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Ingestion of coffee polyphenols increases postprandial release of the active
glucagon-like peptide-1 (GLP-1(7–36)) amide in C57BL/6J mice
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Abstract
The widespread prevalence of diabetes, caused by impaired insulin secretion and insulin resistance, is now a worldwide health problem. Glucagon-like
peptide 1 (GLP-1) is a major intestinal hormone that stimulates glucose-induced insulin secretion from β cells. Prolonged activation of the GLP-1 signal
has been shown to attenuate diabetes in animals and human subjects. Therefore, GLP-1 secretagogues are attractive targets for the treatment of diabetes.
Recent epidemiological studies have reported that an increase in daily coffee consumption lowers diabetes risk. The present study examined the hypothesis
that the reduction in diabetes risk associated with coffee consumption may be mediated by the stimulation of GLP-1 release by coffee polyphenol extract
(CPE). GLP-1 secretion by human enteroendocrine NCI-H716 cells was augmented in a dose-dependent manner by the addition of CPE, and was com-
patible with the increase in observed active GLP-1(7–36) amide levels in the portal blood after administration with CPE alone in mice. CPE increased
intracellular cyclic AMP (cAMP) levels in a dose-dependent manner, but this was not mediated by G protein-coupled receptor 119 (GPR119). The
oral administration of CPE increased diet (starch and glyceryl trioleate)-induced active GLP-1 secretion and decreased glucose-dependent insulinotropic
polypeptide release. Although CPE administration did not affect diet-induced insulin secretion, it decreased postprandial hyperglycaemia, which indicates
that higher GLP-1 levels after the ingestion of CPE may improve insulin sensitivity. We conclude that dietary coffee polyphenols augment gut-derived
active GLP-1 secretion via the cAMP-dependent pathway, which may contribute to the reduced risk of type 2 diabetes associated with daily coffee
consumption.
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The widespread prevalence of diabetes, caused by impaired
insulin secretion and insulin resistance, is now a worldwide
health problem. Global statistics estimated that there were
382 million individuals with diabetes worldwide in 2014, and
the number of individuals who are affected with diabetes
will reach over 592 million by 2035(1).
Glucagon-like peptide-1 (GLP-1) is a gut-derived hormone

that stimulates the glucose-induced secretion of insulin from
pancreatic β-cells. Prolonged activation of the GLP-1 signal
has been shown to attenuate diabetes in animals and human
subjects. GLP-1 secretagogues could represent a practicable

option for patients to control their blood glucose levels(2).
Whereas dietary supplementation with GLP-1 stimulators
could offer potential benefits for the treatment of diabetes,
food-derived GLP-1 modulators have not yet been examined
in detail.
Coffee is one of the most popular beverages throughout the

world and has been consumed for thousands of years due to
its attractive flavour and physiological effects. Many studies
have demonstrated a relationship between the consumption
of coffee and potential health benefits. Liver cirrhosis(3),
liver and colorectal cancer(4,5) and death due to CVD(6) have
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previously been shown to be reduced by the consumption of
coffee. Recent epidemiological studies reported that an
increase in the daily consumption of coffee was associated
with a reduced risk of diabetes(7), and similar findings have
been found for decaffeinated coffee consumption(8). However,
the components in coffee that are responsible for reducing
the risk of diabetes with the daily consumption of coffee have
not yet been thoroughly investigated even though coffee is
known to be a major source of dietary polyphenols.
Coffee is one of the most abundant supplies of dietary poly-

phenols. Fukushima et al.(9) showed that coffee contributed to
50 % of the daily consumption of polyphenols in Japanese
individuals. The health benefits associated with the consump-
tion of coffee may be linked to its content of polyphenols,
which have various physiological functions(10). Caffeic acid
and its derivative, chlorogenic acid (a caffeic acid ester of qui-
nic acid), have been identified as the most abundant polyphe-
nols in coffee. A single cup of coffee contains 70–350 mg of
chlorogenic acids(11). We previously showed that dietary sup-
plementation with coffee polyphenols reduced body fat and
improved energy metabolism, and these findings were attribu-
ted to an increase in fat catabolism in the liver(12). Our previ-
ous studies also demonstrated that the daily ingestion of
chlorogenic acids increased fat catabolism in human sub-
jects(13,14). However, the relationship between the daily inges-
tion of chlorogenic acids and diabetes or blood glucose
remains unknown.
Since the intestine is the first endocrine tissue involved in

mediating the effects of coffee on whole-body glucose metabol-
ism, our objective was to investigate the effects of dietary coffee
polyphenols and chlorogenic acids on active GLP-1 secretion.
The NCI-H716 cell line, which is derived from a poorly differ-
entiated adenocarcinoma of the human caecum(15), has previ-
ously been shown to constitute a unique model of
enteroendocrine cells that could be used to examine the cellular
mechanism of GLP-1 secretion in human subjects(16). We
investigated the coffee polyphenol-induced release of active
GLP-1(7–36) amide in NCI-H716 cells and C57BL/6J mice.
G protein-coupled receptor 119 (GPR119) was recently

shown to mediate the secretion of GLP-1 by increasing cyclic
AMP (cAMP) levels in several GLP-1-secreting cell models(17).
Since coffee polyphenols are known to stimulate active GLP-1
(7–36) amide and intracellular cAMP levels in vitro, we also
determined whether coffee polyphenols could activate
GPR119 signalling in vitro.

Experimental methods

Materials

All reagents for the experiments were from Sigma-Aldrich
Japan K.K., unless otherwise stated. Roswell Park Memorial
Institute (RPMI) 1640 medium, Dulbecco’s modified Eagle’s
medium, antibiotic–antimycotic and fetal bovine serum
(FBS) were purchased from Life Technologies.
Aprotinin solution was purchased from Wako Pure Chemical

Industries, Ltd. A dipeptidyl peptidase IV (DPP IV) inhibitor
was purchased from EMD Millipore Corporation.

Coffee polyphenol extract

Roasted coffee beans were infused with hot water, and the
extract was applied to an aromatic-type adsorbent column
(Sepabeads SP70; Mitsubishi Chemical). After washing the col-
umn with water, the polyphenol-rich fraction was eluted with
0·1 % NaOH and then neutralised with an ion-exchange resin
to a weakly acidic pH. The recovered polyphenol-rich fraction
was concentrated to a solid content of 10 % (w/v) and spray-
dried to obtain coffee polyphenol extract (CPE). The compos-
ition of CPE was measured by HPLC. The total polyphenol
content of CPE for in vitro or in vivo studies was 78·4 and
46·2 %, respectively. The composition of polyphenols was
8·5 % 3-CQA (caffeolylquinic acid), 14·4 % 4-CQA, 24·4 %
5-CQA, 7·9 % 3-FQA (feruloylquinic acid), 6·3 % 4-FQA,
10·0 % 5-FQA, 10·5 % 3,4-di-CQA, 6·8 % 3,5-di-CQA,
and 11·0 % 4,5-di-CQA for the in vitro study. The composition
of polyphenols for the in vivo study was 6·7 % 3-CQA, 7·3 %
4-CQA, 17·9 % 5-CQA, 1·2 % 3-FQA, 1·4 % 4-FQA,
3·7 % 5-FQA, 3·2 % 3,4-di-CQA, 1·9 % 3,5-di-CQA, and
2·8 % 4,5-di-CQA. CPE contained no caffeine.

Cell line and culture conditions

Human NCI-H716 cells, developed in the laboratory of Dr
Hernert Oie and colleagues, were obtained from the ATCC
(American Type Cell Culture) under the permission of the
National Institutes of Health (NIH). These cells were grown
in suspension at 37 °C with 5 % CO2. The culture medium
was Roswell Park Memorial Institute (RPMI) 1640 supple-
mented with 10 % FBS and 1/100 antibiotic–antimycotic.
Endocrine differentiation was enhanced by growing cells in
dishes coated with Matrigel (Becton Dickinson), as described
previously(18).

In vitro glucagon-like peptide-1 secretion study

The GLP-1 secretion study was performed as described by
Reimer(19) with slight modifications.
Briefly, 3 d before the study, 5 × 105 cells were seeded in

twenty-four-well culture plates coated with Matrigel and con-
taining high-glucose Dulbecco’s modified Eagle’s medium,
10 % FBS and 1/100 antibiotic–antimycotic. On the day of
the experiment, medium was replaced by Krebs–Ringer bicar-
bonate solution with or without test agents and pH was
adjusted to 7·2. Fresh media were added and cells were incu-
bated for 2 h at 37 °C with a 0–0·1 % (w/v) CPE solution.
The number of cells in each well did not differ significantly
even after cells had been treated with CPE for 2 h. The effects
of 2 μM-phorbol 12-myristate 13-acetate were examined as a
positive control(16). Supernatant fractions were collected with
the addition of 10 μl aprotinin solution (60 kIU) and
diprotin-A (34 μg/ml), and then frozen at –80 °C for subse-
quent ELISA analyses. GLP-1 concentrations from the super-
natant fractions were measured by Glucagon-Like Peptide-1
(Active) ELISA (Millipore Corporation). The basal level of
GLP-1 secreted by the NCI-H716 cells for 2 h ranged
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between 131 and 392 pM in Krebs–Ringer bicarbonate
solution.

Measurement of intracellular cyclic AMP levels

GPR119 receptor EZCells (GPR119-transfected CHO-K1
(Chinese hamster ovary-K1) cells, ChanTest Corp.), CHO-K1
cells and NCI-H716 cells were incubated for 20 min with
0–0·1 % CPE with 1 μM-isobutylmethylxanthine to avoid the
degradation of cAMP, and cAMP levels were measured in the
cell extract using a cAMP-Screen System (Applied Biosystems)
according to the manufacturer’s instructions.

Animals

Male C57BL/6J mice (12–13 weeks old; CLEA Japan Inc.)
were housed at four or five mice per cage in a temperature-
and relative humidity-controlled (23 ± 2·0 °C, 55 ± 10 %)
room with a 12 h light–12 h dark cycle with lights on at
07.00 hours. Mice were fed standard chow (CE-2; CLEA
Japan, Inc.) consisting of 3·47 kcal (14·52 kJ)/g with 4·6 %
fat, 51·4 % carbohydrate and 24·9 % protein. Food and
water were provided ad libitum. All animal experiments were
conducted in the Experimental Animal Facility of Kao
Tochigi Institute. The Animal Care Committee of Kao
Corporation approved the present study.

In vivo glucagon-like peptide-1 secretion study

An oral glucose and fat load test was conducted as described
previously(20). Briefly, overnight-fasted mice were gastrically
administered either D-(+)-glucose or glyceryl trioleate (TO)
(1 or 2 g/kg body weight (BW) for each) alone, or glucose
plus TO (1 or 2 g/kg BW each). Lecithin (from egg yolk,
0·08 g/kg BW) was included in all test solutions containing
oil, and these were subsequently sonicated to obtain stable
emulsions. We preliminarily confirmed that the minimal
amount of lecithin did not affect blood glucose or insulin
responses. In the first GLP-1 analysis, blood samples
(approximately 300 μl) were collected via the portal vein for
single blood time points (0, 10, 30, 60, 120 and 240 min)
under anaesthesia using micro blood collection tubes
(Capiject; TERUMO) containing the DPP IV inhibitor
(EMD Millipore Corporation) and aprotinin solution (Wako
Pure Chemical Industries, Ltd). Our preliminary experiment
failed to detect active GLP-1 in blood samples taken from
the tail vein or orbital sinus; therefore, we collected blood sam-
ples via the portal vein for single blood time points (0, 10, 30,
60, 120 and 240 min) to estimate peak active GLP-1 levels.
Overnight-fasted mice were divided into groups. One group
was designated the ‘0 min’ group, and blood samples were
taken from the portal vein to determine fasting active
GLP-1 levels. Blood samples were taken from the adminis-
tered groups 10 min after gastric administration via the
abdominal vein. Blood samples were collected into micro
blood collection tubes containing the DPP IV inhibitor and
aprotinin solution, and were maintained on ice. Within 30

min, blood samples were centrifuged and the collected plasma
was stored at –80 °C until active GLP-1 ELISA analyses.
Overnight-fasted mice were gastrically administered water

(control), D-(+)-glucose or starch (from waxy maize, 2 g/kg
BW) plus TO (1 g/kg BW) with or without CPE (0·6 g/kg
BW, 0·28 g/kg BW as polyphenols). Lecithin (from egg
yolk, 0·08 g/kg BW) was included in all test solutions contain-
ing oil, and these were subsequently sonicated to obtain stable
emulsions. Blood samples (approximately 300 μl) were col-
lected from the portal vein 10 or 30 min after the gastric
administration because the time-course experiment estimated
that active GLP-1 levels peaked at these time points. Blood
samples were kept on ice until the preparation of plasma.
After centrifugation, plasma was stored at –80 °C until active
GLP-1 ELISA analyses. Plasma GLP-1 was measured using a
Glucagon-Like Peptide-1 (Active) ELISA kit (Millipore
Corporation). Total glucose-dependent insulinotropic polypep-
tide (GIP) was measured using a Rat/Mouse GIP (total)
ELISA kit (Millipore Corporation). Plasma insulin was measured
using a Rat Insulin ELISA kit (Morinaga Institute of Biological
Science, Inc.).

Statistical analysis

All values are presented as mean values with their standard
errors. Unpaired Student’s t tests after a preliminary F test
of the homogeneity of within-group variance were used to
compare values between the groups. When more than two
groups were compared, statistical analysis was conducted
with a one-way ANOVA followed by Fisher’s protected least
significant difference (PLSD) or Dunnett’s post hoc tests
(Statview for Windows version 5.0; SAS Institute Inc.). A P
value of less than 0·05 was considered significant.

Results

Active GLP-1(7–36) amide secretion from NCI-H716 cells

Cells treated with phorbol 12-myristate 13-acetate for 2 h had
significantly higher active GLP-1(7–36) concentrations in the
media than those in the control. The glucose treatment also
increased active GLP-1 secretion from cells in dose-dependent
manner (Fig. 1(A)). Palmitic, oleic, linoleic or linolenic acid
dose-dependently stimulated active GLP-1 secretion from
cells (Fig. 1(B)). Active GLP-1 secretion was significantly
greater with unsaturated fatty acids such as oleic, linoleic and
linolenic acids than with palmitic acid. No significant differ-
ences were observed in active GLP-1(7–36) amide levels in
the media between stearic acid and the control.

Effects of coffee polyphenol extract on active GLP-1(7–36)
amide secretion in vitro

The treatment of NCI-H716 cells with CPE dose-dependently
increased active GLP-1 concentrations in the media (Fig. 2). A
37 % increase was observed in active GLP-1 secretion from
these cells at a concentration of 0·1 % CPE.
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Effects of coffee polyphenol extract on intracellular cyclic AMP
levels

The treatment of NCI-H716 cells with CPE increased cAMP
levels in a dose-dependent manner (Fig. 3(A)). A significant
increase was observed in intracellular cAMP levels at a concen-
tration of 0·05 % or more CPE. CPE increased intracellular
cAMP in both GPR119-transfected cells or CHO-K1 control
cells in a dose-dependent manner (Fig. 3(B)). No significant
differences were observed in cAMP levels after the CPE treat-
ment between GPR119-transfected and control cells.

Active GLP-1(7–36) amide release in C57BL/6J mice

Gastric administration of glucose increased active GLP-1(7–
36) amide levels in the portal blood after 10 min, and this
was followed by a marked decrease in active GLP-1 levels at
30 min (Fig. 4(A)). The gastric administration of TO also
increased active GLP-1 levels after 10 min, and this was fol-
lowed by a decrease to basal levels at 60 min. A slight increase
was noted in active GLP-1 levels in the portal blood 120 min
after the administration of TO. Individually, glucose and TO
increased the secretion of GLP-1 in a dose-dependent manner.
Furthermore, the co-administration of glucose and TO addi-
tively increased peak GLP-1 levels (Fig. 4(B)).

Effects of coffee polyphenol extract on active GLP-1(7–36)
amide release in vivo

CPE-administered mice had higher active GLP-1 levels in the
portal blood at 10 and 30 min than those in the control mice
(Fig. 5(C) and (G)). However, no significant difference was
observed in GIP levels in the portal blood between the
CPE-administered group and the control group (Fig. 5(D)
and (H)). Neither glucose (Fig. 5(A) and (E)) nor insulin
(Fig. 5(B) and (F)) levels were different between the control
and CPE-administered groups.
When glucose was administered with CPE, active GLP-1

(Fig. 6(C)) and insulin (Fig. 6(B)) levels in the portal blood
were slightly higher in CPE-administered mice than in the con-
trol mice. Although blood glucose levels were similar between
the CPE-administered and control groups at 10 min, they
declined more in the CPE-administered group, which resulted
in significantly lower blood glucose levels in CPE-administered
mice than in the control mice (Fig. 6(E)).
High-fat diet-fed C57BL/6J mice developed hyperglycaemia

and impaired glucose tolerance. Therefore, the effects of coffee
polyphenols given with the high-fat meal (starch (2 g/kg BW)
plus trioleate (1 g/kg BW), 33 % (w/w) fat) on GLP-1 secretion
were examined. When starch with TO was administered to
mice, glucose levels were significantly increased in the portal

Fig. 1. Effects of glucose and fatty acids on active glucagon-like peptide-1 (GLP-1) secretion from NCI-H716 cells. Cells were incubated for 2 h with (A) glucose (50–

500 mM) or (B) fatty acids (0·4 or 0·8 mM). Values are means (n 4–5 per group), with standard errors represented by vertical bars. A one-way ANOVA followed by

Dunnett’s post hoc tests was used when comparing values between the control and experimental groups. Mean value was significantly different from that of the

control group: ** P < 0·01, *** P < 0·001 (Dunnett’s test). PMA, phorbol 12-myristate 13-acetate.
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blood at 10 min (Fig. 7(A)), followed by a decline in each blood
variable at 30 min (Fig. 7(E)). The co-administration of CPE
with starch plus TO significantly decreased peak blood glucose
(Fig. 7(A)), GIP (Fig. 7(D)) and insulin (Fig. 7(B)) levels. No
significant differences were observed in active GLP-1 levels in
the portal blood between the CPE-administered and control
groups at 10 min (Fig. 7(C)); however, these levels were signifi-
cantly higher in the CPE-administered mice than in control
mice at 30 min (Fig. 7(G)).

Discussion

The present results support the hypothesis that polyphenols in
coffee stimulate active GLP-1(7–36) amide secretion. The
polyphenol extract isolated from coffee increased active
GLP-1(7–36) amide release from NCI-H716 cells and in
mice. To the best of our knowledge, this is the first study to
demonstrate the direct stimulatory effects of coffee polyphe-
nols on active GLP-1 secretion in vitro and in vivo.
Previous studies did not detect an increase in active GLP-1

levels in the peripheral blood following the ingestion of coffee
polyphenols. Tunnicliffe et al.(21) reported no significant
changes in the postprandial secretion of GLP-1 by chlorogenic
acid in either NCI-H716 cells or rats. Olthof et al.(22) also did
not find an overall effect of chlorogenic acid (1 g) ingested
with glucose (75 g) on blood GLP-1 concentrations in over-
weight men. Several possible explanations could account for
the increase observed in active GLP-1 levels after the ingestion
of coffee polyphenols. One possibility is that we examined
active GLP-1 levels in the portal blood. In preliminary experi-
ments, active GLP-1(7–36) amide levels were lower in either
peripheral or whole-blood samples than in portal blood sam-
ples even though blood was immediately treated with the DPP
IV inhibitor. This difference in GLP-1 levels may be related to
the susceptibility of secreted GLP-1 to inactivation by DPP
IV(23). Another possibility is that we examined the direct
effects of coffee polyphenols on GLP-1 release. Previous

studies examined postprandial GLP-1 levels after the adminis-
tration of chlorogenic acids with a meal or glucose. The stimu-
lation of GLP-1 secretion by coffee polyphenols (0·3 g/kg
BW) was weaker than that by glucose (2 g/kg BW). A marked
increase in the secretion of GLP-1 by a meal or the ingestion
of glucose may obscure the stimulatory effects of coffee poly-
phenols. The present results demonstrated that coffee poly-
phenols, when ingested with glucose, increased GLP-1 and
insulin levels in the portal blood, which appeared to result in
a significant decrease in blood glucose levels thereafter. The
results of the present study agree with those by Johnston
et al.(24), who reported higher blood GLP-1 levels after the
consumption of decaffeinated coffee (0·35 g of chlorogenic

Fig. 3. Effects of coffee polyphenol extract (CPE) on intracellular cyclic AMP

(cAMP) levels. (A) NCI-H716 cells were incubated for 20 min with CPE (0–0·1
%). (B) Chinese hamster ovary-K1 (CHO-K1) cells (□) and G protein-coupled

receptor 119 (GPR119) receptor EZCells (■) were incubated for 20 min with

CPE (0–0·1 %). Values are means (n 3–4 per group), with standard errors

represented by vertical bars. A one-way ANOVA followed by Dunnett’s post
hoc tests was used when comparing values between the control (0 % CPE)

and experimental groups. Student’s t tests after a preliminary F test of the

homogeneity of within-group variance were used when comparing values

between 0 % CPE and each concentration of CPE in GPR119 receptor

EZCells (GPR119-transfected CHO-K1 cells). Mean value was significantly

different from that of the control (0 % CPE) group: * P < 0·05, ** P < 0·01, ***
P < 0·001 (Dunnett’s test).

Fig. 2. Effects of coffee polyphenol extract (CPE) on active glucagon-like

peptide-1 (GLP-1) secretion from NCI-H716 cells. Cells were incubated for

2 h with CPE (0–0·1 %). Values are means (n 14–16 per group), with standard

errors represented by vertical bars. A one-way ANOVA followed by Dunnett’s

post hoc tests was used when comparing values between the control (0 %

CPE) and experimental groups. Mean value was significantly different from

that of the control (0 % CPE) group: ** P < 0·01, *** P < 0·001 (Dunnett’s test).
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acids) with glucose (25 g) than of control beverage in human
subjects.
The present in vitro results demonstrated that glucose, fatty

acids and coffee polyphenols directly stimulate active GLP-1
release from NCI-H716 cells in a dose-dependent manner.
The present results also showed that glucose and TO similarly
stimulate the secretion of GLP-1, and, when combined, they
stimulate the secretion additively in mice. When administered
with starch and fat, coffee polyphenols decreased postprandial
blood responses from glucose, insulin and GIP. The present
results are compatible with the findings of our previous
study, which also showed that coffee polyphenols inhibit the
activity of maltase(25). Although the co-ingestion of coffee
polyphenols with a meal decreased postprandial blood glucose,
insulin and GIP responses, similar blood GLP-1 levels were
retained as the control at 10 min, and even higher GLP-1
levels at 30 min than control levels. The difference observed
in the blood GLP-1 responses from glucose, insulin and
GIP may have been due to the direct stimulatory effects of
coffee polyphenols on the release of GLP-1.
Several GLP-1 secretagogues have so far been reported.

Meat hydrolysate has been shown to stimulate the secretion
of GLP-1 via the mitogen-activated protein kinase-dependent
pathway(19). Several amino acids are known to potentiate the

secretion of GLP-1 from GLUTag cells by increasing intracel-
lular Ca2+ and cAMP levels(26). Oleoylethanolamide was
shown to stimulate the release of GLP-1 via the GPR119–
cAMP pathway(17). The present results suggest that coffee
polyphenols may trigger the secretion of GLP-1 from
NCI-H716 cells via the cAMP-dependent pathway. In our pre-
liminary experiment, GPR119 ligands such as oleoylethanola-
mide (10 μM) and PSN632408 (10 μM) increased cAMP levels
in GPR119-transfected CHO-K1 cells by 2·5- to 3·5-fold that
of the control level (data not shown). In contrast, the increase
in cAMP levels in the cells by CPE was only slight and equiva-
lent to the increase in cAMP levels in CHO-K1 cells
(GPR119-negative) (Fig. 3(B)). This result indicated that

Fig. 4. Effects of glucose (G) and glyceryl trioleate (TO) on active glucagon-

like peptide-1 (GLP-1) concentrations in the portal blood of C57BL/6J mice.

(A) Time course of active GLP-1 and (B) active GLP-1 10 min after gastric

administration. ( ), 0, Control; ( ), G2, 2 g G/kg body weight (BW);

( ), TO2, 2 g TO/kg BW; ( ), G1+TO1, 1 g G/kg BW and 1 g TO/kg

BW; ( ), G2+TO2, 2 g G/kg BW and 2 g TO/kg BW. Values are means

(n 5 per group), with standard errors represented by vertical bars.

Fig. 5. Effects of coffee polyphenol extract (CPE) on glucose (A), insulin (B),

active glucagon-like peptide-1 (GLP-1) (C) and glucose-dependent insulinotro-

pic polypeptide (GIP) (D) concentrations in the portal blood of C57BL/6J mice

10 min after gastric administration. Effects of CPE on glucose (E), insulin (F),

active GLP-1 (G) and GIP (H) concentrations in the portal blood of C57BL/6J

mice 30 min after gastric administration. Values are means (n 6–8 per group),

with standard errors represented by vertical bars. Student’s t tests after a pre-

liminary F test of the homogeneity of within-group variance were used when

comparing values between the groups. * Mean value was significantly different

from that of the control (0 % CPE; –) group (P < 0·05; Student’s t test). To con-

vert glucose in mg/dl to mmol/l, multiply by 0·0555.
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GPR119 was not responsible for the intracellular increase in
cAMP by CPE. A limitation of the present study is that the
molecules responsible for the secretion of GLP-1 triggered
by coffee polyphenols remain unknown.
An increase in active GLP-1 levels may be beneficial by pre-

venting the progression of diabetes. Despite the lack of a sig-
nificant increase in active GLP-1 secretion or the
insulinotropic activity of GLP-1, the results of the present
study suggest that luminal coffee polyphenols may stimulate
the secretion of active GLP-1, which consequently lowers
postprandial hyperglycaemia. Active GLP-1 promotes cell
growth(27) and inhibits cell apoptosis(28) in pancreatic β-cells.
While we have not yet demonstrated the prevention of

diabetes by the chronic consumption of coffee polyphenols,
the present results suggest that the reduced risk of type 2 dia-
betes due to the daily consumption of coffee may be
explained, at least partly, by the intake of coffee polyphenols.
Although they do not detract from the significance of the pre-

sent results, the limitations of the present study should be con-
sidered. The mechanism responsible for the stimulatory effects
of coffee polyphenols including the G protein-coupled receptor
responsible and increase in intracellular cAMP levels remains
unclear. Since GLP-1-secreting cells comprise less than 1 %
of the epithelial cell population in the small intestine, it is chal-
lenging to measure cAMP increases in enteroendocrine cells in
vivo following the administration of coffee polyphenols.

Fig. 7. Effects of coffee polyphenol extract (CPE) plus starch (from waxy

maize) and glyceryl trioleate (TO) on glucose (A), insulin (B), active glucagon-

like peptide-1 (GLP-1) (C) and glucose-dependent insulinotropic polypeptide

(GIP) (D) concentrations in the portal blood of C57BL/6J mice 10 min after

gastric administration. Effects of CPE plus starch (from waxy maize) and TO

on glucose (A), insulin (B), GLP-1 (C) and GIP (D) concentrations in the portal

blood of C57BL/6J mice 30 min after gastric administration. Values are means

(n 9–11 per group), with standard errors represented by vertical bars.

Statistical analysis was conducted using a one-way ANOVA followed by

Fisher’s protected least significant difference (PLSD) multiple comparison. a,

b,c Mean values with unlike letters were significantly different (P < 0·05). *

Mean values were significantly different (P < 0·05; Student’s t test). To convert

glucose in mg/dl to mmol/l, multiply by 0·0555.

Fig. 6. Effects of coffee polyphenol extract (CPE) plus glucose on glucose (A),

insulin (B), active glucagon-like peptide-1 (GLP-1) (C) and glucose-dependent

insulinotropic polypeptide (GIP) (D) concentrations in the portal blood of

C57BL/6J mice 10 min after gastric administration. Effects of CPE plus glu-

cose on glucose (E), insulin (F), active GLP-1 (G) and GIP (H) concentrations

in the portal blood of C57BL/6J mice 30 min after gastric administration.

Values are means (n 7–8 per group), with standard errors represented by ver-

tical bars. Student’s t tests after a preliminary F test of the homogeneity of

within-group variance were used when comparing values between the groups.

* Mean value was significantly different from that of the control (0 % CPE; –)

group (P < 0·05; Student’s t test). To convert glucose in mg/dl to mmol/l, multi-

ply by 0·0555.
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Further investigations, such as those examining the ligand activ-
ity of chlorogenic acid for G protein-coupled receptors, will
improve our understanding of the mechanism responsible for
the stimulatory effects of coffee polyphenols on the release of
GLP-1. Studies are currently being conducted to clarify whether
coffee polyphenols stimulate postprandial active GLP-1 levels in
humans, and also whether the daily consumption of coffee poly-
phenols prevents type 2 diabetes in animal models.
Although the postprandial secretion of the active GLP-1(7–

36) amide was shown to be impaired in type 2 diabetic
patients(29), the insulinotropic activity of GLP-1, but not GIP,
was preserved in patients with mild type 2 diabetes(30).
Exogenous GLP-1 improved fasting hyperglycaemia in type 2
diabetes(31). Taken together, active GLP-1 secretion by the
daily consumption of coffee polyphenols may contribute to
not only the prevention of, but also improvements in, type 2 dia-
betes. Therefore, the therapeutic value of the daily consumption
of coffee polyphenols in combination with antidiabetic drugs
such as DPP IV inhibitors needs to be examined in more detail.

Conclusion

In conclusion, the present study demonstrated that the inges-
tion of coffee polyphenols stimulates active GLP-1 secretion
from enteroendocrine cells via the cAMP-dependent pathway.
The present results suggest that polyphenols from coffee may
serve as an exogenous physiological regulator of the secretion
of incretin with an influence on blood glucose homeostasis.
This may be important for the further development of
GLP-1-based therapies for the treatment of diabetes.
Therefore, more detailed studies on GLP-1 kinetics should
be undertaken in relation to glucose homeostasis in larger ani-
mals and humans.
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