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Fig. 4. Serum GH, IGF-1, and pituitary GH mRNA levels in 8-wk-old
control (closed bars), Tg 9-2 (shaded bars), and Tg 101 (open bars)
mice (n = 8/group). A, Serum GH levels. B, Serum IGF-I levels. C,
Pituitary GH mRNA levels. a, P < 0.05; b, P < 0.01 (vs. control mice).

5. No significant difference was noted in the levels between
control and transgenic mice.

Hematoxylin eosin and immunohistochemical staining for
GH of the pituitary

Hematoxylin eosin staining is shown in Fig. 5, A and B. The
pituitary morphology of Tg 10-1 mice was not different from
that of the control mice. Immunchistochemical staining for
GH is shown in Fig. 5, C and D. The distribution of GH-
immunoreactive cells in the pituitary of Tg mice was similar
to that of control mice.

Effects of GHRH and ghrelin on GH release

Control and Tg 10-1 mice were used. Serum GH levels
after GHRH administration in male and female Tg 10-1 mice
were similar to those of control mice throughout the course
of the experiment (Fig. 6A). There was no significant differ-

TABLE 8. Plasma ACTH, serum TSH, LH, and FSH levels of 8-
wk-old control and transgenic mice (n = 8/group)

Control Tg 9-2 Tg 10-1
ACTH (pg/ml) 135 = 35 144 = 32 123 + 44
TSH (ng/ml) 3.31 = 0.06 3.37 = 0.11 3.49 = 0.13
LH (ng/ml) 315 +21 30.8 = 1.7 277 2.1
FSH (ng/ml) 2684 + 21.8 221.1 = 439 253.5 = 24.8

Values are given as the mean * SEM.
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ence in serum GH level at each time point between both male
and female Tg-10 and control mice. Serum GH levels 10 min
after ghrelin administration in male Tgl0-1 and control mice
were 63.1 * 6.8 and 72.6 = 12.0 ng/ml, respectively (Fig. 6B,
left panel). The difference was not significant. Serum GH
levels 20 min after ghrelin administration in male Tgl0-1
and control mice were 30.2 = 6.7 and 61.2 = 15.5 ng/m],
respectively, and levels after 30 min were 11.8 * 1.4 and
21.9 &= 4.1 ng/ml, respectively (Fig. 6B, left panel). Both dif-
ferences were significant (P < 0.01). Serum GH levels 10 min
after ghrelin administration in female Tgl0-1 and control
mice were 8.7 + 3.7 and 52.8 = 8.2 ng/ml, respectively, and
those after 20 min were 29.8 * 6.3 and 78.5 = 14.3 ng/m|,
respectively (Fig. 6B, right panel). Both differences were sig-
nificant (P < 0.01). Serum GH levels 30 min after ghrelin
administration in female Tgl0-1 and control mice were
22.8 * 6.3 and 22.3 * 8.8 ng/ml, respectively (Fig. 6B, right
panel). The difference was not significant.

Expression of GHS-R in the pituitary

GHS-R mRNA levels of male control, Tg 9-2, and Tg 10-1
mice were 1,00, 1.56, and 3.46 AU, respectively (Fig. 7). The
difference between control and Tg 10-1 mice was significant
(P < 0.01).

Expression of hypothalamic neuropeptides that regulate
GH seeretion

GHRH mRNA levels of male control, Tg 9-2, and Tg 10-1
mice were 1.00, 0.88, and, 0.80 AU, respectively (Fig. 8A). The
differences between control and Tg 9-2 mice and control and
Tg 10-1 mice were not significant. Somatostatin mRNA lev-
els of male control, Tg 9-2, and Tg 10-1 mice were 1.00, 1.08,
and 0.97 AU, respectively (Fig. 8B). The differences between
control and Tg 9-2 mice and control and Tg 10-1 mice were
not significant.

Effects of continuous infusion of des-ucyl ghrelin on GH-
IGF-I axis and body weights

Male and female C57BL/6 mice were used. Serum GH
levels after 10 d treatment with saline and des-acy! ghrelin
inmale mice were 5.8 = 1.1 and 7.5 % 2.0 ng/ml, respectively.
The difference was not significant. Those with saline and
des-acyl ghrelin in female mice were 9.2 £ 22 and 9.5 = 1.8
ng/ml, respectively. The difference was not significant ei-
ther. Serum IGF-1 levels after 10 d treatment with saline and
des-acyl ghrelin in male mice were 769.3 = 16.6 and 768.7 =
21.6 ng/ml, respectively. The difference was not significant.
Those with saline and des-acyl ghrelin in female mice were
766.2 = 13.4 and 719.4 = 49.1 ng/ml, respectively. The dif-
ference was not significant either. Body weights and lengths
in des-acyl ghrelin-injected mice were not significantly dif-
ferent from those in saline-injected mice in either males or
females (data not shown).

Discussion

We have generated transgenic mouse lines that overex-
press preproghrelin mRNA in a wide variety of tissues. The
wide tissue distribution of preproghrelin mRNA in trans-
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F16. 5. Morphology of the pituitary and the localization
of GH-immunoreactive cells in the pituitary of 8-wk-old
male control (A and C) and Tg 10-1 (B and D) mice. A
and B, Hematoxylin eosin (HE) staining. C and D, The
localization of total and GH-immunoreactive cells in the
pituitary. Original magnification, X40. The immunore-
active cells are stained brown by the avidin-biotin com-
plex methods.

genic mice was consistent with previous reports on trans-
genic mice using the CAG promoter (33, 34). Preproghrelin
mRNA expression was increased, especially in Tg 10-1 mice,
and its amount in the stomach reached 52-fold of that in
control mice. Consistent with the elevated mRNA expres-
sion, peptide levels of total ghrelin (des-acyl plus acylated
ghrelin) in various tissues were also elevated in transgenic
mice. Plasma total ghrelin levels in transgenic mice showed
marked results. Those in transgenic mice showed 10- and
44-fold of those in control mice. We originally intended to
generate mice overexpressing biologically active ghrelin. Un-
expectedly, acylated ghrelin levels were not changed in all
tissues examined and plasma of transgenic mice, compared
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Fia. 6. Theresponses of GH to GHRH and ghrelin in 8-wk-old control
(closed circles) and Tg 101 (open triangles) mice. A, Time course of
serum GH levels after iv injection of 60 pg/kg GHRH (n = 8/each
point). B, Time course of serum GH levels after iv injection of 40 pg/kg
ghrelin (n = 8/each point). a, P < 0.01 (vs. control mice).
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Control

Tg 10-1

with those of control mice, indicating that transgenic mice
overexpress only des-acyl ghrelin. The expression of acylated
ghrelin has been reported in a small number of tissues, such
as the stomach (X/A cells), duodenum, hypothalamus, and
pancreatic a-cells (1,31, 39, 40). These reports and our present
data suggest that only a limited number of cell lineages may
able to process proghrelin or acylate ghrelin. The underlying
mechanism by which ghrelin is acylated is unknown to date.
Further study is needed to clarify the mechanism of the
acylation.

The acylation of ghrelin is assumed to be essential for its
actions, and des-acyl ghrelin, which lacks the modification,
is devoid of endocrine actions, based on previous studies (1,
41). However, recent studies indicated that des-acyl ghrelin
may have some actions. Des-acyl ghrelin as well as acylated
ghrelin causes a significant inhibition of cell proliferation in
human breast carcinoma cell lines (29) and inhibits cell death
in cardiomyocytes and endothelial cells through ERK1/2 and
phosphatidylinositol 3-kinase/AKT (30). In addition, one
study (42) reported that acylated and des-acyl ghrelin pro-
mote adipogenesis directly in vivo by a mechanism indepen-
dent of known GHS-Rs. Moreover, another study (28) indi-
cated that des-acyl ghrelin may offset the action of acylated
ghrelin on insulin secretion. Ghrelin has been shown to in-
duce a reduction in serum insulin levels. In the study, co-
administration of acylated plus des-acyl ghrelin did not re-
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Fia. 7. Pituitary GHS-R mRNA levels in 8-wk-old control (closed
bars), Tg 9-2 (shaded bars), and Tg 101 (open bars) mice quantified
by real-time PCR analysis (n = 8/group). a, P < 0.01 (vs. control mice).
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Fic. 8. Hypothalamic GHRH and somatostatin mRNA levels in
8-wk-old control (closed bars), Tg 9-2 (shaded bars), and Tg 101
(open bars) mice quantified by real-time PCR analysis. A, GHRH
mRNA levels (n = 8/group). B, Somatostatin mRNA levels (n =
8/group).

sult in any changes in serum insulin levels in humans,
suggesting that ghrelin action on insulin is modulated by
des-acyl ghrelin.

The present study indicates that transgenic mice overex-
pressing des-acyl ghrelin show small phenotype. Longitu-
dinal growth was the most reduced in female Tg 10~1 mice
(20% reduction from control mice). The phenotype was not
associated with changes in BMIs. These mice did not show
decreased food intake or decreased body fat mass. In addi-
tion, they showed normal nutritional condition, based on
their biochemical parameters, including blood glucose, se-
rum total protein, and total cholesterol levels. These data
indicate that the small phenotype of transgenic mice is not
attributed to poor nutritional condition.

Serum IGF-I levels were significantly reduced in male and
female transgenic mice, compared with control mice. Female
Tg 10~1 mice had no less than 50% reduction in serum IGF-]
levels, compared with control mice. Although the differences
in serum GH levels between control and transgenic mice
were not statistically significant, probably because of the
pulsatile character of GH secretion, the levels tended to be
reduced in transgenic mice, compared with control mice, and
the mean GH level of Tgl0-1 mice was only 50% of that of
control mice. It should be emphasized that Tg 10-1 mice
showed lower serum GH levels than Tg 9-2 mice. Body
weights and lengths of the former were more reduced than
the latter. It should be also noted that the former showed
higher des-acyl ghrelin expression than the latter. Reduced
pituitary GH mRNA levels in transgenic mice support the
observation. The GH-IGF-I axis-specific alteration in trans-
genic mice was also indicated by the measurement of other
anterior pituitary hormones than GH. Plasma ACTH, serum
TSH, LH, and FSH levels were not altered.

The size and morphology of the pituitary including the
somatotrope populations of transgenic mice were similar to
those of control mice. These data indicated that there is no
apparent change, suggesting developmental problems in the
pituitary of transgenic mice.

Responses of GH to GHRH and ghrelin in transgenic mice
exhibited intriguing results. Transgenic mice showed normal
response of GH to GHRH. Alternatively, if we consider that
the basal GH levels are lower in transgenic mice, the similar
maximal response might indicate that they are hyperrespon-
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sive to GHRH. It is not likely that an insufficient dose of
GHRH induced submaximal response of GH in both controt
and transgenic mice, judging from previous reports (43). On
the other hand, the responses of GH to ghrelin were reduced
in transgenic mice. It is noteworthy that the reduction was
much greater in female transgenic mice than in male mice, if
we take their serum IGF-I levels into account. Taken together
our results and these reports indicate that overexpression of
des-acyl ghrelin in our mice may result in reduction of GH
response to endogenous ghrelin, and it may result in the
reduced serum IGF-I levels in transgenic mice.

The reduced GH response to ghrelin in transgenic mice
could be due to down-regulated the GHS-R. However, the
pituitary GHS-R mRNA levels in the transgenic mice were
rather elevated. It is not likely that overexpressed des-acyl
ghrelin acts as a blocking agent to the GHS-R because '%]-
labeled acylated ghrelin bound to the GHS-R cannot be dis-
placed by des-acyl ghrelin (20). Overexpressed des-acyl gh-
relin may have some effects on endogenous GH secretion,
modifying the action of endogenous ghrelin in transgenic
mice via, for instance, another receptor or modulation of the
signal transduction pathway after the GHS-R.

Previous reports indicated that the hypothalamus plays a
critical role in the stimulatory effect of ghrelin on GH secre-
tion as well as the pituitary (21, 22, 23). Because GH secretion
is regulated chiefly by two hypothalamic hormones, GHRH
and somatostatin, the expression of these hormones could be
altered in transgenic mice. We could not find any significant
difference in either GHRH or somatostatin mRNA levels
between control and transgenic mice. These data might sug-
gest that overexpressed des-acyl ghrelin acts on not only the
pituitary but also the hypothalamus in the transgenic mice,
judging from the fact that hypothalamus GHRH mRNA were
not elevated, and somatostatin mRNA levels were not de-
creased despite the decreased serum GH levels.

We could not show, unfortunately, that continuous ip
infusion of des-acyl ghrelin has some effect on serum GH and
IGF-I levels or body weights. It should be noted, however,
that plasma des-acyl ghrelin levels in transgenic mice
reached 10- and 50-fold of those in control mice. Adminis-
tration of a higher dose of des-acyl ghrelin, or longer ad-
ministration, might result in alteration in the GH-IGF-I axis.
On the other hand, the phenotype of transgenic mice might
reflect direct effects of ubiquitous expression of des-acyl
ghrelin. It should also be noted that high levels of des-acyl
ghrelin were detected in a various tissues, especially in the
pituitary, as well as in plasma of transgenic mice. The des-
acyl ghrelin immunoreactive pituitary cells might play an
important role in the mechanism for the altered GH-IGF-I
axis in a paracrine or autocrine manner. It should be pointed
out that preproghrelin mRNA is reported to be expressed in
the normal pituitary (44), as we showed in the present study,
suggesting its physiological role in GH secretion. The phe-
notype of transgenic mice may reflect the role. Further study
is needed for this issue.

The mechanism underlying the sexual dimorphism in the
responses of GH to ghrelin in transgenic mice is not fully
understood. It might be due to the gender difference in the
secretory regulation of GH. Female mice have been reported
to be different from male mice in that they have noncyclical
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and rather low somatostatin output and that GHRH plays a
dominant role in it (45). There might be a GHRH-dependent
mechanism for the reduced response in transgenic mice.
Indeed, one recent report (26) indicated that transgenic rats
expressing an antisense GHS-R mRNA in the hypothalamic
arcuate nucleus show marked gender difference in GH se-
cretion. Although there was no significant difference in pulse
frequency and baseline levels of GH between male control
and transgenic rats, female transgenic rats showed lower
baseline levels and fewer pulses of GH than female control
rats (26).

The 94-amino acid proghrelin is cleaved to yield ghrelin.
One previous study (46) demonstrated that C-terminal
proghrelin peptides are present in the human circulation.
Transgenic mice in the present study would also overexpress
these peptides. We have not excluded the possibility that the
phenotype of transgenic mice might be due to the effects of
these peptides.

In conclusion, the present study demonstrates that trans-
genic mice overexpressing des-acyl ghrelin show small phe-
notype and altered GH-IGF-I axis. These observations may
indicate a role of des-acyl ghrelin in the regulation of GH
secretion.
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Abstract

Aging is associated with a decrease in growth hormone
(GH) secretion, appetite and energy intake. As ghrelin
stimulates both GH secretion and appetite, reductions m
ghrelin levels may be involved 1n the reductions in GH
secretion and appetite observed in the elderly. However,
only preliminary studies have been performed on the role
of ghrelin in elderly subjects. In this study, we sought to
clarify the physiologic implications of the age-related
alterations in ghrelin secretion by determining plasma
ghrelin levels and other clinical parameters in healthy
elderly subjects. Subjects were 2>65 years old, corre-
sponding to the SENIEUR protocol, had not had a
resection of the upper gastrointestinal tract and had not
been treated with hormones. One hundred and five

volunteers (49 men and 56 women) were admitted to this
study (7344 63 vears old). Plasma levels of acylated
ghrelin in elderly female subjects positively correlated
with serum IGF-I levels and bowel movement frequency
and negatively with systolic blood pressure. In elderly
men, desacyl ghrelin levels correlated only weakly with
bowel movement frequency. These findings suggest that
the plasma levels of the acylated form of ghrelin may
influence the age-related alterations in GH/IGF-I regu-
lation, blood pressure and bowel motility. These observa-
tional associations warrant further experimental studies to
clarify the physiologic significance of these effects.

Journal of Endocrinology (2006) 188, 333 344

Introduction

Aging is associated with progressive decreases in growth
hormone (GH) secretion, appetite and energy intake
(Wurtman et al. 1988, Corpas et al. 1993, Morley 1997,
Muller et al. 1999). This reduced GH secretion is termed
‘somatopause’ and may be a cause of age-related metabolic
and physiologic changes, including reduced lean body
mass and expansion of adipose mass. Altered blood lipid
profiles alse favor the development of vascular diseases

Journal of Endocrinology (2006) 188, 333 344
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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 (Morley 1997). Common in older people,
undernutrition has been implicated in the development
and progression of chronic diseases commonly affecting
the elderly, as well as in increasing mortality (Wurtman
et al. 1988).

The mechanisms underlying the reduced GH secretion
in aged animals and humans are complex (Muller et al. 1999,
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Chapman 2000). Age-related changes appear to involve
the function of hypothalamic peptides specifically regu-
lating GH secretion, and GH-releasing hormone
(GHRH) and somatostatin (SS), appear to play a major
role in this event. Experimental evidence indicates that
within the rat hypothalamus, GHRH synthesis is impaired
with increased age; relative hyperfunction of the SS-ergic
system is also found in this animal. The physiologic causes
of the anorexia of aging are largely unknown and prob-
ably multifactorial (Morley 1997). Possible mechanisms
include a reduction in the central and/or peripheral
feeding drives and increased activity of central and/or
peripheral satiety signals (Martinez ef al. 1993, Morley
1997, de Jong et al. 1999).

Ghrelin, a 28-amino-acid peptide, exhibits a variety of
actions, including vasorelaxation (Nagaya et al. 2001,
Shimizu et al. 2003) and stimulation of GH secretion
(Takaya ct al. 2000, Arvat et al. 2001, Hataya et al. 2001),
appetite (Korbonits et al. 2004, van der Lely er al. 2004)
and gastrointestinal motility (Masuda et al. 2000, Trudel
et al. 2002, Fujino er al. 2003). A portion -of ghrelin
possesses a unique fatty acid modification, #-octanoyla-
tion, at Ser 3 (Kojima et al. 1999). Of the two circulating
torms of ghrelin, acvlated and unacylated (desacyl), the
acylated form is thought to be essential for ghrelin biologic
activity. Recently, however, desacyl ghrelin was reported
to influence both cell proliferation and adipogenesis
(Cassont et al. 2001, Bedendi er al. 2003, Broglio et al.
2004, Thompson et al. 2004), prompting us to hypoth-
esize that alterations in ghrelin may be involved in the
reduction of GH secretion and appetite in elderly subjects.
Preliminary studies using small numbers of elderly subjects
demonstrared that the mean plasima concentrations of total
ghrelin in normal weight geriatric subjects were lower
than those present in younger, normal-weight subjects
(Rigamonti ¢t al. 2002, Sturm et al. 2003). In addition,
GH response to ghrelin administration in elderly subjects
is lower than that seen in young subjects (Broglio et al.
2003). While ghrelin mRINA levels in the stomach
gradually decrease with increasing age in rats, serum levels
of total ghrelin did not exhibit obvious age-related vari-
ation (Liu et al. 2002). In contrast, studies in rat indicated
that both stomach ghrelin secretion and ghrelin-induced
GH secretion increased in aged rats in comparison to
younger rats (Englander et al. 2004). Total ghrelin secre-
tion also increases with aging in monkeys (Angeloni et al,
2004). Although the disparity between humans and other
animal models may be due to species differences, the
number of human subjects was rather small. In addition,
no adjustment of plasma ghrelin levels by other parameters
was attempted, leaving the results of these human studies
in question.

In this study, we determined the plasma concentrations
of the two ghrelin forms, acylated and desacyl ghrelin, and
their relationship to various anthropometric, hormonal
and metabolic parameters in 103 elderly volunteers.

Journal of Endocrinology (2006) 188, 333-344

Using these measurements and appropriate analyses, we
sought to clarify the age-related alteration in ghrelin
secretion and the associated physiologic implications in
elderly subjects.

Materials and Methods

Subjects

One hundred and thirty-seven (62 male and 75 female)
elderly volunteers were registered for our study. Thirty-
two that did not satisfy the criteria for this study were
excluded. Finally, 105 (49 male and 56 female) volunteers
aged 65-94 vyears were subjected to analysis. All of the
subjects were Japanese, and were recruited from the
outpatient clinics of Kyoto University Hospital (n1=66
(male, n=36; female, #=30)) and Kyoto Preventive
Medical Center (#=39 (male, n=13; female, n=26)). The
inclusion criteria were as follows: 1. > 65 years of age; 2.
correspondence with the SENIEUR protocol (Ligthart
et al. 1984); 3. provision of written consent to participate
in this study. Patients with either past history of upper
gastrointestinal tract resection or present use of either
hormones or steroids were excluded. The SENIEUR
protocol provides strict admission criteria for human
immunogerontologic studies. This protocol used clinical
information (infection, inflammation, malignancy and
other conditions, including acute niyocardial infarction,
rreated cardiac insufficiency, hypertension of arterio-
sclerotic or diabetic origin, dementia, pregnancy, mal-
nutrition, alcoholism and drug abuse), laboratory data
(erythrocyte sedimentation rate, hemoglobin levels, mean
corpuscular volume, leukocyte count with differentiation,
inununoelectrophoresis, urinalysis and serum concen-
trations of urea, alkaline phosphatase, glucose, ASAT,
ALAT and protein) and pharmacologic interference (pre-
scribed medication for the treaument of the disorders
defined above, anti-inflammatory drugs, hormones and
analgesics) (Ligthart et al. 1984). This study included two
exclusion criteria {no past resection of the upper gastro-
intestinal tract and no current treatment with hormones
or steroids) to optimize endocrinologic and metabolic
examination of stomach-derived hormones. The subjects
who met all criteria were recognized as healthy subjects.
Younger subjects, in whom plasma ghrelin levels were
used for comparison with those in elderly subjects, were
described previously (Akamizu et al. 2005). They were 16
male and 20 female Japanese volunteers 21-61 years of
age. None of the subjects suffered from any known
medical conditions or were currently taking medication.
The period of the study was from March to September
2004. The study protocol was approved by the ethics
committees on human research of Kyoto University
Graduate School of Medicine and Kyoto Preventive
Medical Center. Written, informed consent was obtained
from all subjects prior to enrollment.

www.endocrinology-journals.org
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Laboratory analyses and biomedical factors

Blood samples for hormone and glucose analyses were
drawn from a forearm vein in the morning after overnight
fast. Plasima samples were prepared as previously described
{Kojima er al. 1999, Akamizu et al. 2005). Blood samples
were immediately transferred to chilled polypropylene
tubes containing EDTA-2Na (1 mg/ml) and aprotinin
(Ohkura Pharmaceutical, Kyoto, Japan: 300 kallikrein
inactivator U/ml), were centrifuged at 4 "C. We added
1 N mol/l HCI (10% volume of plasma volume) to the
separated plasma immediately. Plasma levels of acylated
and unacylated ghrelin were measured with two commer-
cially available ELISA kits, the Active Ghrclin ELISA
and Desacyl-Ghrelin ELISA respectively, according to
the manufacturer’s protocol (Mitsubishi Kagaku Iatron,
Tokyo, Japan) (Akamizu ef al. 2005). The minimal detec-
tion limits for acylated and desacyl ghrelin in this assay
system were 2-5 and 12-3 finol/ml respectively. The intra-
and interassay coefhicients of variation were 6-:5% and 9-8%
for acylated ghrelin and 3-7% and 8- 1% for desacyl ghrelin
respectively. Ghrelin measurements of samples from the
older and young subjects were performed with the same
kits, but not in the same assay. Plasma glucose was
measured by the glucose oxidase method. Serum GH,
insulin-like growth factor (IGF)-I and insulin concen-
trations were measured by immunoradiometric assay
(IRMA), while serum leptin levels were measured by RIA
(Mitsubishi Kagaku Bio-Clinical Laboratories, Tokyo,
Japan). Insulin resistance was calculated according to
the homeostasis model of assessment of insulin resist-
ance (HOMA-IR), calculated as insulin (pU/ml) % blood
glucose (mmol/1)/22-5 (Hatfner er al. 1997).

The questionnaire presented to all subjects collected
information about their sleeping time duration, bowel
movemments, smoking habits, alcohol consumption, use of
medication, past medical history and physical activity. The
question about bowel frequency was, ‘How often do you
usually defecate — once a day, more than once a day or
once per 2 or 3 days?’

Statistical analysis

Data are expressed as the mean % s.p. We used Student’s
t~test to compare the means of the variables measured in
both groups. The relationships between ghrelin concen-
trations and the variables studied were assessed by multiple
regression analysis. The variables examined in the multiple
regression models were site of recruitment, gender, age or
age group (elderly and younger group), body-mass index
(BMI), sleeping duration and blood levels of GH, IGF-I,
insulin, glucose and leptin. The associations between
ghrelin concentrations and blood pressure or bowel
movement were assessed by multiple regression analysis
after adjustment by the potential confounding factors
according to gender. As the ghrelin distribution was

wwiwv.endocrinology-journals.org

slightly skewed, natural logarithms of ghrelin were used
for the regression analysis. To identify the subsets of
parameters that are statistically significantly related to each
hormone level, we performed multiple regression analysis
with a backward-elimination procedure after adjustment
for the potential effect of site. All statistical analyses were
performed by SAS, Version 802 (SAS Institute, Cary,
NC, USA). P values less than 0-05 were considered to be
statistically significant.

Results

DPlasima ghrelin concentrations in elderly subjects

We examined the anthropometric, hormonal and meta-
bolic parameters of elderly volunteers (Table 1). The levels
of acylated ghrelin in plasma were not significantly differ-
ent between male and female subjects, while plasma levels
of desacyl ghrelin in female subjects were significantly
higher than those observed in male subjects (male, 333 &
41-5 finol/ml; female, 72-0 & 46-1 fimol/ml; P=0-031). In
comparison to our previous study of younger volunteers
(mean age=233-5% 9-0, n=36) (Akamizu et al. 2005),
plasma levels of acylated ghrelin in elderly female subjects
were significantly reduced from the levels in younger
female subjects (11-9+£9-8 vs 199 £ 9-8 fmol/ml; P=
0-004) (Fig. 1A and B). We did not observe any significant
differences in the plasma levels of acylated ghrelin in
men (9-3 £ 116 vs 10-9 £ 6-1 fmol/ml) or desacyl ghrelin
levels in both sexes (male, 333£41-3 vs 491+
23'5 fimol/ml; female, 72:0 £46-1 vs 79-8 £ 53-9 fimol/
ml) between the elder and younger subjects. The ratios of
acylated to desacyl ghrelin (A/D ratio) in elderly fernale
subjects were significantly lower than those in younger
female subjects (16:3 & 82 vs 26:8 £ 7-8; P=0-001). Men
did not exhibit any significant differences between the age
groups (1804 11-0 vs 22:6 £ 8-8; P=0-101) (Fig. 1C).
Age, BMI, insulin, leptin and HOMA-IR levels,
however, also differed significantly between the sexes.
[n addition, the volunteers were recruited from two
independent sites. Although nearly all of the parameters,
including ghrelin levels, did not differ significantly
between the sites, the A/D ratios in both sexes and
diastolic blood pressure (BP) values in men were signifi-
cantly different (Table 1). To account for these differences,
recruitment site, gender and age group were included as
independent variables in the multiple regression analyses.

Correlations of ghrelin concentrations with various parameters
in elderly subjects

In contrast to the results in Student’s r-test, plasma levels
of acylated ghrelin in women were not correlated with age
group in the mulidple regression analyses (P=0-914)
(Table 2), suggesting that those in elderly female subjects

Journal of Endocrinology (2006) 188, 333344
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Figure 1 Comparison of plasma acylated ghrelin levels (A), desacyl ghrelin levels (B) and (C) A/D ratios between elderly and younger
subjects. The values for subjects younger than 65 years are derived from our previous studies (Akamizu et al. 2005). Results are shown as
box and whiskers plots. The upper hinge of the box represents the 75th and the lower the 25th percentile. The median is shown as a line
across the box. The whiskers above and below the boxes represent the largest and smallest observed scores that are less than 1'5 box
lengths from the box. Values farther away are potential outliers. If zero (0) appears, the value is between 1-5 and 3 interquartile ranges
from the top or bottom edge of the box. If an asterisk (*) appears, the value is more extreme.

were not significandy different from those in younger
female subjects. In addition, plasma levels of desacyl
ghrelin in elderly subjects were not associated with gender
(P=0-175). Although age and blood levels of GH and
insulin were correlated with plasma levels of acylated
and/or deacyl ghrelin in younger subjects, no parameter
correlated with them in elderdy subjects or elderly
males. In elderly females, however, acylated ghrelin levels

www.endocrinclogy-journals.org

positively correlated with IGF-T (P=0-010). As this posi-
tive correlation between ghrelin and IGF-I levels was
surprising, we examined the interaction between BMI and
IGF-I by dividing female subjects into two groups based
on the median value of BMI, 23-3. Acylated ghrelin levels
correlated significantly with IGF-1 levels in the group
with lower (<23-3) (P=0-014), but not higher (>23-3)
(P=0-090), BMI values (Fig. 2). We did not observe any

Journal of Endocrinology (2006} 188, 333 344
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Figure 2 Linear regression analysis of the relationship between IGF-I and plasma acylated ghrelin levels in elderly fernale subjects of
differing BMI levels. (A) Subjects with lower BMI (<23-3, n=28); (B) those with higher BMI (>23:3, n=28).

significant correlations between cither acylated ghrelin
and GH levels or GH and IGF-I levels in the group with
a lower BMI. Although statistically not significant, plasma
levels of acylated and desacyl ghrelin in elderly temale
subjects tended to be positively associated with BMI,
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while those in elderly men tended to be negatively
associated (Table 2 and Fig. 3).

In the multvariate model, acylated ghrelin levels in
women, but not in men, correlated with syswolic BP
levels, independently of site, age, BMI, sleeping duration,
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Figure 3 Linear regression analysis of the relationship between BMI and plasma levels of acylated (A} or desacyl (B) ghrelin in elderly

female subjects.
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Table 3 Relationship between plasma ghrelin concentrations and blood pressure in healthy

elderly subjects

Acylated ghrelin Desacyl ghrelin A/D ratio
B B P B Pt
Male
Systolic blood pressure -~0-003 0789 0009 0467 ~—~0012 0050
Diastolic blood pressure 0012 0616 - 0016 0525 0628 0027
Female
Systolic blood pressure -0-022 0039 -0016 0074 —0006 0291
Diastolic blood pressure -0-007 0719 - 0-001 0969 - 0007 0565

*Adjusted by recruitment site, age, BMI, sleeping duration, blood pressure (mutually) and blood levels of

GH, IGF-, insulin, glucose and leptin.
Bold values: P<0-05.

diastolic BP levels and blood levels of GH, IGF-], insulin,
glucose and leptin (P=0-039) (Table 3). Finally, acylated
ghrelin levels and A/D ratio in women, but not in
men, also correlated significantly with frequencies of
bowel movement (P=0-014 and P=0-008 respectively)
(Table 4). In men, desacyl ghrelin levels correlated with
this parameter (P=0-037). There were no significant
correlations between ghrelin levels and smoking habits in
any subject groups. Gender difference was not an inde-
pendent determinant of plasma ghrelin levels; B and P
values for sex were $=0-366 and P=0-138 (acylated), and
B=0-293 and P=0-175 (desacyl) respectively.

Other hormone levels

The correlations between other hormone levels and
physiologic parameters in healthy elderly subjects are
summarized in Table 5. Significantly, in both sexes, serum
GH and IGF-I levels correlated negatively with BMI

and age respectively, while serum leptin levels correlated
positively with BMI. Plasma glucose levels positively
correlated with both serum IGF-I levels and age. Serum
IGF-1 levels in females correlated positively with plasma
concentrations of acylated ghrelin and negatively with
serum GH levels, while serum leptin levels in men were
significantly associated with age.

Discussion

Although two studies have demonstrated that mean
plasma concentrations of total ghrelin in elderly, normal-
weight subjects were 36% (Rigamonti er al. 2002) and
20% (Sturm et al, 2003) lower than these seen in vounger,
normal-weight subjects, these studies used a small number
of subjects. In addidon, only total ghrelin levels were
examined, and no attempt was made to investigate gender
differences. In chis study, we demonstrated that the

Table 4 Relationship between plasma ghrelin concentrations and bowel movement in healthy elderly subjects

Acylated ghrelin

Desacy! ghrelin A/D ratiio

Number Mean S.D. Mean S.D. Mean 5.0,

Bowel movement (male)

> 2/day 15 10:8 10-1 629 426 15:4 60

1/day 29 9-4 131 527 41-4 17-8 10:3

<1/day 5 40 341 277 342 270 215
P value* 0144 0-037 0-249

(= 1/day vs <1/day)
Bowel movement (female)

> 2/day 11 150 9-8 911 43-0 156 48

1/day 38 123 16:2 713 47-8 173 9-0

<1/day 7 55 44 45-2 286 118 61
P value* 0014 0-188 0-008

(= 1/day vs <1/day)

*Adjusted by recruitment site, age, BMI, sleeping duration and blood levels of GH, IGF-1, insulin, glucose and leptin.

Bold values: P<0-05.
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Table 5 Mulitiple regression analysis between other hormone levels and various parameters

in healthy elderly subjects*

Male Female
Parameters B P Parameters B P
Hormones
GH
BMi -~ {971 0-001 BMI - 0411 0-001
Sleeping time 1347 0007
Leptin 0610 0-048
IGF-
Age - 3262 0-001 Leptin 3177 0001
Glucose 1540 0003  Age —-2317 0002
Leptin 4-466 0028 BMI - 5987 0-004
Acylated ghrelin 0900 G012
GH -3739 0013
Insulin
BMI 0602 0001 Leptin 0-438 0001
Glucose
IGF-t 0098 0009  IGF 0-128 0002
Age 0528 0012 Age 0-552 0040
BMI 1-006 0-048
Leptin
BMmI 0513 0001 BMI 1-410  0-001
Age 0106 0017  Insulin 0-506  0-001
IGF- 0044 0010

fB: regression coefficient.

“Multiple regression analysis with backward-elimination procedure was performed after adjustment for
the effect of recruitment site; candidate independent parameters were age, BMI, sleeping duration and
blood levels of GH, IGF-l, insulin, glucose and leptin.

plasma levels of acylated ghrelin in elderly male and female
subjects were respectively 20% and 40% lower than those
seen in younger subjects. In contrast, plasma concen-
trations of desacyl ghelin in elderly subjects of both sexes
did not differ from those observed in younger subjects in
both sexes. As a result, the A/D ratios in elderly female
subjects were significantly lower than those in younger
female subjects. In addition, plasma acylated ghrelin levels
did not show significant gender difference, while plasma
desacyl ghrelin levels in elderly female subjects were
significantly higher than those in elderly male subjects,
although gender difference was not an independent
determinant for them. The reductions in acylated ghrelin
levels observed in elderly female subjects may be partially
related to a higher BMI than that seen in younger women
(23529 vs 20:3 £ 1-9; P<0-001), as plasma levels of
acylated ghrelin in all females were not correlated with age
group in the multiple regression analyses. Other modify-
ing factors, especially menopause, should be considered as
possibly affecting plasma acvlated ghrelin levels in women.
In support of this hypothesis, Kellokoski et al. (2003)
recently reported that estrogen replacement therapy
increases plasma levels of acylated ghrelin. Further studies
will be necessary to delineate the mechanisms by which
estrogen affects the production and/or secretion of
acylated ghrelin.

www.endocrinology-journals.org

ELISAs used for the measurement of plasma ghrelin
levels in this study were two-site sandwich assays with two
monoclonal antibodies. One monoclonal antibody recog-
nizes the octanovl-modified (Active Ghrelin kit) and the
other the nonmodified N-terminal portion of ghrelin
(Desacyl-Ghrelin kit) (Akamizu et al. 2003). The ratio of
acylated to (acylated plus desacyl) ghrelin (A/(A+D) ratio)
determined by ELISAs was lower than that of acylated to
total ghrelin previously determined by RIA, which
measures total ghrelin with an antiserum against the
C-terminal region of ghrelin. This finding suggests that
a fragmented form of ghrelin lacking the N-terminal
region may naturally exist in human plasma or may be
artificially produced during the RIA procedure. If so, then
approximately 40-60% of the total ghrelin measured by
RIA is probably fragmented. As a fragmented form of
ghrelin is not measured in these two assays, its existence
and physiologic implications should be considered and
investigated in the future. A limitation of the study was
that the measurements of ghrelin concentrations were not
undertaken by inclusion of samples from both young and
elderly subjects in the same assays. This increases the risk
that interassay variation or drift may have reduced our
ability to compare concentrations between the two age
groups. To mitigate this risk, we used the same kind of
assay kit.
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A negative correlation between BMI and plasma
levels of total or acylated ghrelin was reported by many
investigators, including us (Ariyasu et al. 2001, Tschop
et al. 2001, Akamizu et al. 2005). On the contrary, plasma
levels of both acylated and desacyl ghrelin in elderly
female subjects tended to be associated positively with
BMI, while those in elderly men tended to be negatively
associated (Table 2 and Fig. 3). Particularly, the relation-
ship between plasma acylated ghrelin levels and BMI
should be noted, although statistically not significant
(B=0-149, P=0-065). These findings suggest that the
regulation of ghrelin secretion and/or production in
elderly female subjects is altered in comparison to that
seen in younger subjects. This altered regulation might
be related to the anorexia and undernutrition associated
with aging. For example, plasma ghrelin levels may not
rise sufficiently when elderly subjects lose weight, result-
ing in poor appetite and a state of negative energy balance.

In women, acylated ghrelin concentrations correlated
positively with IGF-I independently of recruitment site,
age, BMI, sleeping duration or blood levels of GH, IGF-I,
insulin, glucose and leptin. While a negative correlation
berween ghrelin and IGF-I levels was reported in children
and adolescents (Bellone ¢r al. 2002, Whatmore et al.
2003), such a correlation has not been observed in adult
subjects (Dall er al. 2002, Malik er al. 2004). Recently,
Poykkyo et al. (2005) reported a negative correlation
berween plasma ghrelin and IGF-I in adule subjects with
obesity, insulin resistance and type 2 diabetes. The associ-
ation was particularly strong in both men and subjects in
the higher BMI terdles (maximum: 29-2 or less). In
women, the correlation disappeared in the lowest BMI
tertile (minimum: 26-3 or more). In agreement with
this report, we did not observe a significant correlation
between plasma ghrelin and IGF-I levels in the higher
BMI population (>23-3). Acylated ghrelin levels, how-
ever, correlated positively with IGF-I levels with lower
BMI values (<23-3). The positive correlation of ghrelin
and IGF-I observed in elderly subjects implicates the
dysregulation of ghrelin secretion and/or production dur-
ing aging, suggesting that the negative feedback regulation
of IGF-I may be lost. The IGF-I levels observed in the
lower BMI group, 1174 2 25-1 ng/ml, may be too low to
inhibit ghrelin secretion. In this group, the positive
correlation suggests that ghrelin regulates IGF-I produc-
tion by affecting GH secretion. Although we could not
identify significant correlations between either acylated
ghrelin and GH levels or GH and IGF-I levels, such
associations between plasma ghrelin levels and serum GH
levels have been observed in previous studies (Yoshimoto
et al. 2002, Akamizu et al. 2005). Thus, the regulation of
ghrelin/ GH/IGF-I axis in elderly women with low IGF-I
levels may be different from that seen in the younger
subjects with normal IGF-I levels.

Acylated ghrelin levels in elderly women correlated nega-
tively with systolic BP. The inverse relationship between

Journal of Endocrinology (2006) 188, 333 344

total ghrelin levels and BP has previously been reported in
pregnant women (Makino ¢ al. 2002) and patients with
hypertension (Poykko et al. 2003). Ghrelin, which exerts
vasorelaxant or vasodilatory effects in vitro (Okumura ef al.
2002, Shimizu er al. 2003), decreases BP (Nagaya et al.
2001). Our study also demonstrated the novel correlation of
ghrelin levels with frequency of bowel movement in elderly
subjects. It should be noted that the smaller number of men
than women might have resulted in the borderline corre-
lation between male acylated ghrelin level and the frequency
of bowel movement. Ghrelin administration in humans
stimulates peristalsis (Takaya et al. 2000, Nagaya et al. 2001,
Akamizu ¢t al. 2004) and enhances gastric and intestinal
motilities in rats (Masuda er al. 2000, Trudel et al. 2002,
Fujine er al. 2003). These findings suggest that ghrelin might
play a role in the regulation of bowel motility.

In this study, we confirmed that both blood IGF-I
and glucose levels were significantly correlated with age
(Davidson 1979, Corpas et al. 1993, Muller ¢t al. 1999).
Serum leptin levels, adjusted for various parameters
including BMI, exhibited a significant positive association
with age in men (Table 5), but a nonsignificant negative
assoctation with age in women (data not shown). This
finding corresponds to a report by Baumgartner ef al.
(1999) suggesting that the differences among men and the
changes with age inn serum leptin levels are associated with
differing circulating levels of testosterone. Although
plasma glucose levels correlate positively with serum
IGF-1 levels, few investigators, as far as we know, have
reported this positive correlation. As several regulatory
factors affect both blood glucose and IGF-1 levels, furcher
investigations will be necessary to clarify the mechanisms
underlying this correlation. Finally, we confirmed pre-
viously observed correlations between BMI and serum
GH or leptin levels in elderly subjects (Baumgartner et al.
1999, Iranmanesh et al. 1991, Chapman 2004),

In sunumary, we measured plasma levels of acylated and
desacyl ghrelin in healthy elderly subjects. The levels of
acylated ghrelin in women correlated positively with
IGF-I levels, suggesting that the negative feedback mech-
anism does not function properly in nonobese elderly
subjects. These results suggest, however, that ghrelin may
regulate IGF-1 levels through control of GH. Acvlated
ghrelin concentrations in women correlated with both
systolic BP and the frequency of bowel movements. These
findings strongly suggest that, in elderly women, acylated
ghrelin may play a role in the regulation of the GH/IGF-I
axis, BP and bowel movements. The obvious next step is to
explore and confirm these physiologic effects of ghrelin
experimentally. In addition, analysis of 24-h acylated and
desacyl ghrelin secretion is extremely important to deter-
mine the physiologic control of ghrelin secretion during the
lifespan. Finally, understanding the relationship between
plasma ghrelin levels and these clinical parameters in the
elderly may provide therapeutic opportunities to target
ghrelin in disorders related to aging.

www.endocrinology-journals.org
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Abstract  Aims/hypothesis: Ghrelin, a stomach-derived
hormone, functions in multiple biological processes,
including glucose metabolism and cellular differentiation
and proliferation. In this study, we examined whether early
treatment with ghrelin can regenerate beta cells of the
pancreas in an animal mode! of diabetes mellitus, the n0-
STZ model, in which neonatal rats are injected with
streptozotocin  (STZ) at birth.  Methods: Following
administration of ghrelin to n0-STZ rats from postnatal
days 2 to 8, we examined beta cell mass, mRNA
expression levels of insulin and of pancreatic and duode-
nal homeobox 1 (Pdx!) gene, and pancreatic morphology
on days 21 and 70. In addition, we investigated the effects
of ghrelin on beta cell replication. Results: By day 21,
ghrelin treatment increased pancreatic expression of
insulin and Pdx/ mRNA in n0-STZ rats. The number of
replicating cells was also significantly increased in the
ghrelin-treated n0-STZ model. At day 70, n0-STZ rats
exhibited hyperglycaemia, despite slight increases in
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plasma insulin levels. Ghrelin treatment resulted in the
improvement of plasma glucose levels, which were
associated with normal plasma insulin levels. Pancreatic
insulin mRNA and protein levels were significantly
increased in ghrelin-treated n0-STZ model animals.
Conclusions/interpretation: These findings suggest that
ghrelin promotes regeneration of beta cells in STZ-treated
newborn rats. Thus, early administration of ghrelin may
help prevent the development of diabetes in disease-prone
subjects after beta cell destruction.

Keywords Diabetes mellitus - Ghrelin - Insulin -
Pancreatic beta cell - Pdx! - Streptozotocin

Abbreviations BrdU: 5-bromodeoxyuridine - FBG:
fasting blood glucose - GHS-R: growth hormone
secretagogue receptor - Pdx1: pancreatic and duodenal
homeobox 1 - STZ: streptozotocin

Introduction

Ghrelin was originally isolated from rat stomach as a
growth-hormone-releasing acylated peptide [1]. This pep-
tide hormone stimulates food intake and growth hormone
secretion {2, 3], but also plays a regulatory role in glucose
metabolism and insulin secretion. Ghrelin may have direct
biological action within the pancreas, potentially function-
ing during pancreatic development. Although these results
remain controversial, in vivo peripheral administration of
ghrelin modulated plasma insulin and glucose levels [4-7].
The growth hormone secretagogue receptor (GHS-R), for
which ghrelin can serve as a ligand, is expressed in the
pancreas [8, 9]. Ghrelin gene expression is markedly higher
in the fetal pancreas than in the stomach [10], suggesting
ghrelin might be involved in the development, proliferation
or differentiation of the pancreas. Ghrelin has been reported
to possess mitogenic and anti-apoptotic actions in adipo-
cyte cells; treatment of pre-adipocytes with ghrelin induced
cellular proliferation and differentiation into mature
adipocytes [11, 12].



Diabetes mellitus is a common and serious disease. Of
the abundant experimental trials designed to explore novel
therapies for the disease, one attempted to increase insulin
secretion from the pancreas by promoting the proliferation
or regeneration of beta cells [13]. In this study, we
examined the effects of ghrelin on the development of
hyperglycaemia and the regeneration of beta cells in
streptozotocin (STZ)-treated newborn rats, which show
rapid remission but gradual development of diabetes in
adult animals. This model has been traditionally used to
study pancreatic regeneration [14~16]. We investigated the
changes in the islets of Langerhans morphology and
pancreatic insulin mRNA and protein levels following
ghrelin administration in this animal model. Further, we
studied the resulting alterations in the expression levels of
pancreatic and duodenal homeobox | (Pdx1), one of the
major pancreatic transcriptional factors thought to play a
key role in the development and regeneration of the
pancreas [17-19].

Raterials and methods
Animals

All animal experimental procedures were approved by the
Kyoto University Graduate School of Medicine committee
on animal research.

Female and male Sprague—Dawley rats, purchased from
Charles River (Yokohama, Japan), were allowed free
access to tap water and a standard pellet rat diet
(352 kcal/100 g, CE-2; Clea, Tokyo, Japan). Females
were caged with a male for one night; pregnancy was
detected by abdominal palpation 14 days later. Natural
birth occurred 22 days after mating.

We examined four experimental groups: (1) a Control
group, in which newborn rats received a single ip.
injection of citrate buffer; (2) a Ghrelin group, which
received twice daily s.c. injections of ghrelin (100 pg/kg
body weight) for 7 days (from day 2 to 8) after birth; (3) an
n0-STZ group, which received a single i.p. injection of
streptozotocin; and (4) an n0-STZ/Ghrelin group, which
received a single i.p. injection of streptozotocin followed
by injections of ghrelin as in the Ghrelin group. Dams were
randomily assigned to four groups and pups from the same
litter were assigned to the same group. The numbers of
dams in each of the four groups were five (Control), five
(Ghrelin), seven (n0-STZ) and seven (n0-STZ/Ghrelin).

At birth, newboms received a single i.p. injection of
100 mg/kg body weight of STZ (Sigma, Steinheim,
Germany), freshly dissolved in citrate buffer (0.05 mmol/i,
pH 4.5). Pups were left with their mothers. All neonates
were tested on day 2 for glycosuria with Multistix SG
(Bayer Medical, Leverkusen, Germany). Only those
animals that were glycosuric (3+ value with the Multistix
SG test) at day 2 after birth were included in the n0-STZ
model group. Ghrelin treatment was started after glycosuria
was confirmed.
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Animals were killed at 21 or 70 days after birth by
bleeding following anaesthesia with an ip. injection of
sodium pentobarbital (50 mg/kg). Blood samples were
collected from the inferior vena cava, centrifuged imme-
diately at 20,000 xg for 2 min at 4°C, and stored at —80°C
until assayed.

Pancreas removal and treatment

After excision, pancreases were removed and weighed. To
measure insulin content, pancreases (35-50 mg) were
homogenised and centrifuged in 5 ml acid-ethanol
(0.15 mol/l HCI in 75% [vol/vol] ethanol) at 1,000 g for
20 min; the supematants were stored at —80°C. For
immunohistochemistry, additional pancreases were fixed in
4% paraformaldehyde fixative for 24 h and embedded in
paraffin.

Immunohistochemistry

Insulin and Pdx1 were detected immunohistochemically on
3-pm-thick tissue sections using an indirect peroxidase-
labelling technique. Sections were incubated for | h at room
temperature or overnight at 4°C with primary antibodies
(guinea-pig anti-porcine insulin [Dako, Glostrup, Denmark],
or rabbit anti-mouse/rat IDX-1 [Chemicon, Temecula,
USAJ). Insulin- and Pdx|-positive staining was visualised
using a 3,3'-diaminobenzidine tetrahydrochloride kit (Da-
koCytornation) and fluorescence, respectively. Quantitative
evaluations of insulin- and Pdxl-positive areas were
performed using a computer-assisted image analysis proce-
dure using an Olympus BX 51 microscope connected via a
DP 12 digital camera and Mac SCOPE Ver 2.6 software
(Mitani, Fukui, Japan). The insulin- and Pdxl-positive area,
as well as the area of the total pancreatic section, was
evaluated on ten non-consecutive sections of the pancreas of
five animals per group at each point. For semi-quantitative
analysis, more than six fields were observed per section. The
relative volume of insulin- and Pdxl-positive cells was
determined by a stereological morphometric method,
calculating the ratio between the areas occupied by immu-
noreactive cells and that occupied by total pancreatic cells.

Beta cell replication

Pancreatic sections that had not already been used for
morphometric studies were used to examine beta cell
replication. Sections were double-stained for phospho-
histone H3 (Serl0) and insulin. Sections were incubated
with a 1/50 dilution of anti-phospho-histone H3 (Ser!10)
antibody (Cell Signaling Technology, Beverly, MA, USA)
overnight at 4°C. Sections were then incubated with
guinea-pig anti-insulin antibody for 1 h at room temper-
ature. After six washes with PBS, the sections were
incubated with the secondary antibody conjugated with
fluorescence (Alexa fluor 488 and 546; Molecular Probes,
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Eugene, OR, USA) in blocking solution for 30 min at room
temperature. After rinsing with PBS, sections were
mounted with Mounting Medium with DAPI (Vector
Laboratories, Burlingame, CA, USA) and examined with
confocal laser scanning microscopy (Leica Microsystems,
Mannheim, Germany). A minimum of 1,000 beta cell
nuclei were counted per section.

RNA extraction and RT-PCR methods

Total RNA was extracted from rat pancreases as previously
described [20]. To synthesise the first-strand ¢cDNA, the
extracted products were used as templates in reactions
containing RT (Invitrogen, Carlsbad, CA, USA). RT-PCR
analysis was performed as previously described [20]. The
first-strand cDNA was used in subsequent PCR analyses, in
combination with the following oligonucleotide primers:
insulin-1: 5" TAGACCATCAGCAAGCAGGTC, 3’ CAC
ACCAGGTACAGAGCCT; Pdxl: 5" AGGAGGTGCAT
ACGCAGCAG, 3’ GAGGCCGGGAGATGTATTTGTT.

The identity of the PCR products was confirmed by
agarose gel electrophoresis.

Real-time PCR

We mixed 1 ul of the amplified cDNA with 25 ul 2xPCR
Master Mix (Applied Biosystems, Foster City, CA, USA),
23 wl sterile distilled water and 0.5 ul 10 pmol/pl sense and
antisense primers specific for either insulin or Pdx/. Forty
cycles of PCR amplification were carried out using the
Thermal Cycler System (ABI PRISM 7700; Applied
Biosystems) for 15 s at 95°C followed by 60 s at 60°C.
The concentration of each mRNA product was quantified
using calibration curves expressing the fluorescence
intensity against the amount of standardised PCR product.
All expression data were normalised to the amount of 185
ribosomal RNA (Applied Biosystems) amplified from the
same individual sample.

Analytical techniques
Plasma and blood glucose levels were determined using a

glucose analyser (Antisense 2; Sankyo, Tokyo, Japan).
Insulin was extracted from pancreases as described [21].

Table 1 Characteristics (means=SEM) of fasted 21-day-old rats

Insulin concentrations were measured using a Lebis insulin
ELISA kit (Shibayagi, Gunma, Japan).

Statistical analysis

Values are expressed as means=SEM. Differences between
each group of rats were evaluated using a Mann-Whitney
test or a Bonferroni-corrected ANOVA as appropriate. A
value of p<0.05 was considered statistically significant.

Resufts

Effects of ghrelin treatment from day 2 to day 8 after
birth: studies on day 21

The characteristics of the 21-day-old rats are summarised
in Table 1. After screening n0-STZ and n0-STZ/Ghrelin
groups for glucosuria (3+ or more) on day 2 after birth,
animals were kept for an additional 19 days. While
significant changes in body weight and fasting blood
glucose (FBG) levels were observed between the Control
and Ghrelin groups, no changes in these parameters and
insulin levels were observed between the n0-STZ and n0-
STZ/Ghrelin groups (Table 1). There were no significant
differences in body weight, FBG levels and insulin levels
between the Control and n0-STZ groups or between the
Ghrelin and n0-STZ/Ghrelin groups, although a significant
change in FBG levels was observed between the Control
and n0-STZ/Ghrelin groups.

Insulin mRNA expression levels within the pancreas
were markedly reduced in the n0-STZ group in comparison
with Control animals. These levels, however, returned to
levels similar to those of the Control group following
ghrelin treatment (n0-STZ/Ghrelin group) (Fig. la). The
pancreatic insulin mRNA expression level of the n0-STZ
group was approximately one-third of those of the Control
and n0-STZ/Ghrelin groups. In addition, insulin immuno-
staining of the pancreas was reduced to approximately one-
twentieth compared with that of the Control group
(Fig. 1b—f). These finding are surprising, because the n0-
STZ group exhibited plasma insulin levels similar to those
of the Control and n0-STZ/Ghrelin groups. Therefore, they
suggested that neonatal beta cells, even if the number
becomes small, are able to secrete insulin to keep the
plasma level normal.

Control Ghrelin n0-STZ n0-STZ/Ghrelin
Body weight (g) 37.8x1.1 (20) 45.1+0.8 (8)* 37.6+1.2 (15) 36313 (9)
FBG (mmol/l) 6.3+0.1 (17) 5.2+0.3 (8)¥* 5.9+0.2 (15) 5.6%0.1 (8)***
Plasma insulin (pmol/l) 5546 (7) 415 (8) 55+13 (0) 60+2 (6)

Number of rats in parentheses

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

#p<0.005, **p<0.0003, ***p<0.05 (vs Control)





