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Green Tea Polyphenols Inhibit the Sodium-Dependent Glucose
Transporter of Intestinal Epithelial Cells by a Competitive

Mechanism
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Intestinal glucose uptake is mainly performed by the sodium-dependent glucose transporter, SGLT1.
The transport activity of SGLT1 was markedly inhibited by green tea polyphenols, this inhibitory
activity being most pronounced in polyphenols having galloyl residues such as epicatechin gallate
(ECg) and epigallocatechin gallate (EGCg). Experiments using brush-border membrane vesicles
obtained from the rabbit small intestine demonstrated that ECg inhibited SGLT1 in a competitive
manner, although ECg itself was not transported via SGLT1. The present results suggest that tea
polyphenols such as ECg interact with SGLT1 as antagonist-like molecules, possibly playing a role
in controlling the dietary glucose uptake in the intestinal tract.
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INTRODUCTION

Diabetes is a disease characterized by chronic hypo-
glycemia, which can lead to a number of microvascular
and macrovascular complications. Hyperglycemia is
associated with an increased risk of cardiovascular
diseases (Balkau et al., 1998; Harris and Eastman,
1998). Inhibiting the glucose uptake in the intestines
may be beneficial for diabetic patients to control the
blood glucose level in the postprandial state. Substances
that inhibit amylase and glycosidases have therefore
been analyzed, and some of them have been modified
to develop drugs for treating diabetes (Clissold and
Edwards, 1988; Yoshikuni, 1988).

Tea polyphenols have been reported to inhibit intes-
tinal a-amylase or sucrase (Hara and Honda, 1990;
Honda and Hara, 1993; Matsumoto et al., 1993). This
may be the main mechanism for the suppressive effect
of polyphenols on the increase in plasma glucose level
after a meal (Honda and Hara, 1993; Matsumoto et al.,
1993; Valsa et al., 1997). However, the inhibition of
intestinal glucose transporters by tea polyphenols may
also participate in reducing the blood glucose level. The
major component of glucose transport in the intestines
is the Na'-dependent glucose transporter (SGLT1).
SGLT1 can be blocked by the plant-derived glycoside
phloridzin (Alvarado, 1967). Phloridzin has been re-
ported to excrete glucose into the urine by reducing the
SGLT-mediated reabsorption of glucose in retinal epi-
thelial cells and to lower the blood glucose level in
several diabetic animal models upon its subcutaneous
injection (Khan and Effendic, 1995; Krook et al., 1997)
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In the present study, by using a rat everted sac, we
show that the tea polyphenol potently inhibited the
functional activity of SGLTL1. Detailed studies on the
effect of tea polyphenols were performed by using rabbit
intestinal brush-border membrane vesicles (BBMVs)
and by an electrophysiological method. BBMVs comprise
spherical membrane vesicles on which SGLT1 is ex-
pressed, the outer surface representing the intestinal
lumen and the core of the vesicle representing the
intestinal cell. The advantage of using BBMVs in such
studies is that SGLT1-mediated glucose transport can
be studied without any interference from the cytoplas-
mic glucose metabolism. Welsh et al. (1989) have
reported that catechin, one of the major tea polyphenol
derivatives, inhibited SGLT1. Because epicatechin gal-
late (ECg) and epigallocatechin gallate (EGCg), the
major tea polyphenols with a triphenol structure (Figure
1), generally have stronger biological functions than
catechin, ECg and EGCg were expected to have a
stronger effect on glucose transport inhibition than
catechin. We therefore investigated the effect of ECg
and EGCg on the intestinal glucose uptake via SGLT1.

MATERIALS AND METHODS

Chemicals. Catechin (C), epicatechin gallate (ECg), epi-
gallocatechin (EGC), and epigallocatechin gallate (EGCg) were
obtained from Mitsui Norin Co. (Shizuoka, Japan). d-[6-H]-
Glucose (specific radioactivity = 33.0 Ci/mmol) was obtained
from Amersham Radiochemical Center (London, U.K.); all
other reagents and chemicals were commercially available
extra-pure-grade products.

Uptake Experiments Using Everted Sacs. The incor-
poration of b-glucose into everted jejunal sacs was determined
as originally described by Lostao et al. (1998). Briefly, 6-week-
old male Wistar rats (from Nisseizai, Tokyo, Japan) were
anesthetized, and a segment of the jejunum was quickly
excised, rinsed with an ice-cold saline solution, everted, and
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Figure 1. Structures of major green tea polyphenols.

cut into 3-cm pieces. Groups of seven to eight intestinal sacs
were incubated at 37 °C in the uptake buffer (the uptake buffer
contained 140 mM KCI or NaCl, 10 mM KHCOs3, 0.4 mM KH,-
PO, 2.4 mM K;HPO,4, 1.2 mM CaCl,, and 1.2 mM MgCl, at
pH 7.4) containing 1.0 mM b-glucose and 0.1 «Ci/mL of d-[*H]-
glucose in the absence (control) or presence of tea polyphenols.
To measure the sodium-dependent glucose uptake, the uptake
buffer containing 140 mM NacCl instead of KCI was used. At
the end of the incubation period, the tissues were washed in
an ice-cold saline solution, blotted carefully to remove the
excess moisture, weighed wet, and extracted by shaking for
12 hin 12 mL of a liquid scintillation cocktail; the radioactivity
was counted with an LSC 5100 liquid scintillation analyzer
(Aloka, Tokyo, Japan).

BBMVs. Preparation of the BBMVs. BBMVs were prepared
from rabbit jejunum (male rabbits, 3 months old, from Nis-
seizai, Tokyo, Japan) by the Mg?*-precipitation method in the
presence of ethylene glycol bis(5-aminoethyl ether) N,N,N',N'-
tetraacetic acid (EGTA) (Tiruppathi et al., 1988; Miyamoto et
al., 1985). The small intestine was excised, rinsed with an ice-
cold KCI solution, and everted on a stainless steel wire.
Mucosal scrapings from two rabbits were homogenized with a
10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES)/tris(hydroxymethyl)aminomethane (Tris) buffer at
pH 7.5 containing 300 mM mannitol and MgCl, added to a
final concentration of 10 mM. The mixture was stirred
continuously for 1 min and subsequently centrifuged at 3000g
for 15 min. The supernatant was decanted and centrifuged at
600009 for 30 min. The resulting BBMVs were resuspended
in a 10 mM HEPES/Tris buffer (pH 7.5) containing 300 mM
mannitol to a final protein concentration of 10 mg/mL. BBMVs
were stored in liquid nitrogen until needed.

Uptake Experiments with BBMVs. Measurement of the
glucose uptake by BBMVs was performed at room temperature
by the rapid filtration technique using a Millipore filter (DAWP
type, 0.65 um pore size) (Ganapathy et al., 1981). The rate of
glucose uptake was determined by incubating BBMVs in a 10
mM HEPES/Tris buffer (pH 7.5) containing 0.1 uM b-[3H]-
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glucose and 150 mM NacCl. The diffusional glucose uptake was
determined by replacing NaCl with an equimolar amount of
KCI in the reaction mixture. The uptake was initiated by
mixing 40 uL of a membrane suspension with 160 uL of the
uptake buffer containing labeled glucose and was terminated
by adding 5 mL of an ice-cold stop buffer with subsequent
filtration under vacuum. The stop buffer was 10 mM HEPES/
Tris (pH 7.5) containing 150 mM KCI. The filter was washed
three times with 5 mL of the stop buffer and then transferred
to a counting vial. The radioactivity associated with the filter
was counted with an LSC 5100 liquid scintillation analyzer.

HPLC Analysis of ECg. Uptake of ECg by BBMVs was
measured by using the same method as that already described
for glucose uptake, except for replacing p-[*H]glucose with ECg
(0.5 mM final concentration). To the washed filter (washed
three times with the stop buffer), which had adsorbed BBMVs,
was added 1 mL of ethanol to extract ECg from BBMVs. The
mixture was then centrifuged for 15 min at 100000g, and the
resulting supernatant was filtered with Chromatodisc 4A (0.45
um pore size, Kurabou, Tokyo, Japan), the filtrate being
injected into an HPLC column (ODS-H-1251, 4 x 250 mm,
Senshu-Kagaku, Tokyo, Japan). The eluent was 0.3% phos-
phoric acid/acetonitrile (75:25, v/v) at a flow rate of 0.8 mL/
min (PU-1580 pump with an LG-1580-02 gradient unit, Jasco,
Tokyo, Japan). Tea polyphenols were detected with UV at 280
nm (Jasco UV-1575 UV—vis detector).

Electrophysiological Measurement. Male ddy mice (8—9
weeks old, Japan SLC, Hamamatsu, Japan) were anesthetized,
and segments of the ileum were removed. They were rinsed
with buffered saline and everted. The everted intestine filled
with a serosal solution (21 mM NaHCOs3;, 2.4 mM K;HPO,, 0.6
mM KH;PO,, 119 mM NaCl, 1.2 mM CacCl,, and 1.2 mM
MgCl,) was placed inside a glass tube containing the same
solution, which was bubbled continuously with 95% O, and
5% CO, at 37 °C. The potential difference was measured with
a high-input impedance electrometer (SS-1934, Nihon Kohden
Co., Tokyo, Japan) through calomel half-cells (Kitaoka et al.,
1996). A pair of polyethylene bridges filled with 2% agar in 1
M KCI were used to lead out the potential difference across
the intestinal wall. Glucose or ECg was added to the apical
side from a concentrated aqueous stock solution, and the
potential difference was registered with a chart recorder (R-
5-101G, Yanaco Co., Tokyo, Japan).

Statistics. Each result is shown as the mean + SE. The
kinetic constants were calculated by a linear regression of the
Eadie—Hofstee plot. The statistical difference between two
groups was analyzed by Student’s t test.

RESULTS

Effect of Tea Polyphenols on Glucose Uptake in
Everted Sacs. Figure 2 shows time course plots of
glucose uptake by everted sacs in the presence and
absence of Na*. The difference between the glucose
uptake in the presence of Na™ and that in the absence
of Na* represents the Na*-dependent glucose uptake
by SGLT1, whereas the glucose uptake in the presence
of Na* represents the total glucose uptake by the
everted sac. The Nat-dependent glucose uptake rate
was linear within the first 5 min and was ~55% of the
total glucose uptake after 2.5 min of incubation (Figure
2).

The Nat-dependent glucose uptake by everted sacs
was inhibited by ECg and EGCg (Figure 3). The uptake
of glucose after 4 min of incubation decreased from 15.1
to 9.7 umol/g of wet tissue (36% inhibition) when 1 mM
ECg was added to the uptake medium. The uptake also
decreased to 11.2 umol/g (25% inhibition) in the presence
of 1 mM EGCg. On the other hand, 1 mM catechin did
not affect the glucose uptake.

Effect of Tea Polyphenols on Glucose Uptake by
BBMVs. Glucose Transport in BBMVs. Figure 4 shows
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Figure 2. Time course plots of glucose uptake by rat intestinal
everted sacs. The uptake buffer contained either 140 mM NacCl
(®) or 140 mM KCI (O). To this buffer were added 1.0 mM
p-glucose and 0.1 mCi/mL of p-[*H]glucose. The difference of
glucose uptake in the presence and absence of NaCl is plotted
(a) as the Na*-dependent glucose transport. Each value is the
mean + SE (n = 8).
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Figure 3. Effect of ECg on glucose uptake by rat intestinal
everted sacs. Intestinal sacs were incubated for 4 min in the
uptake buffer containing 1 mM b-glucose with or without 1
mM C, ECg, or EGCg. Each data value is expressed as a
percentage of the control (uptake in the absence of tea
polyphenols) and is represented as the mean + SE (n = 8).
An asterisk (*) indicates significant difference (at P < 0.01)
from the control.

typical time course plots of glucose uptake by BBMVs.
Under an NaCl gradient directed from the outside (high)
to the inside (low), a very rapid uptake of glucose was
observed, whereas the uptake was very small without
Nat, indicating that BBMVs used SGLT1 as the major
mechanism for glucose uptake. Because the Nat-de-
pendent glucose uptake rate was almost linear for the
initial 30 s, the uptake experiment was carried out for
15 s unless otherwise stated.

Effect of Tea Polyphenols on Glucose Uptake in
BBMVs. ECg and EGCg at 1 mM concentration reduced
the glucose uptake by 53 and 35%, respectively, whereas
the inhibitory effects of C and EGC were not significant
(Figure 5). These data imply that a galloyl ester group
may be important for blocking glucose uptake. In
another experiment, we have previously observed that
gallic acid itself also inhibited the glucose uptake,
although the inhibitory activity was much lower than
that of ECg (32% inhibition by 1 mM gallic acid,
compared with 62% inhibition by 1 mM ECqg). The
glucose uptake inhibition by ECg occurred in a concen-
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Figure 4. Time course plots of glucose uptake by rabbit
intestinal BBMVs. Vesicles were equilibrated with a 10 mM
Hepes/Tris buffer (pH 7.5) containing 300 mM bp-mannitol
before the uptake experiment. The uptake buffer contained
100 nM b-[*H]glucose, 10 mM Hepes, and either 150 mM NaCl
(®) or 150 mM KCI (O). Each value is the mean + SE (n = 6).
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Figure 5. Effect of the polyphenols on the Na*-dependent
glucose uptake by rabbit intestinal BBMVs. The uptake was
terminated after 15 s. Each data value is expressed as a
percentage of the control (uptake in the absence of tea
polyphenols) and is represented as the mean + SE (n = 6).
An asterisk (*) indicates significant difference from the control
(at P < 0.005); two asterisks (**) indicate significant difference
from the control (at P < 0.001).
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Figure 6. Effect of the concentration of ECg on the Na*-
dependent glucose uptake by rabbit intestinal BBMVs. The
uptake buffer contained 100 nM b-[*H]glucose and an increas-
ing concentration of ECg. The uptake experiment was carried
out for 15 s. Each data value is expressed as a percentage of
the control (uptake in the absence of ECg) and is represented
as the mean + SE (n = 6).

tration-dependent manner, the 1Cso value being ~1 mM
under these conditions (Figure 6).

Determination of K; Value. To further define the
inhibition pattern by ECg and to determine the K; value
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Figure 7. Concentration dependence of glucose uptake by
rabbit intestinal BBMVs. The uptake experiment was carried
out for 15 s in the presence (M) or absence (®) of 1 mM ECqg.
The initial rate of glucose uptake was plotted against an
increasing concentration of the glucose medium (0.025—0.25
mM). K; was determined by using an Eadie—Hofstee plot as
shown in the inset. Each value represents the mean + SE (n
= 6).
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Figure 8. Incorporation of ECg in rabbit intestinal BBMVs.
BBMVs were incubated in a 0.5 mM ECg solution for 0.25,
0.5, 1, 2.5, and 5 min in the presence (®) or absence (O) of 150
mM NaCl. The incorporated ECg in BBMVs was quantified
by HPLC.

for ECg, kinetic analyses of the inhibition were per-
formed. ECg inhibited the transport of glucose as shown
in Figure 7, and the K; value for ECg was calculated to
be ~0.39 mM by using an Eadie—Hofstee plot. The plot
suggests that ECg was a competitive inhibitor of glucose
transport in rabbit intestinal BBMVs. ECqg is likely to
have interacted with SGLT1 and blocked the binding
of glucose to this protein.

Incorporation of ECg in BBMVs. A new question
arises from this finding as to whether ECg itself can be
transported as a substrate of SGLT1 or not. The content
of ECg incorporated into BBMVs was therefore mea-
sured after incubation of BBMVs with ECg in the NaCl
or KCI buffer. Although the amount of incorporated ECg
gradually increased with increasing incubation time,
there was no difference between the values obtained in
the presence or absence of Na*t (Figure 8). This suggests
that ECg itself was not transported into BBMVs via
SGLTI1.
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Figure 9. Effect of glucose and ECg on the transmural
potential difference (PD) of the mouse intestinal wall: (A)
glucose-evoked change in the transmural PD (concentrated
glucose stock solution was added to the apical side of the
everted sac to give a cumulative dose of glucose of 0.25, 0.5, 1,
2, or 5 mM, and the PD change was monitored); (B) effect of
ECg on transmural PD (ECg at 0.25 mM was added to the
apical side in the absence of glucose).

Electrophysiological Analyses. The addition of
glucose to the apical side of the intestinal mucosa
increased the transmural potential difference (PD)
across the mouse ileal mucosa in a concentration-
dependent manner (Figure 9). The transmural PD
change induced by glucose was decreased when glucose
was added in the presence of ECg (data not shown), in
good agreement with the previous results showing that
ECg inhibited the SGLT1 activity in rat everted sacs
(Figure 3) and in rabbit intestinal BBMVs (Figure 5).
When only ECg was added to the apical side in the ab-
sence of glucose, no transmural PD change was appar-
ent (Figure 9). This result also supports the previous
finding that ECg was not a substrate of SGLT1.

DISCUSSION

The intestinal Na*/glucose transporter, SGLT1, was
expression-cloned in 1987 (Heidiger et al., 1987), and
its transmembrane structure was revealed. SGLT1 has
one Nat-binding site, and the binding of Na* induces a
conformational change in SGLT1, by which glucose
becomes accessible to its binding site. Glucose and Na™
are then transported to the other side of the membrane
(Wright et al., 1998). Tea polyphenols are thought to
inhibit this process.

Substances that inhibit SGLT1 have been found in
other polyphenol compounds and saponins. Recently,
Vedavanam et al. (1999) have reported that a soybean
extract containing isoflavones inhibited glucose trans-
port by BBMVs. Polyphenolic compounds such as tannic
acid and chlorogenic acid have also been reported to
have such activity (Welsh et al., 1989). A crude saponin
fraction of Gymnema sylvesta has been shown to inhibit
glucose absorption in the small intestine of rats in a
glucose tolerance test (Murakami et al., 1996; Yoshika-
wa et al., 1997a). Other saponins isolated from various
sources have also been found to exhibit hypoglycemic
activity in the oral glucose test (Yoshikawa et al., 1996,
1997b). However, the mechanisms for the inhibition by
these substances have not previously been investigated
in detail. The present results suggest that tea polyphe-
nols such as ECg bind to the glucose transporter as an
antagonist-like molecule and inhibit the transport of
glucose, although it has not yet been revealed whether
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ECg binds to the glucose-binding site or to the Na*-
binding site.

The inhibitory activity of tea polyphenols was ob-
served only with certain types of tea polyphenols such
as ECg and EGCg, suggesting that the galloyl ester
group was essential for this activity. The inhibitory
activity of gallic acid was, however, much weaker than
that of ECg, suggesting that not only the galloyl residue
but also the catechin structure would play a role in this
inhibition. Because tea polyphenols lacking the galloyl
residue such as C, EC, and EGC did not show significant
inhibition at the concentration of 1 mM, the catechin
structure may be involved in the increased accessibility
of the galloyl residue to the glucose/Na*-binding site in
SGLT1.

Polyhydroxyl phenols are known to precipitate pro-
teins rather indiscriminately. Therefore, a general
precipitation of BBMV proteins, including SGLT1, by
tea polyphenols could be the inhibitory mechanism. To
examine this possibility, precipitability of bovine serum
albumin in the presence of tea polyphenols was inves-
tigated. There was a slight occurrence of precipitation
of serum albumin in the uptake buffer when tea
polyphenols (1 mM) were added to the protein solution
(2 mg/mL), but the degree of precipitate formation by
various polyphenols did not correlate with their glucose-
uptake inhibitory activity (data not shown). For ex-
ample, the degree of precipitate formation caused by
EGCg was almost same as that by EGC, which did not
inhibit SGLT1. We have also observed that tea polyphe-
nols such as ECg at concentrations of <1 mM did not
inhibit amino acid and peptide transporters expressed
on the human intestinal Caco-2 cells (unpublished
results). These results indicate that the inhibition of
SGLT1 by ECg and EGCg is not due to a simple protein
precipitation but a specific mechanism.

It is unknown to what extent tea polyphenols inhibit
intestinal glucose transport in vivo. In the present study
with an intestinal everted sac, 1 mM ECg reduced the
uptake of glucose (1 mM) to 65% of the control value
(Figure 3). The practical intestinal glucose level would,
however, reach a level much higher than 1 mM after a
meal. As the inhibition of glucose uptake by ECg is
competitive, ECg may not significantly inhibit the
glucose uptake when the intestinal glucose level in-
creases after a meal. Nevertheless, orally administered
ECg/EGCg may inhibit the glucose uptake to some
extent because ECg and EGCg are thought to be highly
interactive with mucosa, the local concentration of
EGCg at the intestinal mucosa being very high. Sug-
anuma et al. (1998) and Nakagawa and Miyazawa
(1997) have reported that most of the ingested EGCg
was detected at the intestinal mucosa. Furthermore, the
inhibition of o-amylase and o-glycosidases by tea
polyphenols (Hara and Honda, 1990; Honda and Hara,
1993; Matsumoto et al., 1993) would slow the hydrolysis
of polysaccharides and oligosaccharides, resulting in a
reduced rate of glucose production in the intestinal tract.
Under such conditions, the inhibitory activity of tea
polyphenols toward SGLT1 could play a part in the
reduction of intestinal glucose absorption. Thus, tea
polyphenols may act as multifunctional substances,
synergistically inhibiting the intestinal glucose absorp-
tion.

Glucose uptake in various cells, other than intestinal

and kidney cells, is performed by Nat-independent
glucose transporters, GLUTs. We have observed that
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ECg inhibited GLUTs 1 and 3, which were expressed
on human intestinal Caco-2 cells (unpublished results).
Compared with SGLT1, GLUT was more sensitive to
ECyg, the I1Csq value being 20 uM. However, it is unlikely
that ingested tea polyphenols would interfere with the
glucose uptake in various tissues in the body. Although
polyphenols can be absorbed to some extent through the
intestinal epithelium and are detectable in various
organs, the concentration of polyphenols in the blood
plasma and organs is very low. Nakagawa et al. (1997)
have reported that the plasma polyphenol concentration
after the ingestion of a normal amount of tea (375 mg
of EGCg intake) was only 4.3 uM, this being much lower
than the ICso value. Furthermore, the majority of
ingested polyphenols undergoes structural modification
(conjugation) such as methylation, sulfation, and glu-
curonidation before finally being excreted in the urine
and bile (Piskula and Terao, 1998; Okushio et al., 1998).
These modifications may also reduce the bioactivity of
polyphenols as reported by Nanjo et al. (1996), who
observed that the antioxidative activity of flavonoids in
vitro was drastically reduced by modification of the
hydroxyl groups. Because tea polyphenols are present
in an unconjugated form and also in a high content in
the intestinal tract, it is feasible that tea polyphenols
express their suppressive function only in intestinal
glucose absorption.

In this study, tea polyphenols were found to inhibit
glucose uptake in the intestine. The inhibitory activity
of tea polyphenols, together with their intestinal a-gly-
cosidase inhibitory activity, may suppress the increase
in the blood glucose level after a meal. Phloridzin, a
classic SGLT1 inhibitor, has been investigated as a drug
for diabetic patients (Oku et al., 1999). It may also be
possible that tea polyphenols are a good model material
for new drugs as well as for a functional food ingredient.

ABBREVIATIONS USED

BBMVs, brush-border membrane vesicles; C, cate-
chin; EC, epicatechin; ECg, epicatechin gallate; EGC,
epigallocatechin; EGCg, epigallocatechin gallate; GLUT,
glucose transporter; SGLT, sodium-dependent glucose
transporter; PD, potential difference.
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