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ABSTRACT: Dietary proteins and trypsin inhibitors are known to stimulate the secretion of the satiety hormone cholecystokinin
(CCK). A potato extract (Potein) contains 60% carbohydrate and 20% protein including trypsin inhibitory proteins. In this study,
we examined whether Potein suppresses food intake in rats and whether it directly stimulates CCK secretion in enteroendocrine
cells. In fasted rats, food consumption was measured up to 6 h after the oral administration of Potein or soybean trypsin inhibitor
(SBTI). CCK-releasing activities of Potein and SBTI were examined in themurine CCK-producing cell line STC-1. Potein inhibited
the trypsin activity in vitro with a potency 20-fold lower than that of SBTI. Oral administration of Potein dose-dependently
suppressed food intake for 1�6 h. Potein, but not the SBTI, dose-dependently induced CCK secretion in STC-1 cells. These results
suggest that Potein suppresses food intake through the CCK secretion induced by direct stimulation on enteroendocrine cells and
through inhibition of luminal trypsin.
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’ INTRODUCTION

Overeating is a prominent contributor to several metabolic
diseases, including obesity and diabetes. Sensations of satiety are
triggered by postprandial gut�brain signals including the secre-
tion of gut hormones and the activation of the vagus nerve.1

Understanding the primary response of “nutrient sensing” in the
gut could aid in the development of orally ingested functional
foods or medicines to modulate appetite.

Cholecystokinin (CCK) is a gut�brain satiety hormone
secreted from the enteroendocrine cells (I cells). It also regulates
gallbladder contraction, pancreatic enzyme secretion, and gastric
emptying.2,3 CCK-A receptor-deficient rats (Otsuka Long-Evans
Tokushima Fatty rats) are a typical model of obesity induced by
overeating.4 The role peripheral CCK plays in satiety is evident
from studies using CCK receptor antagonists and vagotomized
models.5,6

Trypsin inhibitors (TIs) derived from plants as well as synthetic
TIs have been shown to stimulate CCK secretion.7,8 These
compounds protect endogenous trypsin-sensitive CCK-releasing
peptides from proteolytic inactivation in the lumen, allowing the
CCK-releasing peptides to stimulate the release of CCK from the
enteroendocrine I cells. Luminal dietary proteins also protect the
CCK-releasing peptides by competitive inhibition of trypsin.9

However, several studies have demonstrated that luminal dietary
components (proteins, peptides, and fatty acids) directly stimulate
CCK-producing cells to release CCK in pancreaticobiliary-di-
verted rats,10 isolated mucosal cells,11 and the murine CCK-
producing enteroendocrine cell line STC-1.12�15

A previous study in humans demonstrated that boiled pota-
toes have the highest satiety index among several common
foods.16 Potatoes contain several protease inhibitors, including

a trypsin inhibitory protein.17�19 In humans, oral administration
of the potato protease inhibitor reduced energy intake.20 This
result may be explained at least partially by the increase in CCK
secretion that is induced by luminal trypsin inhibition. In
addition, it has been shown that hydrolysates of potato proteins
induced CCK secretion from STC-1 cells.21

A potato extract (Potein) that includes the trypsin inhibitor
protein is coproduced during starch production and is further
used for potato protein production. Because dietary peptides/
proteins including trypsin inhibitor proteins, as well as fatty acids,
are a potent stimulator of CCK secretion,8,10�15 it was expected
that Potein has the potential of stimulating CCK secretion in the
intestine and consequently suppresses food intake. In the present
study, we examined the effect of oral administration of Potein on
food consumption in rats. In addition, we have examined whether
Potein directly induces CCK secretion in the CCK-producing cell
line STC-1.

’MATERIALS AND METHODS

Materials. Potein was produced by Toyo Shinyaku Co., Ltd.
(Fukuoka, Japan). Potein consisted of 4.1% water, 19.9% protein, 59.8%
carbohydrate, 4.2% fiber, 0.2% fat, and 11.8% ash (analyzed by Japan Food
Research Laboratories, Tokyo, Japan). Soybean trypsin inhibitor (SBTI,
type 2) was purchased from Sigma (St. Louis, MO). Other reagents were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
unless specified.
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Pepsin Treatment.11 Potein was suspended (50 g/L) in 0.02 NH3PO4,
and the pHwas adjusted to 1.85 with 20NH3PO4. Pepsin (from porcine
gastric mucosa, Sigma) was added at 0.5% w/w against substrate, and
the suspension was shaken for 10 or 60 min at 37 �C followed by boiling
for 20 min to terminate the reaction.

Pepsin and Pancreatin Treatment. Potein was treated with pepsin for
10 or 60 min as described above but without the heat-inactivation step.
The pH of the suspension was adjusted to 8.2 with Ca(OH)2. Pancreatin
(from porcine pancreas, Sigma) was added at 4% w/w against substrate,
and the suspension was incubated for 2 h at 37 �C followed by boiling
for 20 min to terminate the reaction.

After boiling, the suspensions were neutralized and desalted by centri-
fugation and filtration (0.2 μmpore size). The filtrates were lyophilized and
labeled as Potein digestions.
Measurement of Trypsin Inhibitory Activity. This assay was

conducted using purified trypsin (from bovine pancreas type 1, Sigma)
and benzoyl-L-arginine-p-nitroanilide (BAPA; Peptide Institute, Osaka,
Japan) as the substrate.22 Twenty microliters of the solution of Potein
(0.1�10 mg/mL) and SBTI (0.001�1 mg/mL) was added to 500 μL of
a solution of BAPA solution (400 μg/mL in 5 mMTris-HCl at pH 8.1).
The mixture was warmed to 37 �C. After warming, 200 μL of a trypsin
solution (20 μg/mL) was added, and the mixture was incubated for
10 min at 37 �C. The reaction was terminated by adding 300 μL of 30%
acetic acid, and the absorbance was measured at 410 nm. Trypsin activity
in the absence of inhibitors was expressed as 100% (Figure 1).
Animal Experiments. Male Sprague�Dawley rats (8 weeks old)

were purchased from Japan SLC (Hamamatsu, Japan) and were fed a
semipurified diet containing 25% casein based on the AIN-93G
formulation.23 The diet consisted of 250 g/kg casein, 602.5 g/kg sucrose,
50 g/kg soybean oil, 50 g/kg cellulose, 35 g/kg mineral mixture (AIN-
93G), 10 g/kg vitamin mixture (AIN-93G), and 2.5 g/kg choline
bitartrate. The experiments were performed in a temperature-controlled
room maintained at 23 ( 2 �C with a reversed 12 h light�dark cycle
(10:00 p.m.�10:00 a.m., light period). Rats had free access to the diet
during a 3-day acclimation period and towater throughout the experiment.
The study was approved by the Hokkaido University Animal Committee,
and the animals were maintained in accordance with the guidelines for the
care and use of laboratory animals of Hokkaido University.
Experimental Protocol for Food Intake Studies. Rats were

fed the diet between 9:20 a.m. and 9:20 p.m. and were trained daily by
an oral administration of distilled water through a feeding tube (Safeed
Feeding tube Fr.5, 40 cm; Terumo, Tokyo, Japan) immediately before
the diet was provided. Experiments with test samples were performed
after a stable daily food intake had been obtained.

In the first experiment, 40min before the beginning of the dark period
(9:20 a.m.), water (2 mL of deionized water), SBTI (0.1 g in 2 mL of
deionized water), or Potein (0.1 g in 2 mL of deionized water) was
administered orally through the feeding tube. After test liquids were
administered, the diet was made available to the animals. Food con-
sumption was measured at 1, 2, 3, and 6 h after the oral administration.
The experiment was conducted until each rat received all three treat-
ments. In the second experiment, different doses of Potein (0.2 or 0.4 g
in 2 mL of deionized water) were administered, and food consumption
was measured with the same protocol. In the third experiment, a mixture
of 0.04 g of casein sodium and 0.12 g of potato starch in 2 mL of
deionized water was used as control treatment, which mimicked the
protein and carbohydrate composition of Potein. This control solution
or 0.2 g of Potein was orally administered, and food consumption was
measured as described above. In the fourth experiment, sample (water,
0.1 g of SBTI, or 0.1 g of Potein) was orally administered 2 h before
feeding the diet (8:00 a.m.), and rats were allowed access to the diet
between 10:00 a.m. and 10:00 p.m. Food consumption was measured at
1, 2, 3, and 6 h after the start of feeding.
Cell Experiments. STC-1 cells (a gift from Dr. D. Hanahan,

University of California at San Francisco) were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum, 50 IU/mL penicillin, and 500 μg/mL strepto-
mycin in a humidified 5% CO2 atmosphere at 37 �C. Cells were routinely
subcultured by trypsinization upon reaching 80�90% confluency.

STC-1 cells were grown in 48-well culture plates at a density of 1.25�
105 cells/well for 2�3 days until they reached 80�90% confluency.
Cells were washed twice with Hepes buffer to remove the culture media,
followed by exposure to test agents (dissolved in Hepes buffer) for
60 min at 37 �C. The Hepes buffer (pH 7.4) had the following
composition: 140 mM NaCl, 4.5 mM KCl, 20 mM Hepes, 1.2 mM
CaCl2, 1.2 mMMgCl2, 10 mM D-glucose, and 0.1% BSA. Following the
incubation, supernatants were collected and centrifuged at 800g for
5 min at 4 �C to remove the remaining cells. Supernatants were then
stored at�50 �C until the measurement of CCK concentration using a
commercial enzyme immunoassay (EIA) kit (Phoenix Pharmaceuticals
Inc., Belmont, CA). The primary antiserum provided in this kit cross-
reacts 100% with sulfated and nonsulfated CCK (26�33), CCK-33
(porcine), caerulein, gastrin-1 (human), and big gastrin-1 (human);
12.6%with CCK (30�33); and 0%with pancreatic polypeptide (human)
and Vasoactive intestinal peptide (human, porcine, rat). Because STC-1
cells do not express detectable levels of gastrin,13 we selected an EIA kit in
which the antibody cross-reacts with gastrin. The coefficients of intra-
assay and interassay variation were <5 and <14%, respectively.

Cytotoxic effects on STC-1 cells were determined by the release of
lactate dehydrogenase (LDH) in the supernatant of STC-1 cells exposed
to Potein as described above (by using a cytotoxicity detection kit,
Roche, Basel, Switzerland).
Statistical Analysis. All results are expressed as the mean( SEM.

Statistical significance was assessed using one-way ANOVA, and sig-
nificant differences among mean values were determined by Duncan’s
multiple-range test (P < 0.05) and paired t test (P < 0.05).

’RESULTS

Trypsin Inhibition by Potein and SBTI. Tryptic activity
(BAPA hydrolysis) was reduced in the presence of Potein or
SBTI in a dose-dependent manner (Figure 1). The IC50 values of
SBTI and Potein were calculated as 0.14 and 3.02 mg/mL,
respectively. Thus, the inhibitory potency of SBTI was 20-fold
higher than that of Potein.
Food Intake in Rats after Oral Administration of Potein

or SBTI. At 1 and 3 h after oral administration of Potein (0.1 g),
food intake was significantly decreased compared with water

Figure 1. Trypsin activities in the presence of various concentrations of
Potein or SBTI. Trypsin activity was expressed as 100% when BAPA
hydrolysis was measured without test compounds. Values are the mean
of two repetitions.
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administration (control) (Figure 2A). Oral administration of
SBTI significantly suppressed food intake until 6 h as compared
with control.
Increased amounts of Potein (0.2 and 0.4 g/rat) suppressed

food intake in a dose-dependent fashion. A significant reduction
was observed until 3 and 6 h after oral administration of 0.2 and
0.4 g of Potein, respectively (Figure 2B). When compared to oral
administration of the solution containing casein (0.04 g) and
potato starch (0.12 g), food intake was lower at 1, 2, and 3 h after
oral administration of Potein (Figure 2C).

In every experiment, rats immediately started to eat the diet
after oral administration of test samples (water, Potein, SBTI,
casein/potato starch). No aversive behaviors24 were observed
during eating of the diet after preload of Potein, and no abnormal
behaviors such as diarrhea were seen during or after the
experiment.
Food Intake in Rats When Potein or SBTI Was Adminis-

tered 2 h before Feeding the Diet. Potein (0.1 g) or SBTI
(0.1 g) was administered 2 h before feeding the diet to examine
whether the effects of Potein or SBTI lasted for a long period.
However, this treatment did not reduce food intake for 6 h
(Figure 3).
CCK Secretion in Response to Potein or SBTI in the

Enteroendocrine Cell Line STC-1. Although Potein had appar-
ently lower potency (1/20) of tyrpsin inhibition compared to
SBTI (Figure 1), Potein at 0.2 g reduced food intake to the same
degree as SBTI at 0.1 g dose (Figure 2). This might be due to the
high potency of Potein to directly stimulate CCK secretion from
CCK-producing cells. As shown in Figure 4A, exposure to Potein
(1�20 mg/mL) induced a dose-dependent increase in CCK
concentration in supernatants from STC-1 cells. Treatment with
SBTI (1�20 mg/mL) did not induce the secretion of CCK
(Figure 4A). The CCK-releasing activity of Potein was almost
equivalent to that of the positive control (soybean β-conglycinin
peptone25). No cytotoxic effect was observed by treatment with
Potein (1�20 mg/mL) because no increase in LDH release was
detected (data not shown).
Osmotic stimulus such as glycine (2.5�20 mg/mL) and NaCl

(5�20 mg/mL) did not cause significant increase in CCK
secretion (Figure 4B), indicating the specific effect of Potein
on CCK secretion.
Potein was treated with pepsin and pancreatin in vitro to

mimic luminal protein digestion. At 5 mg/mL, Potein treated
with pepsin (10 min) and pancreatin (2 h) induced higher
secretion of CCK than did the untreated Potein. Other treat-
ments induced similar increases in CCK secretion compared to
the untreated Potein (Figure 5). At 10 mg/mL, the 10 min
pepsin-treated Potein stimulated the secretion of higher CCK
than did the untreated Potein. The other treatments induced
CCK secretion to levels similar to those associated with the
untreated Potein.

Figure 2. Effects of oral administration of Potein or SBTI on food
intake in rats. (A) Food intake at 1, 2, 3, and 6 h after oral administration
of Potein (0.1 g) or SBTI (0.1 g). Values are the mean( SEM (n = 11).
Bars not sharing the same letters differ significantly (P < 0.05 by
Duncan’s multiple-range test) at the same time points. (B) Food intake
after oral administration of 0.2�0.4 g of Potein. Values are the mean (
SEM (n = 3). Bars not sharing the same letters differ significantly
(P < 0.05 by Duncan’s multiple-range test). (C) Food intake after oral
administration of 0.2 g of Potein or 0.04 g of casein/0.12 g of potato
starch as Potein mimic. Values are the mean( SEM (n = 16). Asterisks
(/) indicate significant difference between Potein and casein/potato
starch treatment (P < 0.05 by paired t test).

Figure 3. Effect of oral administration of Potein and SBTI 2 h prior to
feeding the diet on food intake in rats. Diet was given 2 h after the oral
administration of Potein (0.1 g) or SBTI (0.1 g). Food intake was
measured 1, 2, 3, and 6 h after feeding the diet. Values are the mean
( SEM (n = 11).
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’DISCUSSION

Dietary proteins and peptides are potent satiety-inducing
nutrient as well as fats.26�28 Potato proteins containing TIs

may be responsible for the high satiety index of potato compared
with various other common foods.15,19 Because the secretion of
the satiety hormone CCK is increased when the luminal CCK-
releasing factor is protected from tryptic degradation,29,30 we
examined the effects of Potein, which possesses trypsin inhibitory
protein, on the food intake of rats. We also tested whether Potein
directly induces CCK secretion from enteroendocrine cells.

Food intake in rats was significantly decreased at 1 and 3 h
after oral administration of 0.1 g of Potein (Figure 2A). A dose-
dependent decrease in food intake was observed; the adminis-
tration of 0.2 and 0.4 g of Potein was associated with larger and
longer reductions in food intake compared with the 0.1 g
treatment (Figure 2B). The degree of decreased food intake
(1�2 g/rat) was much greater than the doses of Potein (0.1�
0.4 g/rat), and food intake was significantly lower after preload of
Potein compared to preload of a mixture of casein and potato
starch equivalent to the protein and carbohydrate composition of
Potein (Figure 2C). Therefore, the reduction in food intake is
not due to the additional energy (macronutrients) fed to the rats
in the form of Potein.

Although SBTI has 20 times higher potency to inhibit trypsin
compared to Potein (Figure 1), oral SBTI (0.1 g) suppressed
food intake to the same degree as 0.2 g of Potein (Figure 2A,B).
In the CCK-producing enteroendocrine cell line STC-1, Potein
induced CCK secretion in a dose-dependent manner (Figure 4),
with potency similar to that of β-conglycinin peptone. This
peptone has been reported to stimulate CCK secretion in STC-1
cells25 and to suppress food intake after duodenal administration
in rats.31 In contrast, purified SBTI did not increase the secretion
of CCK. Because our experiments in STC-1 cells did not include
luminal trypsin or trypsin-sensitive CCK-releasing peptides,32

the results shown in Figure 3 indicate that Potein, but not SBTI,
directly triggers CCK secretion from enteroendocrine cells.
These results suggest that the suppressive effect of Potein on
food intake depends not only on trypsin inhibition but also on
the CCK secretion induced by Potein’s direct stimulation on
CCK-producing cells. Komarnytsky et al. recently showed that
potato protease inhibitor concentrate did not stimulate CCK
secretion in STC-1 cells.33 Because Potein contains various
proteins, carbohydrates, and unknown components, it is likely
that some of these components are responsible for direct
stimulation of CCK secretion. Luminal CCK-releasing factors
have not been found in humans, and the purified potato protease
inhibitor failed to suppress human food intake. 34 However, such
dual actions of Potein to stimulate CCK secretion suggest the
possibility of its applicability in appetite control in humans.

In vitro digestion by pepsin and pancreatin did not attenuate
the CCK-releasing activity of Potein (Figure 5), suggesting that
the active components in Potein are resistant to luminal protein
digestion. Interestingly, the potency of Potein to induce CCK
secretion was enhanced by some pepsin and pancreatin treat-
ments (Figure 5). It is possible that the active components
or structures were liberated by partial and adequate digestion
of potato proteins. Carbohydrates do not stimulate CCK secre-
tion,35 and potato peptides are reported to stimulate CCK
secretion.20 Therefore, protein fractions might be responsible for
the CCK releasing potency of Potein. However, we cannot
exclude the involvement of carbohydrates in this study. Further
studies are needed to identify the CCK-releasing factors in
Potein. Although active components responsible for direct
stimulation of CCK secretion are still unclear, these results

Figure 5. Effects of an in vitro digestion of Potein on CCK-releasing
activity in STC-1 cells. Potein was treated with pepsin and pancreatin for
various lengths of time. STC-1 cells were exposed to digested Poteins at
5 and 10mg/mL for 60min. Values are the mean( SEMof three to four
wells. Bars not sharing the same letters differ significantly (P < 0.05 by
Duncan’s multiple-range test).

Figure 4. CCK secretion in response to Potein and to SBTI in STC-1
cells. (A) STC-1 cells cultured in 48-well plates were exposed to
β-conglycinin peptone (βconP; 5 mg/mL), Potein (1�20 mg/mL), or
SBTI (1�20 mg/mL) for 60 min. (B) STC-1 cells cultured in 48-well
plates exposed to glycine (2.5�20 mg/mL) and NaCl (5�20 mg/mL)
for 60 min. CCK concentrations in the supernatant were measured by
EIA. Values are the mean( SEM of three to four wells. Bars not sharing
the same letters differ significantly (P < 0.05 by Duncan’s multiple-
range test).
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suggest that luminal digestion enhances the ability of Potein to
induce CCK secretion.

Although the suppressive effect was observed for >3 h, oral
administration of Potein or SBTI (0.1 g) 2 h prior to providing
the test diet did not reduce subsequent food consumption
(Figure 3). This result suggests that the ingested diet is also
responsible for the suppression of food intake. The secretion of
CCK might be additionally or synergistically enhanced by the
presence of the administered samples (Potein or SBTI) and the
ingested diet in the intestinal lumen. Other factors such as
glucagon-like peptide-1 (GLP-1) and peptide-YY (PYY) may
also explain the reduction in food intake that we observed. GLP-1
and PYY are anorexic gut hormones produced by enteroendo-
crine L cells located mostly in the distal small intestine and the
large intestine. The secretion of these hormones is stimulated by
ileal nutrients including proteins/peptides.36,37 Inhibiting lumi-
nal trypsin activity might prevent the digestion of ingested
proteins in the proximal small intestine, thus allowing dietary
proteins/peptides to reach the distal small intestine. As a result,
the secretion of GLP-1 or PYY could be enhanced. Further
in vivo studies are required to investigate the involvement of
these hormones in the anorexic effect associated with Potein.

In summary, the present study demonstrates that oral admin-
istration of Potein reduces food intake for 1�6 h in rats in a dose-
dependent manner. Potein inhibited trypsin activity and induced
CCK secretion in vitro. Digestion of Potein with protease did not
attenuate its ability to induce CCK secretion in STC-1 cells.
These results suggest that oral administration of Potein in rats
suppresses food intake via CCK secretion induced both by direct
stimulation on CCK-producing cells and by luminal trypsin
inhibition.
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