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Figure 4 Survival of tumor-bearing rats and patients with pancreatic cancer. (a) Administration of (D-Lys3)-GHRP-6 decreased the median survival of tumor-bearing rats.
(b, c) Administration of rikkunshito and atractylodin increased the median survival of tumor-bearing rats. (d) Survival of tumor-bearing rats was increased by intraperitoneal
(i.p.) administration of cisplatin (CDDP) and further prolonged by co-administration of rikkunshito. (e) Rikkunshito prolonged the median survival of pancreatic cancer patients
with ascites who were treated with gemcitabine. *P<0.05; **P<0.01 vs control group; *P<0.05 vs CDDP + DW. DW: distilled water.

inhibitors such as fenfluramine and 5-HT2cR agonists
attenuate food intake and weight gain in rodents and
humans,*®~*2 with the involvement of potentiated MC signal-
ing and decreased ghrelin secretion. 5-HT also inhibits NPY/
agouti-related peptide neurons by activating the 5-HT1bR,
leading to decreased orexigenic signaling and an inhibitory
drive onto POMC cells. However, our previous study
suggested that the 5-HT2cR has a major role in the regulation
of physiological fasted and fed motor activities in addition to
feeding through changes in endogenous ghrelin.15 In this
study, we found that the decreases in food intake and Gl
motor activities in tumor-bearing rats were recovered after
administration of either a 5-HT2cR antagonist or ghrelin. The
5-HT concentration in the hypothalamus is increased in
humans and animals with cancer;**** in addition, NPY and

dopamine concentrations decrease simultaneously, while 5-
HT concentration increases in the PVN at the onset of
anorexia in tumor-bearing rats.*® These findings suggest that
5-HT2cR activation in tumor-bearing rats induces anorexia in
part via decreased ghrelin secretion.

We have previously shown that a central 5-HT2cR pathway
regulates ghrelin secretion without downstream activation of
melanocortin 3/4 receptors.'® The 5-HT2cR is expressed in
many brain regions and its expression is restricted to the
central nervous system.*® Dual-neurohistochemical labeling
has revealed that approximately one-half of PVN CRF-
containing neurons co-express 5-HT2cR mRNA.*" In this
study, we found that 5-HT activated single CRF neurons
isolated from the PVN, and the activities of the CRF neurons
were blocked by simultaneous administration of rikkunshito.

e
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Moreover, intracerebroventricular administration of CRF
decreased plasma acyl ghrelin in fasted rats. These findings
suggest that CRF neurons are involved in 5-HT-regulated
ghrelin secretion. Hypothalamic 5-HT and CRF activities are
stimulated by proinflammatory cytokines in the circulation and
the hypothalamus.’*® Here we demonstrate that a CRF
receptor antagonist improved cancer anorexia—cachexia, and
that administration of the 5-HT2cR antagonist or rikkunshito
reduced hypothalamic CRF levels and anxiety-related beha-
viors in tumor-bearing rats. The improvement in anxiety by
rikkunshito may lead to a higher quality of life in cancer
patients. Some studies suggest that ghrelin induce anxiogen-
esis, whereas others suggest that the elevated ghrelin helps
animals cope with stress by producing anxiolytic-like re-
sponse.*® Future studies are needed to sort out the effect of
ghrelin on anxiety-like behavior as in the case for NPY.%°
Importantly, our findings demonstrate that a hypothalamic 5-
HT-CRF receptor pathway that regulates ghrelin secretion
has a major role in cancer anorexia—cachexia.

The GHS-R is reportedly expressed in vagal afferent
neurons, and the gastric vagus nerve system is involved in
the effect of ghrelin on food intake and GI motor activities.®'>2
We demonstrated that ghrelin decreased the afferent activity
of the gastric vagus nerve. Gastric ghrelin signaling via vagal
afferents stimulated the efferent activities of both the gastric
and the celiac branches of the vagus nerve and suppressed
the activity of the sympathetic nerve. Peripheral administra-
tion of a higher dose of ghrelin increased the discharge rate of
the vagal efferent nerve, probably in part through the GHS-R
in the ARC of the hypothalamus. We also showed that
rikkunshito activated the efferent vagus nerve, which may be

“mediated by both the vagal afferent nerve and the direct

central action (Figure 5). In addition, we found that ghrelin-
induced cellular signaling in GHS-R-expressing cells was
enhanced by pretreatment with rikkunshito and its active
components, such as atractylodin, which stimulate ghrelin/
GHS-R binding activity. Similar potentiating effects of
rikkunshito were observed in rat ARC NPY neurons. These
findings suggest that the physiological functions of endogen-
ous ghrelin are enhanced by the dual actions of rikkunshito,
which involve the stimulation of ghrelin secretion and the
activation of GHS-R activity, possibly due to allosteric
changes in the receptor. This potentiation of the ghrelin effect
by rikkunshito on NPY neurons could be orexigenic because
the activity of ghrelin-responsive NPY neurons is coupled to
feeding.'9°®

Our study indicated the adverse effect of (D-Lys3)-GHRP-6
on survival in tumor-bearing rats, suggesting that the
potentiation of ghrelin signaling is critical to the attenuation
of anorexia—cachexia and the prolongation of survival in
subjects with cancer. Rikkunshito and its active component,
atractylodin, prolonged survival in these animals, and this
effect was enhanced by the concomitant administration of
CDDP. Cancer patients receiving chemotherapy or radiation
therapy may experience nausea, vomiting, taste changes,
stomatitis and diarrhea, which could contribute to weight
loss and decreased survival. Therefore, cancer anorexia—
cachexia syndrome is a major obstacle in cancer chemother-
apy.® Rikkunshito was recently reported to suppress
decreases in plasma acyl ghrelin levels and CDDP-induced
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Figure 5 Ghrelin signaling and cancer anorexia—cachexia. Hypothalamic
corticotropin-releasing factor (CRF) neurons are activated by cytokines through
serotonin (5-HT) and the 5-HT 2c receptor (5-HT2cR), which shows functional
divergence.'™ Our data demonstrate the existence of a novel 5-HT-CRF neuronal
pathway that inhibits ghrelin secretion and has a pathogenetic role in cancer
anorexia—cachexia syndrome. The traditional herbal medicine rikkunshito improves
anorexia, weight loss, gastrointestinal (Gl) dysmotility, anxiety-related behavior and
survival. Rikkunshito and its active component hesperidin stimulate ghrelin secretion
from stomach by interrupting this 5-HT-CRF pathway via 5-HT2cR antagonism.
Another active component atractylodin potentiates the action of ghrelin by
presumably allosterically sensitizing the GHS-R on the vagal afferent terminals of
stomach or neuropeptide Y (NPY) neurons of the hypothalamic arcuate nucleus
(ARC). The 5-HT2cR antagonist improved anorexia—cachexia in the short term, but
failed to improve survival. Thus, both the release of ghrelin and the potentiation of
ghrelin/GHS-R signaling are important for mitigating ghrelin insufficiency and
resistance, which are characteristics of cancer anorexia—cachexia syndrome.

anorexia.'® Our use of rikkunshito in tumor-bearing rats was
effective not only against anorexia—cachexia, but also for
promoting survival, particularly in combination with chemo-
therapy. Daily administration of a 5-HT2c receptor antagonist
failed to prolong survival, suggesting that a sensitizing effect
on the GHS-R may be essential for ameliorating ghrelin
resistance in anorexia—cachexia in the long term. Pancreatic
cancer patients generally respond poorly to chemotherapy,



resulting in a higher frequency of anorexia—cachexia. We
found that the median survival of pancreatic cancer patients
treated with gemcitabine was prolonged by the addition of
rikkunshito, particularly for those with ascites. These results
suggest that rikkunshito may be useful in clinical practice for
cachectic cancer patients via its dual action on ghrelin
secretion and receptor sensitization.

In conclusion, our study demonstrates that cancer anorexia—
cachexia is mediated by decreased ghrelin/GHS-R signaling
as a result of excessive hypothalamic interactions of 5-HT and
CRF through the 5-HT2cR. Decreased ghrelin signaling is an
important integrated mechanism linking anorexia, body weight
loss, Gl dysmotility, anxiety-related behavior and decreased
survival. Potentiation of ghrelin signaling introduces a novel
approach for the treatment of cancer anorexia—cachexia, which
is characterized by ghrelin insufficiency and resistance.
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ABSTRACT: Cachexia is characterized by decreased food intake, increased energy expenditure, and muscle wasting. It is observed
in 80% of patients with advanced-stage cancer and is a major source of decreased quality of life and increased morbidity and
mortality in cancer patients. Ghrelin plays an important role in stimulating hunger and maintaining energy homeostasis and is the
first-line treatment option for cancer cachexia. Several studies in rodent models and clinical trials have demonstrated that ghrelin
or ghrelin receptor (GHS-R) agonists are effective in the treatment of cancer cachexia; however, further large-scale long-term
chmcal trials are needed to conﬁrm sustained effects. Recently, the traditional Japanese medicine rikkunshito has been shown to
increase food intake in rats with cancer or administered chemotherapeutics. The orexigenic effect of rikkunshito is involved in
the stimulation of endogenous ghrelin secretion by blocking the serotonin (5-HT') 2b/2¢ receptor pathway and the enhancement
of GHS-R activity. A potentiator of ghrelin signaling sach as rikkunshito may represent a novel approach for the treatment of
cancer cachexia. '

KEY WORDS: Ghrelin, cancer, cachexia, GHS-R, Rikkunshito

ABBREVIATIONS

AgRP: agouti-related peptide; BMI: body mass index; CCK: cholecystokinin; GH: growth hormone; GHS-R: growth hormone
secretagogue receptor; GI: gastrointestinal; GOAT: ghrelin O-acyltransferase; IGF-1: insulin-like growth factor-1; IL-1f:
interleukin-1B; NPY: neuropeptide Y; QOL: quality of life; TNF-a: tumor necrosis factor-c.

I. INTRODUCTION the host immune system in response to the cancer.®
Weight loss is a potent stimulus of food intake in
healthy humans and animals, but not in individu-

als with cancer. Consequently, the improvement of

Cachexia is characterized by decreased food intake,
weight loss,and muscle tissue wasting and is observed

in 80% of patients with advanced-stage cancer.’?
Cancer cachexia not only is a major source of
decreased quality of life (QOL) but also increases
morbidity and mortality in cancer patients. A persis-
 tent loss of appetite leads to a progressive depletion
of body energy stores; accordingly, the development
of anorexia is frequently associated with cachexia.
Cancer cachexia is predominantly dependent on
an imbalance between anorexigenic and orexigenic
signals induced by proinflammatory cytokines that
_are either produced by cancer cells or released by

0893-9675/12/$35:00 © 2012 by Begell House, Inc.

neurochemical mechanisms regulating appetite and
energy homeostasis is critically important for the
treatment of cancer cachexia.

'The ghrelin system is involved in eliciting feeding,
inducing adiposity, and regulating energy expenditure
and body weight.** Ghrelin plays an important role
in triggering the adaptive response to starvation.
In addition, ghrelin has much broader physiologic
functions, including roles in growth hormone secre-
tion,® gastrointestinal (GI) motility,” and suppress-
ing inflammation.? Thus, ghrelin is expected be an
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effective therapy for lean patients with cachexia.
Recent reports®?! have indicated that the traditional
Japanese medicine rikkunshito, which stimulates
the secretion of endogenous ghrelin by blocking
5-HT2b/2¢ receptors and enhances GHS-R activ-
ity in rats, increases food intake in rats with cancer
or undergoing chemotherapy. The purpose of this
article is to review the current medical treatment
of cancer cachexia, in particular focusing on ghrelin
and ongoing research.

Il. GHRELIN PATHOPHYSIOLOGY

Ghrelin is a 28-amino-acid peptide, first isolated
from the stomachs of humans and rats, that acts as a
natural ligand for the growth hormone secretagogue
receptor (GHS-R).¢ Ghrelin is mainly produced by
the P/D1 cells lining the fundus of the stomach in
humans and the X/A-like cells in rodents. Ghrelin
mRNA is predominantly expressed in the stomach,
but small amounts are seen in several tissues.’* Acyla-
tion of Ser-3 by the addition of 7-octanoic acid is
essential for the biological activity of ghrelin via the
GHS-R. Acyl modification of ghrelin is performed
by the polytopic membrane-bound enzyme ghrelin
O-acyltransferase (GOAT).3 Once released, acyl
ghrelin has a short half-life of approximately 10 min
in the general circulation before being converted to
desacyl ghrelin.**

Ghrelin enhances growth hormone secretion, but
it has much broader physiologic functions, including
appetite, GI motility, inflammation, circulation, and
cell proliferation.*®!5 Plasma ghrelin levels increase
in response to prolonged fasting and decrease rapidly
after feeding. Weight loss is a potent stimulus of food
intake in healthy humans and animals, and ghrelin
secretion increases under conditions of negative
energy balance such as starvation. Plasma ghrelin
levels are higher in subjects with a low body mass
index (BMI) compared with normal- or high-BMI
subjects.’® Accordingly, ghrelin is thought to be an
orexigenic peptide that maintains energy homeostasis
and provides a defense against starvation.

Administration of ghrelin has been shown
to increase the gene expression of the orexigenic
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neuropeptides, namely, neuropeptide Y (NPY) and
agouti-related peptide (AgRP) and to decrease the
expression of the anorexigenic neuropeptide pro- -
opiomelanocortin.’’ Central or peripheral admin-

‘istra‘_cion"of ghrelin strongly stimulates food intake

in animals.*5 Continuous intracerebroventricular
administration of ghrelin induces food intake and
increases fat mass, leading to weight gain.'® Intra-
venous administration of ghrelin to healthy humans
increased energy intake from a buffet lunch by 28%,
and visual analog scores for appetite also increased
under these conditions.!” Administration of a single
dose of GHS-R agonists to healthy volunteers has
resulted in an increase in food intake.* These results
suggest the possible clinical applications of ghrelin
as a potent stimulator of appetite.

Ill. EFFICACY OF GHRELIN ON CANCER
CACHEXIA

Increased circulating ghrelin levels have been observed
in underweight patients and rodents with malignancy-
associated cachexia.®® Garcia et al. reported that
ghrelin levels were significantly elevated in cachectic
subjects compared with noncachectic cancer controls
and noncancer controls (141, 91, and 78 pg/mlL,
respectively).? These elevations may be a compensa-
tory response reflecting the state of negative energy
balance. However, this phenomenon has been called
“ghrelin resistance” due to a failure of the adaptive
feeding response by ghrelin, which is robust in normal
animals and subjects.???* Cancer cachexia is associ-
ated with high concentrations of proinflammatory
cytokines such as interleukin-1B (IL-1pB), interleu-
kin-6 (IL-6), and tumor necrosis factor-ao (TINF-
@).? Proinflammatory cytokines induce the release
of 5-HT, leptin, cholecystokinin (CCK), peptides
derived from the glucagon precursor, and insulin, all
of which are hormones that act as satiety signals.?¢-28
In particular, the 5-HT concentration in the hypo-
thalamus is increased in humans and animals with
cancer.?>30 Makarenko et al. demonstrated that NPY
and dopamine concentrations decrease while serotonin
concentration increases in the paraventricular nucleus
at the onset of anorexia in tumor-bearing rats.>!
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Nevertheless, ghrelin administration in rodent
models of cancer cachexia led to a significant
increase in food intake. Hanada et al. and Wang
et al.33 demonstrated that twice-daily intraperito-
neal administration of ghrelin (800 nmol/kg/day)
to melanoma-bearing nude mice improved food
intake and weight gain 5 or 6 days after treatment.
DeBoer et al. demonstrated that the administration
of ghrelin and a GHS-R agonist (BIM-28131) to
tumor-bearing rats with cachexia as a continuous
infusion (500 nmol/kg/day) via an osmotic mini-
pump for 5 days of treatment resulted in increased
food intake and weight gain and inhibited the loss
of lean body mass.3* These findings suggest that
- high plasma concentrations of ghrelin may overcome
resistance to the appetite-stimulating effects of the
endogenous peptide in the short term. In addition,
ghrelin inhibits-the production of anorectic proin-
flammatory cytokines, including IL-1B, IL-6, and
TNF-0.% DeBoer et al. demonstrated that ghrelin-
treated animals exhibited a significant decrease in
the expression of IL-1 receptor-I transcript in the
hypothalamus and brainstem. The combination of
these actions suggests that ghrelin has benefits for
the treatment of cachexia.>*

IV. CLINICAL TRIALS

Several randomized, double-blinded, placebo-
controlled trials have demonstrated that ghrelin or
an GHS-R agonist effectively increases food intake
and lean body mass in cachectic patients with cancer.
Neary et al. demonstrated that energy intake from
a buffet lunch was increased by 31% during ghrelin
infusion (5 pmol/kg/min for 180 min) compared
with the saline control in seven cancer patients.3
Analysis of the visual analog score revealed a sig-
nificant increase of 23% in meal appreciation on the
ghrelin administration day. No adverse effects were
observed. There was no evidence of a compensatory
decrease in food intake after ghrelin treatment as
assessed by a 24-h food diary. Strasser et al.” studied
21 cancer patients who were randomized to receive
ghrelin on days 1 and 8 and placebo on days 4 and
11 or vice versa, given intravenously over a 60-min
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period before lunch. Ten patients received 2 mg/
kg of ghrelin (lower dose) ; 11 received 8 mg/kg
of ghrelin (higher dose). At day 8, 81% of patients
preferred ghrelin to placebo against 63% at the
end of study. Nutritional intake and eating-related
symptoms were not significantly different between
ghrelin and placebo. Ghrelin was well tolerated and
safe in patients with advanced cancer. For safety,
tolerance, and patients’ preference for treatment, -
no difference was observed between the lower- and
higher-dose groups. Garcia et al.*® demonstrated that
the GHS-R agonist RC-1291 orally administered
over a 12-week period to 81 patients with a variety
of cancers resulted in an increase in total body mass,
lean body mass, and handgrip strength. No significant
differences were found in QOL.

An important concern regarding the use of ghrelin
in cancer cachexia is that ghrelin may stimulate tumor
growth via GHS-Rs expressed in cancer cells or via
growth factors such as growth hormone (GH) and
insulin-like growth factor-1 (IGF-1).3 However, there
are conflicting data about the possible role of ghrelin
in oncogenesis,”’ and no i vive studies have examined
the differences in tumor growth after ghrelin or GHS
treatment. Further large-scale, long-term clinical trials
are required to determine the efficacy and safety of
ghrelin or GHS-R agonists on cancer cachexia.

V. A NOVEL APPROACH FOR THE
TREATMENT OF CANCER CACHEXIA

'The traditional Japanese medicine rikkunshitois widely
prescribed in patients exhibiting upper GI symptoms
such as functional dyspepsia and gastroesophageal
reflux. % Several reports have demonstrated that the
oral administration of rikkunshito increases plasma
ghrelin levels in humans and rodents and effectively
improves food intake and modulates GI motility.*1046
Takeda et al. demonstrated that rikkunshito amelio-
rated cisplatin-induced anorexia in rats by inhibiting
the decreased concentration of circulating ghrelin.’
Cisplatin is widely used in clinical practice; however,
adverse reactions to the production of excess 5-HT
lead to the discontinuation of chemotherapy in can-
cer patients. The 5-HT produced during treatment
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FIGURE 1. Pathophysiological role of ghrelin signaling in cancer cachexia. Cancer anorexia-cachexia is predominantly
dependent on an imbalance between anorexigenic and orexigenic signals. In the hypothalamus, increased levels of
proinflammatory cytokines produced by cancer cells play a role in activating the anorexigenic signals and inhibiting
the orexigenic signals. Serotonin (5-HT) produced during treatment with cisplatin stimulates the 5-HT2b/2c receptors,
resulting in decreased hypothalamic and peripheral ghrelin secretion. In patients and rodents with cancer cachexia,
circulating ghrelin levels increase due to the adaptive response to weight loss; however, ghrelin resistance is induced
by excessive hypothalamic anorexigenic activity. Treatment with ghrelin or GHS-R agonists can overcome resistance
to the appetite-stimulating effect of the endogenous ghrelin. Rikkunshito increases food intake in rats with cancer
or chemotherapy by the stimulation of endogenous ghrelin secretion by blocking the 5-HT 2b/2c receptor pathway
and the enhancement of GHS-R activity. A potentiator of ghrelin signaling such as rikkunshito may represent an
additional novel approach for the treatment of cancer cachexia.

with cisplatin stimulates the 5-HT2b receptor in
gastric smooth muscle and the 5-HT2c receptor in
the central nervous system, resulting in decreased
plasma ghrelin. Heptamethoxyflavone, hesperidin,
and isoliquiritigenin (components of rikkunshito)
have been shown to antagonize 5-HT2b/2¢ recep-
tors and stimulate ghrelin secretion in cisplatin-
treated rats, suggesting that these molecules play an
important role in the improvement of appetite by
rikkunshito. Our previous study'® reported that the

oral administration of rikkunshito to fenfluramine-
treated rats increased plasma ghrelin levels, food
intake, and gastric emptying time and restored GI
dysmotility. Fenfluramine altered the fasted motor
activities to become fed-like motor activities in the
antrum and duodenum via the activation of the
central 5-HT?2c receptor, mediated by the ghrelin-
NPY signaling pathway. These effects of rikkunshito
in fenfluramine-treated rats were blocked by the
GHS-R antagonist (D-Lys3)-GHRP-6, suggesting
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that the increase in circulating ghrelin induced by
rikkunshito leads to the improvement of anorexia
and gastric function. Yakabi et al. also demonstrated
that urocortin-induced reduction of food intake was
restored by rikkunshito.#”

A recent report has demonstrated that rikkun-
shito enhances hypothalamic ghrelin secretion.®® In
cisplatin-treated rats, hypothalamic ghrelin secretion
was markedly reduced 24 and 48 h after cisplatin
treatment, although plasma ghrelin levels were higher
than in saline-treated rats due to the adaptive response
to weight loss. Cisplatin-induced anorexia in the late
phase is mediated through reduced hypothalamic
ghrelin secretion. Cerebral 5-H'T2c receptor activation
partially induces decreases in hypothalamic ghrelin
secretion, and rikkunshito suppresses cisplatin-induced
anorexia by ehhancing this secretion. In addition, rik-
kunshito and 5-HT2c receptor antagonists suppress
cisplatin-induced anorexia by inhibiting the reduction
of GHS-R1a gene expression in the hypothalamus.*
The efficacy of rikkunshito in cisplatin-induced
anorexia may reduce the risk of discontinuation of
chemotherapy in cancer patients. In addition, Takeda et
al. reported that rikkunshito improved aging-associated
anorexia by inhibiting the reduced reactivity of the
hypothalamic ghrelin receptor, which is caused by
an increase in plasma leptin level** The components
of rikkunshito that inhibit phosphodiesterase type 3
mediation downstream of the leptin receptor have
been identified.

Cancer cachexia is caused by multiple under-
lying mechanisms. Anorexigenic neurochemical
mediators such as 5-HT, which increase in the
hypothalamus in humans and animals with can-
cer, are predominantly involved.?> The excessive
hypothalamic anorexigenic activity may induce
ghrelin resistance, which attenuates the adaptive
feeding response by endogenous ghrelin in cancer
cachexia. More recently, we found that rikkunshito

‘improved anorexia, GI dysmotility, muscle wasting,
and anxiety-related behavior and prolonged survival
in tumor-bearing rats. This effect is mediated by the
stimulation of ghrelin secretion and the enhance-
ment of GHS-R activity.!* These findings suggest
that rikkunshito may be effective for ghrelin resis-
tance such as cancer cachexia (Figure 1).
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- VI. CONCLUSION

Several rodent models and short-term clinical studies
have demonstrated that ghrelin or GHS-R agonists
are effective in the treatment of cancer cachexia.
However, further large-scale long-term clinical trials
are required to determine the efficacy and safety of
ghrelin or GHS-R agonists in cancer cachexia. A
potentiator of ghrelin signaling such as rikkunshito
may represent an additional novel approach for the
treatment of cancer cachexia.
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Abstract
Ghrelin is a potent stimulant for gastric emptying and gastrointestinal (GI) movement.
Clinically, it has been reported that the intravenous administration of ghrelin acceler-
ates the rate of gastric emptying and ihduces gastric phase Il contractions of the mi-
grating motor complex in healthy volunteers. Recent technical advances in the
measurement of Gl motility in conscious small animals, including rats, mice, and
the house musk shrew (Suncus murinus), have helped to elucidate the precise mech-
anism of action of ghrelin. Intravenous administration of ghrelin induces fasted motor
activities with phase lll-like contractions of the migrating motor complex in the an-
trum and duodenum in animals. These effects of ghrelin are mediated by activating
the hypothalamic orexigenic neuropeptide Y neuron through ghrelin receptors lo-
cated at the vagal afferent terminal. Stress hormone and anorexigenic peptides cause
the disruption of fasted motor activity and induce fed-like motor activity. Ghrelin and
Methods in Enzymology, Volume 514 © 2012 Elsevier Inc. 289
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the ghrelin signal potentiator rikkunshito successfully restore fed-like motor activities
to fasted activities in fenfluramine-treated rats and in a cancer anorexia—cachexia an-
imal model. These findings suggest that ghrelin can be expected to be a therapeutic
target for Gl disorders.

1. INTRODUCTION

Ghrelin is a potent stimulant of gastric emptying and gastrointestinal
(GI) motility. In humans in the fasted state, cyclic changes in contraction
waves known as the migrating motor complex (MMC) are observed in the
GI tract (Vantrappen et al., 1977). The MMC consists of three phases: a
period of motor quiescence (phase I), a period of irregular contractions
(phase II), and a period of clustered potent contractions (phase III). These
phases are observed at regular intervals of 90—120 min in humans. Clini-
cally, ghrelin accelerates the rate of gastric emptying (Levin et al., 2006)
and induces gastric phase III contractions in healthy volunteers
(Bisschops, 2008; Tack et al., 2006). The same findings regarding GI
motility in animal models have been reported following free-moving,
conscious animal experiments. These experiments provide more
physiological information than other approaches to estimating GI
motility, which is regulated by the brain—gut interaction (Inui et al.,
2004). Notably, the dog is a popular model for GI motility research. An
early study (Itoh et al., 1976) showed that motilin induces gastric phase
III contractions in dogs. However, there have been few reports showing
that ghrelin, which has a structural resemblance to motilin, has an eftect
on the digestive tract in dogs (Ohno et al., 2010).

Recent technical advances have permitted the measurement of GI mo-
tility in conscious small animals, including rats, mice, and house musk shrews
(S. murinus), using manometric methods (Ataka et al., 2008; Fujino et al.,
2003; Tanaka et al., 2009) or force-transducer implantation (Ariga et al.,
2007; Fujitsuka et al., 2009; Sakahara et al., 2010; Zheng et al., 2009a).
These studies have demonstrated that ghrelin induces a fasted motor
pattern and augments the motility of the antrum and duodenum in the
fed or fasted state of healthy animals through brain—gut interactions.
Moreover, ghrelin and rikkunshito have been shown to improve gastric
emptying and GI motility in animal models of GI disorder. Rikkunshito,
a traditional Japanese herbal (Kampo) medicine, potentiates ghrelin
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signaling (Fujitsuka et al., 2011; Takeda et al., 2008, 2010; Yakabi et al.,
2010) and is widely prescribed for patients exhibiting functional dyspepsia
(Kusunoki et al., 2010). In this section, the role of ghrelin in GI motility
and the methods for the measurement of GI motlhty in experimental
animals are introduced.

2. THE ROLE OF GHRELIN IN GASTRODUODENAL
- MOTILITY

2.1. The strain-gauge force-transducer measurement of
gastroduodenal motility in conscious rats and mice

The role of ghrelin in the control of gastroduodenal motility was evaluated
in free-moving, conscious rats using a strain-gauge force-transducer method
(Fig. 18.1A). In fasted rats, cyclic changes in contraction waves were
detected in both the antrum and duodenum; these waves included a quies-
cent period (phase I-like contractions) followed by a group of contractions
(phase III-like contractions) (Fig. 18.1B). Phase III-like contractions of the
antrum occur periodically at intervals of approximately 10 min, and most of
these contractions appear to occur in conjunction with phase III-like con-
tractions of the duodenum. Circulating ghrelin levels in fasted rats fluctuate;
the peaks of these fluctuations are highly associated with phase III-like con-
tractions in the antrum (Ariga et al., 2007; Fujitsuka et al., 2009).
Intravenous administration of ghrelin to fasted rats immediately poten-
tiates the fasted motor activity and increases the motility index (MI) and the
frequency of phase III-like contractions in the antrum and duodenum
(Fig. 18.1C). The physiological fasted motor activity decreases with the ad-
ministration of the growth-hormone secretagogue receptor (ghrelin recep-
tor) antagonist (D-Lys’) GHRP-6. Exogenous ghrelin eliminates the fed
motor pattern, which is irregular contractions of high frequency caused
by feeding, and produces a fasted motor pattern (Fig. 18.1B and D)
(Fujitsuka et al., 2009). Gastric motility in the physiological fed and fasted
states of conscious mice has also been measured successfully by a method in-
volving the implantation of a transducer in the mouse stomach (Zheng et al.,
2009a). The protocol presented below has been used to measure gastrodu-
odenal motility in conscious rats using the strain-gauge force-transducer

method (Fig. 18.1A).
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Figure 18.1 Method for strain-gauge force-transducer measurements of gastrointesti-
nal motility in conscious rats. (A) Strain-gauge force transducers were placed on the
serosal surface of the antrum and duodenum. The wires of the transducers were drawn
out from the back of the neck and connected to a preamplifier via a bridge box. Data
were recorded using an MP150. (B) The fasted patterns were replaced by the fed pat-
terns in antrum and duodenum after feeding. (C) Intravenous administration of ghrelin
to fasted rats immediately potentiated the frequency of phase lll-like contractions in
antrum and duodenum. (D) Intravenous administration of ghrelin eliminated the fed
motor activities and induced phase lll-like contractions in the antrum and duodenum
of fed rats (from Fujitsuka et al., 2009).
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2.1.1 Animal preparation involving the strain-gauge force-transducer
method

1. Rats deprived of food overnight and weighing 200-250 g are anesthe-
tized with intraperitoneal injections of pentobarbital sodium (50 mg/
kg body weight). _

2. After laparotomy, strain-gauge force transducers (F-08IS, Star Medical,
Tokyo, Japan) are placed on the serosal surface of the antrum and
duodenum.

3. The wires of the transducers are drawn out through a protective coil
from the back of the neck via the subcutaneous part of the back.

4. Measurements are made with the animals in a free-moving condition sys-
tem (Sugiyana-gen Co., LTD, Tokyo, Japan) in individual cages after a
5-day postoperative period for recovery.

2.1.2 Measurement of gastroduodenal motility

1. Rats are deprived of food but not water for 16 h before the experiment.

2. The strain-gauge force transducer placed in rats is connected to a pream-
plifier via a bridge box (Star Medical).

3. Dataare recorded using an MP150 (BIOPAC Systems, Goleta, California).

4. The experiment is started when the fasted gastric contraction is stabilized,
2 h after the initial measurement.

5. The frequency of the fasted pattern is obtained from the average of the
onset of phase III-like activities for each hour of the experiment.

6. The area under the wave (MI) per minute in the antrum and duodenum
is measured and is shown as a percentage (%MI) relative to control data.

2.2. The manometric measurement of gastroduodenal motility
in conscious rats and mice »

Gastroduodenal motility in the physiological fed and fasted states of con-
scious rats has also been measured using a manometric method
(Fig. 18.2A) (Fujimiya et al., 2000; Fujino et al., 2003). The frequency of
phase III-like contractions in the antrum was 5.3 40.5/h and that in the
duodenum was 5.6£0.8/h in fasted rats. This fasted pattern was
disrupted and replaced by the fed pattern after feeding (Fig. 18.2B). The
intravenous injection of ghrelin induced the fasted pattern in the
duodenum when rats in the fed state were injected, increasing their %MI
in the antrum (Fig. 18.2C). Recent advances in transgenic and knockout
technologies have provided tools to investigate the pathogenesis of disease
models, and these technologies have typically been applied to mice.
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Figure 18.2 Method for manometric measurements of gastrointestinal motility in con-
scious rats. (A) Catheters for motility recordings are inserted into the antrum and duo-
denum, connected to the infusion swivel to allow free movement and then connected
to a pressure transducer. The data are recorded and stored in a PowerLab. (B) Phase IlI-
like contractions in fasted rats were disrupted and replaced by the fed pattern, which is
irregular contraction of high frequency, after feeding. From Kihara et al. (2001).
(Q) Intravenous administration of ghrelin eliminated the fed motor pattern and pro-
duced a fasted motor pattern in duodenum (from Fujino et al., 2003).

Manometric methods allow dual monitoring of the motility of the stomach
and duodenum in conscious mice (Tanaka et al., 2009). In fasted mice, the
frequency of phase III-like contractions in the antrum was 7.8 0.5/h and
that in the duodenum was 6.6 0.7/h. However, the frequency of phase
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[TI-like contractions was lower in the antrum of neuropeptide Y (NPY) Y2
receptor knockout mice than in wild-type mice (Tanaka et al., 2009). The
manometric method for the measurement of gastroduodenal motility in
conscious rats and mice reported by Fujino et al. (2003) and Tanaka et al.
(2009) is described below.

2.2.1 Animal preparation (manometric method)

1.

Rats weighing 200-250 g or mice weighing 20-25 g are anesthetized by
the intraperitoneal injection of pentobarbital sodium (50 mg/kg body
weight).

Two polyurethane tubes (3-Fr, 1 mm diameter for rats or ID 0.30 x OD
0.84 mm for mice) are used as a manometric catheter for the motility
recordings.

. One tube is inserted into the stomach through a small incision to the gas-

tric body with the tip placed at the gastric antrum. The other is inserted
through the duodenal wall, and the tip is placed 3 cm for rats or 7 mm for
mice from the pylorus.

. The tubes are fixed on the gastric wall and duodenal wall by purse-string

sutures, which run subcutaneously to emerge at the top of the neck, and
are then secured on the neck skin.

. Animals are allowed to recover for 1 week before the experiments.

2.2.2 Measurement of gastroduodenal motility (Fig. 18.2A)

1.
2.

4.
5.
6.

Mice are deprived of food but not water for 16 h before the experiment.
The manometric catheters from the stomach and duodenum are con-
nected to the infusion swivel on a single-axis counter-weighted swivel
mount to allow free movement and then connected to a pressure
transducer.

. The catheters are continuously infused with bubble-free saline or dis-

tilled water from an infusion pump at the rate of 1.5 ml/h for rats or
0.15 ml/h for mice.

The data are recorded and stored in a PowerLab.

The mice are placed in a black box (150 X 200 x 300 mm) with the top open.
Motor activity is analyzed as described in Section 2.1.2.

2.3. Measurement of gastroduodenal motility in conscious

house musk shrews (S. murinus)

Ghrelin has a structural resemblance to motilin, and the ghrelin receptor ex-
hibits a 50% identity with the motilin receptor (Asakawa et al., 2001).
Ghrelin induces premature phase III contractions in the human stomach
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(Tack et al., 2006). Motilin also induces phase III contractions through
the cholinergic pathway in humans and dogs (Itoh et al., 1976; Luiking
et al., 1998; Suzuki et al., 1998). Ghrelin and motilin are expected to
have additive or synergistic effects on the induction of GI contraction.
The motilin gene is inactivated in rodents, and mice and rats are
therefore not suitable animals for the study of motilin—ghrelin interactions
(He et al., 2010).

A recent report (Sakahara et al., 2010) has demonstrated that both phys-
iological ghrelin and motilin are produced and stimulate gastric motility in
the house musk shrew (laboratory name: suncus). Strain-gauge force trans-
ducers were implanted on the serosa of the gastric body and duodenum in
the free-moving, conscious suncus. As a result, clear fasted contractions sim-
ilar to those observed in humans (Vantrappen et al., 1977) and dogs
(Szurszewski, 1969) were observed in the suncus stomach (gastric body).
These coordinated contractions consist of three phases: phase I (a period
of motor quiescence), phase II (a period of preceding irregular contractions),
and phase III (a period of clustered potent contractions). These phases were
clearly recognized at regular intervals (every 80-150 min). In addition,
ghrelin and/or motilin stimulated suncus gastric motility (Sakahara et al.,
2010). Suncus, a small laboratory animal, may be useful as an alternative
to humans and dogs for studying the physiological relationships between
ghrelin and motilin on GI motility.

3. THE GI MOTOR EFFECT OF GHRELIN MEDIATED
BY THE GUT-BRAIN AXIS

3.1. The brain mechanism responsible for mediating
Gl motility

The fasted pattern in GI motility is disrupted and replaced by the fed pattern
after feeding. Intracerebroventricular injection of NPY, a powerful
orexigenic peptide in the brain, induces fasted motor activity in fed rats
(Fujimiya et al., 2000). The frequency of phase IlI-like contractions was
lower in the antrum of NPY-Y2 knockout mice than in wild-type mice
(Tanaka et al., 2009). However, anorexigenic peptides such as the
corticotrophin-releasing factor (CRF) (Bueno et al, 1986), urocortin
(Kihara et al.,, 2001), and cholecystokinin (Rodriguez-Membrilla and
Vergara, 1997) cause the disruption of fasted motor activity in animals.
These findings may represent an integrated mechanism linking the feeding
behavior and GI motor activity through the gut-brain axis.



