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Abstract: Green tea has been shown to have beneficial effects against cancer, obesity, atherosclerosis,
diabetes, bacterial and viral infections, and dental caries. The catechin (—)-epigallocatechin-3-gallate
(EGCG) has shown the highest biological activity among green tea catechins (GTCs) in most of the
studies. While several epidemiological studies have shown the beneficial effects of tea and GTCs on
obesity, some studies have failed to do this. In addition, a large number of interventional clinical
studies have shown these favorable effects, and cellular and animal experiments have supported
those findings, and revealed the underlying anti-obesity mechanisms. One of the mechanisms is
enhanced cellular production of reactive oxygen species, which is mediated through the pro-oxidant
action of EGCG, leading to the activation of adenosine monophosphate-activated protein kinase,
which suppresses gene and protein expression of enzymes and transcription factors involved in
adipogenesis and lipogenesis, and stimulates those involved in lipolysis. Recently, scientific evidence
supporting the beneficial anti-obesity effects of green tea and GTCs has been increasing. However,
future investigations are still required to clarify the reasons for the inconsistent results reported in the
human studies; to achieve this, careful adjustment of confounding factors will be required.
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1. Introduction

Tea, a product obtained from the leaves and buds of the plant Camellia sinensis, is one of the
world’s most popular beverages. Black, oolong, and green tea are all obtained from C. sinensis leaves
through full fermentation, semifermentation, and non-fermentation, respectively [1-3]. Green tea was
discovered in China in 3000 BC or earlier, and has been well recognized to have medicinal effects [1,2].
It was brought from China to Japan by Buddhist priests thousands of years ago. In 1211, a Japanese Zen
priest, Yeisai, published the book “Kitcha-Yojoki” (Tea and Health Promotion), in which he described
the methodology of harvesting tea leaves, the processes of tea production, and the pharmacological
effects of tea. In the Edo period in Japan, medical doctor Ekiken Kaibara (1630-1714) stated in his book
“Yojokun” (Lessons for Health Promotion) that long-term drinking of green tea is not beneficial as it
removes body fat leading to weight loss [4]. However, this effect may be accepted nowadays because
of its potential usefulness in the prevention of obesity.

Several components of tea have specific health benefits [1,2,5-8]. Catechins (Figure 1), which
are polyphenolic compounds, are associated with the anti-cancer, anti-obesity, anti-atherosclerotic,
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anti-diabetic, anti-bacterial, anti-viral, and anti-dental caries effects of tea [1,2,7,8]. Caffeine stimulates
wakefulness, decreases the sensation of fatigue, and has a diuretic effect [2,7]. Theanine and
v-aminobutyric acid lower blood pressure and regulate brain and nerve functions [2,7]. Vitamin C is
antiscorbutic, prevents cataracts, and strengthens the immune system [2,9]. This review will discuss
briefly the anti-obesity effects of green tea and its catechins, especially (—)-epigallocatechin gallate
(EGCG), which has the highest biological activity among green tea catechins (GTCs).

OH OH OH
OH OH OH
HO R HO R HO o W
d 4 4 OH
OH “oH “on
OH OH OH

(+)-Catechin (-)-Epicatechin (-)-Epigallocatechin

(-)-Epicatechin gallate (-)-Epigallocatechin gallate (EGCG)

Figure 1. Chemical structures of (+)-catechin and major green tea catechins.

2. Epidemiological Studies

Several epidemiological studies have shown the beneficial effects of tea and its catechins on
obesity [5-8]. For example, an early study in The Netherlands showed that high dietary intake of
flavones, flavonols, and catechins was inversely associated with body mass index (BMI) in women [10].

An epidemiological study carried out between 2003 and 2006 on a sample of 6472 participants
found that hot tea consumption was inversely associated with obesity; hot tea consumers had lower
mean waist circumference and lower BMI than non-consumers did. In contrast, iced tea consumption
was found to be associated with higher BMI, greater waist circumference, and greater subcutaneous
skinfold thickness after adjustment of confounding factors, e.g., sugar intake [11].

A cross-sectional, population-based survey of 8821 adults conducted in Poland found that high tea
consumers (3 cups/day) had lower BMI and waist circumference, but higher diastolic blood pressure,
than low tea consumers did. The odds ratio for tea consumption with metabolic syndrome was 0.79,
and among metabolic syndrome components, tea consumption was negatively associated with obesity
and fasting plasma glucose in women, but not in men [12].

Gyntelberg et al. conducted a cross-sectional study on 3290 men aged 53-75 years, and found
that 291 of them (8.8%) were obese and had a BMI > 30. The prevalence of obesity was 6.2% among
the men using sugar in coffee or tea, while it was 10.3% among others, i.e., an inverse association was
observed between the use of sugar in hot beverages and the prevalence of obesity, and it was consistent
in the subgroups [13]. This study indicates, rather surprisingly, that ingestion of small amounts of
sucrose several times a day can have a weight-controlling, or reducing, effect.

In contrast, the results of a cross-sectional study that enrolled 554 adults in Tokushima, Japan,
showed that green tea consumption was not associated with the prevalence of metabolic syndrome or
any of its components [14].

Thus, epidemiological studies have provided conflicting results, which may have resulted from
insufficient adjustment of confounding factors, such as the estimation method of tea consumption,
cigarette smoking, and alcohol consumption [1,2,15]. Different results may have also arisen from
differences in tea temperature, in view of the temperature-dependent results mentioned above [11].
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In addition, caffeine consumption is an important factor to be adjusted, because GTCs and caffeine
synergistically enhance sympathetic nervous system activity, leading to the increase in energy
expenditure by fat oxidation [16]. In addition, intestinal microbiota and genetic polymorphisms
may have influenced the effects of tea in these studies [7,8,17].

3. Clinical Trials

Many interventional clinical studies have been conducted to examine the effect of green tea and
GTCs on obesity, and most of them have shown favorable effects [5-8]; however, some studies failed
to demonstrate such effects, giving rise to the need for further studies.

In an early study on the anti-obesity effects of green tea, Tokimistu and his colleagues conducted
a 12-week, double-blind human experiment, in which the subjects ingested one bottle of oolong tea
containing either 690 mg of GTCs (GTC group) or 22 mg of GTCs (control group) per day. The results
indicated that body weight, BMI, waist circumference, body fat mass, and subcutaneous fat area
were significantly lower in the GTC group than those in the control group, suggesting the beneficial
effect of GTCs on obesity [18]. A similar conclusion was drawn from a double-blind, randomized,
controlled study conducted on obese or near-obese Japanese children, where the results indicated that
consumption of a catechin-rich beverage ameliorated serious obesity and cardiovascular disease risk
factors, without raising any safety concerns [19].

Another study showed that GTCs enhanced exercise-induced abdominal fat loss in overweight
and obese adults. Participants received either a beverage containing approximately 625 mg of GTCs
with 39 mg caffeine (GTC group) or a control beverage containing 39 mg caffeine with no GTCs (control
group) for 12 weeks. The results showed greater body weight loss in the GTC group than in the control
group. Although changes in fat mass did not differ between the two groups, percentage changes
in total abdominal fat area, subcutaneous abdominal fat area, and fasting serum triglycerides were
greater in the GTC group [20].

Similarly, the results from a different research group showed that green tea consumption,
combined with resistance training, decreased body fat, waist circumference, and triglyceride levels,
and increased lean body mass and muscle strength [21]. In a randomized clinical trial in which
18 patients with multiple sclerosis participated, supplementation of EGCG (600 mg/day) improved
muscle metabolism during moderate exercise to a greater extent in men than that in women [22].
During exercise, postprandial energy expenditure was lower after EGCG than after placebo ingestion.
The results of a randomized, double-blind, placebo-controlled, crossover pilot study showed that
six overweight men administered 300 mg EGCG per day for 2 days had lower respiratory quotient
values than those administered a placebo control, during the first postprandial monitoring phase [23].
This finding suggests that EGCG alone has the potential to increase fat oxidation and may contribute
to the anti-obesity effects of green tea.

In a randomized, placebo-controlled trial, 182 moderately overweight Chinese subjects were
divided into four groups: control, GT1, GT2, and GT3 groups. The control subjects consumed two
servings of a control drink (30 mg GTCs, 10 mg caffeine/day); the GT1 subjects consumed one
serving of the control drink and one serving of an extra high-catechin drink (458 mg GTCs, 104 mg
caffeine/day); the GT2 subjects consumed two servings of a high-catechin drink (468 mg GTCs, 126 mg
caffeine/day); and the GT3 subjects consumed two servings of the extra high-catechin drink (886 mg
GTCs, 198 mg caffeine/day) for 90 days [24]. The results showed that the GT3 group demonstrated
significant reductions in intra-abdominal fat, waist circumference, and body weight than the control
group did. In addition, reductions in total body fat and body fat percentage were observed in the GT2
and GT1 groups, respectively.

In an 8-week clinical trial, 35 obese subjects with metabolic syndrome were randomly assigned
to the control (4 cups water/day), green tea (4 cups/day), or green tea extract (GTE) (2 capsules and
4 cups water/day) groups. Body weight and BMI significantly decreased in subjects who consumed
green tea and GTE capsules than in the control group subjects, suggesting the improving effect of GTE
on metabolic syndrome in obese patients [25].
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Purple tea is a variety of green tea developed in Kenya; the major constituents of its leaves are
caffeine, theobromine, epigallocatechin, EGCG, and 1,2-di-O-galloyl-4,6-O-hexahydroxydiphenoyl-
-D-glucose. Shimoda et al. showed that purple tea improved obesity parameters, including body
weight, BMI, and body fat mass, in humans who ingested a tea infusion extracted from 1.5 g tea leaves
with 100-200 mL hot water, twice a day for 4 weeks [26].

In a randomized, placebo-controlled, double-blind, crossover study, participants received either
a beverage containing 55 mg of black tea polyphenols or a control beverage with no black tea
polyphenols, 3 times/day for 10 days. Results of the fecal lipid measurements showed that the
total lipid excretion increased from 5.51 g to 6.87 g/3 days after the intake of black tea polyphenols
when compared with intake of the control beverage. Thus, black tea polyphenols may be useful for the
prevention of obesity [27].

In a randomized, double-blind trial, 115 women with central obesity were randomly assigned
to either a high-dose GTE group or a placebo group. Treatment with high-dose GTE for 12 weeks
resulted in significant weight loss, reduced waist circumference, and decreased plasma levels of total
cholesterol and low-density lipoprotein [28].

In another clinical trial, patients with type 2 diabetes ingested green tea with either 582.8 mg of
GTCs (GTC group) or 96.3 mg of GTCs (control group) per day for 12 weeks. The results showed
that the decrease in waist circumference was significantly greater in the GTC group than that in the
control group. Adiponectin, which is negatively correlated with visceral adiposity, increased in the
GTC group. These findings suggest that a catechin-rich beverage might have several therapeutic uses
for the prevention of obesity [29].

A recent systematic review and meta-analysis revealed that green tea supplementation has
a favorable effect on blood pressure in overweight and obese adults. Results obtained from the pooled
analysis of 14 randomized controlled trials, with 971 participants, showed that supplementation of
green tea, or GTE, resulted in significant reduction in both the systolic (—1.42 mmHg) and diastolic
(—1.25 mmHg) blood pressures, as compared with those in the placebo group [30]. Several studies
support this finding, while some show conflicting results as reviewed by Li et al. [31].

In a pilot study examining how GTE-enriched rye bread can control body weight and
affect abnormalities related to metabolic syndrome, 55 obese men and women were recruited.
This single-blind, randomized study showed that the ingestion of 280 and 360 g of GTE-enriched bread
provided daily totals of 123.2 and 158.4 mg of caffeine, and 188.3 and 242.1 mg of EGCG for women
and men, respectively. The study showed that GTE-enriched bread did not significantly influence the
maintenance of waist loss or the concentrations of high-density lipoprotein, triglycerides, or glucose.
However, it caused significant reduction in waist circumference (—1.22 cm), and the maintenance of
lower blood pressure in the intervention group, compared with the control group [32].

In a crossover interventional study, Brown et al. observed that supplementation of decaffeinated
GTCs decreased body weight by 0.64 kg, while the placebo group showed an increase of 0.53 kg in
body weight, suggesting a preventive effect of GTCs on weight gain. Thus, it can be concluded that
GTCs are responsible for the anti-obesity effects of green tea, although caffeine may also contribute
to this effect [33]. Dulloo et al. showed that GTE had thermogenic properties and promoted fat
oxidation to a degree beyond that ascribable to caffeine alone, suggesting that GTE may also be useful
for the control of body composition via sympathetic activation of thermogenesis or fat oxidation or
both [34]. The results of a meta-analysis have confirmed that catechin-caffeine mixtures, or caffeine-only
supplementation, stimulate daily energy expenditure, and it can be concluded that both GTCs and
caffeine contribute to the anti-obesity effects of green tea [35].

In contrast, several studies failed to show favorable anti-obesity effects of GTCs. For example,
in a randomized, double-blind, placebo-controlled study, 83 obese, premenopausal women consumed
300 mg of either EGCG or placebo per day. The results showed that dietary supplementation of
EGCQG for 12 weeks did not enhance energy-restricted, diet-induced adiposity reductions, and did not
improve weight-loss-induced changes in cardiometabolic risk factors in obese women [36].
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In the Minnesota 12-month randomized, double-blind, placebo-controlled clinical trial,
937 postmenopausal women received either decaffeinated GTE, containing 843 mg of EGCG, or placebo.
A sub-study was also conducted on 121 or 237 overweight/obese participants with a BMI of >25.0.
In the GTE group, tissue fat percentage decreased during the intervention, although baseline BMI
increased. In conclusion, decaffeinated GTE was not associated with reductions in body weight, BMI,
or adiposity in overweight/obese postmenopausal women, but it was beneficial for reduction in tissue
and gynoid fat percentages [37,38].

4. Cell-Based and Animal Experiments

Several cell-based and animal experiments have shown beneficial effects of green tea and GTCs on
obesity [4-7]. For example, some studies showed that EGCG could decrease cell viability, inhibit 3T3-L1
cell differentiation, and decrease lipid accumulation [39]. In male mice with high-fat diet-induced
obesity, acute oral administration of EGCG had no effect on body temperature and energy expenditure,
but respiratory quotient during the night decreased, suggesting decreased lipogenesis and increased
fat oxidation [40]. Bose et al. showed that supplementation of EGCG (3.2 g/kg) in the diet of mice fed
a high-fat diet for 16 weeks reduced body weight gain, body fat percentage, and visceral fat weight than
in untreated mice [41]. The results also indicated that EGCG treatment attenuated the development of
obesity, symptoms associated with metabolic syndrome, and fatty liver [41]. Heber et al. showed that
polyphenols of green, black, and oolong tea reduced visceral fat and inflammation in murine models
of obesity induced by high-fat, high-sucrose diets [42].

In another study, the anti-obesity effects of three major components of green tea (GTCs,
caffeine, and theanine) were examined in female ICR mice fed diets containing 2% green tea
and diets containing 0.3% GTCs, 0.05% caffeine, and 0.03% theanine, alone and in combination,
for 16 weeks [43]. The results showed that body weight gain and intraperitoneal adipose tissue weights
were reduced by the diets containing GTCs, caffeine, theanine, caffeine + GTCs, caffeine + theanine,
and caffeine + GTCs + theanine. The hepatic triglyceride level was significantly reduced by GTCs
and GTCs + theanine, than by the control. These results suggest that caffeine and theanine are
also responsible for the suppressive effect of green tea powder on body weight gain and fat
accumulation. In addition, a combination of GTCs and caffeine demonstrated synergistic anti-obesity
activities, and another experiment also demonstrated the possible anti-obesity effect of theanine [43].
In conclusion, most of the cell-based and animal experiments demonstrated beneficial effects of tea,
and its constituents, on obesity. Some experiments also suggested that this effect might be enhanced
by combinations of tea constituents, giving rise to a need for further studies.

5. Molecular Mechanisms

As discussed comprehensively by Yang et al., there are at least two major mechanisms involved
in the action of green tea and GTCs, classified into direct and indirect mechanisms [8]. The direct
mechanism includes effects on the digestive organs, such as prevention of absorption, inhibition of
digestive enzymes, and changes in microbiota, while the indirect mechanism is mediated through
modulation of gene expression, protein expression, and signal transduction in various tissues,
including the liver, muscle, and adipose tissues.

5.1. Inhibition of Digestive Enzymes and Prevention of Absorption

Several studies have shown that GTCs could prevent absorption and inhibit digestive enzymes,
eventually attenuating obesity. For example, Unno et al. found that in rats fed dietary GTCs (1% w/w),
body and abdominal adipose tissue weights decreased after 4-week feeding periods, compared to
those in the control rats [44]. Only 0.1% of the ingested starch was excreted in the feces of the control
rats, whereas 4.8% was excreted in the feces of the GTC group. Apparent digestibility values of both
lipids and proteins in the GTC group were lower than those in the control group, suggesting that
GTCs increased the fecal excretion of these energy nutrients. Consistent with this finding, EGCG and
epicatechin gallate were demonstrated to inhibit pancreatic lipase [45,46].
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Ikeda et al. found that lymphatic recovery of *C-trioleoylglycerol in rats with thoracic duct
cannulation was delayed by the administration of GTCs. Experiments using individual components
of GTCs showed that only galloylated catechins suppressed postprandial hypertriacylglycerolemia,
by slowing down triglyceride absorption through the inhibition of pancreatic lipase [47].

Fei et al. found that EGCG, 3"-O-methylated EGCG, and oolong tea polyphenols exhibited
inhibitory effects against pancreatic c-amylase, and that their half-maximal inhibitory concentration
(ICs0) values were 0.350, 0.572, and 0.375 mg/mL, respectively [48]. Hot compressed water extract
of black tea contains lipase-inhibiting polyphenols, and may be used as the source for potential
anti-obesity dietary supplements and medications [46].

When a '3C-labeled mixed triglyceride breath test was performed, with and without GTE
ingestion, in 32 healthy volunteers aged 23-30 years with normal exocrine pancreatic function,
the cumulative percentage dose recovery value was 36.8% in the placebo group. This value was
significantly higher than that of the GTE group (28.8%), indicating that GTE decreases lipid digestion
and absorption in humans [49].

In male C57BL/6] mice fed a high-fat diet, green and black tea supplementation suppressed body
weight gain and deposition of white adipose tissue, by stimulating glucose uptake and upregulating the
expression of glucose transporter-4 on the plasma membrane of muscle cells [50]. Thus, as discussed
by Yang et al., the anti-obesity actions of green tea in high-fat diet-induced obesity include suppression
of absorption, upregulation of glucose transporter-4, and inhibition of digestive enzymes [8].

5.2. Effects on Intestinal Microbiota

In a study, rats were divided into three groups and fed either a control diet, a 0.3% EGCG diet,
or a 0.6% EGCG diet for 4 weeks. The results showed that the 0.6% EGCG group showed a significant
increase in fecal starch and protein contents, while the relative weights of abdominal adipose tissues
were suppressed, than those in the control group. EGCG reduced the population of Clostridium spp.
and increased that of Bacteroides, and, to a lesser extent, influenced the status of Bifidobacterium and
Prevotella. Thus, dietary EGCG affects the growth of certain species of gut microbiota, which may be
responsible for regulating energy metabolism in the body [51]. This and other effects of EGCG on
intestinal microbiota have been reviewed by Yang et al. [8].

5.3. Effects on Gene and Protein Expression

Numerous cellular and animal studies have shown the effects of green tea and GTCs on the
expression of obesity-related genes and proteins [6-8]. In a pioneering investigation, Murase et al.
found that a catechin-rich diet enhanced hepatic gene expression of acyl-CoA oxidase (ACO) and
medium-chain acyl-CoA dehydrogenase (MCAD), thus increasing hepatic 3-oxidation activity and
reducing fat accumulation [52].

Other studies have shown that green tea and GTCs suppress the expression of genes and
proteins involved in adipogenesis, including CCAAT/enhancer-binding protein alpha (C/EBPx),
peroxisome proliferator-activated receptor gamma (PPAR-y), and liver X receptor alpha (LXR-«),
and lipogenesis, including fatty acid synthase (FASN), hydroxymethylglutaryl-CoA reductase (HMGR),
acetyl-CoA carboxylase (ACC), sterol regulatory element binding protein (SREBP)-1c, and stearoyl-CoA
desaturase-1 (SCD-1) (Figure 2). However, they stimulate those involved in fatty acid mobilization,
such as ACO, hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL), and PPAR-«
(Figure 2) [5-8]. Yang et al. proposed “the AMPK hypothesis” to highlight the central role of
AMP-regulated protein kinase (AMPK), which leads to either downregulation or upregulation of
expression of various genes (Figure 2) [8].

Among these proteins, SREBPs have a key role in the regulation of the expression of genes related
to lipid biosynthesis, such as ACC, FASN, HMGR, and SCD-1 [15,53]. Therefore, it is possible that
GTC’s suppressing effects on these genes occur through suppression of the expression of SREBPs.
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Consistent with the “AMPK hypothesis”, Murase et al. postulated that, based on in vivo and
in vitro experimental results, many of the GTCs’ effects, including anti-obesity and anti-cancer effects,
are mediated by the activation of the liver kinase B1/AMPK in various tissues [54]. In an experiment
using an obese mouse model fed a high-fat diet, decaffeinated GTE attenuated diet induced-increases
in body weight gain, and increased serum adiponectin levels. The GTE group showed an increase
in hepatic protein expression of phosphorylated AMPK, which can explain the observed decrease
in hepatic protein expression of ACC, FAS, SREBP-1, and carbohydrate response element-binding
protein [55].

Treatment of pre-adipocyte 3T3-L1 cells with EGCG resulted in decreased expression of the
adipocyte marker proteins PPAR-y2 and LXR-«, and induced generation of reactive oxygen species
(ROS), which activate AMPK [39]. As described above, consumption of purple tea improved
obesity parameters in humans, and similar effects were observed in an animal experiment. Protein
expression of carnitine palmitoyltransferase (CTP)-1A was enhanced in the liver of mice administered
purple tea. This enhancement was also observed in cultured HepG2 hepatoma cells treated with
purple tea. In conclusion, purple tea may exert an anti-obesity effect through enhancement of fatty
acid oxidation [26].

5.4. Effects on the Expression of Selected Genes and Action Mechanism of Green Tea Constituents

We previously showed that chronic administration of catechin-rich green tea reduced hepatic
gene expression of FASN in normal rats [56], which can be explained by the “AMPK hypothesis.”
In a later study, we observed that administration of an ethyl acetate-insoluble fraction of GTE, which
is devoid of monomeric GTCs, including EGCG, resulted in reduced plasma levels of triglycerides
and cholesterol, together with reduced gene expression of lipogenic enzymes, such as FASN, HMGR,
and ACC, in mice, suggesting that green tea contains other components, in addition to EGCG, which
may contribute to its anti-obesity effect [57]. This finding can be explained by the reduced expression
of SREBPs caused by green tea constituents (Figure 2), since we also observed reduced gene expression
of SREBP-1 and SREBP-2 [57].

Fe(ll), Cu(ll)

l—@

SOD, CAT,
TRXR, GSH (RO

[ I 1

Adipogenesis Lipogenesis Lipolysis
aP2, C/EBP, Abca, ACC, aP2, ACAD, ACO, ATGL,
LXR, PPARy C/EBP, FASN, GPAT,  CTP-1, HSL, LPL,

HMGR, LXR, PGC-1,  MCAD. Nrf-2. PPARG
PPARYy, Pref-1, SCD1,  yCP

SREBPs

Figure 2. Effects of (—)-epigallocatechin-3-gallate (EGCG) on lipid metabolism via reactive oxygen
species (ROS) and AMP-regulated protein kinase (AMPK). EGCG acts as a pro-oxidant, enhancing the
generation of ROS, which activate AMPK [7,8,58-60]. AMPK activation suppresses adipogenesis and
lipogenesis, while it increases lipolysis by regulating gene and protein expression of various enzymes
and transcription factors, leading to the anti-obesity effect. Transition metal ions such as Fe(II) and
Cu(II) may contribute to EGCG’s ROS-generating activity [61,62]. EGCG may also increase cellular ROS
levels by decreasing the levels of antioxidant molecules, such as glutathione (GSH), and antioxidant
enzymes, such as superoxide dismutase (SOD), catalase, and thioredoxin reductase (TRXR) [63-65].
Abca, ATP-binding cassette superfamily of transporter proteins; ACAD, acyl-CoA dehydrogenase;
ACC, acetyl-CoA carboxylase; aP2, adipocyte protein 2; ATGL, adipose triglyceride lipase; GPAT,
glycerol phosphate acyltransferase; LPL, lipoprotein lipase; Nrf-2, nuclear factor erythroid-2-related
factor-2; PGC-1, peroxisome proliferator-activated receptor gamma coactivator-1; Pref-1, preadipocyte
factor-1; SCD1, stearoyl-CoA desaturase-1; UCP, uncoupling protein.
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SREBPs are regulated by AMPK, and it is known that green tea constituents upregulate AMPK
by inducing the generation of ROS, as sufficient evidence has demonstrated that GTCs can act as
pro-oxidants under certain conditions [7,8,58—-60]. Metallic ions may also be associated with the
pro-oxidant activity of GTCs (Figure 2) [61,62]. In addition, GTCs may increase ROS levels by
decreasing the levels of antioxidant molecules and enzymes [63-65]. These pro-oxidant actions
of GTCs can explain the findings related to their effect on gene and protein expression of enzymes and
transcription factors involved in lipid metabolism (Figure 2).

In a rat model of galactosamine-induced liver injury, we found that catechin-rich green tea
restored the galactosamine-induced increase in hepatic mRNA and plasma protein levels of TNF-o
and IL-1p to normal levels [66]. These findings are compatible with those of other studies concerning
the anti-obesity effects of green tea and GTCs. For example, Lu et al. carried out an experimental
study in which rats were divided into two groups: control rats were fed a low-fat diet and obese rats
were fed a high-fat diet. Their results showed that administration of GTCs to obese rats decreased the
expression levels of 12 genes, including orexigenic genes, anorectic genes, such as IL-1$3, and genes
related to energy expenditure, than in the control rats [67].

A similar experiment showed that administration of 0.5% GTCs to obese rats increased the
percentage of fat-free mass, bone mineral density, and bone strength, while it decreased the percentage
of fat mass and serum levels of leptin, adiponectin, and proinflammatory cytokines, including
TNEF-o [68]. A more recent study also showed that EGCG supplementation attenuated the elevation
in TNF-« protein in infiltrating CD68+ macrophages in the islets of rats fed a high-fat diet [69].
The results of a double-blind, placebo-controlled, human interventional trial showed that serum
TNF-o and C-reactive protein levels were significantly lower, whereas total antioxidant status was
higher, in the GTE group than those in the placebo group [70].

In these cases, the antioxidant action of GTCs is likely involved in their anti-obesity mechanism
owing to the fact that ROS stimulate nuclear factor-«B, which in turn promotes the expression of
proinflammatory cytokines, such as TNF-a and IL-13 [15,60]. GTCs may exert anti-obesity effects
through suppression of TNF-oc and IL-1f3 expression, since these inflammatory cytokines are known to
upregulate the expression of SREBP-1 and stimulate the maturation of the SREBP-1 protein [71-73].

In contrast, as mentioned above, animal and cellular studies have shown that GTCs and other
green tea constituents may stimulate the generation of ROS, which activate AMPK [7,60,74-76] and
thus modulate the expression of genes and proteins involved in lipid metabolism. The pro-oxidant
activity of green tea/GTE has also been shown in human studies. For example, Lambert et al. showed
the generation of hydrogen peroxide in the oral cavity by either holding green tea in the mouth or
chewing green tea leaves [77]. The pro-oxidant action of GTE has been suggested to be involved in
hepatic toxicity associated with green tea supplements [78].

Therefore, it appears that two conflicting, i.e., antioxidative versus pro-oxidative mechanisms,
are operating in the effect of green tea and GTCs. One possible explanation for these different actions is
that the available concentration of green tea constituents can direct their action as either pro-oxidant or
antioxidant [61,79,80]. In human lymphocytes, EGCG at a concentration range of 1-100 uM increased
DNA strand breakage induced by bleomycin and hydrogen peroxide, but suppressed the breakage at
a lower concentration range from 0.1 to 0.01 pM, suggesting that EGCG might have a dual function as
a pro-oxidant and an antioxidant, depending on the concentration [79]. An experiment using non-obese
type 2 diabetic Goto-Kakizaki rats showed that a diet containing 0.1% EGCG, but not 0.2% or 0.5%
EGCG, reduced mRNA levels of TNF-a and IL-1§3, and suppressed oxidative stress in the mesenteric
adipose tissues, suggesting that the effects of EGCG are concentration-dependent [80]. The results
of a chemiluminescence analysis showed that EGCG had a protective effect on calf thymus DNA at
low concentrations (2-30 mM), while it enhanced oxidative DNA damage at higher concentrations
(>60 mM) [61]. Further investigations are required to understand what is a determinant for GTCs to
act as a pro-oxidant or an antioxidant.
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