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like peptide (GLP)�1 and peptide tyrosine�tyrosine (PYY), are

released in response to food intake from the intestines. Dietary

nutrients have been shown to stimulate these hormones. Some

non�nutrients such as polyphenols show anorexigenic effects on

humans. In the present study, we examined whether dietary poly�

phenols can stimulate secretion of these gut hormones. Caco�2 cells

expressed mRNA of the gut hormones, CCK, PC1 (prohormone

convertase 1), GCG (glucagon) and PYY. CCK, GLP�1 and PYY were

secreted from Caco�2 cells after adding sugars, amino acids or

fatty acids. Using Caco�2 cells, epigallocatechin�3�gallate (EGCG),

chlorogenic acid and ferulic acid induced secretion of anorexigenic

gut hormones. Particularly, EGCG induced secretion of all three

hormones. In an ex vivo assay using murine intestines, EGCG also

released CCK from the duodenum, and GLP�1 from the ileum.

These results suggest that EGCG may affect appetite via gut

hormones.
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IntroductionFood compounds are composed of not only nutrients, but also
of non-digestive compounds that affect the body. Polyphenols

are one of these chemicals; they are secondary metabolites in
plants and function as protective agents against stress. When con-
sumed, dietary polyphenols help humans prevent various diseases,
including obesity.(1) One of the causes of obesity is excessive
eating, which is generally regulated by the neuroendocrine system.
It is possible that polyphenols affect this endocrine system and
modify appetite.

Postprandial energy metabolism is regulated not only by the
brain, but also by gut organs. Its regulation is mediated by nervous
and endocrine systems. Peptide hormones, which are secreted
from the gut epithelia in response to food compounds and mediate
postprandial signals, are key players of these systems. At least 10
hormones activate the stomach and intestines, induce secretion
of digestive enzymes, regulate blood glucose homeostasis, and
transmit satiety signals to the brain. These hormones, which act
on the brain, reach the hypothalamus, and accordingly modify
appetite.(2) Among these gut hormones, cholecystokinin (CCK),
glucagon-like peptide (GLP)-1 and peptide tyrosine-tyrosine (PYY)
have been shown to be the primary satiety signals.(3) The mole-
cular mechanisms of gut hormones’ secretion are not fully
understood, but recent studies using cell models have revealed
that some G-protein-coupled receptors (GPCRs) and their down-
stream signaling molecules are involved in the exocytosis of gut
hormones.(4–6) For example, CCK is secreted through calcium
sensing receptor (CaSR)-mediated signaling by aromatic amino
acids,(5) and the secretion of GLP-1 is involved in the signaling
cascade from the taste receptors.(6)

The study of chemical reception of food compounds has
revealed that some nutrients activate several kinds of GPCRs,

including taste receptors, CaSR, and free fatty acid receptors
(FFARs). Type 1 family of taste receptors, TAS1Rs, has been
shown to be activated by sugars, amino acids and oligopeptides.(7)

CaSR has also been shown to respond to amino acids.(5) FFARs
respond to many kinds of free fatty acids.(8) Recently, it has been
demonstrated that some non-nutrients act on the subfamily of
bitter taste receptors, TAS2Rs.(9) Among non-nutrients, poly-
phenols have been reported to activate these receptors, e.g.,
malvidin-3 glucoside activates hTAS2R7,(10) and epigallocatechin-
3-gallate (EGCG) activates hTAS2R14 and hTAS2R39.(11,12) On
the other hand, some TAS2Rs have been shown to act as triggers
for gut hormone secretion. For example, hTAS2R14 and hTAS2R38
have been shown to be involved in CCK secretion.(13,14) Thus, it is
expected that some polyphenols may also affect gut hormone
release via their reception on intestinal epithelia. Actually, EGCG
has been reported to have an effect on food intake reduction,
resulting in prevention of obesity,(15) which may involve an
anorexigenic effect by gut hormones.

In the present study, we examined whether polyphenols induce
secretion of anorexigenic gut hormones by cultured cells and
animal tissues. The Caco-2 cell line derived from a human colon
cancer tissue is often used as an intestinal epithelial model for in
vitro analysis of uptake of food compounds. On the other hand,
Caco-2 cells partially present chromogranin A, which is widely
expressed in enteroendocrine cells,(16) thus they potentially possess
endocrine activity. Here, Caco-2 cells were verified to secrete
anorexigenic gut hormones upon exposure to known secreta-
gogues. Subsequently, the induction of gut hormone secretion by
polyphenols was examined. Finally, the secretion of gut hormones
from murine intestines was confirmed with EGCG, as an ex vivo
analysis.

Materials and Methods

Chemicals. Oleic acid and resveratrol were purchased from
Wako Pure Chem. Ind., Ltd. (Tokyo, Japan). Phenylalanine was
from Nippon Rika (Tokyo, Japan). Quercetin was obtained from
Sigma-Aldrich (St. Louis, MO). Apigenin and emodin were from
Tokyo Chemical Industry (Tokyo, Japan). Cyanidin chloride and
hesperidin were from Extrasynthese (Genay, France). Ferulic
acid and genistein were from LKT Laboratories (St. Paul, MN).
Dipeptidyl peptidase (DPP) IV inhibitor was from Calbiochem
(San Diego, CA). Palmitic acid, glutamine, glucose, sucrose,
chlorogenic acid hemihydrates, (–)-epigallocatechin-3-gallate,
curcumin and pyruvate were obtained from Nacalai Tesque
(Kyoto, Japan). All other chemicals were of the highest grade
commercially available.

Cell culture and treatment. All the procedures were per-
formed at 37°C unless specifically described. Caco-2 cells were
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maintained in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) supplemented with 10% heat-inactivated fetal bovine
serum in a humidified atmosphere of 95% air-5% CO2. Cells were
used from passage 54 to 58. For assays, cells were seeded into 24-
well culture plates at 2 × 105 cells per well and incubated for 24 h.
Subsequently, the medium was changed to a stimulant-containing
assay buffer composed of phosphate buffered saline (PBS) con-
taining 1 mM pyruvate and 0.1 mg/ml DPP IV inhibitor. After
incubation for 2 h, assay buffers were collected and stored at
−20°C until used. According to the stimulants’ solubility, the
assay buffers were modified for each experiment. Oleic acid and
palmitic acid were dissolved in dimethyl sulfoxide and diluted
with assay buffer at 1:1000. Each tested polyphenols was dis-
solved in water containing 10% methanol and 1% trifluoroacetic
acid, then diluted at 1:20 with assay buffer. The concentrations of
the stimulants for the assay were as follows: glucose and sucrose,
100 mM; glutamine, 25 mM; phenylalanine, 50 mM; oleic acid
and palmitic acid, 1.5 mM; apigenin, genistein, hesperidin and
quercetin, 100 μM; cyanidin, EGCG and resveratrol, 300 μM;
chlorogenic acid and ferulic acid, 1 mM; curcumin and emodin,
50 μM. The toxicity of the chemicals on Caco-2 cells was
examined by measuring ATP amount in the cells and the test
concentrations were determined under the toxic concentrations
for each chemical.

RNA extraction from Caco�2 cells and RT�PCR analysis.
Total RNA was extracted using Sepasol (Nacalai Tesque)
according to the manufacturer’s instructions. Two micrograms of
RNA were used for cDNA synthesis with ReverTra Ace (Toyobo,
Tokyo, Japan). The primer sequences used were: 5'-CGTGACAT-
TAAGGAGAAGCT-3' and 5'-CATACTCCTGCTTGCTGATC-
3' for ACTB (β-actin), 5'-CGGAAACCTGGAGAACTGCG-3'
and 5'-TATCGCAGAGAACGGATGGC-3' for CCK, 5'-CCTT-
CAAGACACAGAGGAGAAATCC-3' and 5'-CCCCAACCT-
GTTTACATTTAGCG-3' for GCG (glucagon), 5'-GGGACAG-
TAGTAGCTTCCCT-3' and 5'-CATTTCCATTCTGGCTGGGA-
3' for PC1 (prohormone convertase 1), 5'-TATGGTGTTCGTGC-
GCAGGC-3' and 5'-GAGGGCCCAGACCTGTGGTGA-3' for
PYY. The PCR program was 30 cycles of denaturation at 98°C for
10 s, annealing at 56–58°C for 30 s and extension at 68°C for 30 s.
The products were detected on an agarose gel by UV irradiation
with ethidium bromide.

Treatment of murine intestines. This experiment was ap-
proved by the Institutional Animal Care and Use Committee
(Permission number: 25-10-03) and carried out according to the
Kobe University Animal Experimentation Regulations. The entire
intestine of mice (ICR, male, 7 weeks, n = 6) was excised and
divided into duodenum, ileum and colon. Each piece of intestine
was washed with Hanks’ balanced salt solution (HBSS, Nacalai
Tesque) and cut to a length of 0.5 cm. These pieces were turned
inside out and immersed in 0.25 ml of HBSS containing 0.1 mg/ml
DPP IV inhibitor with or without 1 mM EGCG at 37°C for
45 min. Subsequently, HBSS was collected and centrifuged at
4°C for 5 min at 1,000 × g to remove debris. The supernatants
were stored at –20°C until measured.

ELISA. The concentration of CCK, GLP-1 and PYY was
measured by ELISA (Phoenix Pharmaceuticals, Burlingame, CA),
according to the manufacturer’s instructions. The primary anti-
serum for CCK cross reacts 100% with non-sulfated CCK (26-33)
(human, rat, mouse), CCK (27-33), CCK-33 (porcine), big
gastrin-1 (human), caerulein, gastrin-1 (human), 42.9% with
CCK-33 (human), 12.6% with CCK (30-33), and 0% with
pancreatic polypeptide (human) and vasoactive intestinal poly-
peptide (VIP; human, porcine, rat). The primary antiserum for
GLP-1 cross reacts 100% with GLP-1 (7-36) (human, rat, mouse),
GLP-1 (9-36) amide, GLP-1 (1-36) amide (human), 0.4% with
GLP-1 (7-37) (human, rat, mouse), 0% with calcitonin gene-
related peptide (CGRP), exendin-4, glucagon (human, rat, mouse,
porcine, bovine), glucose-dependent insulinotropic polypeptide,

GLP-2 (human), insulin, secretin and VIP. The primary antiserum
for PYY cross reacts 100% with PYY (human), PYY (3-36)
(human), 5% with PYY (rat, mouse, porcine), PYY (3-36) (rat,
mouse, porcine), 0% with amylin amide (human), glucagon
(human), insulin (human), pancreatic polypeptide (human),
porcine neuropeptide Y and substance P. Data are presented as
mean ± SD of individual triplicate experiments.

Statistical analysis. Dunnett’s test was performed to analyze
the data of cultured cells. The data from the assay using murine
intestines were analyzed by Student’s t test. Provability (p) values
below 0.05 were considered statistically significant.

Results

Endocrine characteristics of Caco�2 cells. The expression
of genes encoding the anorexigenic gut hormones, CCK, GLP-1
and PYY, was investigated. GLP-1 is dissociated from pro-
glucagon by PC1 during posttranslational processing.(17) RT-PCR
analysis demonstrated that CCK, PC1, GCG and PYY were
expressed in Caco-2 cells (Fig. 1). Together with a report that
has described CCK secretion from Caco-2 cells,(14) our results
suggest that Caco-2 cells potentially secrete GLP-1 and PYY in
addition to CCK.

Nutrient�dependent secretion of gut hormones from
Caco�2 cells. In humans, CCK and GLP-1 are secreted in
response to food intake of dietary carbohydrates, fats and proteins,
whereas PYY is induced by fats and proteins. The secretion of
CCK, GLP-1 and PYY from Caco-2 cells was investigated by
stimulating the cells with nutrients. CCK secretion from Caco-2
cells was induced by all the tested compounds, except glutamine
(glucose, p = 0.004; sucrose, p = 0.002; phenylalanine, p = 0.0008;
oleic acid, p = 0.001; palmitic acid, p = 0.01; Fig. 2A). GLP-1
secretion increased by all the compounds tested (glucose,
p = 0.04; sucrose, p = 0.004; glutamine, p = 0.04; phenylalanine,
p = 0.04; oleic acid, p = 0.002; palmitic acid, p = 0.006; Fig. 2B).
Only two compounds, glutamine and oleic acid, stimulated PYY
secretion (glutamine, p = 0.04; oleic acid, p = 0.0001; Fig. 2C).
The results indicate that the Caco-2 cell line is a feasible model
for secretion of CCK, GLP-1 and PYY.

Non�nutrients that induce secretion of gut hormones
from Caco�2 cells. There are some polyphones that reduce food
intake.(15,18) To investigate whether polyphenols can induce
anorexigenic gut hormones’ secretion, Caco-2 cells were directly
treated with polyphenols, followed by measurement of secreted
hormones into the buffer. Polyphones are largely divided into
flavonoids and phenylpropanoids by the degree of polymerization
of the phenol structure. Each compound from the distinct flavo-
noid groups was selected: quercetin as flavonols, apigenin as
flavones, genistein as isoflavones, hesperidin as flavanones,
EGCG as flavanols, and cyanidin as anthocyanidins. Additionally,
chlorogenic acid, ferulic acid, curcumin and resveratrol were

Fig. 1. Expression of enteroendocrine genes in Caco�2 cells. Tran�
scripts of GCG (lane 1), PC1 (lane 2), PYY (lane 3) and CCK (lane 4) were
detected by RT�PCR. ACTB (lane 5) was used as a positive control. Lane
M shows a 100 bp DNA ladder. The expected sizes of the PCR products
were 1: 758 bp, 2: 472 bp, 3: 295 bp, 4: 462 bp, and 5: 470 bp.
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selected as phenylpropanoids, and emodin as anthraquinones.(1)

The tested concentration of polyphenols was determined ac-
cording to their solubility and cytotoxicity to Caco-2 cells (data
not shown). Among the polyphenols tested, EGCG significantly
stimulated the secretion of CCK, GLP-1 and PYY from Caco-2
cells (p = 0.0002, 0.0001 and 0.0003, respectively, Fig. 3A–C).
Ferulic acid induced CCK and GLP-1 secretion (p = 0.009 and
0.002, respectively, Fig. 3A and B). Chlorogenic acid increased
CCK secretion (p = 0.02, Fig. 3A). The dose dependent stimula-
tion of polyphenol on hormone secretion was analyzed using
EGCG. The secretion of GLP-1 from Caco-2 cells was shown in

dose dependent manner from 100 mM to 500 mM, and shown to
be induced by 300 mM as the minimum concentration (Fig. 3D).
These data support that the stimulation of EGCG is not a non-
specific signal. Taken together, it is suggested that some poly-
phenols induced CCK, GLP-1 and PYY secretion.

Induction of secretion of CCK, GLP�1 and PYY from
murine intestines by EGCG. Gut hormones are produced in
distinct endocrine cells located in different regions of the gut.
CCK is secreted from I cells localized in the duodenal and jejunal
mucosa.(19) GLP-1 and PYY are released from L cells localized in
the epithelia of the hind gut: ileum and colon.(20) To show whether

Fig. 2. Secretion of gut hormones from Caco�2 cells by stimulation of dietary nutrients. The secretion of CCK (A), GLP�1 (B) and PYY (C) from
Caco�2 cells into the buffer was measured after incubation with nutrients for 2 h. The stimulants’ concentrations were: glucose, 100 mM; sucrose,
100 mM; glutamine, 25 mM; phenylalanine, 50 mM; oleic acid, 1.5 mM, and palmitic acid, 1.5 mM. A control value indicates the amount of the
hormones in the assay buffer without the nutrients.*Statistical significance was determined by Dunnett’s test at p<0.05 vs control (n = 3).
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the candidates for stimulants revealed by Caco-2 cells also induce
gut hormones in the tissue level, an ex vivo assay was performed
using the duodenum, ileum and colon from mice. EGCG was
selected as the test stimulant, because it induced the secretion of
all three gut hormones from Caco-2 cells (Fig. 3). Dissected

murine intestines were treated for 45 min with 1 mM EGCG, a
concentration that is in the range of green tea.(21) The results
showed that CCK secretion induced by EGCG was significantly
observed in the duodenum (p = 0.006, Fig. 4A). A slight but not
significant induction of CCK secretion was observed in the ileum

Fig. 3. Secretion of gut hormones from Caco�2 cells stimulated by polyphenols. The secretion of CCK (A), GLP�1 (B) and PYY (C) from Caco�2 cells
into the buffer was measured 2 h after incubation with various polyphenols. The concentration of each polyphenol was: quercetin, apigenin,
hesperidin and genistein, 100 µM; EGCG, cyanidin and resveratrol, 300 µM; chlorogenic acid and ferulic acid, 1 mM; emodin and curcumin, 50 µM.
(D) A dose responding secretion of GLP�1 from Caco�2 cells stimulated by EGCG. Control indicates a sample stimulated only with assay
buffer.*Statistical significance was determined by Dunnett’s test at p<0.05 vs control (n = 3).
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and colon (p = 0.05 and 0.3, respectively, Fig. 4A). On the other
hand, it was clearly shown that GLP-1 was secreted from the ileum
(p = 0.006, Fig. 4B). These results support the notion that EGCG
is able to induce anorexigenic gut hormones in animals.

Discussion

Anorexigenic gut hormones such as CCK, GLP-1 and PYY are
released from the enteroendocrine cells in the gut in response to
food intake. In the present study, first, we established a secretion
model of anorexigenic gut hormones using Caco-2 cells derived
from a human intestinal tissue. Using this model, EGCG, chloro-
genic acid and ferulic acid were shown to be potent inducers of
these anorexigenic gut hormones’ secretion. The dose dependent
response was also confirmed by stimulation of EGCG on release
of GLP-1 in Caco-2 cells. Furthermore, EGCG was shown to
secrete CCK from the duodenum, and GLP-1 from the ileum in
ex vivo experiments using murine intestines. The present study is
the first report demonstrating that EGCG induces anorexigenic gut
hormones’ secretion.

The Caco-2 cell was induced to secrete CCK, GLP-1 and PYY
in response to nutrients (Fig. 2). Especially, the increase in CCK
secretion by glucose, phenylalanine and oleic acid, GLP-1 by
sucrose and glutamine, and PYY by oleic acid was equivalent to
that of direct induction in humans.(22–27) We propose that the Caco-
2 cell line is a good in vitro model for studying gut hormone
release for several reasons. First, Caco-2 is the first human cell
line, which secretes PYY in response to nutrients (Fig. 2C).
Second, Caco-2 cell may compensate for CCK analysis using

HuTu-80 cells, whose induction of CCK by nutrients has not been
shown.(13) Lastly, Caco-2 cells also compare favorably with NCI-
H716 cell line regarding GLP-1 secretion, because they responded
to all the stimulants as NCI-H716 does.(6,28) Hence, Caco-2 cell
line is useful model for finding the stimulants which induce the
secretion of anorexigenic gut hormones.

It was shown that two genes belong to human taste receptor type
2 family react to EGCG and activate the down signaling
pathway.(11,12) Recently, several molecules were shown to be
involved in the downstream signaling pathway from the taste
receptors in the enteroendocrine cell model.(29) Those were gust-
ducin as a binding G-protein, and phospholipase C-β2 as an
effector enzyme. In Caco-2 cells, the expression of hTAS2R14,
hTAS2R39, gustducin, and phospholipase C-β2 was confirmed.

It was also observed that the gene expression of hTAS2R39 was
elevated after EGCG stimulation on Caco-2 cells. The activation
of GPCR is desensitized by ligand-dependent internalization
following by recycling and degradation.(30,31) The up-regulation
of receptor might indicate the recovery. This observation support
that EGCG stimulate hTAS2R39 in Caco-2 cells.

There are few reports showing that non-nutrients induce gut
hormones’ secretion. The steroid glycoside, H.g.-12, from Hoodia
gordonii has been shown to induce CCK secretion in HuTu-80
cells.(13) This compound has also been shown to be associated with
loss of body weight.(13) Smeets et al.(32) have found that capsaicin,
the pungent compound in red peppers, increased GLP-1 secretion
in human plasma. Methyl syringate, a pungent ingredient in
Kalopanax pictus, has been shown to significantly suppress food
intake and delay gastric emptying via elevated plasma PYY levels
in mice.(33) These reports support the idea that some non-nutrients
stimulate the secretion of anorexigenic gut hormones including
CCK, GLP-1 and PYY, causing appetite or food intake suppres-
sion. The present study demonstrated that EGCG stimulated gut
hormones’ secretion from cultured Caco-2 cells (Fig. 3), and from
murine duodenum and ileum (Fig. 4). It has been reported that
EGCG contributes to energy expenditure,(21) and that its consump-
tion correlates with weight-loss led by reduction in food intake.(15)

These physiological functions of EGCG may be associated with
CCK, GLP-1 and PYY secretion.

The present study also showed that ferulic acid induced the
secretion of CCK and GLP-1 from Caco-2 cells (Fig. 3A and B),
and that chlorogenic acid induced CCK secretion (Fig. 3A).
Ferulic acid found in grains such as oats and rice has been shown
to increase insulin secretion, delay intestinal glucose absorption,
and inhibit gluconeogenesis.(34) Chlorogenic acid, which is a major
polyphenol in coffee, modifies the blood glucose level.(35) Besides
the anorexigenic effect on the brain, CCK and GLP-1 are known
to act on glucose homeostasis.(36–38) GLP-1 acts to stimulate
glucose dependent insulin secretion, increased insulin sensitivity
and inhibition of glucagon secretion.(36,37) CCK was known to
induce glucagon release.(38) The physiological effects of ferulic
acid and chlorogenic acid on glucose homeostasis may be
mediated by the stimulation of gut hormone secretion.

In conclusion, the Caco-2 cell line was shown to be an in vitro
model for CCK, GLP-1 and PYY secretion. Some polyphenols,
such as EGCG, chlorogenic acid and ferulic acid, were revealed to
induce the secretion of one or several anorexigenic gut hormones.
Especially, EGCG induced the secretion of these anorexigenic
gut hormones in vitro and ex vivo. These results demonstrated a
potential role for polyphenols in appetite regulation and control of
energy balance.
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