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Inhibition of starch digestion by the green tea
polyphenol, (—)-epigallocatechin-3-gallate
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Scope: Green tea has been shown to ameliorate symptoms of metabolic syndrome in vivo. The
effects could be due, in part, to modulation of postprandial blood glucose levels.
Methods and results: We examined the effect of coadministration of (—)-epigallocatechin-
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3-gallate (EGCG, 100 mg/kg, i.g.) on blood glucose levels following oral administration of
common corn starch (CCS), maltose, sucrose, or glucose to fasted CF-1 mice. We found that
cotreatment with EGCG significantly reduced postprandial blood glucose levels after adminis-
tration of CCS compared to control mice (50 and 20% reduction in peak blood glucose levels and
blood glucose area under the curve, respectively). EGCG had no effect on postprandial blood
glucose following administration of maltose or glucose, suggesting that EGCG may modulate
amylase-mediated starch digestion. In vitro, EGCG noncompetitively inhibited pancreatic amy-
lase activity by 34% at 20 wM. No significant change was induced in the expression of two small

intestinal glucose transporters (GLUT2 and SGLT1).

Conclusions: Our results suggest that EGCG acutely reduces postprandial blood glucose levels
in mice when coadministered with CCS and this may be due in part to inhibition of a-amylase.
The relatively low effective dose of EGCG makes a compelling case for studies in human

subjects.
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1 Introduction

Tea is second only to water in terms of global popularity as
a beverage [1]. Green tea consumption has been suggested
to have preventive activity against many chronic diseases,
including Metabolic Syndrome [2, 3]. By contrast, diets con-
taining foods with a high glycemic index/load are associated
with increased incidence of chronic diseases such as type
2 diabetes [4]. It has been observed in rats that green tea
catechins reduce blood glucose levels when included in the
diet [5, 6].
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(—)-Epigallocatechin-3-gallate (EGCG), is the most abun-
dant catechin in green tea and may be the most biologically
active. EGCG has been shown to reduce symptoms associ-
ated with Metabolic Syndrome in mice and rats: inhibition
of lipid absorption, enhancement of fat oxidation, and im-
proved insulin signaling, as well as inhibition of gluconeo-
genesis [7-14]. It has also been proposed that EGCG treat-
ment can modulate blood glucose levels by increasing glucose
uptake by skeletal muscles via glucose transporter (GLUT)-
4 [15], or by increasing phosphorylation of forkhead box
proteins [16].

In postmenopausal overweight women, 150 mg EGCG
given twice/day for 12 weeks lowered blood glucose levels
in those with poor glucose tolerance [17], other studies have
been less promising [18, 19]. The variability in human obser-
vational studies may be due to varying composition of diet.
For example, EGCG or green tea may inhibit postprandial
increases in blood glucose levels following a meal containing
high levels of starch, but not following a meal containing high
levels of simple sugars. One study found that green tea (0.1 g
solid in warm water) decreased carbohydrate absorption of
a rice meal by 25% in healthy human subjects [20]. This
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suggests that green tea polyphenols may inhibit the break-
down of starch in vivo.

Green tea polyphenols may affect regulation of blood glu-
cose levels at a number of different points including at the
level of carbohydrate digesting enzymes, specifically by in-
hibiting enzymes a-amylase and «-glucosidase in the small
intestine (SI) [21]. Two different types of a-amylase existin the
human body, salivary a-amylase and pancreatic a-amylase.
Both types of a-amylase aid in the digestion of starch, through
the hydrolysis of interior a-1,4-glucose linkages. The result-
ing oligosaccharides are broken down to glucose by other
digestive enzymes such as maltase [22]. Both green and black
teas (2 g in 200 mL boiling water) have been shown to inhibit
potato starch breakdown by a-amylase in vitro using human
saliva. In the same study, the effect of green and black teas on
salivary amylase-mediated carbohydrate breakdown was ex-
amined in human subjects. In that experiment, human sub-
jects were asked to chew crackers, followed by rinsing with
the above tea solutions. From analyzing the breakdown prod-
ucts of cracker carbohydrates formed in the subject’s mouths,
the investigators concluded that both teas inhibited salivary
amylase in vivo [23]. Here, we investigate the effects of EGCG
on changes in postprandial blood glucose levels induced by
common corn starch (CCS), maltose, and glucose, as well as
sucrose, in mice. We explored the underlying mechanisms
of action both in vitro and in vivo.

2 Materials and methods
2.1 Chemicals

Melojel CCS was obtained from National Starch and Chemi-
cal Co. (Bridgewater, NJ, USA). EGCG (93% pure) was pur-
chased from Taiyo Green Power (Jiangsu, China). All other
chemicals were of the highest grade commercially available.

2.2 Animals and treatments

Male CF-1 mice (Charles River Laboratories, Wilmington,
MA, USA) were selected for study because our laboratory
has characterized the bioavailability of tea polyphenols in this
strain [24, 25]. Mice were housed in gang cages (n = 10 per
cage) on corn cob bedding and maintained on 12 h light/dark
with standard chow and water provided ad libitum. All exper-
iments were approved by the Institutional Animal Care and
Use Committee at the Pennsylvania State University (IACUC
#28962). Following a 2 week acclimatization period, mice
were separated into groups based on body weight and fasted
for 7 h (7 am-2 pm) prior to treatment. Mice were given CCS
(5 g/kg b.w., i.g.), glucose (2 g/kg b.w., i.g.), maltose (2 g/kg
b.w., i.g.), or sucrose (2 g/kg b.w., i.g.) alone or in combi-
nation with EGCG (100 mg/kg b.w., i.g.). All solutions were
made in water. The dose of CCS was higher than that of the
other carbohydrates, because we assumed that CCS would be
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less efficiently digested and therefore less bioavailable than
the simpler mono- and disaccharides. The dose of each carbo-
hydrate gave similar peak blood glucose levels. After dosing
mice had ad libitum access to water but were kept without
food for the duration of the experiment. Glucose concentra-
tion was determined in blood samples collected from the tail
vein using the Ascensia Contour Blood Glucose Monitoring
System (Bayer Healthcare, Tarrytown, NY, USA).

In experiments to determine expression of GLUTS,
plasma insulin levels, and plasma and tissue EGCG levels,
blood was collected via cardiac puncture from anaesthetized
mice. Blood was centrifuged at 3200x g for 15 min at 4°C and
plasma was aliquoted for plasma insulin analysis or EGCG
analysis (combined with 0.1 vol. of 20% ascorbate/0.1% EDTA
preservative) by LC-MS. The SI was removed, the contents ex-
pelled into a microfuge tube, and then rinsed with cold saline.
Plasma, SI, and small intestinal contents (SIC) were snap
frozen and kept at —80°C for later biochemical and chemical
analysis.

2.3 Plasma insulin measurements

Plasma insulin levels were determined using the Rat/Mouse
Insulin ELISA Kit from Millipore (Billerica, MA, USA), ac-
cording to the manufacturer’s protocol. Plate readings were
taken on a Thermo Scientific Multiskan Go Plate Reader
(Waltham, MA, USA).

2.4 o«-Amylase inhibition assay

Inhibition of a-amylase by EGCG and EGC was examined in
vitro using a modified version of the chromogenic Red-starch
method (Megazyme, Wicklow, Ireland). Inhibition studies
were conducted by combining enzyme (0.3 U/mL) was sus-
pended in 20 mM phosphate buffer (pH 6.9) containing
6.7 mM sodium chloride and Red-starch (7 mg/mL in 0.5 M
potassium chloride). EGCG or EGC was added (0-200 wM).
Following incubation at 37°C for 10 min, the reaction was
terminated by adding 95% ethanol. The solution was brought
to room temperature, and then centrifuged at 1000xg for
10 min. The absorbance of the supernatant was measured
at 510 nm using a Beckman DU650 spectrophotometer. Ki-
netic studies were conducted similarly with the modification
that EGCG concentration (50 pM) was held constant while
Red-starch concentrations were varied (0-2.8 mg/mL).

2.5 Western blot analysis

Expression of GLUTs was measured according to a previously
described method [26], with the following modifications. Tis-
sue samples (50 mg) from SIs were extracted with 500 L
T-PER extraction reagent (Pierce Biotechnology, Rockford,
IL, USA) containing phosphatase/protease inhibitors. The
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samples were homogenized using a Bullet Blender and Zir-
conium Silicate beads (Next Advance, Averill Park, NY, USA).
The homogenate was centrifuged at high speed twice for
7 min, and the supernatant was collected for western blot.
Protein samples were combined with loading buffer (30 pg
per well) and resolved by polyacrylamide (10% w/v) gel elec-
trophoresis, transferred to nitrocellulose membranes, and
probed with primary antibodies GLUT-2, sodium-dependent
glucose cotransporter (SGLT)-1, and B-actin (all 1:1000 dilu-
tion) in blocking solution (LI-COR Biosciences, Lincoln, NE)
overnight at 4°C. GLUT antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and B-actin was from
Cell Signaling Technology (Danvers, MA, USA). After incuba-
tion with a fluorescently labeled secondary antibody (LI-COR
Biosciences), proteins were imaged with an Odyssey imaging
system (LI-COR Biosciences).

2.6 Small intestinal and plasma concentrations
of EGCG

Plasma, SIC, and small intestinal tissue were analyzed for
EGCG concentration by LC-MS. Briefly, small intestinal tis-
sue was homogenized in 5 volumes of buffer containing 1
part 0.3 M sodium hydrosulfite, 0.1% Na,EDTA in 0.4 M
sodium monophosphate buffer (pH 6.8), and 1 part 50%
methanol:50% ethyl acetate for 10 min in the Bullet Blender,
and then centrifuged for 4 min at 14 000 rpm. The super-
natant was removed and dried for 60 min. Each sample was
resuspended in 0.4 mL water, hydrolyzed with glucuronidase
(250 U/sample) and sulfatase (1 U/sample) enzymes at 37°C
for 45 min, and extracted with dichloromethane and ethyl ac-
etate as previously described [24]. Samples were resuspended
in 10% acetonitrile, and analyzed by a previously described
method [27]. EGCG levels in SIC samples were quantified us-
ing UV/Vis detection (280 nm). These samples represented
total EGCG. Duplicate samples were prepared in an identical
manner but without glucuronidase/sulfatase to quantify the
free fraction of EGCG.

2.7 Statistical analysis

All values are reported as means + SEM. Area under the
curve (AUC) values were calculated using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA, USA). The kinetic
parameters (V. and K,,) of a-amylase inhibition by EGCG
were calculated using GraphPad. Two-tailed Student’s t-tests
were performed to determine statistical significance of west-
ern blot results, AUC values, and V,,,x/ K, parameters. Two-
way ANOVA with a Bonferroni correction was used to deter-
mine the statistical significance of blood glucose and insulin
measurements. A p value < 0.05 was considered statistically
significant.
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3 Results

3.1 Effect of EGCG on postprandial blood glucose
in mice

EGCG treatment significantly reduced the increase in blood
glucose levels induced by oral administration of CCS to mice
(Fig. 1A). Blood glucose levels were 77 and 73 mg/dL lower
in the EGCG-treated mice after 30 and 60 min, respectively.
EGCG caused a significant (p < 0.05) decrease in the blood
glucose AUC in mice treated with CCS (Table 1). When mice
were treated with either glucose or maltose, blood glucose
levels increased: interestingly, EGCG had no significant ef-
fect on this rise (Fig. 1B and C). Coadministration of EGCG
to mice treated with sucrose did reduce the peak blood glu-
cose concentrations compared to sucrose alone (p < 0.05,
Fig. 1D), although the effect was transient. Overall, EGCG
did not significantly reduce the blood glucose AUC in mice
treated with sucrose. Treatment with EGCG showed no clear
effect on plasma insulin levels following oral administration
of starch (Fig. 2).

3.2 Effect of EGCG on small intestinal expression
of GLUTs

Green tea has been reported to modulate the expression and
activity of GLUTs in vitro and in vivo [28-31]. The effect of
EGCG on small intestinal expression of SGLT-1 and GLUT-
2 was examined. Pretreatment with EGCG (100 mg/kg/day
i.g.) for 4 days had no significant effect on postprandial blood
glucose levels compared to naive mice (Fig. 3A). Western
blot analysis showed that EGCG did not significantly af-
fect the expression of either SGLT-1 or GLUT-2 in the SI
(Fig. 3B) compared to mice not pretreated with EGCG. Ex-
pression of SGLT-1 and GLUT-2 was also determined specifi-
cally in the jejunum, however again no significant differences
were found (data not shown).

3.3 Inhibition of a-amylase activity

Starch is primarily metabolized by a-amylase resulting in
the formation of glucose and maltose. We examined the in-
hibitory effect of EGCG and (—)-epigallocatechin (EGC) on
a-amylase activity in a cell-free system. Both EGCG and EGC
inhibited a-amylase activity with EGCG being the more po-
tent inhibitor (Fig. 4A). At a concentration of 20 M, EGCG
inhibited a-amylase by 34%, whereas EGC caused only 13%
inhibition at the same concentration. Kinetic analysis showed
that 50 uM EGCG reduced the V,,,x of a-amylase from 323.3
to 206.1 product/min/mg protein (p < 0.01), but did not sig-
nificantly affect the K, (p = 0.1) in the presence of increasing
concentrations of Red-starch substrate (Fig. 4B). These results
suggest that EGCG inhibits a-amylase in a noncompetitive
fashion with regard to substrate concentration.
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Figure 1. Impact of EGCG on the postprandial
blood glucose in male CF-1 mice. Mice were
treated with EGCG (100 mg/kg, i.g.) in combina-
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3.4 Small intestinal and plasma concentrations
of EGCG

We determined the levels of EGCG in the plasma, SI, and
SIC after treating CF-1 mice with EGCG (100 mg/kg, i.g.)
and CCS (5 g/kg, i.g.) (Table 2). In the SIC and SI, EGCG
was present largely in the unconjugated form, whereas in
the plasma, EGCG was mostly conjugated. As expected, the
SIC had the highest concentrations whereas plasma had the
lowest levels of EGCG.

4 Discussion

In the present study, we examined the acute effect of EGCG
on the digestion and postprandial effects of oral carbohydrates

Table 1. Effect of EGCG treatment on postprandial blood glucose
in CF-1 mice?

Blood glucose AUC (g/dL x min)

CCs Glucose Maltose Sucrose

Control 30.0+1.6 255+18 254+15 233+0.9
EGCG 241+11 238+08 251+12 225+0.8
pvalue 0.01 0.39 0.84 0.51

a) Results are shown as means + SEM (n = 6).
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tion with (A) common corn starch, (B) glucose,
(C) maltose, and (D) sucrose. Results are shown
as means + SEM (n=6). “p< 0.05 or " p< 0.01.

in mice. We report for the first time that cotreatment with
EGCG at a dose equivalent to 1.5 cups of green tea reduced
the postprandial elevation in blood glucose levels induced by
bolus dosing with CCS [25]. By contrast, no effect on the in-
crease in postprandial blood glucose induced by maltose or
glucose was observed following cotreatment with EGCG. In
total, these results suggest that EGCG modulates an aspect of
carbohydrate metabolism thatis unique to starch. We hypoth-
esized that this might be the result of inhibition of a-amylase
by EGCG.

Supporting this hypothesis, we found that EGCG dose-
dependently inhibited a-amylase in a cell-free system. This
inhibition was noncompetitive with respect to substrate con-
centration. Treatment with 20 puM EGCG caused 34% inhi-
bition. Analysis of the concentration of EGCG in the SIC of
CF-1 mice after dosing with EGCG and CCS showed concen-
trations of 972-2065 nmol/g. Assuming that 1 g of contents is
equivalent to one mL of volume, the concentration of EGCG
in the SIC ranges from 972 to 2065 pM, which is sufficient
to induce greater than 35% inhibition of a-amylase. These
in vitro results are similar to previous studies by Hara and
Honda (1990) who reported that EGCG inhibited salivary a-
amylase noncompetitively in vitro with an ICsy = 260 wM [32].
Additionally, the results are supported by a second study that
reported that EGCG can inhibit both salivary a-amylase and
a-glucosidase in vitro with ICsy = 1.4 mM and 220 pM, re-
spectively [33].
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Figure 2. Impact of EGCG on insulin levels in male CF-1 mice.
Mice were treated with EGCG (100 mg/kg, i.g.) in the absence or
presence of common corn starch (control). Results are shown as
means + SEM (n = 6).

In contrast to the potent postprandial effects of EGCG
following CCS administration, we found that EGCG less po-
tently and only transiently affected postprandial blood glucose
following oral administration of sucrose. These results sug-
gest that EGCG has a more modest effect of intestinal sucrase
activity. Honda and Hara (1992) have previously reported that
EGCG inhibited sucrase in vitro with an ICso of 100 wM [34].
It is possible that the more modest effects of EGCG against
sucrose-induced blood glucose are due to the relatively lower
expression of sucrase in the SI compared to a-amylase [35].
Further studies are needed to more fully understand this
effect.

Although our in vivo findings are new, they support pre-
vious work by others using EGCG-containing extracts. For
example, oligomeric procyanidins from persimmon leaf (in-
cluding EGCG subunits) lower blood glucose levels in starch-
fed rats [36]. Kucha tea extract, which contains EGCG, was
able to inhibit blood glucose levels in mice after oral adminis-
tration of starch and sucrose, but not glucose [37]. A previous
study in humans reported that treatment with a beverage
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containing green, black, and mulberry extracts reduced the
digestibility of a rice-based (carbohydrate) meal, but not the
digestibility of a lipid-based meal [20]. Although suggestive
for a role for green tea (and EGCG) at inhibiting starch diges-
tion, the results are confounded by the complicated mixture
of green, black, and mulberry teas, and the use of a rice-based
meal rather than pure starch.

Interestingly, a study by Liu et al., suggested that green
tea polyphenols can enhance blood glucose levels in rats fol-
lowing administration of starch that was pregelatinized in
the presence of the tea polyphenols. The authors suggest
that these effects are due to effects of the tea polyphenols on
starch structure that results in a more open structure that is
more readily attacked by a-amylase [38]. The inconsistency
of this finding with our results is likely due to the fact that
we combined CCS and EGCG immediately prior to oral ad-
ministration to mice, rather than combining the two, cooking
them together, and then administering them. There is little
chance of EGCG modifying the structure of starch in our
experiments since the starch structure is not disrupted by
heating.

In terms of human exposure, the study by Liu et al,, is
analogous to the development of a functional food that con-
tains CCS and is supplemented with green tea prior to some
cooking process. By contrast, our system models and expo-
sure system where CCS is consumed as part of a food and
that food is ingested with tea as a beverage. Both systems
represent equally plausible mechanisms of human exposure,
but demonstrate that the effects of green tea polyphenol sup-
plementation on starch digestion may be significantly differ-
ent depending on when and how green tea polyphenols are
ingested.

Previously, it has been suggested that EGCG (and green
tea) may modulate carbohydrate digestion by influencing
the expression or activity of GLUTSs, specifically SGLT-1
and GLUT-2/4 in the SI, adipose, and muscle, respectively
[28-30]. Although effects on GLUT-2/4 have been explored
in animal models, the effects of EGCG on SGLT-1 are based
only on in vitro studies. Inhibition of glucose uptake from the
intestine (via SGLT-1) on uptake into tissues (via GLUT-2/4)
would be expected to impact blood glucose following oral
administration of CCS, maltose, or glucose. In our study,
we found that acute administration of EGCG did not impact

= + Figure 3. Effect of pretreatment with
EGCG on postprandial blood glucose (A)
and small intestinal expression of GLUT-
2 and SGLT-1 (B) in mice. Mice were
pretreated with saline or EGCG (100
mg/kg/day, i.g.) for 4 days. On day 5,
all mice were treated with a single dose
of glucose. Blood glucose measurements
were taken and then mice were sacri-
ficed and small intestinal tissue was har-
vested. GLUT-2 and SGLT-1 levels were
determined by Western Blot. Results are
shown as means + SEM (n = 6).
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Control

www.mnf-journal.com



1652 S. C. Forester et al.

=3

ha

[=]
J

A

8

-]
[~

[=4]
(=]

B
(=]
i

==EGC

Amylase Activity (% Control)
S

=B=EGCG

(=]
i

——rrr———rrr—

=]
=

Concentration (LM)

g

ra
i

- 0um
=& 50uMm

1 10 100 1000

Mol. Nutr. Food Res. 2012, 56, 1647-1654
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the postprandial increase in blood glucose following admin-
istration of maltose or glucose, nor did we observe changes
in glucose response or the expression of SGLT-1 or GLUT-
2 following treatment with EGCG for 4 days. These results
suggest that acute administration of EGCG does not inhibit
glucose transport across the intestinal wall. Interestingly, it is
possible that long-term treatment with EGCG (or green tea)
may modulate other aspects of carbohydrate metabolism, for
example, EGCG has been shown to inhibit gluconeogenesis
in the intestine [39]. Green tea extract has also been shown

] 1
0.0 0.5 1.0 1.5 20 25 3.0 3.5

Results are shown as the mean + SD
(n=3). "p< 0.05; “p < 0.01 compared to
control.

to modulate GLUT-2/4 gene expression, and increase insulin
signaling in the liver and skeletal muscle [31]. Given the acute
nature of the present study, it is unlikely, that the effects of
EGCG are due to inhibition of gluconeogenic enzymes. One
can speculate that treatment with EGCG may acutely affect
starch digestibility and, after chronic dosing, affect expression
of genes related to glucose handling distal to the SI. Such a
hypothesis should be further tested.

In conclusion, the green tea polyphenol EGCG caused
decreased blood glucose levels in starch-fed mice, and to a

Table 2. Plasma, small intestine, and small intestinal contents levels of EGCG in CF-1 mice after oral administration of 100 mg/kg, i.g. EGCG

EGCG
30 min 60 min 120 min
Plasma (nM) Total 49.9 + 121 37.7 £ 5.1 16.3+2.8
Unconjugated 25+0.8 9.6 +2.0 1.4+05
SIC (nmol/g) Total 2185.9 + 700.1 1613.4 + 325.7 2156.7 + 588.8
Unconjugated 972.5 + 116.8 1038.8 + 186.5 2065.2 + 642.6
Sl tissue (nmol/g) Total 58.6 + 23.8 82.7 + 8.1 56.5 + 15.8
Unconjugated 64.4 + 28.0 96.8 + 8.3 65.8 & 20.0

Unconjugated and total levels of EGCG in the small intestinal contents (SIC), small intestinal (Sl) tissue, and plasma of CF-1 mice (n = 5-6)

treated in combination with common corn starch.
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lesser extent in sucrose-fed mice. Due to the relatively high
concentrations of EGCG available in the SI following oral
administration of EGCG, and the in vitro antiamylase activity
of EGCG, it is likely that EGCG inhibition of pancreatic a-
amylase plays a role in the observed decrease in postprandial
blood glucose. These results suggest that coadministration
of green tea or EGCG may represent an effective means to
reduce the glycemic effect of high starch foods, and indicates
that further studies in human subjects are warranted.

This study was supported by NIH grant AT004678 (to J. D.
L)

J. D. L. has served as a paid consultant for Kao Corporation,
Tokyo.
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