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Motohiro Takeda, Katsura Tsukamoto, Masaya Yamano and Hiroshi Uesaka
Pharmaceutical Laboratory, Sanwa Kagaku Kenkyusho Co., Ltd., Shiosaki 363, Mie 511-0406, Japan

Received July 5, 1999  Accepted August 24, 1999

ABSTRACT—The gastrokinetic activity of SK-951 ((—)4-amino-N-[2-(1-azabicyclo[3.3.0]octan-5-yl)ethyl]-
5-chloro-2,3-dihydro-2-methylbenzo[b]furan-7-carboxamide hemifumarate), a benzofuran derivative with
5-hydroxytryptamine (5-HT)s-receptor agonist activity, was studied in rats and dogs. The effects of SK-951
were also investigated in a model of vagotomy-induced gastroparesis in comparison with cisapride. In rats,
both SK-951 and cisapride enhanced gastric emptying of liquids (phenol red) at a dase of 1-100 mg/kg,
p.o. Gastric emptying of liquid (acetaminophen) in fasted beagle dogs was enhanced significantly by SK-951
(1.0 mg/kg, i.v.), whereas the effect of cisapride (0.2—1.0 mg/kg, i.v.) was not statically significant. Similar
results were found when radiopaque markers were given with standard meal to dogs with vagotomy-induced
gastroparesis. The delayed gastric emptying of radiopaque markers by vagotomy was reversed by SK-951
(1.0 mg/kg, i.v.), whereas cisapride showed no effect at doses from 0.1 to 1.0 mg/kg, i.v. These results in-
dicated that oral and intravenous administration of SK-951 accelerates gastric emptying of both liquids and
solids in animal models. Thus, SK-951 may be a highly potent and useful prokinetic agent in comparison to

cisapride.
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Prokinetic benzamides with 5-hydroxytryptamine (5-
HT),receptor agonist activity such as metoclopramide
and cisapride are widely used in the treatment of gastro-
intestinal tract disorders (1). It has been reported that
cisapride and metclopramide may be useful in patients
with idiopathic gastric stasis (2), vagotomized gastro-
paresis (3) and diabetic gastroparesis (2, 4). Among the
benzamide derivatives examined to date, cisapride (5) and
renzapride (6) have been shown to stimulate gastrointes-
tinal motor activity through enhancement of cholinergic
transmission in experiments with isolated guinea pig gas-
trointestinal preparations (5, 7). Stimulation of 5-HT,
receptors has been shown to evoke the release of acetyl-
choline (ACh) from the guinea pig stomach (8) and to
cause cholinergic and non-cholinergic contraction of rat
gastric fundus (9). The contractile 5-HT, receptors appear
to be mainly located on the excitatory neurons such as the
cholinergic neurons (8, 10, 11). To obtain gastrointestinal
prokinetic drugs with greater potency than the benzamide
derivatives commonly in use, we synthesized and evalu-
ated a series of novel test compounds. We obtained SK-951
((—)4-amino-N-[2-(1-azabicyclo[3.3.0]octan-5-yl)ethyl]-
5-chloro-2,3-dihydro-2-methylbenzo[b]furan-7-carbo-
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xamide hemifumarate), a benzofuran derivative, that is
structurally similar to benzamides, has 5-HT4receptor
agonist properties, and has a gastrokinetic effect similar
to that of cisapride (12).

The present study was designed to compare the pro-
kinetic effects of SK-951 on gastric emptying with those
of cisapride in rats and dogs, particularly in the dogs
with vagotomy-induced gastroparesis.

MATERIALS AND METHODS

Gastric emptying of phenol red in rats

The experiment was performed according to the
method reported by Yokochi et al. (13). Male Wistar rats,
weighing 200—230 g, were fasted for 24 h before the
experiments. SK-951 (0.01-100mg/kg) and cisapride
(0.01-100 mg/kg) in a 5% solution of arabic gum were
orally administered in a volume of 5ml/kg. Thirty
minutes after drug administration, 0.01% phenol red so-
lution (1 ml/rat) was administered orally. Each rat was
sacrificed 15 min after phenol red administration except
those sacrificed immediately for recovery of the whole
amount of phenol red as controls, and the stomach was
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removed. The stomach was cut into several pieces in 10 ml
of 0.1 M Na,HPQ,, and then 1 ml of the rinsed solution
was added to 2 ml of 0.1 M Na,HPO, (S1). The residual
rinsed solution was added to 1 ml of 0.01% phenol red
solution. The solution was mixed and then diluted tenfold
with 0.1 M Na,HPO, (S2). Both S1 and S2 were centri-
fuged (3,000 rpm) for 10 min, and then the absorbance of
each supernatant was measured as OD1 and OD2 at a
wavelength of 560 nm with a spectrophotometer (model
220; Hitachi, Tokyo), respectively. Gastric emptying was
calculated as follows:
Gastric emptying (%) = 100 — (A / B) X 100
A: The amount of phenol red remaining in the
stomach (ug)
=100 —3 X OD1/(10x OD2/3 x OD1 — 1)
B: The whole amount of phenol red recovéred from
the stomach immediately after phenol red adminis-
tration

Gastric emptying of liquid test meal in dogs

Three to four beagle dogs of either sex, weighing 8—11
kg, were used. Animals were treated several times with a
minimum 3-day resting period between treatments. The
experiment was performed according to the method
reported by Harasawa et al. (14). Each dog was fasted for
24 h before the experiment. The dogs were orally given
a liquid test meal (5 ml/kg, Sun-et A; Sanwa Kagaku
Kenkyusho, Nagoya) containing acetaminophen (2
mg/ml). The test meal (1 kcal/ml) contained 65.9%
carbohydrate (corn dextrin), 18.8% protein (casein),
and 15.5% fat (soybean oil). SK-951 (0.04—-1 mg/kg)
and cisapride (0.04-1 mg/kg) in a solution containing
0.1% tartaric acid were injected intravenously into the
sephenous vein immediately after test meal administra-
tion. Blood samples were obtained at 0, 15, 30, 45, 60,
90 and 120 min after test meal administration, and the
plasma concentration of acetaminophen was measured
by high-performance liquid chromatography (HPLC) ac-
cording to a slight modification of the method of Mizuta
et al. (15). Briefly, 0.02 ml of 0.02% caffeine as an inter-
nal standard, 0.2 ml of 0.3 N Ba(OH), and 0.2 ml of 7%
ZnSO, were added to 0.4 ml of plasma, and then the
mixture was shaken for 30s. After centrifugation at
15,000 rpm for 10 min, 0.4 ml of the supernatant was add-
ed to 0.2 ml 1 N HCI and 2.4 ml of ethylacetate, and the
mixture was shaken for 30 s. After centrifugation at 3,000
rpm for 10 min, 2.0 mi of the organic phase was collect-
ed, dried under a stream of N, gas at 37 C, and the residue
was dissolved in 60 1 of methanol. This specimen (10 zl)
was used for HPLC analysis. The chromatographic sys-
tem consisted of a UV absorbance detector at 244 nm
(UV-8020; Tosoh, Tokyo) and a TSKgel ODS 80Ts
column (4.6 X250 mm i.d., particle size: 5 pm; Tosoh).

The mobile phase used had the following composition:
50 mM phosphate buffer, pH 2.5 : methanol = 4 : 1. The
flow rate was maintained at 1 ml/min.

Gastric emptying in vagotomized dogs

" Three male beagle dogs approximately 2-year-old,
weighing 10 to 15 kg, were used. Assays were performed
with animals fasted for 24 h. The animals received 50
barium sulfate spheroids (1.9 mm in diameter, 1.59 ¢
/cm?® density) with a standard meal (60 g: Lab Ration
#4360; Purina, Tokyo). Gastric emptying was measured
by means of X-ray location (VPX-20, 80kV, 160 mA,
0.03 s; Toshiba, Tokyo). Passage of the markers was
monitored every 2 h. Following control recording (Nor-
mal: prevagotomized dog), each animal was subjected
to thoracic vagotomy. The animals were anesthetized
with pentobarbital sodium (Nembutal, 50 mg/kg, i.v.;
Dainabot, Osaka) and placed in the supine position. Un-
der aseptic conditions, the thoracal vagus nerve on the
esophagus was exposed by making a fifth and sixth inter-
costal incision in the right chest, carefully lifted from the
esophagus with a pair of fine forceps, and approximately
1.5 cm of the vagus nerve was removed with fine scissors.
Then, the incision was closed. For three days after sur-
gery, 500 ml of KN (Otsuka Pharmaceutical, Tokushima)
fluid in which 0.5 g of ceftriaxone sodium (Rocephin;
Rosch, Tokyo) for injection was dissolved was infused at
arate of 500 mi/day. The dogs were given pasty meal and
water during the recovery period after surgery. The ex-
periments were started at least 14 days after surgery.

To examine the effects of SK-951 and cisapride on
vagotomy-induced gastroparesis, test compounds were
dissolved in a solution containing 0.1% tartaric acid and
intravenously injected into dogs immediately after oral
ingestion of 50 barium sulfate spheroids with a standard
meal (60 g). Animals were treated several times, with a
minimum 3-day resting period between treatments.
Gastric emptying of controls (postvagotomized dogs) was
recorded every week.

Calculations and statistics

All values are expressed as means+S.E.M. Data were
analyzed by one-way analysis of variance followed by
Fisher’s protected least significant difference procedure.

Drugs and chemicals

The drugs and chemicals used were as follows: SK-951
(Sanwa Kagaku Kenkyusho Co., Ltd.); cisapride (Quim-
ica Sintetica S.A., Madrid, Spain); phenol red Na (Tokyo
Kasei, Tokyo); acetaminophen (Nacalai Tesque, Kyoto).
Other chemicals used were of reagent grade.
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RESULTS

Effects of SK-951 on gastric emptying of phenol red in
rats

SK-951 (1-10 mg/kg, p.o.) enhanced gastric emptying
of phenol red in a dose-dependent manner with potency
similar to that of cisapride (Fig.1). Maximal enhance-
ment was observed at a dose of 10 mg/kg. Higher doses
of both SK-951 and cisapride decreased the enhancing
effect. Both drugs significantly enhanced gastric empty-
ing, but the dose-response relationship seemed to be
bell-shaped.

Effects of SK-951 on gastric emptying of liquid test meal
in dogs

The plasma acetaminophen concentration in a control
study was increased time-dependently and peaked at 45
min (3.261+0.82 pg/ml) after acetaminophen adminis-
tration (Fig.2). Therefore, the plasma acetaminophen
concentration at 15 or 30 min after test meal ingestion
appeared to be a good parameter of gastric emptying.
SK-951 (0.04-1.0 mg/kg, i.v.) increased the plasma acet-
aminophen level in a dose-dependent manner (Table 1).
Cisapride (0.04-0.2 mg/kg,i.v.) tended to increase
the plasma acetaminophen level, but this effect was not
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Fig. 1. Effects of SK-951 () and cisapride (/\) on gastric emptying
in rats. The gastric emptying rate was measured by the phenol red
method. Each drug and 5% gum arabic as a control were orally
administered. At 30 min after administration, 0.01% phenol red
solution was orally administered. Gastric emptying was measured
at 15 min after phenol red administration. Each point and vertical
bar represents the mean+S.E.M. from 9 to 10 rats. *P<0.05,
P <0.01, ¥¥P<0.001: significantly different from the control by
one-way ANOVA followed by Fisher’s PLSD.
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Fig. 2. Time course of changes in plasma acetaminophen concen-
tration after test meal administration. After a 24-h fast, the dogs were
orally administered acetaminophen (10 mg/kg) with liquid test meal
(5 ml/kg). Each point and vertical bar represents the mean=+
S.E.M. from 4 dogs.

significant. Higher doses of cisapride decreased the plas-
ma concentration of acetaminophen.

Effects of SK-951 on gastric emptying of solid radiopaque
markers in vagotomy-induced gastroparesis dogs

In normal (prevagotomized) dogs, the gastric emptying
of radiopaque markers was 82.713.3% at 6 h after solid
meal ingestion. The gastric emptying of radiopaque
markers in the post-vagotomized dogs was 12.2+5.2% at
6 h and was significantly delayed compared with the rate
in normal (prevagotomized) dogs at 4, 6 and 8 h after
solid meal ingestion (Fig. 3).

SK-951 (1 mg/kg,i.v.) significantly enhanced gastric
emptying of solid radiopaque markers compared with the

Table 1. Effects of SK-951 and cisapride on plasma concentration
of acetaminophen after liquid meal ingestion in fasted beagle dogs

Plasma concentration

Treatment ( Hll)go/sfg) n of acetaminophen (ug/ml)
15 min 30 min
Control (0.1% tartaric acid) 4 0.95+0.26 2.71+0.58
SK-951 0.04 3 2.43+0.22 3.72+0.34
0.2 4 3.03+0.45 4.28+0.47
1 4 3.30+0.30%  4.2710.40%*
Cisapride 0.04 3 1.65+0.46 4.02+0.52
0.2 3 2.72+0.86 3.83+0.37
1 4 1.98+0.48 3.2540.37

SK-951 and cisapride were administered intravenously immediately
after the test meal. Each value represents the mean+S.E.M.
*P<0.05, **P<0.01: significantly different from the control (one-
way ANOVA followed by Fisher’s PLSD).
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Fig. 3. Effects of SK-951 (A) and cisapride (B) on the vagotomy-induced gastroparesis in beagle dogs. Test compounds were
intravenously injected into dogs immediately after oral administration of barium sulfate spheroids. Each point and vertical bar
represents the mean=S.E.M. from three dogs. *P <0.05, **P <0.01: significantly different from control by one-way ANOVA
followed by Fisher’s PLSD. <>: normal (prevagotomized dog); 4: control (postvagtomized dog); @: SK-951, 0.1 mg/kg, i.v.;
A: SK-951, 0.3mg/kg,i.v.; l: SK-951, 1.0mg/kg,i.v.; O: cisapride, 0.1 mg/kg,i.v.; /\: cisapride, 0.3 mg/kg, i.v.;

[0: cisapride, 1.0 mg/kg, i.v.

controls (Fig. 3A). Cisapride only tended to increase gas-
tric emptying (Fig. 3B).

DISCUSSION

Prokinetic drugs such as cisapride clearly stimulate
gastric and intestinal contractions in dogs and normal
healthy human subjects, but gastric emptying may not be
enhanced (16, 17). It was therefore a matter of interest to
induce gastroparesis to examine the effects of prokinetic
drugs on gastric emptying. The present study showed that
SK-951 accelerates gastric emptying not only under phys-
iological conditions in rats and dogs but also under con-
ditions of vagotomy-induced gastroparesis in dogs.

Both SK-951 and cisapride facilitated gastric emptying
of liquid meal in normal rats. SK-951 also enhanced
gastric emptying of liquid meal in normal dogs, whereas
cisapride only produced a weak effect that was not
statistically significant. Moreover, SK-951 significantly
reversed the delayed gastric emptying of solid meals in
vagotomy-induced dogs, but cisapride had no effect.

The prokinetic benzamides such as cisapride and
zacopride act as S-HT,-receptor agonists and 5-HTs-
receptor antagonists (18). In vitro studies have shown that
SK-951 is a 5-HT,-receptor agonist and a weak 5-HT;-
receptor antagonist (12). Stimulation of the 5-HT, recep-
tor accelerates the motility of the gastrointestinal tract
and gastric emptying in vivo (19, 20). 5-HT;-receptor

antagonists are able to promote gastric emptying in rats
but not in dogs or in humans (21 -23). 5-HTs-receptor an-
tagonists such as granisetron neither stimulate nor inhibit
gastric emptying in dogs (24). Cisapride was more potent
than SK-951 as an antagonist at 5-HT; receptors in the
guinea pig ileum (data not shown). SK-951 enhanced gas-
tric emptying in both animal species, while cisapride was
more effective in rats, but lacked any apparent effect on
gastric emptying in dogs. The reason why cisapride was
only effective in rats may be due to a more potent 5-HT;-
receptor antagonist.

The present study was performed to estimate the effects
of the agents on the vagotomy-induced canine gastro-
paresis model using barium sulfate spheres with a standard
solid meal. Radiopaque markers have been used in dogs
and humans to study gastric emptying since this is a sim-
ple and highly sensitive procedure for evaluating gastric
motor dysfunction and the effects of prokinetic agents
(25-27). It has been reported that gastric emptying of
indigestible solids is influenced by particle size, and the
markers showed gastric emptying at the same rate as food
when sphere diameter was 1.6 mm to 2.4 mm (28). The
vagus nerve markedly influences the contractile activity of
the stomach. The multiple effects of vagotomy on gastric
motility include alterations of the pressure-volume
relationship of the fundus (29, 30), weakening and dis-
orientation of antral contraction (31), and disruption in
the normal frequency and coupling patterns of the myo-
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electric slow waves (30, 32).

SK-951 significantly reversed gastroparesis, while
cisapride showed no effect on gastric emptying in
vagotomized dogs. The differences in the effects of SK-
951 and cisapride on gastric emptying in rats and dogs
may be due to different emptying patterns. The type of
meal influences the gastric emptying of a meal; a solid
meal is emptied slowly from the stomach, but a liquid
meal is quickly emptied since liquid emptying is regulated
by tonic contractions of the proximal part of the
stomach, whereas the peristaltic activity of the distal part
(antrum) is responsible for solid emptying (33). 5-HT,
receptors have a contractile function in the human gastric
fundus, corpus and antrum (34); rat gastric fundus (9);
and guinea pig gastric corpus (8) and antrum (35). There-
fore, differences in the effects of SK-951 and cisapride on
gastric emptying may reflect the activity of 5-HT4-recep-
tor agonism rather than differences in the test meal and
5-HT;-receptor antagonism. The maximum amount of
ACh released by SK-951 was more than that by cisapride,
as observed in the 5-HT,-receptor mediated contractile
response of the guinea pig ileum (12). Thus, the obser-
vation that the enhancement of gastric emptying in dogs
in response to SK-951 was greater than that induced
by cisapride may reflect the intrinsic activities of these
agents.

In conclusion, SK-951 enhances gastric emptying of
both solids and liquids in different animal models. SK-951
may be useful for treatment of gastrointestinal motor
disorders as a gastrointestinal prokinetic drug.
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