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MATERIALS AND METHODS

All experiments were performed in accordance with the protocols
approved by the Animal Experiments Review Board of Tsumura
(approved protocol No. 09-22, 10-047, 11-010).

Animals. Eight-week-old male Wistar rats were obtained from
CLEA Japan (Tokyo. Japan) and maintained under stable conditions
of temperature and humidity and a 12-h:12-h dark/light cycle (7 AM
to 7 PM). Rats had access to food and water ad libitum and were
housed in groups of four or five. All animal experiments were
performed between 9 AM and 6 PM. To avoid the influence of diurnal
variations, feeding was stopped 24 h before the experiment, and blood
and tissue samples were collected between 1 PM and 4 PM. During
intravenous administration through the tail vein, we held the con-
scious rat lightly with a rat holder and warmed the tail in hot water.
The test substance was administered slowly using 26-gauge needles to
cause less stress. This procedure was concluded within 1 min.

Chemicals. Rat ghrelin was obtained from the Peptide Institute
(Osaka, Japan) and was dissolved in 0.9% sterilized physiological
saline (Otsuka Pharmaceutical, Tokyo, Japan). Cisapride (an agonist
of the 5-HT. receptor) was obtained from Sigma-Aldrich (St. Louis,
MO) and was suspended in 0.1% carboxymethyl cellulose (Maruishi
Pharmaceutical, Osaka, Japan). Rikkunshito (Tsumura, Tokyo, Japan)
was made from a hot-water extract of a mixture of eight varieties of
crude drugs: sojutsu (Atractyledis lanceae rhizoma), ninjin (Ginseng
radix), hange (Pinelliae tuber), bukuryo (Hoelen), taiso (Zizyphi
fructus), chinpi (Aurantii nobilis pericarpium), kanzo (Glycyrrhizae
radix), and shokyo (Zingiberis rhizoma), which was then spray dried.
Rikkunshito was suspended in distilled water (DW) at a concentration
of 1.2% wt/vol and ingested ad libitum by GERD rats for 10 days
(32). The approximate daily intake of rikkunshito was 1,000 mg/kg.

Preparation of the GERD model. GERD was surgically induced in

rats according to the method of Omura et al. (36, 40). In brief, rats
were first anesthetized with ether after 24 h of fasting, and then
laparotomy was then performed at the midline. The stomach and
duodenum were exposed extracorporeally. and a transitional (bound-
ary) section from the forestomach to the glandular stomach was
ligated using 1-0 silk thread (Natsume Seisakusho, Tokyo. Japan).
The duodenal side of the pylorus was covered with a 2-mm-wide
18-Fr nelaton catheter (Terumo, Tokyo, Japan) that was sutured and
fixed to the surface of the duodenal serous membrane using a 5-0
nylon yarn. The stomach and dunodenum were returned into the
abdominal cavity, which was then closed. Sham-operated rats were
first laparotomized to expose their stomach and duodenum for about
1 min, after which their abdominal cavities were closed. After surgery,
rats were fasted for a further 24 h (resulting in a total fasting of 48 h).
Sham-operated and GERD rats were given food ad libitum from the
day after surgery, and the pair-fed sham-operated rats were given the
same amount of food as that consumed by GERD rats on the day
before to examine the influence of nutritional decline.

Measurement of gastric emptying. This experiment was performed
10 days after GERD induction (10 AM to 3 PM). Gastric emptying
was assessed according to a previously reported method (33). Sham-
operated and GERD rats were orally administered 0.5 m] of the test
meal prepared by mixing standard powdered chow (Oriental Yeast,
Tokyo, Japan) and glass beads (0.2-mm diameter, BZ-02: AS ONE,
Osaka. Japan) using Teflon tubes (internal diameter, 1.68 mm) con-
nected to a 2.5-ml syringe with a 10-Fr nelaton catheter 24 h after
fasting. The test meal was prepared by mixing 16 g of powdered
chow, 20 g of glass beads, and 40 ml of DW. The glass beads were
added to enhance the solidity of the meal. The rats were decapitated
2 h or immediately after administration of the test meal to measure
gastric emptying. The stomach was removed after incising the abdo-
men along the median line and ligating the pylorus and cardia. The
stomach contents were collected in a 50-ml tube with DW and then
centrifuged. We measured the weight of the sediments after drying
overnight at 45°C. Gastric emptying was calculated according to the

following formula: gastric emptying (%) = (I — A/B) X 100, where
A represents the dry weight of. the test meal recovered from the
stomach 2 h after its administration and B represents the average value
of the dry weight of the test meal recovered from the stomach
immediately after its administration. Cisapride (20 mg/kg) or vehicle
was administered orally 1 h before test meal administration to eluci-
date the effects of prokinetic agents in GERD rats.

To examine the effects of exogenous ghrelin on gastric emptying in
sham-operated and GERD rats, rat ghrelin (3 or 10 nmol/rat) or saline
was injected intravenously via the tail vein immediately after test meal
administration and gastric emptying was measured 1 h later. In
addition, GERD rats were administered DW containing rikkunshito
(1,000 mg/kg) ad libitum for 10 days after GERD induction, whereas
the control group was administered DW alone. Next, rats were
intravenously administered 1 nmol/rat ghrelin or saline, and gastric
emptying was measured 1 h later.

Measurement of food intake. Rats were housed separately after
GERD-inducing surgery, and 24-h cumulative food intake was mea-
sured on day /0. To examine the effects of exogenous ghrelin on food
intake of sham-operated and GERD rats, rat ghrelin (3 nmol/rat) or
saline was injected intravenously via the tail vein and food intake was
measured 1 h later. Food intake was calculated as the difference
between the preprandial and postprandial weight of the food. The
experiment was conducted between 10 AM and 12 PM under fed
conditions 10 days after GERD induction.

Fixation of a strain gauge force transducer. After 24 h of fasting,
rats were anesthetized by intraperitoneal injection of pentobarbital
sodium (Kyoritsu Seiyaku, Tokyo, Japan). During GERD-inducing
surgery, laparotomy was performed at the midline. Thereafter, a strain
gauge force transducer (F-08IS; Star Medical, Tokyo, Japan) was
sutured to the surface of the antral and duodenal serous membrane to
measure circular muscle contractions. In addition, a catheter filled
with heparin in physiological saline was fixed to the jugular vein.
After surgery, rats were housed separately and fasted for a further 24
h (resulting in a total fasting of 48 h).

Analysis of gastroduodenal moriliry. After GERD induction, rik-
kunshito (1,000 mg/kg) was administered to rats ad libitum for 10
days. On day 10 (9 AM to 3 PM), after 24 h of fasting, gastroduodenal
motility was measured in conscious, freely moving rats. The control
groups of sham-operated and GERD rats were given DW only. The
transducer was connected to a preamplifier (FS-04M; Star Medical)
via a bridge box (FB-01; Star Medical). Data were recorded using an
MP150 (Biopac Systems, Aero Camino Goleta, CA) and analyzed
using AcqKnowledge (Biopac Systems). To observe phase Ill-like
contractions, gastroduodenal motility was monitored for 2-3 h.

To examine the effects of exogenous ghrelin on gastroduodenal
motility in sham-operated and GERD rats, rat ghrelin (3 nmol/rat) or
saline was administered through the jugular vein catheter. The effects
of the drug were evaluated by frequency of phase Ill-like contractions
and changes in MI before and after its administration.

Phase ITI-like contractions were defined as the existence of at least
three potent contractions (>1/3 of maximum contraction magnitude)
of short duration (<5 min). MI was defined as the mean of the area
under the contractility recording curve per minute. The definition was
slightly modified from a previous report (46).

Measurement of plasma ghrelin and GH levels. Ten days after
GERD induction (1 PM to 4 PM), blood was taken after decapitation
in a tube containing aprotinin (Wako Pure Chemical Industries,
Osaka, Japan) and EDTA-2Na (Dojindo Laboratories, Kumamoto,
Japan) to obtain plasma samples as reported previously (44). Blood
samples were immediately centrifuged at 4°C. Plasma was acidified
with 1 mol/l HCI (1/10 volume) and stored at —80°C until measure-
ment. Plasma ghrelin levels were measured using the Active- and
Desacyl-Ghrelin ELISA Kit (Mitsubishi Chemical Medience, Tokyo,
Japan). Plasma GH levels were measured using the Rat/Mouse GH
ELISA Kit (Millipore, Billerica, MA) using nonacidified plasma
samples. To examine the effects of exogenous ghrelin on GH release
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in sham-operated and GERD rats, rat ghrelin (3 nmol/rat) or saline
was injected intravenously via the tail vein, and plasma GH levels
were measured at 0. 10, 30, and 60 min.

Immunohistochemical studies. The stomachs of 24-h-fasted rats
were excised 10 days after GERD induction (1 PM to 4 PM). A part
of the gastric body was fixed for 2 days in a 10% formalin/phosphoric
acid buffer solution. A 1.5-cm section was excised along the proximal
to distal stomach, paraffin embedded. and immunohistochemically
stained. Methanol containing 3% hydrogen peroxide was used to
inhibit endogenous peroxidase activity. After wash with PBS, paraffin
sections were incubated with polyclonal anti-ghrelin antibody (Trans
Genic, Kumamoto, Japan) diluted to 1:500 for 90 min. The sections
were then washed with PBS and incubated with the Immunohisto-
chemical Staining Kit (MAX-PO; Nichirei Biosciences, Tokyo, Ja-
pan) for 20 min, washed again with PBS, and then incubated with a
3.3’-diaminobenzidine solution. The total number of ghrelin-positive
cells in this section of the gastric body was counted and expressed as
the number of ghrelin-positive cells per millimeter of mucosa in
longitudinal sections.

RNA extraction, reverse transcription, and gPCR analysis. Gastric
body and hypothalamus were excised 10 days after GERD induction (1
PM to 4 PM) and placed in a tube on dry ice for freezing. Once
completely frozen, tubes were stored at —80°C. The tissue was homog-
enized, and total RNA was extracted using the RNeasy Universal Tissue
Kit (Qiagen, Valencia, CA). Total RNA from each sample was diluted to
100 ng/p.), allowed to react for 5 min at 70°C, and finally cooled on ice.
An aliquot of 1 pg of total RNA was reverse transcribed using the
TagMan Reverse Transcription Reagents (Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol. gPCR analysis was
performed with the PRISM 7900HT Sequence Detection System (Ap-
plied Biosystems) using the TagMan Universal PCR Master Mix (Ap-
plied Biosystems). To compensate for the differences in the amount of
total RNA added to each reaction, mRNA expression was normalized
with B-actin as an endogenous control and expressed by the A threshold
cycle (AC,) value: AC, = 2" '* = B where A is the number of cycles that
reached the B-actin gene threshold and B is the number of cycles that
reached the target gene threshold. The set of oligonucleotide primers and
fluorescent probes used in the TagMan quantitative PCR were provide by
Applied Biosystems: cytoplasmic 3-actin: Rn00667869_m1; preproghre-
lin: Rn00572319_m1; GHS-R: Rn00821417_ml; neuropeptide Y
(NPY): Rn00561681_ml; and agouti-related protein (AgRP):
Rn01431703_gl.

Statistical analysis. Statistical significance was examined using the
Student’s r-test or Aspin-Welch r-test after the F test or by Dunnett’s
analysis after one-way ANOVA. Data are expressed as the means =
SE of each group. and P << 0.05 was considered to be significant.

RESULTS

Gastric emptying was delayed and food intake was de-
creased in GERD rats. The body weight of GERD rats after 24
h of fasting decreased significantly compared with that of
sham-operated rats (sham-operated, 247.3 = 2.0 vs. GERD,
202.4 = 4.7 g; P < 0.001). Gastric emptying in vehicle-treated
GERD rats was significantly delayed compared with that in
vehicle-treated sham-operated rats 2 h after test meal admin-
istration (Fig. 14). The prokinetic agent cisapride (20 mg/kg)
significantly accelerated gastric emptying in sham-operated
rats. In addition, cisapride improved the delayed gastric emp-
tying in GERD rats. Twenty-four-hour cumulative food intake
of GERD rats was significantly decreased compared with
sham-operated rats (Fig. 1B). :

Interdigestive antral motility was decreased in GERD rats.
Contractions were observed in the antrum and duodenum at
regular intervals in sham-operated and GERD rats (Fig. 2, A and B)
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Fig. 1. Gastric emptying and food intake in sham-operated and gastroesopha-
geal reflux disease(GERD) rats. A: gastric emptying measured 2 h after
administration of 0.5-ml test meal. Cisapride (20 mg/kg) or vehicle was
administered orally 1 h before test meal administration. B: 24-h cumulative
food intake under free-feeding conditions. Results are expressed as means *
SE (n = 6-16).

although the frequency of phase IIl-like contractions in the
antrum was significantly decreased in GERD rats compared
with that in sham-operated rats (Fig. 2C). However, no differ-
ence in phase IlI-like contractions was observed in the duode-
num between both groups (Fig. 2D).

Plasma ghrelin levels increased and the number of gastric
ghrelin-positive cells decreased in GERD rats. Plasma acyl
and desacyl ghrelin levels significantly increased in GERD rats
compared with those in sham-operated rats (Fig. 3, A and B).
We examined the influence of nutritional decline on plasma
ghrelin levels. Although the body weight was approximately
the same (P = 0.19) between GERD (202.4 = 4.7 g) and
pair-fed sham-operated rats (209.6 = 2.1 g), plasma ghrelin
levels in GERD rats (acyl ghrelin, 133.8 = 9.0 fmol/ml;
desacyl ghrelin, 709.0 + 49.5 fmol/ml) increased significantly
compared with those in pair-fed sham-operated rats (acyl
ghrelin, 86.5 * 7.7 fmol/ml; P = 0.001; desacyl ghrelin,
4235 *+ 40.7 fmol/ml, P < 0.001). No difference in plasma
GH levels was observed (sham-operated, 2.4 = 1.2 vs. GERD,
4.7 = 2.8 ng/ml; P = 0.54). The number of ghrelin-positive
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Fig. 2. Fasted gastroduodenal motility in sham-operated and GERD rats. A and B: antral and duodenal motor patterns detected by a strain gauge force transducer
in sham-operated and GERD rats, respectively. C and D: frequency of phase III-like contractions in the antrum and duodenum. Results are expressed as means =

SE (n = 6-8).

cells in the gastric body in GERD rats significantly decreased
compared with that in sham-operated rats (Fig. 3, C-E).

Expression of orexigenic genes in the hypothalamus in-
creased in GERD rats. The expression of preproghrelin and
GHS-R genes in the stomach of GERD rats did not differ from
that of sham-operated rats (Fig. 4, A and B). In contrast, the
expression of NPY and AgRP genes, which are known to be
orexigenic in the hypothalamus, significantly increased in
GERD rats compared with that in sham-operated rats (Fig. 4, C
and D).

Ghrelin administration did not improve gastric emptying,
food intake, and GH release in GERD rats. Ghrelin adminis-
tration significantly accelerated gastric emptying in sham-
operated rats 1 h after test meal administration in a dose-
dependent manner (Fig. 54). Gastric emptying in GERD rats 1
h after test meal administration showed a trend toward accel-
eration following administration of 3 or 10 nmol/rat ghrelin.
Food intake in sham-operated rats after ghrelin administration (3
nmol/rat) was significantly higher than that after saline adminis-

tration, but no significant difference was observed between GERD
rats administered saline and ghrelin (3 nmol/rat) (Fig. 5B). In
addition, plasma GH levels reached a peak 10 min after ghrelin
administration (3 nmol/rat) in both sham-operated and GERD
rats, but the peak level of GH in GERD rats was significantly
lower than that in sham-operated rats (Fig. 5C).

Ghrelin administration did not affect gastroduodenal motil-
ity in GERD rats. Figure 6, A and B, shows gastroduodenal
motility patterns in sham-operated and GERD rats adminis-
tered ghrelin (3 nmol/rat). In sham-operated rats, the change in
MI in both the antrum and duodenum significantly increased
after ghrelin administration (Fig. 6, C and D). However, in
GERD rats, the change in MI in the antrum and duodenum
showed no difference after ghrelin and saline administration. In
the antrum, the frequency of phase III-like contractions did not
differ between sham-operated and GERD rats (Fig. 6F). In the
duodenum, the frequency of phase Ill-like contractions signif-
icantly increased after ghrelin administration in sham-operated
rats, but not in GERD rats (Fig. 6F).
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Fig. 3. Plasma ghrelin levels and number of gastric ghrelin-positive cells in sham-operated and GERD rats. A and B: plasma acyl and desacyl ghrelin levels. C
and D: ghrelin-positive cells in the gastric body of sham-operated and GERD rats (scale bars = 100 wm). E: number of ghrelin-positive cells per millimeter of
mucosa in longitudinal sections. Results are expressed as means = SE (n = 5-8).

Rikkunshito administration restored impaired ghrelin re-
sponse on gastroduodenal motility in GERD rats. Figure 7, A
and B show gastroduodenal motility patterns in GERD rats
administered DW or rikkunshito for 10 days after GERD
induction and intravenous injection of ghrelin via the jugular
vein catheter (3 nmol/rat). Before ghrelin administration, the
frequency of phase IlI-like contractions in the antrum of GERD
rats administered rikkunshito significantly increased compared
with that in the antrum of GERD rats administered DW (DW

administration, 1.6 = 0.1 vs. rikkunshifo administration, 2.1 *
0.2 count/h; P = 0.035). There was no difference in the
frequency in the duodenum between both groups (DW admin-
istration, 5.4 = 0.5 vs. rikkunshito administration, 5.7 = 1.0
count/h; P = 0.78). After ghrelin administration, there was no
change in MI in the antrum and duodenum of GERD rats
administered DW. However, a significant increase in the
change in MI in the antrum (Fig. 7C) and an increasing trend
in the same in the duodenum of GERD rats administered
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Fig. 4. Gastric and hypothalamic gene expression in sham-operated and GERD rats. A and B: expression of gastric preproghrelin and growth hormone
secretagogue receptor (GHS-R) mRNA. C and D: expression of hypothalamic neuropeptide Y (NPY) and agouti-related protein (AgRP) mRNA. Results are

expressed as means = SE (n = 4-8).

rikkunshito (P = 0.074 vs. saline administration; Fig. 7D).
Similarly, there was a significant increase in the frequency of
phase IIl-like contractions in the antrum (Fig. 7E) and an
increasing trend in the same in the duodenum of GERD rats
administered rikkunshito (P = 0.074 vs. saline administration:
Fig. 7F).

The food intake of GERD rats administered rikkunshito did
not differ from that of GERD rats administered DW (9 days
after GERD induction: DW administration, 19.9 = 1.2 vs,
rikkunshito administration, 17.9 £ 0.9 g/day; P = 0.24). Ten
days after GERD induction, the effect of ghrelin administration
on gastric emptying in GERD rats administered rikkunshito
was examined. In GERD rats administered DW, ghrelin ad-
ministration had no effect on gastric emptying (Fig. 7G).
However, ghrelin administration significantly increased gastric
emptying compared with saline administration in GERD rats
administered rikkunshito.

DISCUSSION

In this study, we focused on the association between
peripheral ghrelin and GERD. We demonstrated that /) GERD
rats showed decreased gastric emptying, food intake, and

antral motility and increased peripheral ghrelin levels and 2)
ghrelin administration to GERD rats did not improve de-
creased gastric emptying, food intake, and antral motility,
whereas rikkunshito administration improved decreased an-
tral motility.

Although decreased gastric emptying has already been re-
ported in patients with GERD (3, 31), its mechanism remains
unclear. However, treatment with prokinetic agents has been
shown to improve several symptoms in patients with GERD
(16, 39), and we have recently demonstrated that cisapride
improves the motility proximal to the lower esophageal sphinc-
ter in GERD rats (40). These findings suggest that gastrointes-
tinal dysmotility is involved in GERD progression. In the
present study, cisapride administration had a significant inhib-
itory effect on delayed gastric emptying in GERD rats, sug-
gesting that motility in the upper gastrointestinal tract in such
rats is regulated by 5-HT4 signaling. At present, no study on
changes in antral motility of GERD rats has been reported. We
found that antral motility significantly decreased in GERD rats;
however, no difference was observed in duodenal motility.
These results suggest that decreased antral motility is one of
the causes of delayed gastric emptying in GERD rats.
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Fig. 5. The effects of exogenous ghrelin on gastric emptying, food intake, and GH release in sham-operated and GERD rats. A: effects of exogenous ghrelin
administration (3 or 10 nmol/rat, intravenously) on gastric emptying 1 h after test meal administration. B: effects of exogenous ghrelin administration (3 nmol/rat,
intravenously) on food intake under free-feeding conditions. C: effects of exogenous ghrelin administration (3 nmol/rat, intravenously) on GH release. Results
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ghrelin.

Interdigestive contractions in the antrum are regulated in
part by peripheral acyl ghrelin (13). Increased circulating
acyl ghrelin levels have been shown to induce phase III-like
contractions in the antrum. In the present study, plasma acyl
and desacyl ghrelin levels significantly increased in GERD
rats; however, the number of ghrelin-positive cells in the
stomach significantly decreased. Moreover, the expression
of the preproghrelin gene in the stomach of GERD rats was
not affected. These results suggest that higher plasma ghre-
lin levels observed in GERD rats is not due to an increase in
the synthesis of ghrelin in the stomach but due to enhanced
secretion of ghrelin into the circulation from the stomach,
resulting in a decrease in stored ghrelin in X/A-like cells,
which is consistent with our observation that the number of
ghrelin-positive cells decreased in GERD rats.

In rats, serum ghrelin levels increased with fasting and
decreased with refeeding and administration of glucose (48).
Furthermore, serum or plasma ghrelin levels are inversely
proportional to body mass index in humans (19, 35). In this
study, the body weight of GERD rats significantly decreased
compared with that of sham-operated rats. Therefore, it was
suggested that nutritional status may have influenced plasma

ghrelin levels. However, the pair-fed sham-operated rats
that were controlled in order that they would consume the
same amount of food as that consumed by GERD rats
showed plasma ghrelin levels similar to those in sham-
operated rats. It has been reported that plasma ghrelin levels
in rats with food intake restricted by 25% and 50% that were
measured 15 days after the initiation of restriction did not
differ from rats with ad libitum food intake (27). Therefore,
it has been suggested that the increased plasma ghrelin
levels in GERD rats may have not resulted solely from
reduced food intake.

In the present study, although plasma ghrelin levels in-
creased in GERD rats, decreased phase IlI-like contractions
were observed in the antrum due of delayed gastric empty-
ing and decreased food intake. Ghrelin administration in-
creased gastric emptying, food intake, and the frequency of
phase IIl-like contractions in the duodenum in sham-
operated rats but did not improve delayed gastric emptying
and decreased food intake in GERD rats. In this study,
sham-operated and GERD rats were exogenously adminis-
tered 3 nmol/rat ghrelin. Gastric emptying in the vehicle
group of GERD rats varied significantly. The number of
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Fig. 6. Effects of exogenous ghrelin on fasted gastroduodenal motility in sham-operated and GERD rats. A and B: antral and duodenal motor patterns
detected by a strain gauge force transducer in sham-operated and GERD rats. C and D: effects of exogenous ghrelin administration (3 nmol/rat.
intravenously) on the change in motility index (MI) in the antrum and duodenum. E and F: effects of exogenous ghrelin administration (3 nmol/rat,

intravenously) on the frequency of phase Ill-like contractions in the antrum and duodenum. Results are expressed as means £ SE (n = 5-10).
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animals in each group was seven. Variations in the patho-
logical conditions may have had an effect on gastric emp-
tying. Although GERD rats were administered a higher
dosage of ghrelin than sham-operated rats when converted
into kilogram of body weigh (sham-operated, 12.1 nmol/kg;

GERD
+ Rikkunshito
1,000 mg/kg

GERD, 14.8 nmol/kg), no significant improvements were
observed in gastric emptying. In addition, although the
frequency of phase III-like contractions in the duodenum of
GERD rats was similar to that in the duodenum of sham-
operated rats, ghrelin administration did not increase their
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frequency in the duodenum. These results suggest that
ghrelin response is attenuated in GERD rats.

The expression of genes that encode the orexigenic hypo-
thalamic neuropeptides NPY and AgRP significantly increased
in GERD rats than that in sham-operated rats, whereas that of
GHS-R in the stomach remained unchanged. Peripheral ghrelin
is known to transmit signals by binding to receptors on the
vagus nerve that are axonally transported to the gastric mucosa
and activate the NPY/AgRP neurons of the arcuate nucleus of
the hypothalamus, and thus increase feeding behavior (1, 34)
and gastrointestinal motility (12, 20). However, upregulation
of these orexigenic neuropeptides did not increase appetite in
GERD rats, suggesting that their downstream orexigenic sig-
naling was impaired. NPY and AgRP synthesis or release in
the hypothalamus may have been involved. as demonstrated by
Scarlett et al. (41). In rat models of colitis and obstructive
cholestasis, decreased feeding response to orexigenic peptides
was observed even though NPY release was normal (2, 38).
These reports indicate that the orexigenic neuronal pathway
may have been impaired or that anorexigenic factors, such as
interleukin-1B, may have been involved. but further investiga-
tions are needed.

In the present study, GH release was attenuated after ghrelin
administration in GERD rats. In ghrelin transgenic mice, which
exhibit constant high peripheral ghrelin levels, and in patients
with anorexia nervosa, who exhibit high plasma ghrelin levels,
ghrelin had a decreased effect on GH release (5, 50). The
precise mechanism of the decreased response to ghrelin caused
by hyperghrelinemia is unknown. Recently, it has been re-
ported that stress responses inhibit the effects of ghrelin (6).
We measured plasma corticosterone levels as an indicator of
stress (data not shown) and found no difference between
sham-operated and GERD rats. Therefore, ghrelin function
may have been attenuated in GERD rats not because of stress
hormones (e.g., corticotropin-releasing factor, urocortin). Al-
though the attenuation of ghrelin function needs to be studied
further, we suggest that it may be due to the desensitization of
ghrelin receptors.

In GERD rats administered rikkunshito for 10 days, a
significant increase in MI and frequency of phase Ill-like
contractions in the antrum was observed compared with that in
GERD rats administered DW. Rikkunshito has been shown to
increase esophageal clearance in patients with GERD and
improve their symptoms (22). It also significantly mitigates
decreased voluntary movement, which is an index of pain, in
GERD rats (32). In an in vitro study using GHS-R1a-overex-
pressing cells or NPY neurons, rikkunshito was reported to
increase [I'?*]ghrelin binding and elevate the influx of Ca?*
continuously after ghrelin addition (14). From these findings, it
appears that rikkunshito may improve endogenous ghrelin
signal transduction in GERD rats.

In this study, rikkunshito treatment enhanced the de-
creased response to ghrelin in MI and frequency of phase
III-like contractions in the antrum of GERD rats. Further-
more, although rikkunshito alone had no effect on decreased
food intake and gastric emptying, delayed gastric emptying
in GERD rats was significantly improved with the combined
administration of rikkunshito and ghrelin (1 nmol/rat).
These results suggest that rikkunshito may improve defec-
tive signaling of ghrelin and suppress the delay in gastric
emptying.

It is known that ghrelin transmits signals to the afferent
vagus nerve and passes through the central nervous system to
induce gastrointestinal contractions through the efferent vagus
nerve. In GERD rats, we speculate that the vagus nerves are
impaired and may lead to decreased ghrelin response. There-
fore, to determine whether the decreased response to ghrelin in
GERD rats is due to decreased functionality of the ghrelin
receptors, we investigated the effects of concomitant adminis-
tration of rikkunshito and ghrelin on the antral and duodenal
motility and gastric emptying. Ghrelin receptors are G protein-
coupled receptors and mediate Ca’* influx through the phos-
pholipase C/protein kinase C/inositol triphosphate pathway
(18) and adenylate cyclase/cyclic AMP/protein kinase A path-
way (25). In AgRP/NPY neurons in the arcuate nucleus,
ghrelin signaling is blocked by the action of phosphodiesterase
type III and phosphatidylinositol 3-kinase, which decrease
cyclic AMP (24). Rikkunshito contains heptamethoxyflavone
and nobiletin, which have been shown to inhibit phosphodies-
terase type III activity in vitro (43). From those findings, it was
speculated that the increase in the frequency of spontaneous
phase ITI-like contraction in the antrum and ghrelin response in
GERD rats administered rikkunshito was due to the stimulation
of ghrelin signaling by protein kinase A because of the pre-
vention of cyclic AMP decomposition by rikkunshito, which
inhibits phosphodiesterase type III activity. Therefore, it is
possible that factors that decrease cyclic AMP may increase in
the vagal nerve endings with ghrelin receptors in our GERD
model.

In conclusion, impaired ghrelin signaling is involved in gastro-
intestinal dysmotility in GERD rats. Moreover, rikkunshito im-
proves gastrointestinal motility by enhancing the decreased re-
sponse to ghrelin. Improvement of ghrelin signaling may provide
a new therapeutic approach for GERD.
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Abstract: kakunshlto isa kampo herbal medicine which is widely used in Japan for the treatment of the upper gastrointestinal symp-
toms of patients with functional dyspepsia (FD), gastroesophageal reflux disease (GERD), dyspeptic symptoms of postgastrointestinal
surgery patients, and chemotherapy-induced dyspepsia in cancer patients, Recently, very unique characteristics of rikkunshito have been
unveiled; oral administration of rikkunshito potentiates orexigenic action of ghrelin through several different mechanisms. In addition,
several lines of evidence obtained from both anima! and human studies indicate that rikkunshito oan be an attractive and promising thera-
peutic option for the anorectic conditions including cisplatin-induced dyspepsia, anorexia of aging, stress-induced hypophagia, cancer
cachexia-anorexia syndrome. In this review, we will highlight what is known about the orexigenic effect of rikkunshito with a special fo-

cus on an interaction with ghrelin signaling system:

Keywords: Rikkunshito, ghrelin, GHSR 1, serotonin 2B-receptot, serotomn 2C-receptor, phosphodlesterase 3, carboxylesterase, butyrylcho-

linesterase.

1. INTRODUCTION

Rikkunshito is a kampo herbal medwme which is prepared by
compounding eight herbal medicines: Atractylodis Lanceae Rhi-
zoma, Ginseng Radix, Pinelliae Tuber, Hoelen, Zizyphi Fructus,
Aurantii Nobilis Pericarpium, Glycyrrhizae Radix and Zingiberis
Rhizoma [1,2]. Rikkunshitois widely used in Japan for the treatment
of the upper gastrointestinal symptoms of patients with functional
dyspepsia  (FD)[3-5] and gastroesophageal reflux disease
(GERD)[6-8], chemotherapy-induced dyspepsia in cancer patients
[9,10], and dyspeptic symptoms of postgastrointestinal surgery
patients [11] (Table 1).

Recently, it was shown that oral administration of rikkunshito
stimulates secretion of the orexigenic peptide, ghrelin, in rodents
and human. [12-14]. More recent evidence suggests that rikkunshito
enhances ghrelin’s oremgemc effect by several additional mecha-
nisms [15-17]. In this revxew, we will discuss the currently avail-
able literature on the orexigenic effect of rikkunshito with a special
attention to an interaction with ghrelin signaling system.

2. CLINICAL APPLICATION OF R]KKUNSHITO

Rikkunshito is used to treat various gastromtestmal tract disor-
ders, such as FD, GERD, dyspeptic symptoms of post-
gastrointestinal surgery, and chemotherapy-induced nausea.

2.1. Functional Dyspepsia
In a double-blinded, randomxzed placebo~controlled trial of
rikkunshito, gastric emptying and gastrointestinal symptoms were
evaluated in 42 patients with FD [3]. Subjects were randomized to
receive either oral treatment with 2.5 g rikkunshito three times daily
or placebo. Gastric emptying was measured by the acetaminophen
absoiption method. After 7 days of treatment, gastric emptying was
significantly accelerated and gastrointestinal symptoms were sig-
nificantly reduced in patients treated with rikkunshito, indicating
that rikkunshito has a prokinetic action on gastric emptying and
" may be useful in treating FD. Recently, Arai ¢t al. [4] conducted a
randomized controlled study to compare the effects of rikkunshito
and domperidone on upper gastrointestinal symptoms as well as
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plasma acylated ghrelin levels in patients with FD, Although the
changes in dyspeptic symptoms scores were comparative in both
groups, elevation of plasma acylated ghre]m level was noted only in
rikkunshito-treated group. Of particular interest, the 1mprovement
of dyspeptic symptoms by rikkunshito was correlated with an in-
crease of plasma ghrelin level.

2.2, Gastroesophageal Reﬁl;x Disease

~ In recent years, rikkunshito has been used to treat symptoms of
gastroesophageal reflux disease (GERD), and reporis of its efficacy

- have been published [6,7]. In children with symptomatic GERD,

rikkunshito relieved symptoms and reduced distal esophageal acid
exposure through improved esophageal acid clearance, Although
rikkunshito did not change the number of acid reflux events, it te-
duced the esophageal acid clearance time, The mechanism underly-
ing the improved esophageal clearance capacity with rikkunshito
remains nnknown.

" Recently, Tominaga et al, [8] compared the efficacies of 1ik-
kunshito combined with rabeprazole (RPZ) and a double dose of
RPZ in a prospective randomized multicenter trial in PPL-refractory
GERD patients. One hundred and four patients with GERD symp-
toms remaining after 4-week treatment with RPZ were enrolled.
Four-week treatment with rikkunshito combined with RPZ signifi-
cantly decreased FSSG (the frequency scale for the symptoms of
GERD) score similar to that seen on treatment with a double dose
of RPZ. In the subgroup analysxs, the improvement rate of male
non-erosive GERD patients in the rikkunshito group was signifi-
cantly greater than that of such patients in the other group. From
these results, it was concluded that rikkunshito combined with stan-
dard-dose RPZ therapy may be a useful new strategy for PPI refrac-
tory GERD patients,

2.3. Cancer Patients Treated with Chemotherapy

It was reported that rikkunshito administered in combination
with granisetron, an anti-emetic drug, was useful in alleviating the

" anorexia and vomiting occusting as adverse reactions to anticancer

drugs in patients with advanced breast cancer [9].

Very recently, Ohno et al. [10] conducted a randomized cross-
over study to investigate the effects of rikkunshito on ghrelin secre-
tion and on cisplatin-induced anorexia in humans. Ten unresectable
or relapsed gastric cancer patients receiving combined chemother-
apy with S-1 plus cisplatin were analyzed. The primary endpoint
was the amount of oral intake, and the categories of scales of ano-
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Table 1.
References
Human sudies

Functional dyspepsia (7.5 g/day, P.O) {3), [41. (5]
Gastroesophageal reflux disease (7.5 g/day, P.0.) {6}, [71,181
Chemotherapy-induced anorexia (7.5 g/day, P.0.) {91, [10},[16)
Postoperative dyspepsia (7.5 g/day, P.O.) {11} [21]
Anoxexia of aged patients (7.5 g/day,P.O) {22}
Depression (7.5 g/day, P.O) [23]
SSRi-induced dyspepsia (7.5 g/day, P.O.) [24]

Animal studies

Cisplatin-induced tmorexié (rats, 500, 1000mg/Kg, P.O.)

[13], (15}, [72]

SSRI-induced dyspepsia (rats, éSO, 1000mg/Kg, P.O.)

Anorexia of aging (mice, 1000mg/Kg, P.O.) [102]
Novelty stress {mice, 250, 500mg/Kg, P.O.) {139])
Cancer anorexia—cachexia syndromé (rats, 1000mg/Kg, P.O.) [16]

{164]

rexia, nausea, and vomiting; secondary endpoints included the
plasma concentration of acyl-ghrelin. In the rikkunshito-on period,
no decrease of the plasma concentration of acyl-ghrelm induced by
cisplatin was observed, The average oral intake in the rikkunshito-
on period was significantly Iarger than that in the rikkunshito-off
period, and the grade of anorexia was significantly lower in the
rikkunshito-on period than in the Rikkunshito-off period. These
results suggest that rikkunshito prevented the chemotherapy-related
anorexia by sustaining the blood level of acyl-ghrelin,

In a recent study, Fujituska e? al, [16] reported that the median
survival of pancreatic cancer patients treated with gemcitabine was
prolonged by the addition of rikkunshito, particularly for those with
ascites, This suggests that rikkunshito may be useful in clinical
practice for cachectic cancer patients,

2.4. Postnperative Dyspepsia

Yagi et al. [11] evaluated the effect of rikkunshito on symptoms
and gastric myoelectric activity in dyspeptic pediatric patients
‘whose symptoms persisted for over 1 year after gastrointestinal
surgery. With the administration of rikkunshito, all patients exhib-
ited symptomatic relief and a significant decrease in mean symptom
scores that were sustained over a 1-month period, The coordinating
and stimulating effect of rikkunshito on the gastric myoelectric
activity therefore seems to play an important role in the reduction of
dyspeptic symptoms.

Pylorus preserving gastrectomy (PPG) is now being apphed to
early gastric cancer to avoid the dumping syndrome and to reduce
bile reflux and maintain normal mucosal integrity of the remnant
stomach [18]. The patients with PPG had been reported to have
better QOL than those with distal gastrectomy because of a de-
crease in dumping related symptoms, However, some patients still
suffer from dyspeptic symptoms such as epigastric fullness, nausea,
dnd vomiting due to delayed gastric emptying [19]. Although
prokinetic agents including erythromycin, cisapride, metoclopra-
mide, and domperidone, theoretically accelerate gastric emptying
and alleviate symptoms after PPG [20], these drugs lack snpporting
evidence of positive effect, Takehashi ef al. [21] examined the

clinical effects of rikkunshito on patients who were to undergo
PPG. The results indicated that rikkunshito accelerated emptying of
solid meals from the remnant stomach and decreased postoperative
stasis-related symptoms. Thus, rikknnshito may improve the post-
operative QOL of patients undergoing PPG.

2.5. Anorexia of Aged Patients

Utami et al. [22] catried out oral administration of rikkunshito
to elderly dementia patients with appetife loss, and examined its
effects on food intake. Food intake, weight, total protein, albumin
and potassium in plasma were examined before and after the ad-
ministration of rikkunshito for 4 weeks. Food intake was signifi-
cantly improved after the administration of rikkunshito in the six
elderly dementia patients. Other parameters, such as body weight
and albumin in plasma, did not change significantly during the ex-
amination, although they slightly increased in some patients,

Profoundly handicapped patients with delayed gastric emptying.

2.6, Depression

Rikkunshito, a gastrointestinal function regulatory kampo
medicine, has recently been evaluated for its clinical usefulness in
stress and depression [23]. This medicine has modulatory effects on
the hypothalamo-pituitary-adrenal (HPA) axis and autonomic nerv-
ous function, It regulates adrenocomcatmplc hormone (ACTH) and
cortisol levels in plasma to normal ranges in FD [23]. Some abnor-
malities of gastrointestinal function are presumed to result from
changes in hormone levels. Moreover, the berbal components of
rikkunshito, P. tuber and Zingiberis rhizome, have modulatory ef-
fects on human plasma adrenocorticotropic hormone (ACTH) and
cortisol levels with continual stress exposure [23].

2.7. Selective Serotonin Reuptake Inhibitor-induced Dyspepsia

Upper gastrointestinal symptoms such as nausea and vomiting
are common adverse events associated with selective serotonin
reuptake inhibitors (SSRIs), and may result in discontinuation of
drug therapy in patients with depressive disorders, Oka ef al, [24]
conducted a randomized controlled study to determine if rikkun-
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shito reduces gastrointestinal symptoms in depressed patients
treated with fluvoxamine. Fifty patients with depressive disorder
were randomly assigned for the treatment with fluvoxamine alone
or fluvoxamine in combination with rikknnshito for eight weeks.
The number of patients who complained of gastrointestinal adverse
events was significantly lower in the fluvoxamine plus rikkunshito
group than that in the control group. This suggests that rikkunshito
reduces fluvoxamine-induced adverse events, especially nausea,
and improves quality of life (QOL) of the patients.

3. MECHANISM OF ACTION OF RIKKUNSHITO

In addition to the enhancement. of ghlelm secretmn, there are
several other mechamsms responsible for the effects of rikkunshito
on gastrointestinal function (Table 2). Rikkunshito was reported to
promote gastric emptying in both animal and human studies
[3,5,25-27]. Hesperidin and L-arginine were identified as two of the
active ingredients contributing to facilitate gastric emptying [25].
Rikkunshito stimulates gastric myoelectric activity [11], inhibits
stress-induced decreases in gastric accommodation in humans:[28],
and promotes gastric adaptive relaxation in isolated guinea pig
stomachs [29]. Direct effects of rikkunshito on gastrointestinal
smooth muscle cells were also reported [30-32). Rikkunshito was
reported to inhibit gastric mucosal damage cansed by absolute etha-
nol [33], to protect small intestinal cells by inducing HSP-60 [34],
and to improve the barrier function of esophageal mucosa [35].
Moreover, rikkunshito reportedly enhances insulin secretion and
reduces the plasma levels of free fatty acids after taking solid meals
[36]. Given that there is an intimate relation between ghreﬁn and
insulin secretion [37], further studies are warranted to examine the
effect of rikkunshito on glucose and/or lipid metabohsm in more
detail,

4. GHRELIN AS AN OREXIGENIC HORMONE

Ghrelin is a peripherally active orexigenic gut hormone. In
1999, ghrelin was identified in gastric extracts as an endogenous
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ligand of the orphan growth hormone secretagogue receptor type la
(GHS-R1a) [38-40]. Several studies have provided evidence that
ghrelin is involved in the hypothalamic regulation of energy ho-
meostasis by increasing food intake and reducing fat utilization [41-
43] Plasma levels of ghrelin rise during fasting, and fall upon eat-
ing, which has led to the suggestion that ghrelin is a meal-initiating
hormone [44] Plasma levels of ghrelin are inversely correlated with
body weight in humans and rise after weight loss [45]. Besides to
the regulation of energy homeostasis, ghrelin mediates an increase
in gastric motility, induces a positive inotropic effect on the heart
and causes vasodilatation [46,47].

Ghrelin is consisting of 28 amino acids, and the third N-
terminal amino-acid serine (Ser) residue is octanoylated. This modi-
fication is essential for interacting with the GHS-R receptor, which
is important for molecular recognition [48], Furthermore, this n-
octanoyl group may confer hydrophobicity upon the N terminus of
ghrelin allowing it fo enter the brain bamrier to target the hypo-
thalamus/pituitary system [49]. Recently, two different research
groups identified the enzyme responsible for catalyzing the addition
of the octanoyl group to ghrelin. The Ghrelin O-Acyltransferase
(GOAT) is one of 16 members of the family of membrane-bound
O-acyl transferases (MBOAT) that specifically octancylates Ser of
the ghrelin peptide [50,51].

Ghrelin receptor, or GHS-R, is a typical G-protein coupled
receptor with seven transmembrane domains (7-TM) and coupled to
a Gg/l11a subuait. [52]. Ghrelin acts on the GHS-R and activates
phospholipase C to generate inositol trisphosphate (IP3) and dia-
cylglycerol, resulting in an increase of intracellular Ca2+. Recent
experiments in GHS-R1a knockout mice showed that GHS-R1a is
essential for ghrehn-medlated stimulation of growth hormone (GH)
secretion and orexigenic effects [53], It has been demonstrated that
GHS-R1a is also expressed in other central nervous system (CNS)
areas and peripheral tissues, where ghrelin is also expressed, sug-
gesting that ghrelin possesses many others effects besides the re-
lease of GH and the stimulation of food intake, In fact, numerous

Table2. Putative Mechanisms for Orexigenic Action of Rikkunshito
References
Human‘studies
Accelerate gastric emptying 31, [5). [27]
Promote gastric myoelectric astivity ]
Inhibit stress-induced decreases in gastrio accommodation [28]

Elevate plasma level of aéylated ghrelin

(4], {10}, [12]

Animal studies
Accelerate gastric emptying {25), [26]
Promote gastric adapti\?e relaxation [29]
Relax gastrointestinal smooth muscle {301, [31]
Elovate plasma level of acylated ghrelin [12], (131, [17]
Enhance hypothalamic ghreélin secretion ' [72]
Tnorease hypothalamic GHS-R1a gene expression [15)
Antagonize 5-HT2B and 5-HT2C receptors [13]
Inhibit PDE3 {102)
Inhibit CES, BuChE a7
Enhance GHSR1a signaling [16]
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studies have shown that ghrelin also affects glucose homeostasis,
gastrointestinal, cardiovascular, pulmonary and imtune function,
cell proliferation and differentiation [39,40,47,54].

Abont two-thirds of circulating ghrelin are produced by X/A-
like cells in the oxyntic mucosa of the stomach, while most of the
remainder originates in X/A-like cells of the small intestine {55].
Lower amounts of ghrelin are also produced in other organs, such
as pancreas, kidney, placenta, lymphatic tissue, gonads, thyrcld
adrenal, heatf, lung, eye, pituitary and hypothalamus, and in various
neoplastic tissues and cancer-cell lines [39.40,47,56). In the central
nervous system, ghrelin and its receptor are mainly expressed in the
hypothalamus as well as in many other areas [57,58]. Peripheral
ghrelin binds to its specific growth hormone secretagogue receptor
(GHS-R) at the end of the vagus nerve around the stomach. The
ghnehn signal is transmitted to-the nucleus tractus solitarius (NTS)
via the vagus nerve and stimulates neuropeptxde Y (NPY)/agouti-
related protein (AGRP) neurons of the arcuate nucleus (ARC) via
the noradrenaline nexve, which increases appetite [42, 59].

Multiple studies have shown that intravenous infusion of ghre-
lin in humens increases food intake [60-62], thus supporiing its
relevance in food intake behaviour. In addition, several studies
reported an increase in the palatability of the food after receiving
ghrehn infusion [61,63], Infusion of ghrelin into subjects with appe-
tite loss due to cancer [64] increased energy intake by 31% at a
subsequent buffet meal, These observations have led to the sugges-
tion that ghrelin or ghrelin receptor agonists might become a useful
human therapeutic-for those disorders, :

5. CISPLATIN-INDUCED ANOREXIA
5.1, Cisplatin-induced Anorexia and Ghrelin

Patients with cancer being treated with cytotoxic drugs such as
cisplatin often experience a number of undesirable side-effects
which include acute and delayed nausea, vomiting, anorexia, dys-
pepsia, and dxsrupted gastrointestinal function [65,66]. While sev-
eral antiemetics including serotonin (5-HT) 3-receptor antagonist

and neurokinin-1 (NK-1) receptor antagonists have been introduced

for treating gastrointestinal symptoms associated with cisplatin vse
[65,66], these symptoms continue to be major contributors to the
reduced patients’ quality of life,

Recent evidence has demonstrated the relationship between
chemotherapy-induced gastrointestinal disorders and ghrelin in both
clinical [10,67-69] and animal studies [13,15,70-72). Shimizu ef al.

[67] found that an increase in plasma ghrelin concentrations in pa- -

tients with a reduction of food intake after the start of anti-cancer
chemotherapy, while there was no change in the plasma concentra-
tions of ghrelin in patients without a reduction of food intake. On
the other hand, recent study conducted by Ohno ef al, [10] showed
that the plasma concentration of acylated ghrelin was decreased in
patients with gastric cancer receiving combined chemotherapy with
S-1 plus cisplatin, Similar results were obfained in a study where
patients with esophageal cancer were treated with cisplatin-based
neoadjuvant chemotherapy [68]. Plasma total ghrelin significantly
decreased at days 3 and 8 of chemotherapy, and the adverse events
including neutropenja and “anorexia were associated with low
plasma ghrelin levels [68]. More recently, the same study group
conducted a prospective, randomized trial to evaluate the effects of
exogenous ghrelin during cisplatin-based chemotherapy for patients
with esophageal cancer, showing that food intake and appetxte
scores were significantly higher in the ghrelin-treated group than in
the placebo group [69].

In animal studies, we and others reported that circulating ghre-
lin concentrations are reduced in cisplatin-freated rats until 6 h dur-
ing the early stage of anorexia [13,72]. However, in another study,
it was reported that the plasma level of acylated ghrelin retirned to
a notmal level 24h after a single administration of cisplatin, al-
though the decrease in food intake lasted more than 48 h {15,72]. In
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line with this, Malik ef al. [73] reported an increase in the plasma
level of acylated but not des-acylated ghrelin in rats treated with
cisplatin. They suggested that an increase in circulating gheelin in
clsplatm-treated rats may be an adaptive response to protect them
against a toxic challenges to the gut.

Intrapentonea} injection of 5-HT decreased the 24-hour food
intake and the plasma acylated-ghrelin level in a dose-dependent

- manner [13]. This result suggests that the cisplatin-induced reduc-
_ tion in the plasma level of acylated-ghrelin may be mediated via a

release of 5-HT from the gastrointestinal tract mucosa triggered by
cisplatin. Indeed, a 5-HT2B-receptor agonist BW723C86, and a 5-
HT2C agonist m-chlorophenylpiperazine HCI (mCPP) markedly
decreased plasma acylated-ghrelm levels and increased intragastric
ghrelin content suggesting that S-HTZB/2C—reoeptor stimulation
inhibits the release of gastric ghrelin into the circulation [13]. In
contrast, S-HT3 and 5-HT4 agonists had no effect on ghrelin dy-
namics, 5-HT2B and 5-HT2C antagonists suppressed the cisplatin-

- induced decrease of plasma acylated-ghrelin level and food intake

[13]. These results strongly imply that activation of 5-HT2B and 5-
HT2C-receptors, but not 5-HT3 and 5-HT4 receptors, play an im-
portant role in the decrease in plasma ghrelin level in cisplatin-
induced anorexia. Of note, granisetron used in this study clearly
inhibited delayed gastric emptying after cisplatin treatment, but it
failed to improve cisplatin-induced anorexia [13,72]. The results of
our study also suggested that cisplatin-induced emesis and anorexia
may develop by different mechanisms, where 5-HT3 receptor may
be involved in cisplatin-induced emesis, whereas 5-HT2B/2C re-
ceptors may be involved in anorexia, Interestingly, administration
of 5-HT2B or 5-HT2C receptor antagonists had no effect on plasma
acyl- or desacyl-ghrelin levels in normal rats (our unpublished ob-
servation), suggesting that the regulation of ghrelin secretion under

. normal conditions is unaffected by 5-HT2B or S-HT2C activation.

The 5-HT2B receptors mainly are distributed peripherally [74],
while the expression of 5-HT2C receptors is restricted to the central
nervous system [75]. When the connection between the peripheral
and central regions was dissociated by vagotomy, mtrapentoneal :
injection of cisplatin still cavsed a significant reduction in the
plasma acylated-ghrelin level suggesting that the control of the
plasma acylated-ghrelin level may occur within the peripheral tis-
sues in the rats administered cisplatin [13).

Penpheral administration of exogenous ghrelin ameliorates
anorexia [13,70] and vomiting [71] induced by cisplatin. Admini-
stration of exogenous ghrelin has been shown to have the potential
to reduce each of these symptoms in relevant animal models treated
with clsplatm as an exemplar cytotoxic agent: emesis in the ferret
{‘71], anorexia in the rat and mouse [70]; delayed gastric emptying
in the mouse [70]. Studies in cancer patients with 1mpa1red appe-
tites have shown that ghrehn administration can increase energy
intake and meal apprec:atmn of abuffet meal {76].

Yakabi et al, [72] examined the changes of hypothalamic ghre-
lin secretion in cisplatin-treated rats to elucidate the mechanism
underlying chemotherapy-mduced delayed anorexia. Although
ghrelin secretion in the hypothalamus did not decrease within 24 h
of cisplatin administration, it started to decline significantly after 24
h and continued to dectease at least until 48 h, while their plasma
ghrelin levels were comparable [13,72].

Given that 5-HT concentrations in the hypothalamus increases.
in cxsplatln-treated rats [77], and that 5-HT2C receptor is reportedly
expressed in proopxomelanocortm neurons in the hypothalamus [78]
which is the major site of its anorexigenic action, it should be rea-
sonable to assume that the activation of 5-HT2C receptor is in-
volved in cisplatin-induced anorexia, Yakabi ef &/, [72] showed that
hypothalamic 5-HT2C recepior gene expression in cisplatin-treated
rats increased significantly, whereas that of $-HT2A, 5-HT2B, and
5-HT3 receptors did not. Administration of mCPP, a 5-HT2C re-
ceptor agonist, inhibited hypothalamic ghrelin secretion. Intracere-
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broventricular (i.c.v.)-administered 5-HT2C antagonist SB242084
prevented a decrease in secretion of hypothalamijc ghrelin in cis-
platintreated rats, but granisetron, a S-HT3. antagonist, or
WIN51708 hydrate, a nonpeptide NK-1 antagonist, did not [72].
These results indicate that the reduced ghrelin secretion in the hy-
pothalamus secondary to 5-HT2C receptor activation may be in-
volved in cisplatin-induced anorexia.

In another study, Yakabi f al. [15] demonstrated that hypotha-
lamic- GHS-R1a gene expression was significantly reduced after
cisplatin or mCPP freatment and this change was reversed by the
treatment with 5-HT2C receptor antagonist, SB242084, but not
with 5-HT3 receptor antagonists. 5-HT2C receptor antagonist also
suppressed. cisplatin-induced delayed anorexia. l.c.v. injection of
GHS-R1a antagonist to saline or cisplatin-treated rats significantly
reduced food intake compared with those injected with saline alone,
and this inhibitory effect was abolished by the coadministration of
5-HT2C receptor antagonist. From these results, it was suggested
that delayed-onset anorexia induced by cisplatin may be partly me-
diated by the activation of the hypothalamic 5-HT2C receptor and
the resultant suppression of hypothalamic GHS-Rla gene expres-
sion as well as decreased ghrelin secretion in the hypothalamus,

§,2. Effect of Rikkunshito on Cisplatin-induced Anorexia

Rikkunshito ameliorated the decrease in circulating ghrelin
concentration and this effect was abolished by coadministration of a
-GHS-R1a antagonist, [D-Lys*]-GHRP-6 [13]. This finding suggests
that the mechanism of improvement of anorexia by rikkunshito may
involve ghrelin receptor activation. Moreover, Yakabi et al. [72]
found that rikkunshito reversed the decrease in hypothalamic ghre-
lin secretion and the decrease in GHS-R1a gene expression 24h
after cisplatin treatment. Le.v, injection of the GHS-R1a antagonist
impedes the rikkunshito-mediated improvement in cisplatin-
induced anorexia [72]. Hence, it seems likely that rikkunshito ame-
liorates cisplatin-induced anorexia by restoring ghrelin secretion
and GHS-R1a expression in the hypothalamus, Collectively, rik-
kunshito suppressed cisplatin-induced anorexia by improving ghre-
1in signal transduction system by both the peripheral and the central
mechanisms, : v

The induction of ghrelin secretion by rikkunshito is supposed to
be based on the 5-HT2B/2C—receptor antagonism owing to muitiple
active ingredients. We screened 33 compounds contained in rikkuri-
shito and found that 13 out of 33 compounds showed antagonistic
activity against binding to any of 5-HT 1A, 1B/D, 24, 2B, 2C, 3, 4,
6, and 7 receptors [13]. Among them, heptamethoxyflavone, no-
biletin, and tangeretin contained in Awurantii nobilis pericarpium
bad potent 5-HT2B-1eceptor antagonistic activity. The inhibitory
activity of hesperidin against the 5-HT2B receptor was weak, but
the concentration of hesperidin in rikkunshito is the highest among
‘the ingredients tested. In addition, isoliquiritigenin, which is an

ingredient of Glycyrrhizae radix, had the most potent activity

against the 5-HT2C receptor binding, Our study indicated that the
administration of heptamethoxyflavone, isoliquiritigenin, and hes-
peridin attenuated the decrease in plasma ghrelin level, while tao-
geretin, nobiletin, and 8-shogaol did not. This suggested that the
ingredients that inhibit 5-HT2B /5-HT2C-receptor binding are
likely to be effective in vivo. '

6. ANOREXIA OF AGING
6.1. Anorexia of Aging and Ghrelin

In the elderly subjects, the reduction in energy intake often
exceeds energy expendifure resulting in weight loss and protein
energy malnuirition [79-83]. Protein energy malnutition in the
elderly is a frequent and clinically important problem, which leads
to increased morbidity, mortality, disability and health costs in this
growing population. One of the most important causes of the reduc-
tion in energy intake is anorexid [80,82). The causes of the anorexia
of aging have not yet been fully defined, they are probably multi-
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factorial and include sensory impairment, social isolation, psycho-
logical and physiologic factors, in addition to the presence of dis-
ease [79-83]. To date, effective therapy for anorexia in older people
has niot been established.

Food intake is regulated by numerous factors of both central
and peripheral origin which interact to determine a feeding re-
sponse. In animal studies, levels of NPY and AGRP in the hypo-
thalamus are altered with aging [84-87], while no change or de~
crease in hypothalamic proopiomelanocortin (POMC) and a de-
crease in cocaine- and amphetamine regulated transeript (CART)
with aging have been observed [86,88-90].

Although many peripheral encrexigenic hormones including
cholecystokinin, leptin, and insulin have been found to rise with
increased age [91], findings for ghrelin are controversial [92-95].
Most of the human studies indicated that ghrelin secretion and ghre-
lin-induced GH secretion decreased in elderly people compared to
younger subjects [92,96]. In a recent study, Schneider ef al. [97]
found no increase in ghrelin levels in malnourished eldesly subjects
compared to well-nourished eldetly ones, which suggests that hun-
ger may be suppressed during the postprandial period in aged popu-
lation. In another study, it was found that fasting acylated ghrelin is
lower in elderly subjects and the postprandial acylated ghrelin curve
remains low and flat after a meal [98]. Moreover, Serra-Prat ef al.
[99] found that advanced age determines a poorer ghrelin post-
prandial recuperation phase, a reduced cholecystokinin (CCK)
postprandial response, and an exaggerated postprandial insulin
release, Of note, a loss of ghrelin prandial rhythm was present in
old frail persons [99]. All of these findings suggest that disturbance
of regulation of ghrelin secretion and réduced production during
hunger and satiety may cause “anorexia of aging” in elderly people.

In contrast to human data, several lines of animal studies have
revealed that plasma ghrelin concenfrations and stomach ghrelin
contents in aged rats are significantly higher than in young rats
[100]. Sun et al. [95] found a gradual increase in plasma acylated
ghrelin in older mice, although the plasma acylated/deacylated ratio
showed a tendency to decline in these mice compared to younger
ones. Contrary to these findings, however, Wolden-Hanson {101]
reported that fasting failed to induce increased ghrelin in aged ani-
mals. The reason for these conflicting data seems to be owing to the
differences in their experimental conditions (fasting or freely fed,
daytime or night) under which the plasma ghrelin concentration was
measured. Indeed, our group found that plasma ghrelin in aged
C57BL/6 mice does not increase under fasted conditions, but is
higher than that in young mice under freely fed conditions [102].
This suggests that regulation of ghrelin secretion ffom the stomach
may be disturbed in older mice.

In a previous study, Axiyasu ef al. [103] reported that subcnta-
neous injection of ghrelin (360 ug/kg twice a day) enhanced food
intake in 72-hour fasted and aged mice and restored the decrease in
body weight caused by fasting. Contraty to their data, we recently
found that much lewer dose of ghrelin (33 pg/kg) failed to increase
food intake in 75-wk-old mice, whereas the same dose of ghrelin
had an orexigenic effect in young mice [102], suggesting that aging
is associated with attenuation of endogenous ghrelin signaling.
Collectively, it seems that dysregulation of ghrelin secretion as well
as ghrelin resistance in the appetite control system is occuiring in
aged mice. Although the detailed mechanisms of distarbed ghrelin
dynamics remain unclear, one of the possible causes seems to be
leptin.

It was reported that fasting leptin or insulin is higher in eldesly
people than in the young ones. The detailed mechanisms of dis-
furbed regulation of ghrelin secretion remain unclear, but it has
been shown that unbalanced serum leptin and ghrelin dynamics
prolong postprandial satiety in the eldesly [98], .

We have found that plasma leptin and insulin levels in aged
mice are significantly higher compared to those in young onés
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[102]. Leptin and insulin are reported to inhibit ghrelin secretion
from the stomach into the circulation [104], hence elevated. leptin
and insulin in the elderly may contribute to inhibition of secretion
of ghrelin during fasting, resniting in prolonged satiety and inhibi-
tion of hunger sensation,

It has been reported that leptin suppresses the ghrelin-induced
activation of NPY neurons [105]. Moreover, leptin ‘activates the
phosphoinositide 3-kinase (PI3K) - phosphodiesterase 3 (PDE3)
pathway in NPY neurons [106-108]. The activation of PI3K-PDE3
pathway by leptin was recently proposed as a mechanism by which
leptin blocks the activity of ghrelin, and it may counteract the
adenylate cyclase-cAMP-protein kinase A system implicated in the

- effect of ghrelin [105]. Other studies showed that the effect of
leptin was abolished by the administyation of either PDE3 inhibitor
[106] or PI3K inhibitor [107]. We demonstrated that the plasma
leptin level in aged mice was greatly increased under both feeding
and fasting conditions [102]. Furthermore, we found that admini-
stration of either a PI3K inhibitor LY-294002 or the PDE3 inhibitor
cilostamide improved anorexia in aged mice [102]. These results
suggest that plasma leptin, which increases with age, may’induce
resistance to ghrelin reactivity via cAMP down-regulation.

6.2. Effect of Rikkunshito on Hypophagia of Aged Mice

Recently, we demonstrated that the administration of rikkun-
shito improve anotexia of aging [102]. In addition, we found that
rikkunshito increased the reactivity of ghrelin by inhibiting PDE3
activity. The components of rikkunshito (nobiletin, isoliquiritigenin,
and heptamethoxyflavone) had inhibitory effects against PDE3
activity [102]. These results suggest that dysregulation of ghrelin
secretion and ghrelin resistance in the appetite control system oc-
curred in aged mice and that rikkunshito ameliorated aging-
associated anorexia via inhibition of PDE3.

7. STRESS
7.1. Stress and Ghrelin

Stress and. negative emotions have been associated with both
increased and decreased food intake [109]. The mechanism under-
lying this opposed behavioral responses to similar stressors has not
been determined, but high stress levels appear to lead to decreased
eatmg [110].

Conflicting data are available regarding the effect of stress on
ghrelin secretion, In animal studies, elevations in plasma ghrelin
have been observed in response tfo various psychologi-
cal/environmental stressors, including a tail pinch stress, a water
avoidance stress, chronic exposure to cold, repeated restraint stress
and chronic social defeat stress [111-115]. In contrast, exposure to
immune, visceral or strenuous physical stressors causes reduction of
plasma ghrelin level. For example, intraperitoneally administered

LPS has been reported to decrease circulating ghrelin [116-118],

which is mediated by IL-18, prostaglandin and 5-HT2C receptor
dependent mechanisms [119,120]. In another model, abdominal
surgery induced a rapid and long-lasting decrease in fasted plasma
acyl and desacy!l ghrelin levels [121].

In humans, acute psychosocial stress [122,123] or cold expo-
sure [124] increased plasma ghrelin levels, However, there are sev-
eral reports showing that plasma.ghrelin level did not change or
even decreased by an exposure to stresses, For example, recent
study by Zimmerman and colleagues [125] revealed that plasma
ghielin levels of nonnal weight men subjected to the Trier Social
Stress Test did not change when cortisol levels increased. Moreo-
ver, ghrelin levels decreased after drinking alcohol. Another recent
study showed that strenuous physical cycling exercise in healthy
subjects results in a decline in fasted Jevels of acyl-ghrelin while the
- change of desacyl and total ghrelin plasma levels did not [126).

In a study by Ochi ef al. [112], active ghrelin levels in plasma
were not increased in the initial phase (until 24 h) of stress loading,
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although they were significantly higher on day 3 than that in the

" control group. Zheng et al. [113] revealed that the delayed gastric

emptying observed in acute stress loading was completely restored
following repeated chronic stress in rats. They concluded that the
homeostatic adaptation mechanism. may develop in response to
repeated stress involving upregulation of gastric ghrelin secretion
and attenuation of the HPA axis, Collectively, these findings sup-
port the idea that acute or severe stress causes a reduction of circu-
lating ghrelin level resulting in the suppression of appetite, whereas
mild or chronic repeated stress canses an upregulation of ghrelin
secretion as an adaptation to stress. In support of this notion, Lutter
el al, [111] found that increased ghrelin levels produced anxiolytic
and antidepressant responses in mice. suggesting that increased
ghrelin in response to stress protects against depressive reactions to
stress and helps them cope with stress,

Corticotropin-releasing factor (CRF) and its family peptides,
urocortinl (Ucenl), urocortin2 (Ucn2) and urocortin3 (Uen3), play
an important yole in the control of food intake [127]. Among the
CRF family peptides, Uenl was shown to have the most potent
inhibitory effect on the food intake in mice, Uenl has been identi-
fied in the brain and has a higher affinity for CRF2 receptors
(CRFR2) than for CRF1 receptors (CRFRI) [128], hence it is be-
lieved that CRFR2 plays the major role in satiety [129,130].

Activation of CRFR1 in the brain ¢an suppress feeding inde-
pendently of CRFR2-mediated mechanisms. For example, selective
CRFR1 antagonists reverse at least some forms of stress-induced
anorexia {131]. CRF1 and CRF2 receptor-mediated anorexia appear
to exhibit different time-courses; in rats, i.c.v.. administration of
CRFRI1 agonists elicited rapid-onset anorexia with short duxatlon,
while CRFR2 agomsts caused delayed-onset, prolonged anorexia
[132, 133].

There are several reports showing that admjnistration of Uenl
to humang and rodents reduces plasma ghrelin concentrations [134-
136]. Tn addition, Ucnl-induced reduction of plasma ghrelin and
food intake were restored by CRFR2 but not CRFR1 [136]. How-
ever, much less information is available on the relationship between
ghrelin and CRFR1.

Novelty stress model, where animals are removed from their
home cage and placed somewhere they have never been before, has
been used fo estimate the levels of anxiety and depression
[137,138). Using this stress model, we found that fhree hours after
the novelty stress, appetite reductmn was associated with a decrease
in plasma ghrelm level, reduced levels of neuropeptide Y/agouti-

" related pepnde mRNA and increased levels of proopiomelanocortin

mRNA in the hypothalamusg [139] Administering a CRFR1 selec-
tive antagonist, but not a CRFR2 antagonist, resolved the reduction
in food intake 3 h after the novelty stress by enhancing circulating
ghrelin concentrations. Interestingly, 5-HT1B/2CR antagonist and
melanocortin-4 receptor (MC4R) antagonist alleviated the novelty
stress-induced hypophagia and the reduction in circulating ghrelin
Ievel [139]. We hypothesized that acute appetite suppression due to
CRFRI activation after a novelty stress is caused by a chain reac-
tion of appetite control mechanisms medjated by 5-HT1B/2CR in
ARC to MC4R system in paraventricular nucleus (PVN), causing
lowered peripheral ghrelin secretion.

7.2. Effect of Rikkunshito on Novelty Stress Model

Oral administration of rikkunshito inhibited the reduction of
food intake at 1 and 3 h in mice exposed to the novelty stress, and
coadministration of the ghrelin receptor antagonist [D-Lys*]JGHRP-
6 with rikkunshito abolished this effect {139]. Rikkunshito also
increased plasma acyl-ghrelin concentrations at 1 and 3 h after the
novelty stress, suggesting that blocking the decrease in endogenous
peripheral ghrelin in mice exposed to the novelty stress also acts to
sustain feeding behavior, We found that the oral administration of
glycycoumarin and isoliquiritigenin inhibited the reduction in food
intake in mice exposed to the novelty stress {139]. We have previ-
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ously shown that glycycoumarin and isoliquiritigenin potently in-
hibit 5-HT2C receptor ligand binding and that orally administering
rikkunshito abolishes the decrease in food intake in mCPP-freated
1ats [13]. These findings support the notion that rikkunshito im-
proved hypophagia and, decreased plasma ghrelin levels via 5-
HT2C receptor antagomsm~hke action in mice exposed to the nov-
elty stress.

8. CANCER ANOREX[A—CACHEX[A SYNDROME
8. 1. Cancer Anvorexia-cachexia Syndrome and Ghrelin

Cancer anorexia—cachexia syndrome is characterized by .de-
creased food intake, weight loss, muscle tissue wasting and psycho-
logical distress and a lower quahty of life [140,141]. In advanced-
stage cancer, up to 85% of patients experience this syndrome which
contributes to at least 20% of caucer deaths overall [142]. The
weight loss experienced by patients can be severe and is associated
with a worsened prognosis, poorer response to' chemotherapy and
increa_sed morbidity [143]. In addition to metabolic changes,
cachexia is often associated with anorexia. But the lack of nutrients
alone cannot explain the metabolic changes scen in cachexia. In
clinical trials, nutritional supplementation and’ dietary counseling
failed to increase body weight {144], Only limited treatment options
exist for patients with clinical cancer cachexia. Corticosteroids
improve the sensation of well-being and leads to increased food
intake, but this effect lasts only a few weeks [140). Progesterone
such as megestrol acetate cause weight gain [142, 145], but this
gain is resulted only from increased body fat and fluid, with no
change in lean body mass [144]. Moreover, therapy with progester-
one increases the frequency of thromboembolic events (141, 146].
Hence a better understanding of the underlying mechanisms of this
syndrome should be very important in the development of new
therapies to improve quality of life and potentially to prolong sut-
vival in patients with cancer-induced anorexia—cachexia,

Accumulating evidence suggests that anorexia—cachexia is
caused predominantly by cytokines that are either produced by
cancer cells or released by the host immune system in response to
the cancer. [140-142]. Pro-inflammatory cytokines including IL-1§,
IL-6 and TNF-a can be produced by tumor cells, as well as from the
host response to tumor [140-142]. Up to 50% of cancer patients
exhibit evidence of elevated inflammation at diagnosis and the as-
sociated increase in cytokines is strongly implicated in producing
anotexia, at least partly due to action at the central melanocortin
system [147],

CRF is a mediator of the endocrine, autonomic and immune
responses to stress, including anorexia and anxiety-related behavior
[148]. The central 5-HT system has been implicated in the proc-
esses of meal satiation and satiety and hypothalamic 5-HT and CRF
activities are stimulated by proinflammatory cytokines [149]. On
the basis of these findings, it is probable that 5-HT and CRF might
have a role in the pathogenesis of cancer anorexia-cachexia by
modulating central and peripheral mechanisms as part of the siress
response.

Although one recent study reported reduced plasma ghrelin
concentrations in cancer patients [150], cachexia is more frequently
associated with increased circulating ghrelin levels compared to
healthy control subjects or non-cachectic patients with the same
underlying diseases [151, 152]. Increased plasma ghrelin concentra-
tions in cachectic patients could be a compensatory response to
tissue wasting, Alternatively, it might reflect a state of ghrelin resis-
tance. i

* Recently, Fujitsuka ef al. [16] found that plasma acyl-ghrelin
concentrations in tumor-bearing rats were higher than that in free-
fed normal rats, but lower than that in pair-fed normal rats. This
indicates that the compensatory responses to cachectic state includ-
ing upregulation of ghrelin secretion are attenuated in tumor-
bearing rats.
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Use of ghrelin and other GHSR-1a agonists has been tested in
animal models of eancer cachexia [147] and has demonstrated an
increase in food intake, weight gain, and reversal of lean and fat
mass losses [153 -155]. Early trials in cancer patients demonstrated
that administering ghrelin increased appetite [156,157]. Phase I and
11 clinical trial with the orally available, synthetic ghrelin mimetic
RC-1291 have demonstrated increases in body weight and lean
body mass in healthy subjects [158] and in cancer patients [159),
without any dose limiting side effects.

Recent studies have ‘demonstrated that CRF decreased the
plasma level of acyl-ghrelin {16, 139]. Fujituska ef al. {16] found
that CRF receptor antagonist, a-helical CRF improved cancer ano-
rexia-cachexia syndrome in tumor-bearing rais, They also found

"that the administration of 5-HT2C receptor antagonist SB242084

decreased hypothalamic CRF level and improved anorexia, gastro-
intestinial dysmotility and body weight loss in tumor-bearing rats
with: cachexia {16]. In earlier studies, 5-HT concentration in the
hypothalamus was reported to be increased in humans and animals
with cancer [160,161]. -CRF neurons are inveolved in 5-HT-
regulated ghrelin secretion and this pathway has a major role in’
cancer anorexia—cachexia,

Peripheral ghrelin administration stimulates food intake in can-
cer patients [142] in the short term as well as in healthy subjects

(162},

8.2. Cancer Anorexia-cachexia Syndrome and Rikkunshito

In animal model of cancer cachexia, rikkunshito was found to
reduce hypothalamic CRF levels and improve anorexia, gastrointes-
tinal dysmotility, muscle wasting, and anxijety-related behavior
[16]). It was also shown that rikkunshito activated the efferent vagus
nerve, which may be mediated by both the vagal afferent nerve and
the direct central action. Of particular interest, rikkunshito and its
active component, afractylodin, prolonged survival in these animals
{16). In vitro, ghrelin-induced cellular signaling in GHS-R-
expressing cells was enhanced by pretreatment with rikkunshito and
atractylodin which enhance ghrelin/GHS-R binding activity. In
contrast to the effect of rikkunshito, either 5-HT2C recepior an-
tagonist or exogenous ghrelin failed to prolong survival [16]. This
suggests that the sensitizing effect on ghrelin signaling pathway
may be essential for ameliorating ancrexia-cachexia and the pro-
longation of survival. These findings are compatible with the idea
that the physiological functions of endogenous ghrelin are enhanced
by the dual actions of rikkunshito, which involve the stimulation of
ghrelin secretion and the activation of GHS-R activity.

9, SSRI-INDUCED DYSPEPSIA
9.1, SSRI-induced Dyspepsia and Ghrelin

Selective serotonin reuptake inhibitors (SSRIs) are commonly
prescribed to patients with major depression. Upper gastrointestinal
symptoms such as nausea and vomiting are one of the most com-
mon adverse events, and for some patients, dyspeptic symptoms
become critical issues that impair their quality of life and may result
in discontinuation of SSRI therapy [163].

By using a freely moving conscious rat model equipped with
force transducers, Fujitsuka ef al. [150] found that intraperitoneal
administration of SSRIs, fenfluramine or fluvoxamine decreased
plasma level of acyl-ghrelin and changed upper gastrointestinal
motility from a fasted-like pattern to fed-like motor activities simi-
lar to those scen after feeding. These effects on ghrelin and gastro-
intestinal motility were blocked by 5-HT2C receptor antagonist.
Neither melanocortin 4 nor the 3/4 receptor antagonists blocked this
motor effect, although they restored the anorexia induced by SSRIs
suggesting that SSRI-induced anorexia is dependent on a melano-
cortin system [164]. From these results it was concluded that SSRIs
have inhibitory effects on acyl-ghrelin and gastrointestinal motor
activities via an activation of 5-HT2C receptors.
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9.2, SSRI-induced Dyspepsia and Rikkunshito

Concomitant oral administration of rikkunshito with an SSRI
suppressed the decrease in plasma acylated ghrelin, changed the fed
like motor activity to fasted activity, improved anorexia, and en-
hanced gastric emptying [164]. These effects of rikkunshito were
abolished by coadministration of a ghrelin receptor antagonist and
were mimicked by its active mgredxent hesperidin [164]. Given that
hesperidin was shown to interact with 5-HT2C and 5-HT2B recep-
tors [13]. It makes sense that appetite-stimulating effect of rikkun-
shito may be atiributed to its 5-HT2C receptor antagonism.

10. GHRELIN DEGRADAT]NG‘ ENZYME AND RIKKUN-
SHITO

Plasma acylated ghrelin level is regulated by both the secretion
from stomach and the elimination from circulation which includes
degradation of acylghrelin by deacylatmg enzymes. Plasma acy-
lated-ghrelin is rapidly deacylated in a process that is believed to be
primatily mediated by carboxylesterase (CES) in rodents and bu-
tyrylcholinesterase (BuChE) in humans [165],

Rikkunshito administration has been shown to stimulate food
intake and peripheral and central ghrelin secretion in rodents
[12,13,72,139] and humans [12]. Interestingly, it was shown that
oral administration of rikkunshito enhanced circulating acyl-ghrelin
level without a significant effect on the plasma leve] of desacyl-
ghrelin in both normal-fed and cisplatin-treated rats, leading to the
increase in the acyl- to desacyl-ghrelin (A/D) ratio [13]. Further-
more, in human study, it was demonstrated that plasma acyl-ghrelin
level and A/D ratio increased significantly after rikkunshito admini-
stration, whereas desacyl-ghre]in level showed a decleasing trend
[12]. These results raise the possibility that rikkunshito increases
citeulating acyl-ghrelin level by inhibiting its degradation.

To test the hypothesis that some components of rikkunshito
contribute to the inhibition of ghrelin degradation, 48 components
in rikkunshito were screened for inhibitory activity against ghrelin
degrading enzymes such as CES and BuChE [17]. It was found that
eight compourids exhibited inhibitory activity against CES or Bu-
ChE. Among them, 10-gingerol exhibited the lnghest mhlbntory
activity against CES (5.2 pM inhibition constant) in a competitive
manner [17]. In addition, pachymic acid and glycycoumarin were
shown to be competitive inhibitors of BuChE. Furthermore, rikkun-
shito and its component 10-gingerol inhibited the decrease-in
plasma acyl-ghrelin level of exogenously administered ghrelin, and
the CES inhibitor BNPP inhibited cisplatin-induced decreases in
food intake [17]. On the basis of these findings, it is conceivable
that rikkunshito may enhance plasma acyl-ghrelin level, at least in
patt, by inhibiting the circulating ghrelin degrading enzyme.

11.SUMMARY

Because kampo (Japanese herbal) medicines contain multxple
active mgred1ents, it is usnally difficult to disclose its precise
mechanism of action, However, recent progress in our knowledge
abount the unique characteristics of rikkunshito as a powerful orexi-
genic drug, prompted us to investigate the potential mechanism
action much firther. From the clinical point of view, currently
available clinical evidence showing the efficacy of kampo medicine
is very limited. Well-designed randomized, placebo-controlled
studies are warranted fo disclose the merit for the usage of kampo
medicine in a clinical setting.
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