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FiGURE 4: Effects of obestatin on the gastroduodenal motility. (a) Effects of i.v. injection of obestatin on the fed motor activity of the antrum
and duodenum. Lv. injection of obestatin prolongs the time between the initiation of phase III-like contractions and injection of obestatin in
the duodenum. (b) The elongation of the time between injection of obestatin and initiation of phase III-like contractions in the duodenum
induced by i.v. injection of obestatin is reversed by i.c.v. injection of selective CRF type 1 receptor antagonist NBI-27914 and also by selective
CREF type 2 receptor antagonist antisauvagine-30. (c) The density of c-Fos-positive cells in the PVN is increased by i.v. injection of obestatin
compared to saline-injected control. CRF-positive or urocortin 2-positive neurons are overlapped with c-Fos-positive neurons in the PVN.
(d) Summary diagram of the effects of obestatin on the gastroduodenal motility and brain mechanism mediating its action.

two CRF receptor subtypes, CRF type 1 receptor is highly
involved in anxiety-related behavior and CRF type 2 receptor
is involved in regulating food intake and peripheral functions
such as gastric acid secretion or gastric emptying. CRF is a
relatively selective ligand for CRF type 1 receptor, whereas

urocortin 2 is a ligand more selective for CRF type 2 receptor
[28, 29]. The density of c-Fos-positive cells in the PVN was
significantly increased by ip. injection of des-acyl ghrelin
compared to vehicle-injected controls [7] (Figure 3(c)).
These data suggest that peripherally administered des-acyl
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ghrelin may activate neurons in the PVN by crossing the BBB
and exert inhibitory effects on the antral motility via CRF
type 2 receptor in the brain (Figure 3(d), Table 1).

6. Obestatin and Gastroduodenal Motility

Zhang et al. first reported that ip. injection of obestatin
suppressed cumulative food intake, decreased body weight
gain, and inhibited gastric emptying and jejunal muscle
contraction in mice [2]. Since then, however, the inhibitory
effects of obestatin on food intake and gastrointestinal motil-
ity have remained controversial [8-13]. Most of the previous
studies which showed the negative effects of obestatin on
the gastrointestinal motility have only measured the gastric
emptying or MMC cycle time as indices for motor activity.
In our recent study, for more precise analysis, motor activity
in both fed and fasted states was quantified by the %MI, and
we measured the time taken to the initiation of phase III-like
contractions in the antrum and duodenum of conscious rats
[14].

We showed that motor activity in the antrum and
duodenum was inhibited when obestatin was given iv. to
conscious rats in the fed state but not when it was given in
the fasted state [14]. Lv. injection of obestatin decreased the
%MI of fed motility in the antrum and prolonged the time
before the return of fasted motility in the duodenum [14]
(Figure 4(a)). Such inhibitory actions were the opposite of
those obtained with ghrelin [16]. The results showed that
the inhibitory action of obestatin appeared 30-90 minutes
after i.v. injection [14], which is consistent with the timing
of the effects of iv. injection of ghrelin (~30 minutes)
on gastroduodenal motility [16]. L.v. injection of obestatin
induced a significant increase in the number of c- Fos-positive
cells in the PVN compared to saline-injected controls
[14] (Figure 4(c)). Immunofluorescence overlap staining
showed that the PVN neurons activated by i.v. injection
of obestatin contain CRF or urocortin 2 [14] (Figure 4(c)).
The involvement of CRF type 1 and type 2 receptors in
the action of obestatin on the gastroduodenal motility was
examined [14]. Results showed that the inhibitory actions
of i.v. injection of obestatin on the motor activities in the
antrum and duodenum were blocked by i.c.v. injection of
CRF type 1 and type 2 receptor antagonists, suggesting that
both types of CRF receptors in the brain may mediate the
action of peripherally injected obestatin on gastroduodenal
motility [14] (Figure 4(b)). The results showed that vagal
afferent nerve blockade by capsaicin reverses the inhibitory
effects of obestatin on duodenal motility but does not alter
the inhibitory effects of obestatin on antral motility [14].
These results suggest that vagal afferent pathways might be
involved partially, but not entirely, in the action of obestatin.
Involvement of vagal afferent pathways was confirmed by the
finding that the number of c-Fos-positive neurons in the NTS
was increased by i.v. injection of obestatin [14]. In addition
to vagal afferent pathways, it is possible that circulating
obestatin acts on brain targets directly by crossing the BBB,
because a previous study has shown that there is a rapid
influx of i.v.-injected '*°I-labeled obestatin from the blood
to the brain [30]. Therefore the lack of effects of obestatin

on antral motility during capsaicin treatment might be
explained by direct action of peripherally injected obestatin
on brain targets by crossing the BBB, similar to what has been
observed for des-acyl ghrelin. We further examined whether
obestatin can antagonize the stimulatory effects of ghrelin on
gastroduodenal motility [14]. We found that obestatin failed
to antagonize the ability of ghrelin either to stimulate the
%MI in the antrum or to accelerate the initiation of fasted
motility in the duodenum when administrated in the fed
state [14]. These results were consistent with previous studies
in which obestatin failed to antagonize the ability of ghrelin
to stimulate gastric emptying or to shorten the MMC cycle
time [8].

GPR39 was initially proposed as the receptor for
obestatin [2], and GPR39 expression has been detected in
peripheral organs such as the duodenum and kidney but
not in the pituitary or hypothalamus [4]. However recent
publications indicate that obestatin is unlikely to be the
endogenous ligand for GPR39 on the basis of a lack of
specific binding of obestatin to GPR39 receptor-expressing
cells [2, 4, 5, 31]. Nevertheless, although binding of obestatin
to the receptor GPR39 remains controversial, the functional
effect of obestatin on gastrointestinal motility has been
clearly demonstrated in our study.

Our study indicates that obestatin inhibits gastroduo-
denal motility in the fed state but not in the fasted state
of conscious rats. In the brain, CRF- and urocortin 2-
containing neurons might be activated by i.v. injection of
obestatin, and at the level, CRF typel and type2 receptors
might be involved in the inhibitory action of obestatin
on antral and duodenal motility (Figure 4(d), Table 1).
Vagal afferent pathways might be involved partially, but not
entirely, in these actions of obestatin (Figure 4(d), Table 1).

7. Conclusion

Although ghrelin, des-acyl ghrelin, and obestatin are derived
from a common prohormone, originating from endocrine
cells in the stomach, their roles on the gastrointestinal
motility are quite different each other. Ghrelin stimulates the
gastroduodenal motility in both fed and fasted states, des-
acyl ghrelin inhibits the stomach motility in the fasted state,
and obestatin inhibits the gastroduodenal motility in the fed
state of animals (Table 1). Different hypothalamic peptides
are involved in these actions, NPY Y2 and Y4 receptors
may mediate the action of ghrelin, CRF type 2 receptor
may mediate the action of des-acyl ghrelin, and CRF type
1 and type 2 receptors may mediate the action of obestatin
(Table 1). The regulatory roles of ghrelin, des-acyl ghrelin,
and obestatin on the gastrointestinal motility might give us
the therapeutic strategies for the functional disorders of the
gastrointestinal tracts
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Modulation of Ingestive Behavior and
Gastrointestinal Motility by Ghrelin in Diabetic
Animals and Humans
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Acyl ghrelin, a 28-amino acid peptide hormone, is the endogenous cognate ligand for the growth hormone secretagogue
receptor. Ghrelin is involved in stimulating growth hormone release, eliciting feeding behavior, inducing adiposity and
stimulating gastrointestinal motility. Ghrelin is unique for its post-translational modification of O-n-octanoylation at serine
3 through ghrelin O-acyltransferase, and is the only peripheral signal to enhance food intake. Plasma ghrelin levels man-
ifest “biphasic changes” in diabetes mellitus (DM). In the early stage of DM, the stomach significantly increases the
secretion of ghrelin into the plasma, and elevated plasma ghrelin levels are correlated with diabetic hyperphagic feeding
and accelerated gastrointestinal motility. In the late stage of DM, plasma ghrelin levels may be lower, which might be
linked with anorexia/muscle wasting, delayed gastrointestinal transit, and even gastroparesis. Therefore, the unique
ghrelin system may be the most important player compared to the other hindgut hormones participating in the “entero-
insular axis”. Further studies using either knockdown or knockout of ghrelin gene products and ghrelin O-acyltransferase
may unravel the pathogenesis of DM, and show benefits in combating this disease and metabolic syndrome. [J Chin Med
Assoc 2010;73(5):225-229]

Key Words: acyl ghrelin, diabetes mellitus, feeding, gastrointestinal motility, ghrelin O-acyltransferase

Introduction Acyl ghrelin also stimulates adiposity, which is inde-

pendent of its hyperphagic effects.” Therefore, ghrelin

Acyl ghrelin, a 28-amino acid peptide hormone, has
been identified as the endogenous cognate ligand for
the growth hormone secretagogue receptor (GHS-R).!
It was discovered by “reverse pharmacology”.!-? After
acyl ghrelin binds to GHS-R, it induces the release of
growth hormone.® Ghrelin is mainly synthesized in
specific endocrine cells, designated X /A-like cells, in the
gastric oxyntic glands.!* Des-acyl ghrelin, the major
form of ghrelin in plasma,? may be acylated into acyl
ghrelin through ghrelin O-acyltransferase (GOAT) in
the stomach.’ In addition to inducing growth hor-
mone release, acyl ghrelin enhances food intake, and
it is the only peripheral signal to increase meal size.®

J Chin Med Assoc = May 2010 ¢ Vol 73 = No5
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is an interesting molecule of high clinical relevance to
human obesity and metabolic syndrome.® With regard
to the gastrointestinal tract, acyl ghrelin accelerates gas-
tric emptying® and elicits gastroduodenal phase III-
like contractions'? in rats.

Diabetes mellitus (DM) is a common clinical prob-
lem with increasing prevalence in the world. There
are 2 main types of DM. Both types are caused by
derangement of insulin’s function and activity in the
body.!! Type 1 DM most often develops in childhood
or adolescence and causes hyperglycemia due to
insufficient production of insulin, while over 90% of
all DM cases are type 2 DM. DM may manifest many
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gastrointestinal symptoms such as nausea, vomiting,
diarrhea, constipation, abdominal pain,’? and even
hyperphagia.!®1* Some symptoms can be attributed
to gastrointestinal dysmotility. Acyl ghrelin dose-
dependently inhibits insulin secretion in mice,'® and
the relationship between ghrelin and glucose metabo-
lism has been previously discussed in our review.® A
recent study revealed that MK-677, an acyl ghrelin
mimetic, increases blood glucose and HbAlc levels in
healthy aged volunteers after 1 year of administration.!®
Mice lacking acyl ghrelin demonstrate lower fasting
blood glucose, a better insulin-induced blood-glucose-
lowering effect, as well as higher plasma insulin and
lower blood glucose levels after intraperitoneal glucose
injection.!” These acyl ghrelin knockout mice are pro-
tected against hyperinsulinemia and hyperglycemia
induced by a high-fat diet.!!” GHS-R knockout mice
exhibit lower blood glucose and serum insulin lev-
els,?%2! and greater “metabolic flexibility” under diet-
induced metabolic stress.?? Furthermore, acyl ghrelin
and GHS-R double knockout mice show a greater
blood glucose drop during 50% caloric restriction.?!
Inhibition of GOAT® and GOAT knockout? is pro-
posed to have potential for anti-diabetic therapeutics.
Since acyl ghrelin plays an important role in inducing
food intake, eliciting gastroduodenal phase III-like
contractions, accelerating gastric emptying, and glucose
homeostasis, the present mini-review will focus on
the influence of ghrelin on ingestive behavior and gut
motility in diabetic animals and humans.

Regulation of Ghrelin Secretion and the
Influence of Ghrelin on Ingestive
Behavior in Diabetes

Ghrelin-immunoreactive cell density was found to be
reduced in type 1 non-obese and type 2 obese dia-
betic mice.* This observation could explain the slow
gastric emptying and slow intestinal transit encoun-
tered in human diabetic gastroenteropathy, based on
the fact that ghrelin has gastrointestinal prokinetic
effects. However, the correlation between ghrelin lev-
els and diabetic gastrointestinal dysmotility needs to
be further investigated before drawing a definite con-
clusion. In streptozotocin-induced diabetic rats, the
number of ghrelin-immunoreactive cells in the gastric
fundus is consistently found to be decreased, whereas
insulin treatment reversed this finding, implying that
a decrease in ghrelin-immunoreactive cells reflects a
decrease in ghrelin content in X /A-like cells but not a
decrease of ghrelin-producing cells.?® Body weight and
serum insulin levels in the streptozotocin-induced

226

C.Y. Chen, et al

rats was decreased, whereas plasma acyl ghrelin and
total ghrelin levels and gastric preproghrelin mRNA
expression levels were significantly increased.?® When
considered together, these results indicate that DM, a
negative energy balance condition, may enhance pre-
proghrelin mRNA expression in the stomach and
ghrelin secretion into the bloodstream. Acyl ghrelin
and des-acyl ghrelin have been demonstrated to inhibit
apoptosis and stimulate proliferation of pancreatic
cell lines and human islets of Langerhans.2® This finding
indicates that acyl ghrelin, as well as des-acyl ghrelin,
might protect B cells against apoptosis and increase f3
cell survival. A subsequent study revealed that acyl
ghrelin treatment for 21 days increases pancreatic
insulin, pancreatic and duodenal homeobox 1 gene
(Pdx1) mRNA and the number of replicating cells in
streptozotocin-treated neonatal rats.?” This finding
showed that acyl ghrelin and des-acyl ghrelin promote
regeneration of {3 cells in streptozotocin-treated ani-
mals. Collectively, in addition to the effects compen-
satory for the loss of body weight and serum insulin
levels in streptozotocin-induced rats, the increases in
plasma acyl ghrelin and total ghrelin levels and gastric
preproghrelin mRNA expression levels could prevent
further B cell damage and facilitate B cell regeneration.
Therefore, early administration of acyl ghrelin might
prevent or ameliorate the development of DM in
disease-prone subjects after B cell destruction.?”
Uncontrolled DM 1is characterized by marked
behavioral perturbations, such as severe hyperphagia
and increased circulating ghrelin levels could cause
the development of diabetic hyperphagia.l?!3 In
streptozotocin-induced rats, plasma total ghrelin levels
are increased well before the onset of hyperphagic feed-
ing, supporting the hypothesis that increased ghrelin
signaling contributes to the stimulatory effect on food
intake in the early stage of DM.!3 A subthreshold dose
of intracerebroventricular administration of acyl ghrelin
was found to increase food intake by 357% in diabetic
rats compared with that in controls, indicating in-
creased behavioral sensitivity to acyl ghrelin in the
absence of the opposing effects of leptin and insulin in
DM.!3 Similarly, plasma fasting acyl ghrelin levels are
increased, whereas des-acyl ghrelin levels are decreased
in patients with obesity-related type 2 DM compared
with lean subjects.?® Metformin therapy was found to
prolong the postprandial fall in total plasma ghrelin
levels, and thus had concomitant effects on appetite
in type 2 DM, contributing to its actions in promoting
weight loss and attenuating weight gain in these
patients.?® A recent study demonstrated that barley
intake dose-dependently decreases plasma glucose and
insulin levels, whereas postprandial reduction of plasma
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des-acyl ghrelin is suppressed by barley intake in a
dose-dependent manner, compared with glucose and
white rice.3? Since des-acyl ghrelin might have anorex-
igenic3:3 and insulin-mimetic33 effects, either through
binding to an additional as-yet unidentified receptor®
or buffering®® of acyl ghrelin’s actions, it has been
advocated that a combination of white rice and barley
may play a beneficial role in preventing and treating
human type 2 DM.3° However, total plasma ghrelin
levels are negatively correlated with HbAlc in diabetic
patients, suggesting that long-term poor glycemic
control might impair ghrelin secretion,® and that
plasma ghrelin levels could be lower in the late stage
of DM. Consistently, fasting total plasma ghrelin levels
are decreased in insulin-resistant obese adults compared
with those in equally obese insulin-sensitive controls,
implying that insulin resistance and compensatory
hyperinsulinemia are independently associated with
suppression of ghrelin.3 In addition, salivary levels of
acyl ghrelin and des-acyl ghrelin are similarly decreased
in obese diabetic subjects in comparison with non-
obese diabetic and healthy controls.3® These alterations

may have a causal role in the development and severity-

of disease.

Impacts of Ghrelin on Gastrointestinal
Motility in Diabetes

Circulating acyl ghrelin levels fluctuate and the peaks
are associated with the gastric migrating motor complex
cycle,¥ indicating the indispensable role of endogenous
acyl ghrelin in modulating gastrointestinal motility.
Experiments with a streptozotocin-induced DM rat
model showed elevated plasma acyl ghrelin levels in
diabetic rats, and the elevated levels were accompanied
with accelerated solid gastric emptying and enhanced
postprandial antro-pyloric coordination.3® Treatment
with anti-acyl ghrelin antibodies suppressed the accel-
erated gastric emptying and stimulated antro-pyloric
coordination. An elevated plasma acyl ghrelin level-
induced accelerated gastric emptying could predispose
to overeating, which would, in turn, exacerbate DM
in the diabetic early stage. In contrast, gastric emptying
becomes slow in the late stage of DM, and severe gas-
troparesis sometimes occurs. These findings have clini-
cal implications in the prevention for the development
of complications in DM, such as diabetic gastroparesis,
as in the late stage of DM. Sham feeding; is characterized
by an increase in pancreatic polypeptide and ghrelin
in normal healthy humans, whereas changes in pan-
creatic polypeptide and ghrelin levels in diabetic gas-
troparesis are significantly less than those in normal
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subjects.3® Ghrelin subsequent to lunch significantly
decreases in patients without gastroparesis, but not in
gastroparetic patients.*? Taken together, these findings
suggest that decreased plasma ghrelin levels are linked
with a slow gastrointestinal transit in the late stage of
DM. Loss of rhythmicity in ghrelin levels of diabetic
gastroparesis highlights the importance of integrity of
the neurohumoral-intestinal axis.®? Patients with dia-
betic gastroparesis show no decrease of plasma acyl
ghrelin after glucose loading, unlike patients without
gastroparesis or healthy controls,*! indicating that dia-
betic gastroparesis might be related to ghrelin-associated
neurohormonal abnormalities. Conceivably, intravenous
infusion of acyl ghrelin improves impaired gastric emp-
tying in patients with diabetic gastroparesis, and this
effect is independent of vagal tone.*? Therefore, we
propose that analogs of acyl ghrelin may represent a
new class of prokinetic agents in future treatment for
patients with diabetic gastroparesis.

Conclusions and Future Perspectives

Obesity has replaced cigarette smoking as a severe new
burden on public health.*® Obesity-related metabolic
syndrome, and DM, which negatively affects quality
of life and life expectancy, also cannot be overlooked.
Ghrelin is an exceptionally intriguing gastric hormone,
and actively participates in the modulation of ingestive
behavior and gastrointestinal motility. Plasma ghrelin
levels are elevated in the early stage of DM, which
correlates with hyperphagic feeding and accelerated
gastrointestinal motility. In contrast, plasma ghrelin
levels can be decreased in the late stages of DM, which
may be linked with poor appetite, body weight loss
and gastroparesis. The “entero-insular axis™ has clinical
implications for the treatment of human DM.** Hind-
gut hormones, such as glucose-dependent insulin-
otropic polypeptide and glucagon-like peptide 1, hold
great promise. However, a recent study indicated that
selective bypass of the proximal intestine by an endo-
luminal sleeve, mimicking human Roux-en-Y gastric
bypass (the only way to resolve DM), reduces body
weight and food intake, and improves fasting hy-
perglycemia and glucose tolerance in rats with diet-
induced obesity.#® These results suggest that the
“foregut theory” may be preferable to the “hindgut
theory”. Therefore, ghrelin deserves more attention in
the pathogenesis of DM. Two recent studies showed
that measurement of total ghrelin did not adequately
reflect acyl ghrelin and des-acyl ghrelin levels. 4647
Therefore, in contrast to the original concept, levels
of total ghrelin are not an ideal surrogate for those of
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acyl ghrelin. Further studies, particularly using state-
of-the-art techniques to separately measure acyl ghrelin,
des-acyl ghrelin, and obestatin, are necessary to clarify
the differential roles of ghrelin gene products in the
pathogenesis of DM. Ghrelin manifests “biphasically”
in DM. GOAT enhancers, acyl ghrelin and/or des-acyl
ghrelin, and GHS-R agonists, may rescue damaged 8
cells and even endothelial progenitor cell function in
individuals with type 2 DM,*® while GOAT inhibitors,
immunization against acyl ghrelin/acyl ghrelin anti-
bodies, des-acyl ghrelin, and GHS-R antagonists, may
be useful in the treatment of hyperphagic feeding and
accelerated gastrointestinal motility in the early stage
of DM. Conversely, GOAT enhancers, acyl ghrelin, as
well as its mimetics and GHS-R agonists, may provide
therapeutic targets in the treatment of diabetic anorexia-
cachexia and gastroparesis in the late stage of DM. In
conclusion, manipulating the unique GOAT /ghrelin/
GHS-R system may provide relevant approaches to
prevent, ameliorate and treat disturbance of ingestive
behavior and gastrointestinal motility in human DM.

Acknowledgments

This work was supported by intramural grants from
Taipei Veterans General Hospital (V95C1-096 and
V96C1-112), Taiwan and a grant from Sapporo
Medical University for the Promotion of Medical
Science in 2009, Japan. The authors also appreciate
the kind help of Chi Chin-Wen, PhD, Hung Mei-Whey,
MS, and the Clinical Research Core Laboratory,
Taipei Veterans General Hospital.

References

1. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H,
Kangawa K. Ghrelin is a growth-hormone-releasing acylated
peptide from stomach. Nature 1999;402:656-60.

2. Chen CY, Fujimiya M, Asakawa A, Chang FY, Cheng JT,
Lee SD, Inui A. At the cutting edge: ghrelin gene products
in food intake and gut motility. Neuroendocrinolggy 2009;89:
9-17.

3. Dong XY, Xu J, Tang SQ, Li HY, Jiang QY, Zou XT. Ghrelin
and its biological effects on pigs. Peptides 2009;30:1203-11.

4. Date Y, Kojima M, Hosoda H, Sawaguchi A, Mondal MS,
Suganuma T, Matsukura S, et al. Ghrelin, a novel growth
hormone-releasing acylated peptide, is synthesized in a distinct
endocrine cell type in the gastrointestinal tracts of rats and
humans. Endocrinology 2000;141:4255-61.

5. Yang J, Brown MS, Liang G, Grishin NV, Goldstein JL.
Identification of the acyltransferase that octanoylates ghrelin, an
appetite-stimulating peptide hormone. Cel/2008;132:387-96.

6. Woods SC. Gastrointestinal satiety signals I. An overview of
gastrointestinal signals that influence food intake. A J Physiol
Gastrointest Liver Physiol 2004;286:G7-13.

228

C.Y. Chen, et al

10.

11

12,

13

14.

15.

16.

17.

18.

19;

20.

21

22.

23,

24.

25,

26.

Tschop M, Smiley DL, Heiman ML. Ghrelin induces adiposity
in rodents. Nature 2000;407:908-13.

Chen CY, Asakawa A, Fujimiya M, Lee SD, Inui A. Ghrelin
gene products and the regulation of food intake and gut motility.
Pharmacol Rey 2009;61:430-81.

Chen CY, Doong ML, Chien EJ, Luo JC, Lu CL, Lin HC,
Chang FY, et al. Intracerebroventricular ghrelin enhances non-
nutrient semiliquid gastric emptying in fasted conscious rats.
Gastroenterol | Taiwan 2008;25:242-8.

Fujino K, Inui A, Asakawa A, Kihara N, Fujimura M, Fujimiya M.
Ghrelin induces fasted motor activity of the gastrointestinal
tract in conscious fed rats. J Physiol 2003;550:227-40.
Wajchenberg BL. B-cell failure in diabetes and preservation by
clinical treatment. Endocr Rev 2007;28:187-218.

Shakil A, Church RJ, Rao SS. Gastrointestinal complications of
diabetes. Am Fam Physician 2008;77:1697-702.

Gelling RW, Overduin J, Morrison CD, Morton GJ, Frayo RS,
Cummings DE, Schwartz MW. Effect of uncontrolled diabetes
on plasma ghrelin concentrations and ghrelin-induced feeding.
Endocrinology 2004;145:4575-82.

Tshii S, Kamegai J, Tamura H, Shimizu T, Sugihara H, Oikawa S.
Role of ghrelin in streptozotocin-induced diabetic hyperphagia.
Endocrinology2002;143:4934-7.

Reimer MK, Pacini G, Ahrén B. Dose-dependent inhibition by
ghrelin of insulin secretion in the mouse. Endocrinology 2003,
144:916-21.

Nass R, Pezzoli SS, Oliveri MC, Patrie JT, Harrell FE Jr, Clasey
JL, Heymsfield SB, et al. Effects of an oral ghrelin mimetic on
body composition and clinical outcomes in healthy older adults:
arandomized trial. Ann Intern Med 2008;149:601-11.

Sun Y, Asnicar M, Saha PK, Chan L, Smith RG. Ablation of
ghrelin improves the diabetic but not obese phenotype of ob/ob
mice. Cell Metab2006;3:379-86.

Wortley KE, del Rincon JP, Murray JD, Garcia K, Iida K|
Thorner MO, Sleeman MW. Absence of ghrelin protects against
early-onset obesity. J Clin Invest 2005;115:3573-8.

Dezaki K, Sone H, Koizumi M, Nakata M, Kakei M, Nagai H,
Hosoda H, et al. Blockade of pancreatic islet-derived ghrelin
enhances insulin secretion to prevent high-fat diet-induced
glucose intolerance. Diabetes 2006;55:3486-93.

Zigman JM, Nakano Y, Coppari R, Balthasar N, Marcus JN,
Lee CE, Jones JE, et al. Mice lacking ghrelin receptors resist
the development of diet-induced obesity. J Clin Invest 2005;
115:3564-72.

Sun Y, Butte NF, Garcia JM, Smith RG. Characterization of adult
ghrelin and ghrelin receptor knockout mice under positive and
negative energy balance. Endocrinology 2008;149:843-50.
Longo KA, Charoenthongtrakul S, Giuliana DJ, Govek EK,
McDonagh T, Qi Y, DiStefano PS, et al. Improved insulin sensi-
tivity and metabolic flexibility in ghrelin receptor knockout mice.
Regul Pepr 2008;150:55-61.

Kirchner H, Tong J, Tschép MH, Pfluger PT. Ghrelin and
PYY in the regulation of energy balance and metabolism: lessons
from mouse mutants. Am J Physiol Endocrinol Merab 2010;
298:E909-19.

Rauma J, Spingéus A, El-Salhy M. Ghrelin cell density in the
gastrointestinal tracts of animal models of human diabetes.
Histol Histopathol 2006;21:1-5.

Masaoka T, Suzuki H, Hosoda H, Ota T, Minegishi Y, Nagata H,
Kangawa K, et al. Enhanced plasma ghrelin levels in rats with
streptozotocin-induced diabetes. FEBS Lett 2003;541:64-8.
Granata R, Settanni F, Biancone L, Trovato L, Nano R,
Bertuzzi F, Destefanis S, et al. Acylated and unacylated ghrelin
promote proliferation and inhibit apoptosis of pancreatic beta-
cells and human islets: involvement of 3',5'-cyclic adenosine
monophosphate /protein kinase A, extracellular signal-regulated
kinase 1,/2, and phosphatidyl inositol 3-Kinase /Akt signaling.
Endocrinology2007;148:512-29.

| Chin Med Assoc » May 2010 ¢ Vol 73  No 5



27.

28.

29.

30.

31,

32.

33.

34.

35.

36.

37.

Irako T, Akamizu T, Hosoda H, Iwakura H, Ariyasu H, Tojo K,
Tajima N, et al. Ghrelin prevents development of diabetes at
adult age in streptozotocin-treated newborn rats. Diabetologin
2006;49:1264~73.

Rodriguez A, Gémez-Ambrosi J, Catalan V, Gil M], Becerril S,
Sdinz N, Silva C, et al. Acylated and desacyl ghrelin stimulate
lipid accumulation in human visceral adipocytes. Int J Obes
(Lona) 2009;33:541-52.

English PJ, Ashcroft A, Patterson M, Dovey TM, Halford JC,
Harrison J, Eccleston D, et al. Metformin prolongs the post-
prandial fall in plasma ghrelin concentrations in type 2 diabetes.
Diabetes Metab Res Rey 2007;23:299-303.

Sakuma M, Yamanaka-Okumura H, Naniwa Y, Matsumoto D,
Tsunematsu M, Yamamoto H, Taketani Y, et al. Dose-dependent
effects of barley cooked with white rice on postprandial glucose
and desacyl ghrelin levels. J Clin Biochem Nutr 2009;44:151-9.
Asakawa A, Inui A, Fujimiya M, Sakamaki R, Shinfuku N, Ueta Y,
Meguid MM, et al. Stomach regulates energy balance via acylated
ghrelin and desacyl ghrelin. G#2005;54:18-24.

Chen CY, Inui A, Asakawa A, Fujino K, Kato I, Chen CC, Ueno
N, et al. Des-acyl ghrelin acts by CREF type 2 receptors to disrupt
fasted stomach motility in conscious rats. Gastroenterology
2005;129:8-25.

Gauna C, Kiewiet RM, Janssen JA, van de Zande B, Delhanty PJ,
Ghigo E, Hofland L], et al. Unacylated ghrelin acts as a potent
insulin secretagogue in glucose-stimulated conditions. Am J
Physiol Endocrinol Metab2007;293:E697-704.

Ueno H, Shiiya T, Mizuta M, Mondal SM, Nakazato M. Plasma
ghrelin concentrations in different clinical stages of diabetic com-
plications and glycemic control in Japanese diabetics. Endocr |
2007;54:895-902.

McLaughlin T, Abbasi F, Lamendola C, Frayo RS, Cummings
DE. Plasma ghrelin concentrations are decreased in insulin-
resistant obese adults relative to equally obese insulin-sensitive
controls. J Clin Endocrinol Metab2004;89:1630-5.

Aydin S. A comparison of ghrelin, glucose, alpha-amylase and
protein levels in saliva from diabetics. J Biochem Mol Biol 2007
40:29-35.

Ariga H, Nakade Y, Tsukamoto K, Imai K, Chen C, Mantyh C,
Pappas TN, et al. Ghrelin accelerates gastric emptying via early

J Chin Med Assoc = May 2010 = Vol 73 = No5

Ghrelin in diabetic food intake & GI motility

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

manifestation of antro-pyloric coordination in conscious rats.
Regnl Pepr2008;146:112-6.

Ariga H, Imai K, Chen C, Mantyh C, Pappas TN, Takahashi T.
Does ghrelin explain accelerated gastric emptying in the early
stages of diabetes mellitus? Am J Physiol Regul Integr Comp
Plysiol 2008;294:R1807-12.

Gaddipati KV, Simonian HP, Kresge KM, Boden GH, Parkman
HP. Abnormal ghrelin and pancreatic polypeptide responses in
gastroparesis. Dig Dis Sci 2006;51:1339-46.

Harsch IA, Koebnick C, Tasi AM, Hahn EG, Konturek PC.
Ghrelin and obestatin levels in type 2 diabetic patients with and
without delayed gastric emptying. Dig Dis Sci2009;54:2161-6.
Asai S, Katabami T, Obi N, Matsui T, Kato H, Obi R, Ogawa
Y, et al. No ghrelin response to oral glucose in diabetes mellitus
with gastroparesis. Endocr ] 2009;56:79-87.

Murray CD, Martin NM, Patterson M, Taylor SA, Ghatei MA,
Kamm MA, Johnston C, et al. Ghrelin enhances gastric emptying
in diabetic gastroparesis: a double blind, placebo controlled,
crossover study. Gut2005;54:1693-8.

Stewart ST, Cutler DM, Rosen AB. Forecasting the effects of
obesity and smoking on U.S. life expectancy. N Engl J Med 2009;
361:2252-60.

. Ranganath LR. The entero-insular axis: implications for human

metabolism. Clin Chem Lab Med 2008;46:43-56.

Aguirre V, Stylopoulos N, Grinbaum R, Kaplan LM. An endo-
luminal sleeve induces substantial weight loss and normalizes
glucose homeostasis in rats with diet-induced obesity. Obesity
2008;16:2585-92.

Mackelvie KJ, Meneilly GS, Elahi D, Wong AC, Barr SI,
Chanoine JP. Regulation of appetite in lean and obese adolescents
after exercise: role of acylated and desacyl ghrelin. J Clin
Endocrinol Metab2007;92:648-54.

Liu J, Prudom CE, Nass R, Pezzoli SS, Oliveri MC, Johnson
ML, Veldhuis P, et al. Novel ghrelin assays provide evidence for
independent regulation of ghrelin acylation and secretion in
healthy young men. J Clin Endocrinol Metab 2008;93:1980-7.
Togliatto G, Trombetta A, Dentelli P, Baragli A, Rosso A,
Granata R, Ghigo D, et al. Unacylated ghrelin rescues
endothelial progenitor cell function in individuals with type 2
diabetes. Diabetes 2010;59:1016-25.

229



Original Basic 535

Centrally Administered Neuromedin S Inhibits Feeding
Behavior and Gastroduodenal Motility in Mice

Authors

Affiliations

ey words

& neuromedin S

& gastroduodenal motility
© gastric emptying

& feeding behavior

© mice

received 29.10.2009
accepted 25.02.2010

Bibliography

DOI http://dx.doi.org/
10.1055/s-0030-1249638
Published online:

March 29, 2010

Horm Metab Res 2010;
42:535-538

© Georg Thieme Verlag KG
Stuttgart - New York

ISSN 0018-5043

Correspondence

A. Asakawa

Department of Social and
Behavioral Medicine

Kagoshima University Graduate
School of Medical and Dental

Sciences

8-35-1 Sakuragaoka
890-8520 Kagoshima

Japan

Tel.: +81/99/275 5751

Fax: +81/99/275 5749
asakawa@
m2.kufm.kagoshima-u.ac.jp

K. Atsuchi’, A. Asakawa’, M. Ushikai’, K. AtakaZ, R. Tanaka, I. Kato®, M. Fujimiya?, A. Inui’

Affiliation addresses are listed at the end of the article

Abstract

v

Neuromedin S (NMS) was recently identified as
an endogenous ligand for the FM-4/TGR-1 recep-
tor in the rat hypothalamus. No previous studies
have examined the effect of NMS on gut motil-
ity. We examined the effects of intracerebro-
ventricular administration of NMS on food intake
in food-deprived and free-feeding mice, and on

gastroduodenal motility by using a manometric
method, and gastric emptying in mice. We found
that NMS decreased food intake and the gastric
emptying rate. It also disrupted the motor activ-
ity in the antrum and duodenum of conscious
food-deprived mice. These results suggest that
NMS influences gut motility as well as feeding
behavior.

Introduction

v

Neuromedin S (NMS), a novel 36-amino acid
peptide, was recently isolated from rat brain and
identified as an endogenous ligand for 2 orphan
G-protein coupled receptors, FM-3/GPR66 and
FM-4/TGR-1 [1], which are also known as neuro-
medin U (NMU) receptor 1 (NMUR-1) and 2
(NMUR-2), respectively [2]. NMUR-1 is located in
a wide range of peripheral tissues such as the
intestine, testis, pancreas, uterus, lung, and kid-
ney. On the other hand, NMUR-2 expression is
limited to discrete brain areas such as the para-
ventricular nucleus and arcuate nucleus [2-8].
Neuromedin U has been reported to be involved
in various functions, including adrenocortical
regulation and energy balance [9-11]. With
regard to feeding behavior, centrally adminis-
tered NMU has been reported to decrease food
intake in rats [2,12,13]. Neuromedin S and NMU
are encoded by 2 different genes [1]. Neuromedin
S is homologous to the G-terminal 7-amino acid
region of NMU, and a high NMS expression is
found in the suprachiasmatic nucleus (SCN) [1].
The SCN is known as the pacemaker site to mas-
ter circadian rhythm in mammals and is impor-
tant for the regulation of energy balance [14-17].
Thus far, NMS has been known to be involved in
feeding behavior [5,11,18], circadian rhythm
[1,5,11], and stress responses [19]. However, lit-
tle is known about the effects of NMS on gut
motility. In the present study, we aimed to exam-

ine the effects of NMS on cumulative food intake
in fed and fasting states and on gastrointestional
motility by using a manometric method and gas-
tric emptying rate in mice.

Materials and Methods

v

Animal experiments

Male mice of the C57BL/6] mice (20-25g, 8~10
weeks old; CLEA Japan, Tokyo, Japan) were used.
They were individually housed in a regulated
environment (221+2°C, 55+10% humidity,
12:12h light: dark cycle with lights on at 7 AM).
Food and water were available ad libitum unless
otherwise indicated. All experiments were
approved by our university animal care commit-
tee. Mouse neuromedin S was purchased from
Phoenix Pharmaceuticals Inc (CA, USA). Just
before administration, drug was diluted with 4l
of artificial cerebrospinal fluid (ACSF: Nadl,
138.9mM; KCl, 3.4mM; CaCl,-2H,0, 1.26 mM;
NaHCOs;, 4.0mM; NaH,P0,-2H,0, 0.6 mM; and
glucose, 5.6mM) for intracerebroventricular
(ICV) administration. Cannula implantation for
ICV administration was performed as previously
described [20-22].

Feeding tests

The effects of ICV administration of NMS on
cumulative food intake were examined in food-
deprived and free-feeding mice. Experiments
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were performed during light and dark phases [23]. Experiments
on food-deprived mice in light phase were started at 9 AM.
Before the experiments, mice were deprived of food for 16h
with free access to water. Experiments for dark phase food intake
were started at 7 PM. Mice were given free access to food and
water before the experiment. A standard diet (CE-2 containing
59 kcal % carbohydrate, 30 kcal % protein and 11 kcal % fat; CLEA
Japan, Tokyo, Japan) was used. NMS (0.1, 0.3, and 1.0nmol/
mouse) was administered ICV and then the cumulative food
intake was calculated for 20min, 1h, 2, 4, 8, 12, and 24 h in light
phase, and for 20min, 1h, 2, 8, 12, and 24 h in dark phase.

Operation for motility

Mice were anesthetized with intraperitoneal (IP) administration
of pentobarbital sodium (50 mg/kg body weight) and implanted
with catheters for manometric recordings of antrum and duode-
num. A polyurethane tube (I.D. 0.30x0.D. 0.84 mm, Eicom,
Kyoto, Japan) was inserted through the gastric fistula and the tip
was placed at the gastric antrum, and at the same time, a poly-
urethane tube was inserted through the duodenal wall and the
tip was placed at 7mm from the pylorus. The tube was fixed at
the gastric wall and duodenal wall by purse-string suture, run
subcutaneously to emerge at the top of the neck, and then
secured at the neck skin of the mice. Mice were allowed to
recover for 1 week before the experiment of measuring the gas-
troduodenal motility.

Measurement of gastroduodenal motility

Mice were deprived of food, but not water for 16h before the
experiment. On the day of the experiment, the manometric
catheters from the stomach and duodenum were connected to
the infusion swivel (375/D/20, Instech Laboratories, PA, USA) on
the single-axis counter-weighted swivel mount (TBS-23, Eicom,
Kyoto, Japan) to allow free movement, and then joined to a pres-
sure transducer (TP-400T, Nihon Koden Kogyo, Tokyo, Japan).
The manometric catheters were continuously infused with bub-
ble-free distilled water at the rate of 0.15ml/h by an infusion
pump (NE-1600, New ERA Pump System, Inc. NY, USA) so that
the system used infused manometry, not solid-state manometry.
The data were recorded and stored in a PowerLab (AD Instru-
ments, CO, USA). The mice were placed in the black box
(150%x200x300mm) with the top open. In this experiment,
basal motor patterns in the antrum and duodenum were moni-
tored for 60min under the fasted state, then NMS (0.1 and
1.0nmol/mouse) was administered ICV, and motility was moni-
tored for 150 min after ICV administration. At the end of the
experiments measuring gut motility, animals were euthanized
by IP administration of excess doses of pentobarbital.

Gastric emptying

Before the experiments in gastric emptying, mice were deprived
of food for 16h with free access to water. The fasted mice had
free access to preweighed pellets for 1h; they were then admin-
istered ICV with NMS (0.3 and 1.0nmol/mouse). The mice were
deprived of food again for 2h after administration. Food intake
was measured by weighing the uneaten pellets. Mice were killed
by cervical dislocation 3 h after the start of experiments. Imme-
diately after, the stomach was exposed by laparotomy, quickly
ligated at both the pylorus and cardia, then removed and the dry
content was weighed. Contents were dried by a vacuum freeze
drying system (Model 76705, Labconco Corp, MO, USA). Gastric

emptying was calculated according to the following formula:
gastric emptying ( %)=[1-(dry weight of food recovered from the
stomach/weight of food intake)]x 100.

Statistical analysis

Results are expressed as means+SEM. Analysis of variance fol-
lowed by Bonferroni's t-test were used to assess differences
among groups. A p-value <0.05 was considered to be statisti-
cally significant.

Results

¥

Effect of ICV administration of NMS on food intake

In food-deprived mice, ICV administration of NMS (0.1, 0.3, and
1.0 nmol/mouse) significantly decreased light phase food intake
in a dose dependent manner. This anorexigenic action was
apparent by 20min and continued for 24 h after ICV administra-
tion (& Fig. 1a). In free-feeding mice, ICV administration of NMS
(0.1, 0.3, and 1.0nmol/mouse) significantly decreased dark
phase food intake. This anorexigenic action was apparent by 1h
and continued for 4 h after ICV administration (¢ Fig. 1b).
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Fig. 1 a: Effects of intracerebroventricular (ICV) administration of
neuromedin S (NMS) (0.1, 0.3, and 1 nmol/mouse) on cumulative food
intake in food deprived mice. b: Effects of ICV administration of NMS
(0.1, 0.3, and 1 nmol/mouse) on cumulative food intake in nonfood
deprived mice. Results are expressed as mean +SEM; n indicates the
number of mice used. * p <0.05, **p <0.01 compared with artificial
cerebrospinal fluid (ACSF) treated control by Bonferroni’s t-test.
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