche, Tokyo, Japan), according to the manufacturer’s in-
structions. To synthesize cDNA, poly(A)” RNA (0.4 pg/animal) derived
from the hypothalamus and total RNA (1 1g/animal) from the stomach
were used. Reaction mixtures were incubated at 37 C for 60 min. Re-
actions were stopped by incubation at 70 C for 15 min.

Real-time PCR was performed using a PE Applied Biosystems PRISM
7000 Sequence Detection System: (PE Applied Biosystems, Foster City,
CA). We measured the expression levels of the ghrelin, NPY, AgRP, and
MCH genes in hypothalamus and the ghrelin gene in the stomach of rats.
cDNA amplification was performed using SYBR Green PCR Core Re-
agents (PE Applied Biosystems) and uracil-N-glycosylase (Invitrogen) to
prevent contamination with carried-over PCR products, as suggested by
the manufacturer. All samples were amplified in a single MicroAmp
Optical 96-well reaction plate (PE Applied Biosystems). Results reflect
duplicate runs of atleast two independent experiments. Primer pairs for
each gene were designed using Primer3 software (http://frodo.wimit.
edu/cgi-bin/primer3/primer3_www.cgi). The gene names, forward
and reverse primer sequences, and amplicon sizes are listed in Table 1.
PCR cycling conditions were initiated by a 2-min incubation at 50 C to
eliminate any deoxyuridine triphosphate-containing PCR products re-
sulting from carryover contamination. After a 15-min period at 95 C to
activate HotStarTag DNA polymerase, PCR fragments were amplified
by 40 cycles of 95 C for 30 sec, 60 C for 30 sec, and 1 min at 72 C. Each
standard well contained the pGEM-T Easy vector, containing the stan-
dard cDNA fragment. The concentration of the standards covered at
least 6 orders of magnitude. We also included no template controls on
each plate. Experimental samples with a threshold cycle value within 2
sD of the mean threshold cycle value for the no template controls were
considered to be below the limits of detection. The relative levels of
mRNA were standardized to a housekeeping gene, glyceraldehyde-3-
phosphate dehydrogenase, to correct for any bias among the samples
caused by RNA isolation, RNA degradation, or the efficiencies of the RT.
After amplification, PCR products were analyzed by melting curve to
confirm amplification specificity. Amplicon size and reaction specificity
were confirmed by agarose gel electrophoresis.

TABLE 1. Primer sequences used for real-time PCR analysis

cDNA Sequence (5'-3") Product size (bp)
Ghrelin § GAAGCCACCAGCTAAACTGC 155
AS GCTGCTGGTACTGAGCTCCT
NPY 8  CCCCAGAACAAGGCTTGAAG 150
AS GAATCCAGCCTGGTGGTGG
AgRP S AAGCTTTGGCAGAGGTGCTA 142
AS GTCTTGAAGAAGCGGCAGTAG
MCH S  GACCAGCAGTCTTCCCAGCT 151
AS CGGTAGACTCGTCCCAGCAT
GAPDH S CGGCAAGTTCAATGGCACA 147

AS AAGACGCCAGTAGACTCCACGA

S, Sense primer; AS, antisense primer; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.
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Statistical analysis

Results are presented as mean = sem for each group. Data from the
fasting experiment were analyzed with a Kluskal-Wallis nonparametric
ANOVA followed by post hoc Fisher tests; and data from the experiment
of 2-DG injection were analyzed with Student’s ¢ test. P < 0.05 was
accepted as statistically significance.

Results
Identification and molecular forms of ghrelin in hypothalamus

Ghrelin has been found in the hypothalamic ARC (1, 8, 9),
an important region in the control of appetite. A recent study
reported the presence of ghrelin in previously uncharacter-
ized hypothalamic neurons adjacent to the third ventricle
between the dorsal, ventral, paraventricular, and arcuate
hypothalamic nuclei (9). It remains unclear, however,
whether hypothalamic ghrelin is modified by an octanoic
acid in a similar manner as gastric ghrelin.

To characterize the molecular forms of hypothalamic gh-
relin, we analyzed peptide extracts from rat hypothalami by
using RP-HPLC and ghrelin-specific RIAs. Two major gh-
relin peaks were detected by ghrelin C-RIA (Fig. 1), which
can recognize both n-octanoyl-modified and des-acyl ghre-
lins. One of the two major peaks eluted at a retention time
of 21 min by HPLC (Fig. 1B, arrow d), the same position as that
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Fi1¢. 1. Representative RP-HPLC profiles of ghrelin immunoreactiv-
ity in the rat hypothalamus. A linear gradient of 10-60% CH,;CN
containing 0.1% TFA was run for 40 min at 1.0 ml/min. A, Chro-
matograph of rat hypothalamic extract. RP-HPLC of rat hypothala-
mus was monitored by C-RIA (B) and N-RIA (C) for ghrelin using
fraction volumes of 0.5 ml. The arrows indicate the elution points of
des-acyl rat ghrelin-(1-28) (arrow a) and n-octanoylated rat ghrelin-
(1-28) (arrow b). The two major peaks observed were consistent with
the elution points of des-acyl rat ghrelin-(1-28) (arrow c¢) and n-
octanoylated rat ghrelin-(1-28) (arrows d and e).
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of n-octanoyl-modified ghrelin (Fig. 1A, arrow b). This major
peak was detected by both ghrelin C-RIA and ghrelin N-RIA
{Fig. 1C, arrow e), which specifically recognizes n-octanoyl-
modified ghrelin. These results confirm the identity of the
peak eluting at 21 min as n-octanoyl modified ghrelin, the
major active form of ghrelin molecule.

An additional peak (Fig. 1B, arrow c}, eluted at 12 min in
HPLC, was only detected by ghrelin C-RIA. This elution
position was identical with that of des-acyl ghrelin (Fig. 14,
arrow a). These results confirm identity of the peak as des-acyl
ghrelin. Thus, in a manner similar to ghrelin in the stomach,
the two major forms of ghrelin, n-octanoyl-modified and
des-acyl ghrelins, also exist in the hypothalamus.

Immunohistochemical analysis of porcine ghrelin neurons

Although hypothalamic ghrelin was previously ob-
served in the rat and mouse hypothalamus (1, 8, 9), there
is little information concerning hypothalamic ghrelin in
other mammals. We, therefore, confirmed the existence of
ghrelin in the porcine hypothalamus by immunohisto-
chemistry using an antibody that recognizes n-octanoyl-
modified ghrelin. Our data indicated that ghrelin neurons
were present in the porcine hypothalamus (Fig. 2), similar
to the ghrelin neurons in the rat hypothalamus (1, 8, 9). As
in rats and mice, porcine ghrelin-positive neurons were
distributed in the ARC and periventricular areas; the fibers
and terminals of these neurons projected onto other gh-
relin-containing neurons in these areas. In the pig, mul-
tiple ghrelin-positive neurons were localized to the para-
ventricular nucleus (Fig. 2A). The cell shapes of porcine
ghrelin-positive neurons were variable (Fig. 2B). The pro-
cesses of a subset of these neurons projected onto both
ghrelin-containing neurons (Fig. 2C) and ghrelin-negative
neurons (Fig. 2D), suggesting contact regulation among
ghrelin-positive neurons in the hypothalamus. Thus, we
confirmed the presence of ghrelin-containing neurons in
the porcine hypothalamus, indicating the general exis-
tence of n-octanoyl-modified ghrelin in the hypothalami of
mammals.

mRNA expression of ghrelin in the hypothalamus and
stomach under fasting condition

The most important influence on the regulation of ghrelin
secretion is feeding (13, 14). Plasma ghrelin concentrations
increase during fasting and decrease after food intake (13). To
examine the role of hypothalamic ghrelin in feeding regu-
lation, we investigated the changes in ghrelin gene expres-
sion and ghrelin content in the hypothalamus after fasting.

After 24 and 48 h of fasting, body weight decreased and
blood glucose levels were lower than those in fed animals
(Fig. 3A), indicating that the fasting experiment was per-
formed properly.

Ghrelin mRNA expression in the hypothalamus was
significantly decreased by 24% and 28% compared with
those of control (ad libitum fed) when fasted for 24 and 48 h,
respeciively (Fig. 3B). As predicted by previous reports,
ghrelin mRNA expression in the stomach increased by 75%
for 48 h fasting (Fig. 3B). Thus, fasting for 24 and 48 h
decreased ghrelin mRNA levels in the hypothalamus, but
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F1G. 2. Localization of ghrelin-immunopositive neurons in the por-
cine hypothalamus. A, Ghrelin neurons distribution in the paraven-
tricular nucleus. B, A ghrelin-producing neuron in paraventricular
nucleus. A subset of ghrelin-positive neurons projected to cell bodies
of either additional ghrelin-positive neurons (C, arrowheads) or
ghrelin-negative neurons (D, arrowheads). 3V, Third ventricle. Bar,
200 um (A), 20 pm (B-D).

increased the levels present in the stomach. As the ex-
pression levels of hypothalamic appetite-regulating pep-
tides, including NPY, AgRP, and MCH, increased upon
fasting as expected (Fig. 3C) (15), the hypothalamic sam-
ples were processed and analyzed correctly. These results
indicate that the regulatory mechanism(s) governing gh-
relin secretion in the hypothalamus differ from that in the
stomach.

Concentration of ghrelin in the hypothalamus and stomach
under fasting condition

We next investigated the concentrations of ghrelin un-
der fasting conditions. As seen at the mRNA level, ghrelin
content in the hypothalamus also decreased after 48 h
fasting (n-octanoyl-modified ghrelin: —64% and des-acyl
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Fic. 3. A, Body weights (left panel) and blood glucose concentrations
(right panel) of rats after fasting. B, Ghrelin mRNA levels in the
hypothalamus and stomach. C, NPY, AgRP, and MCH mRNA levels
in the hypothalamus of rats fed ad libitum (control) or animals that
fasted for 24 or 48 h. Note that the values of the longitudinal axes are
different in each graph. Asterisks indicate the differences between
each bar (P < 0.05).

ghrelin: —78%) (Fig. 4A). Whereas ghrelin concentrations
in the stomach also decreased after 48 h of fasting, plasma
ghrelin concentrations increased as previously reported
(Fig. 4, B and C) (13). These results indicate that fasting
stimulates the release of ghrelin from the stomach into the
blood. In a similar fashion, hypothalamic ghrelin may be
released from ghrelin-producing ncurons in a fasting-
dependent manner. The ratio of n-octanoyl-modified gh-
relin to des-acyl ghrelin did not changed in either the
stomach, plasma, or hypothalamus.
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mRNA expression in the hypothalamus and stomach after
2-DG@ treatment

Blood glucose levels are important factors for release of
ghrelin; both oral and iv administration of glucose decreases
plasma ghrelin concentrations (16). Because injection of 2-DG
stimulates food intake by antagonizing glucose utilization
(17), we investigated the effect of 2-DG on the ghrelin mRNA
expression and concentration in the hypothalamus.

After administration of 2-DG, mean food intake for 2 h by
rats was dramatically increased in comparison with food
intake after saline administration (saline group: 0.4 £ 02 g,
2-DG group: 5.1 = 1.1 g) (Fig. 5A), indicating the effective-
ness of 2-DG administration. In rats, 2-DG treatment pro-
duced a significant decrease in ghrelin mRNA expression
within the hypothalamus only (—=50.2%); 2-DG did not alter
ghrelin mRNA levels in the stomach (Fig. 5B). In contrast,
additional orexigenic peptides produced by the rat hypo-
thalamus, including NPY, AgRP, and MCH, increased after
2-DG treatment as reported (Fig. 5C) (17).

Concentration of ghrelin in the hypothalamus and stomach
after 2-D@G treatment

Ghrelin peptide levels in the hypothalamus were also de-
creased by 2-DG treatment (Fig. 6A). Both n-octanoyl-mod-
ified and des-acyl ghrelin decreased by 57% and 44% in
comparison with control values (saline-treated group) val-
ues, respectively. There was no change in ghrelin peptide
levels, however, in either the stomach or the plasma (Fig. 6,
B and C). The ratio of n-octanoyl-modified ghrelin to des-acyl
ghrelin in the hypothalamus was not changed by 2-DG treat-
ment. Thus, antagonism of glucose utilization by 2-DG de-
creases ghrelin mRNA expression and protein levels in the
hypothalamus only.

Discussion

The hypothalamus is one of the target tissues of ghrelin,
a potent appetite-stimulating hormone. Previous studies
have reported that ghrelin and its receptor are expressed
within the hypothalamic ARC (1, 8, 9, 18} to function in
appetite regulation (4-7). The molecular forms of hypotha-
lamic ghrelin have remained unclear; it was previously un-
known whether hypothalamic ghrelin is also modified with
an octanoic acid. Moreover, the regulation of hypothalamic

Hypothalamus
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ghrelin expression and concentrations remains to be
elucidated.

In this study, we examined the molecular composition of
hypothalamic ghrelin by HPLC and ghrelin RIAs. We iden-
tified two molecular forms of hypothalamic ghrelin, n-
octanoyl-modified ghrelin and des-acyl ghrelin, as seen for
ghrelin within the stomach (2). In the stomach, additional
minor molecular forms of ghrelin, such as hexanoyl-,
decenoyl-, and decanoyl-modified ghrelins, also exist at lim-
ited concentrations (19). Due to the low content of ghrelin in
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the hypothalamus, we could not detect these minor forms.
Thus, the main active form of hypothalamic ghrelin is #-
octanoyl-modified ghrelin, which is also the primary active
form of ghrelin present in the stomach.

We next examined the changes in ghrelin mRNA expres-
sion levels and peptide concentrations in the hypothalamus
after either fasting or treatment with 2-DG, an antagonist of
glucose utilization. The results demonstrate that both ghrelin
mRNA expression and peptide content in the rat hypothal-
amus decreased after fasting. These changes in the hypo-
thalamus do not correlate with those previously seen in the
stomach. Ghrelin mRNA expression in the stomach increases
after fasting (Fig. 3), whereas peptide concentrations of gh-
relin in the stomach are decreased. Because plasma ghrelin
concentrations increase after fasting, fasting may induce the
excessive secretion of ghrelin from the stomach into the
blood, resulting in a decrease of ghrelin peptide content in
the stomach. Thus, fasting likely also stimulates ghrelin re-
lease from the hypothalamus, resulting in a decrease in hy-
pothalamic ghrelin concentrations. 2-DG ireatment reduced
hypothalamic ghrelin concentrations in the absence of any
changes in the peptide content of either the stomach or
plasma. Because 2-DG stimulates feeding by exerting central
metabolic influences (20), hypothalamic ghrelin secretion
should also be centrally regulated. Therefore, we think that
glucoprivic states in hypothalamus, such as fasting or 2-DG
treatment, promote hypothalamic ghrelin secretion.

In contrast to the increases in gastric ghrelin mRNA during
fasting conditions, hypothalamic ghrelin mRNA decreased
until 48 h of fasting. Although we cannot clearly explain this
phenomenon as yet, one possibility is that ghrelin gene ex-
pression levels in the hypothalamus are suppressed after
ghrelin release to prevent excessive ghrelin secretion. Be-
cause in case of long-term starvation, excessive food-explor-
atory behavior induced by orexigenic peptides may result in
exhaustion and death. Thus, hypothalamic ghrelin might
control effectual feeding behavior in response to a nutritional
state.

Starvation in goldfish induces increases in hypothalamic
ghrelin mRNA on d 7, whereas scrum ghrelin levels in-
creased at d 3 and 5 and returned on d 7 to the levei of d 1
(21). These data for goldfish ghrelin are quite similar to our
results. Thus, hypothalamic ghrelin gene expression may be

regulated by multiple additional factors. Further studies will
be necessary to understand the induction of hypothalamic
ghrelin secretion by fasting and 2-DG.

In summary, we revealed that hypothalamic ghrelin exists
as two major forms: the n-octanoyl-modified and des-acyl
ghrelin peptides. The glucoprivic state of the hypothalamus,
induced by fasting and 2-DG treatment, stimulates ghrelin
secretion from ghrelin-producing neurons. Moreover, the
contradictory expression patterns of ghrelin mRNA expres-
sion in the hypothalamus and the stomach after fasting imply
that the mechanism of ghrelin synthesis differs between
these two locations.
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