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Catechins are abundant in green tea and induce a variety of biologic actions, including anti-cancer, anti-
obesity, and anti-diabetes effects, and their clinical application has been widely investigated. To clarify
the underlying molecular mechanisms of these actions, we examined the effect of catechins on AMP-
activated protein kinase (AMPK) in cultured cells and in mice. In Hepa 1-6, L6, and 3T3-L1 cells,

Keywords: epigallocatechin gallate (EGCG) induced increases in AMPKa and the downstream target acetyl-CoA
Catechin carboxylase (ACC) phosphorylation, and AMPKa activity. Analysis of the molecular specificity of eight
/E\;;:;E tea naturally occurring catechins revealed that catechins with a gallocatechin moiety or a galloyl residue act
LKB1 as AMPK activators. In addition, phosphorylation of LKB1, which is a tumor-suppressor protein and a

major AMPK-kinase, was increased by catechin treatment. EGCG-induced phosphorylation of LKB1 and
AMPKa was suppressed by treatment with catalase, suggesting that reactive oxygen species are involved
in EGCG-induced activation of the LKB1/AMPK pathway. Oral administration of EGCG (200 mg/kg body
weight) to BALB/c mice induced an increase in AMPKa activity in the liver concomitant with a significant
increase in AMPKa and ACC phosphorylation. EGCG administration also increased oxygen consumption
and fat oxidation, as determined by indirect calorimetry. These findings suggest that multiple effects of
catechins, including anti-obesity and anti-cancer effects, are mediated, at least in part, by the activation

Energy metabolism

of LKB1/AMPK in various tissues, and that these effects vary according to the catechin structure.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

AMP-activated protein kinase (AMPK) is a serine/threonine
kinase that is implicated in the control of energy metabolism at
both the cellular and whole-organ levels [1]. AMPK is activated by
the phosphorylation of Thr!'’? by an upstream enzyme, LKB1,
which was originally identified as a tumor-suppressor protein and
is postulated to be a major AMPK-kinase [2-4]. AMPK activation
results in the phosphorylation and inhibition of acetyl-CoA
carboxylase (ACC), and the loss of inhibition of carnitine palmitoyl
transferase 1 by decreasing the concentration of malonyl-CoA,
leading to increased fatty acid oxidation. AMPK also regulates
glucose homeostasis by modulating gluconeogenesis-related
molecules, such as phosphoenolpyruvate carboxykinase and
glucose-6-phosphatase in the liver. In regulating adipogenesis,
AMPK activation inhibits adipocyte differentiation and suppresses
the expression of lipogenic molecules, such as fatty acid synthase,
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ACC, and peroxisome proliferator-activated receptor-vy [5]; there-
fore, based on the central role of AMPK in the regulation of energy
metabolism, it may be a promising molecular target for the
suppression of obesity and the treatment of metabolic syndrome.

Catechins, which are abundant in green tea and cacao, have
received much attention due to their beneficial effects on health
[6]. Tea catechins consist mainly of eight types of catechins:
catechin, epicatechin, catechin gallate, epicatechin gallate, gallo-
catechin, gallocatechin gallate, epigallocatechin, and epigalloca-
techin gallate (EGCG). Among these, EGCG has been extensively
investigated because it is the most abundant species, comprising
up to 65% of the total catechin content in green tea [7]. Catechins
and green tea have a variety of properties, including anti-oxidant
[8], anti-cancer [7,9], anti-diabetic [10], and anti-atherogenic [11]
properties, and endurance-improving effects [12,13]. Moreover,
long-term intake of tea catechins reduces diet-induced obesity in
mice [14,15] and humans [16]. The anti-obesity effect of catechins
is assumed to be due to the stimulation of fat oxidation [15,17,18],
modulation of adipogenesis [19], decrease in fat synthesis [20,21],
and inhibition of digestive enzyme activity and nutrient absorption
[10].

Many of the effects of catechins are also characteristically
observed upon activation of AMPK. Both catechins and AMPK
activators suppress gluconeogenesis and lipogenic genes in
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hepatocytes [1,21,22] and adipocyte differentiation of 3T3-L1
cells [5,19]. Intake of catechins or AMPK activators enhances fat
oxidation [17,18,23,24]. These previous reports led us to
hypothesize that the beneficial health effects of catechins are
mediated by their activation of the AMPK pathway. In the present
study, we examined the effects of catechins on AMPK, ACC, and
LKB1 in vitro and in vivo, and demonstrated that catechins with a
gallocatechin moiety or a galloyl residue activate the LKB1/AMPK
pathway.

2. Materials and methods
2.1. Materials

Catechin, epicatechin, gallocatechin, epigallocatechin, catechin
gallate, epicatechin gallate, gallocatechin gallate, and EGCG were
purchased from WAKO (Osaka, Japan). The chemical structures of
catechins are shown in Fig. 1. EGCG (TEAVIGO) for animal
experiments was purchased from DSM Nutrition Japan (Tokyo,
Japan). Anti-phospho-AMPKa, anti-phospho-ACC, anti-phospho-
LKB1, and anti-a-tubulin antibodies were obtained from Cell
Signaling (Beverley, MA). Chemiluminescence reagent (Lumi GLO)
was purchased from Cell Signaling. SAMS peptide was purchased
from Upstate Biotechnology (Lake Placid, NY). Catalase was
purchased from Sigma Chemical Co. (St. Louis, MO). L-NAME
was obtained from WAKO.

2.2. Cell culture

Hepa 1-6 (mouse hepatoma), L6 (rat myoblasts), and 3T3-L1
(mouse preadipocytes) cells were purchased from Dainippon
Sumitomo Pharma (Osaka, Japan) and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 10ml/l antibiotic-antimycotic
mixture (GIBCO, Grand Island, NY) in an atmosphere of 95%
air/5% CO, at 37°C. For differentiation into myotubes, L6
myoblasts were grown in flasks to sub-confluence and the
culture medium was replaced with Dulbecco’s modified Eagle’s
medium containing 2% heat-inactivated horse serum (GIBCO) for
5 days. All cells were cultured in serum-free medium for an
additional day and exposed to various compounds for the
indicated period.
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2.3. Animal protocol for AMPK assay

Six-week-old male BALB/c mice were obtained from Charles
River Japan (Kanagawa, Japan). The mice were housed under
controlled temperature (23 + 2 °C) and light (12:12-h light-dark
cycle) and allowed free access to water and a standard diet (CE-2;
CLEA Japan, Inc., Tokyo, Japan).

Two hours after a starvation period, mice were given either
EGCG (200 mg/kg body weight) orally in 2% solution or saline
under anesthesia (n =4 mice in each group). After 1 h, mice were
anesthetized by diethylether and the livers were quickly dissected,
frozen in liquid nitrogen, and stored at —80 °C until the AMPK
assay.

During the experiments, the animals were cared for in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the US National Institutes
of Health. This study was approved by the Animal Care Committee
of Kao Tochigi Institute.

2.4. SDS-polyacrylamide gel electrophoresis (PAGE) and Western
blotting

Cells were washed with ice-cold phosphate buffered saline
(PBS) and lysed in 200 .l lysis buffer [10 mM Tris-HCI (pH 7.4),
50 mM sodium chloride, 30 mM sodium pyrophosphate, 0.5%
Triton X-100, protease inhibitor cocktail (Sigma), and phosphatase
inhibitor cocktail-1 and -2 (Sigma)]. The lysates were homo-
genized by passage through a 25-G needle 5 times and kept on ice
for 30 min. After centrifugation at 16,000 x g for 15 min at 4 °C, the
supernatants were collected and their protein content determined
with a BCA protein assay kit (Pierce Chemical, Rockford, IL).

The livers were homogenized in ice-cold lysis buffer using a
motor-driven pestle in a microcentrifuge tube. The homogenates
were kept on ice for 30 min and then centrifuged at 16,000 x g for
15 min at 4 °C. The supernatants were removed and the protein
concentrations determined.

Equal amounts of protein were mixed with 2 x Laemmli sample
buffer (Bio-Rad, Hercules, CA) and 2-mercaptoethanol, denatured
at 95°C for 5min and subjected to SDS-PAGE followed by
electroblotting onto Immobilon polyvinylidene transfer mem-
branes (Millipore, Billerica, MA). The membranes were blocked
with 3% nonfat milk in PBS-T (0.1% Tween-20/PBS) for 1 h and
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Fig. 1. Structures of catechins.
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incubated overnight with primary antibodies. After washing with
PBS-T, the membranes were incubated with horseradish perox-
idase-labeled anti-rabbit immunoglobulin as a secondary anti-
body. Bands were visualized with chemiluminescence reagent
(LumiGLO; Cell Signaling) and a ChemiDoc XRS imaging system
(Bio-Rad).

2.5. Measurement of AMPK activity

Isoform-specific AMPK activity was measured as previously
described with minor modifications [25]. Briefly, cells or tissues
were homogenized in ice-cold lysis buffer [20 mM Tris-HCl (pH
7.4), 1% Triton X-100, 50 mM NaCl, 250 mM sucrose, 2 mM
dithiothreitol, 50 mM NaF, 5 mM sodium pyrophosphate, protease
inhibitor (Sigma), and phosphatase inhibitor cocktail-1,2 (Sigma)]
using a motor-driven pestle in a microcentrifuge tube. The
homogenates were kept on ice for 30 min and centrifuged at
14,000 x g for 20 min at 4 °C. The supernatants were removed and
the protein concentrations determined. Immunoprecipitation was
performed using anti-AMPKa1 or anti-AMPKa2 antibodies
(Upstate Biotechnology) coupled to Dynabeads protein G (Dynal
Biotech, Oslo, Norway). Immunoprecipitates were washed twice
with ice-cold lysis buffer and twice with washing buffer [240 mM
HEPES and 480 mM NaCl]. AMPK activity assays were performed in
40 mM HEPES (pH 7.0), 80 mM NaCl, 2% glycerol, 0.8 mM
dithiothreitol, 0.8 mM EDTA, 5 mM MgCl,, 0.2 mM ATP, 0.2 mM
AMP, 0.2 mM SAMS peptide, and 2 p.Ci [y->2P] ATP for 20 min at
30°C. Equal volumes of reaction products were spotted on
Whatman P81 filter paper and the filters were washed 3 times
in 1% phosphoric acid and once with acetone. Radioactivity was
quantified using a scintillation counter (Beckman Coulter, Full-
erton, CA).

2.6. Indirect calorimetry

Whole-body energy metabolism was examined using an
individual open-circuit indirect calorimeter (Arco-2000; Arco
System, Chiba, Japan). Male BALB/c mice of 6 weeks of age were
allowed access to water and standard diet ad libitum for 2 weeks to
stabilize the metabolic conditions. Then, to reduce inherent
variations in energy metabolism, we monitored oxygen consump-
tion and respiratory quotient (RQ) for 4 days, and eliminated mice
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whose mean values were more than 6% or 4.5% from the mean,
respectively. Thus, 8 of 16 mice were selected and divided into two
groups. After acclimation to a chamber for 2 days, the mice were
deprived of food for 3 h, and then either EGCG (200 mg/kg body
weight) or saline was orally administered in a crossover fashion
with a 7-day washout period between treatments. After admin-
istration, mice were transferred to a chamber, and oxygen
consumption (Vo,) and carbon dioxide production (Vco,) were
monitored for 3 h. The RQ was calculated from Vo, and Vo, values.
Lipid and carbohydrate oxidation were calculated using the
Peronnet equation [26].

2.7. Statistical analysis

All values are presented as the means =+ standard error.
Statistical analyses were conducted using Student’s t-test. Two-
way repeated measures analysis of variance was used to analyze
indirect calorimetric measurements (StatView; SAS Institute Inc.,
Cary, NC). A P-value of less than 0.05 was considered significant.

3. Results

3.1. Effects of EGCG on AMPKo and ACC phosphorylation in cultured
cells

The effects of EGCG on AMPKoa and downstream ACC
phosphorylation in vitro were initially examined by immunoblot
analysis. The time and dose responses to EGCG stimulation varied
among cell lines. In the mouse hepatoma cell line, Hepa 1-6 cells,
phosphorylation of AMPKa and ACC began to increase at 15 min,
peaked 60 min after EGCG treatment, and then slowly decreased
(Fig. 2A). Treatment of cells with EGCG dose-dependently
increased AMPKa and ACC phosphorylation. EGCG also stimu-
lated AMPKa and ACC phosphorylation in a dose- and time-
dependent manner in rat myotube L6 cells (Fig. 2B). In contrast to
Hepa 1-6 and L6 cells, however, EGCG treatment of undiffer-
entiated 3T3-L1 cells induced a rapid increase in AMPKa and ACC
phosphorylation (within 5 min), which then quickly decreased to
basal levels (Fig. 2C). EGCG at doses as low as 10 uM activated
AMPKa and ACC phosphorylation. Thus, AMPK activation
kinetics differed in 3T3-L1 cells compared to Hepa 1-6 and L6
cells.
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Fig. 2. EGCG stimulates the phosphorylation of AMPKa and ACC in cultured cells. Hepa 1-6 cells (A) and L6 cells (B) were treated with 150 .M EGCG for various durations or
with the indicated concentrations of EGCG for 1 h. 3T3-L1 cells (C) were treated with 50 wM EGCG for various durations or with the indicated concentrations of EGCG for
10 min. Phosphorylation of AMPKa and ACC was determined by Western blotting using anti-phospho-AMPKa or anti-phospho-ACC specific antibodies.
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3.2. Effects of EGCG on AMPK« activity in cultured cells

We next examined the effect of EGCG on AMPK activity in
cultured cells. In preliminary experiments, measurements of
isoform-specific AMPK activity indicated that AMPKa1 activity
was much higher than AMPKa2 activity in these cells (data not
shown); hence, we compared AMPKa1 activity after treatment
with EGCG. Consistent with the AMPK phosphorylation results,
incubation of Hepa 1-6 and L6 cells with EGCG resulted in a
significant dose-dependent increase in AMPKa1 activity (Fig. 3A
and B). The 3T3-L1 cells were more sensitive than Hepa 1-6 and L6
cells to EGCG effects on AMPKa:1 activity at a dose as low as 10 uM
(Fig. 3C).
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Fig. 3. EGCG increases AMPK activity in cultured cells. Hepa 1-6 cells (A) and L6 cells
(B) were treated with the indicated concentrations of EGCG for 1 h or 3T3-L1 cells
(C) were treated with EGCG for 10 min. AMPK was then immunoprecipitated with
anti-phospho-AMPKa1 antibody, and AMPK activity was measured using SAMS
peptide as a substrate. Values represent the means =+ SE (n = 4). *P < 0.05, **P < 0.01,
***P < 0.001, vs. control.
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Fig. 4. Molecular specificity of catechin-induced phosphorylation of AMPK and ACC
in cultured cells. Hepa 1-6 cells (A) and L6 cells (B) were treated with each catechin
(150 wM) for 1 h. 3T3-L1 cells (C) were treated with each catechin (50 wM) for
10 min. Phosphorylation of AMPKa and ACC was determined by Western blotting
using anti-phospho-AMPKa- or anti-phospho-ACC-specific antibodies.

3.3. Molecular specificity of catechins on AMPK activation in
cultured cells

Tea catechins consist of eight main types, including EGCG. To
further clarify the molecular specificity of the effect of catechins on
AMPK activation, we compared the effects of the eight catechins on
AMPKo and ACC phosphorylation in Hepa 1-6, L6, and 3T3-L1 cells.
Gallocatechin, epigallocatechin, gallocatechin gallate, and epigallo-
catechin gallate, all of which have a gallocatechin moiety, strongly
induced AMPKa phosphorylation (Fig. 4). Catechin gallate and
epicatechin gallate had a relatively weak effect on AMPKa
phosphorylation, and catechin and epicatechin had almost no
effect. Furthermore, consistent with the AMPKa phosphorylation
results, AMPKa1 activity was also significantly increased by
treatment with catechins other than catechin and epicatechin
(Fig.5). These findings indicate that catechin isoforms exert different
effects on AMPK activation, and suggest that the gallocatechin
moiety and a galloyl residue are important in the regulation of AMPK
activation and the subsequent biologic responses.
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Fig. 5. Molecular specificity of catechin-induced AMPK activity. 3T3-L1 cells were
treated with 50 wM of each catechin for 10min. AMPK was then
immunoprecipitated with anti-phospho-AMPKa1 antibody, and AMPK activity
was measured using SAMS peptide as a substrate. Values represent the means + SE
(n=3). *P < 0.05, **P < 0.01, ***P < 0.001, vs. control.
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Fig. 6. EGCG stimulates LKB1 phosphorylation. Hepa 1-6 cells were incubated for
1 h with the indicated concentrations of EGCG (A) or 150 wM each catechin (B). Cell
lysates were analyzed by SDS-PAGE and blotted with antibodies specific for
phospho-LKB1.

3.4. Effect of catechins on LKB1 phosphorylation in cultured cells

To evaluate the upstream kinase in catechin-induced AMPK
activation, we examined the effect of EGCG on the phosphorylation
of LKB1, a major AMPK-kinase, in Hepa 1-6 cells. EGCG induced a
dose-dependent increase in LKB1 phosphorylation (Fig. 6A).
Consistent with AMPK/ACC phosphorylation findings, catechins
with a gallocatechin moiety or a galloyl residue increased the
phosphorylation of LKB1 (Fig. 6B). These findings suggest that LKB1
is a kinase upstream of AMPK that is activated by catechins.

3.5. Role of reactive oxygen species in EGCG-induced
LKB1/AMPK activation

Recent studies indicate that reactive oxygen species (ROS) and
reactive nitrogen species (RNS) have an important role in the
activation of AMPK [27-30]; therefore, we examined whether
catechin-induced LKB1/AMPK activation is mediated by ROS or
RNS in Hepa 1-6 cells. Pretreatment with a membrane-permeable
catalase that eliminates hydrogen peroxide prevented the EGCG-
enhanced phosphorylation of LKB1 and AMPKa (Fig. 7), suggesting
that ROS (hydrogen peroxide) are involved in the EGCG-induced
activation of AMPK. On the other hand, treatment of the cells with
L-NAME (a nitric oxide synthase inhibitor) did not alter LKB1/
AMPK phosphorylation, indicating that RNS are not involved in
EGCG-induced AMPK activation.

3.6. Effect of EGCG on AMPK activation in the liver of mice

To further determine whether catechins induce the activation
of AMPK in vivo, we examined the effect of EGCG on LKB1, AMPKa
and ACC phosphorylation, and AMPKa activity in the mouse liver.
Oral administration of EGCG (200 mg/kg body weight) in mice
induced an increase in LKB1, AMPKa and ACC phosphorylation in
the liver after 1 h (Fig. 8A). In addition, measurement of isoform-
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Fig. 7. Role of ROS in EGCG-induced LKB1/AMPK activation. Hepa 1-6 cells were
preincubated with a membrane-permeable catalase (500 U/ml) or L-NAME (5 mM)
for 30 min and subsequently incubated with the indicated concentrations of EGCG
for 30 min. Cell lysates were then prepared and subjected to Western blot analysis.
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Fig. 8. Activation of AMPK in the liver. (A) BALB/c mice were given either EGCG
(200 mg/kg body weight) orally in 2% solution or saline under anesthesia. After 1 h,
livers were quickly dissected and homogenized in ice-cold homogenization buffer,
followed by centrifugation at 4 °C. The supernatants were removed and equal
amounts of protein were analyzed by SDS-PAGE and blotted with antibodies
specific for phospho-LKB1, phospho-AMPKa or phospho-ACC. (B) Livers were
homogenized in ice-cold lysis buffer and immunoprecipitation was performed
using anti-AMPKa1 or anti-AMPKa2 antibodies. AMPK activity was measured
using SAMS peptide as a substrate. Values represent the means + SE (n=4).
**P < 0.01.

specific AMPK activity indicated that AMPKa1 activity tended to
increase (P < 0.07) and AMPK«a2 activity was significantly
increased (P < 0.01) after administration of EGCG (Fig. 8B). These
results indicate that catechins activate AMPK in vivo as well as in
vitro.

3.7. Effect of EGCG on whole-body energy metabolism

To determine the acute effects of EGCG on energy metabolism
in vivo, we analyzed oxygen consumption and RQ by indirect
calorimetry. A single administration of EGCG significantly
enhanced oxygen consumption (energy expenditure) relative to
the vehicle (average 42.2 ml/kg/min [control], 45.9 ml/kg/min
|[EGCG], P < 0.05) during the first 3 h after treatment (Fig. 9A). RQ
values tended to decrease after EGCG administration (Fig. 9B), and
fat oxidation was significantly higher in the EGCG group (average
12.3 mg/kg/min [control], 14.3 mg/kg/min [EGCG], P < 0.01:
Fig. 9C), suggesting that EGCG increases fatty acid utilization as
energy in mice. Body weights of mice did not change during the
experiment.

4. Discussion

The biochemical actions and health benefits of catechins have
been studied intensively over the past decade, and a variety of
actions, including anti-obesity [14,15], anti-diabetes [10], and anti-
cancer effects [7,9], have been reported. Although the underlying
molecular mechanisms are not fully elucidated, anti-oxidant
activity [8], activation of mitogen-activated protein kinase or
insulin signaling pathway [31,32], and regulation of various
transcription factors [31] are suggested to be involved in these
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Fig. 9. Effect of catechins on whole-body energy metabolism. BALB/c mice were deprived of food for 3 h, and then EGCG (200 mg/kg body weight) or saline was orally
administered in a crossover fashion with a 7-day washout period between treatments. After administration, mice were transferred to a chamber, and oxygen consumption (A)
and respiratory quotient (B) were measured for 3 h. Fat (C) and carbohydrate (D) oxidation were calculated using the Peronnet equation [26]. Values represent the means + SE
of 8 mice. Statistical analysis was conducted using two-way repeated measures analysis of variance.

effects. Our in vitro and in vivo results suggest that various
beneficial effects of catechins are mediated at least in part by
activation of the LKB1/AMPK pathway.

Studies on the molecular specificity for AMPKa/ACC phosphor-
ylation and AMPKa1 activity revealed that catechins with a
gallocatechin moiety (gallocatechin, epigallocatechin, gallocate-
chin gallate, EGCG), or galloyl residue (catechin gallate, epicatechin
gallate, gallocatechin gallate, EGCG) activate the AMPK pathway
(Figs. 4 and 5). The dose response and time dependency of AMPKo
and ACC phosphorylation induced by EGCG varied among cell lines
(Fig. 2). Phosphorylation of AMPKa and ACC was induced at lower
concentrations in 3T3-L1 cells than in Hepa 1-6 and L6 cells. EGCG
transiently induced AMPKa and ACC phosphorylation in Hepa 1-6
and 3T3-L1 cells, which peaked after approximately 5 min in 3T3-
L1 and 60-120 min in Hepa 1-6 cells. On the other hand, EGCG
induced a gradual increase in AMPKa phosphorylation in L6 cells
over 180 min. These findings indicate that the sensitivity and
response rate differ among cell lines and suggest that responses to
catechins in vivo may differ.

AMPK activity is regulated by phosphorylation at Thr'”2 by the
upstream serine/threonine kinase LKB1 [3,4]. Consistent with
AMPKa/ACC phosphorylation, EGCG dose-dependently phos-
phorylated LKB1. The molecular specificity of catechins for LKB1
phosphorylation was roughly similar to that for AMPKo/ACC
phosphorylation (Fig. 6), suggesting that LKB1 is involved in
activation of the AMPK pathway by catechins. Recently, Collins
et al. reported that EGCG suppresses hepatic gluconeogenesis
through AMPK in primary hepatocytes [33]. In contrast to the
present findings, Collins et al. reported that although AMPK
phosphorylation was induced by EGCG treatment, LKB1 phos-
phorylation was not detected. Further studies are needed to
address this discrepancy.

Studies of catechins in many animal models and clinical trials
have demonstrated their anti-cancer effects in various tissues,

including the skin, lungs, stomach, and liver [7,9]. The anti-cancer
actions of catechins are thought to be mediated by the regulation of
mitogen-activated protein kinases, nuclear factor-kB, activator
protein 1, matrix metalloproteinases, urokinase-type plasminogen
activator, and other molecules [31]. The activation of LKB1 might
be a potential mechanism for the anti-cancer actions of catechins.
LKB1 was originally reported to be a tumor-suppressor protein; it
forms a heterotrimeric complex with STRAD and MO25 and
functions as a tumor suppressor by inhibiting cell proliferation
through regulation of the mTOR pathway, as well as by controlling
cell polarity [34]; therefore, LKB1 activation may account for the
anti-cancer action of catechins.

Catechin-induced activation of AMPK was also confirmed in
vivo. Single oral administration of EGCG induced the phosphor-
ylation of LKB1, AMPKa and ACC, and increased AMPK activity in
the liver (Fig. 8). In addition, respiratory analysis revealed that
EGCG administration significantly increased oxygen consumption
(Fig. 9), implying that catechins activate AMPK in vivo and
contribute to activate whole-body energy metabolism. Green tea
extract, which is rich in catechins, stimulates energy expenditure
[17]. It has not been clear, however, whether a single oral
administration of catechins enhances energy expenditure, because
previous studies were conducted under conditions that included
caffeine, which is a central nervous system and metabolic
stimulant [35]. The results of our study conducted using highly
purified EGCG suggest that catechins directly stimulate energy
metabolism by activating the AMPK pathway, which leads to anti-
obesity and anti-diabetes effects over the long-term.

ROS are widely generated in a variety of cells and organs in
response to exercise, hormones, and growth factors, and act as useful
signaling molecules to regulate cellular function, growth, and
differentiation at physiologic concentrations [36]. Recent studies
demonstrated that ROS and RNS, such as hydrogen peroxide and
peroxynitrite (ONOO ™), respectively, have an important role in the
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activation of AMPK. ROS, possibly hydrogen peroxide, are produced
in contracting muscles [28] and stimulate contraction-mediated
activation of glucose transport through AMPK activation [29]. In
addition, AMPK activation by metformin, a well-known anti-
diabetic drug, and statins, a class of hypolipidemic drugs, is reported
to be mediated by RNS [27,30]. Further, Hwang et al. recently
reported that EGCG treatment of HT-29 colon cancer cells inhibits
cell proliferation and stimulates hydrogen peroxide-mediated
phosphorylation of ACC [37], suggesting a role for ROS as an
upstream regulator of AMPK. In the present study, the stimulatory
effects of EGCG on LKB1/AMPK phosphorylation were markedly
diminished by a membrane-permeable catalase, but not by the NOS
inhibitor L-NAME. These results suggest that ROS (hydrogen
peroxide), but not RNS, mediate LKB1 phosphorylation and
subsequent AMPK activation by EGCG in vitro. Yang et al. reported
that EGCG is oxidized by molecular oxygen (auto-oxidation) to form
superoxide anions, hydrogen peroxide and EGCG dimers in cell
culture conditions [38,39]; therefore, hydrogen peroxide generated
by the oxidation of EGCG under cultured cells might be involved in
LKB1/AMPK activation. It is not clear, however, whether auto-
oxidation of EGCG occurs in vivo. Hou et al. [38] pointed out that
under normal conditions, oxygen partial pressure in the internal
organs is much lower than under cell culture conditions, and cells
contain various anti-oxidant enzymes. In addition, there is no
evidence for the auto-oxidation of catechins in vivo. The precise
molecular mechanisms that lead to activation of the LKB1/AMPK
pathway require further investigation.

In summary, we examined the effects of catechins on the AMPK
signaling pathway in cultured cells and demonstrated that
catechins with a gallocatechin moiety or a galloyl residue activate
LKB1/AMPK. The present findings also demonstrated that oral
administration of EGCG in mice stimulates energy expenditure
concomitant with the upregulation of AMPKa phosphorylation
and AMPKa activity in the liver. These findings suggest that
multiple effects of catechins, including anti-obesity and anti-
cancer effects, are mediated, at least in part, by the activation of
LKB1/AMPK in various tissues.
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