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ABSTRACT OF THE DISSERTATION
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by:  MOUSUMI BOSE

Dissertation Director:

Dr. Chung S. Yang

The prevalence of obesity and the metabolic syndrome has more than doubled
in the last 30 years. Colon cancer is the second leading cause of cancer-related death
in the United States. Many studies show beneficial effects of certain dietary
constituents, including green tea, in the prevention of these diseases. In the first set of
experiments, I determined the effect of (-)-epigallocatechin-3-gallate (EGCG) on
weight gain and related factors in a high-fat diet-induced mouse model for obesity
and the metabolic syndrome. I found that 16-week treatment of 0.32% EGCG in the
diet (w/w) significantly reduced body weight gain (by >50%) and body fat percentage
(by 10%) in comparison to control mice. Visceral fat weight was significantly
decreased by EGCG treatment. Biochemical measurements revealed that EGCG
treatment significantly attenuated insulin resistance and plasma cholesterol. Liver

pathologies were significantly lessened by EGCG, as indicated by decreased liver
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weight, triglyceride content, and transaminase release into plasma. Plasma monocyte
chemoattractant protein (MCP-1) levels were also decreased by EGCG, suggesting
reduction of inflammation by EGCG.

In the next set of experiments, I determined the effect of a combination of
EGCG (0.16% in the drinking fluid) and fish oil in the diet (12% w/w), on intestinal

. . . n/+
tumorigenesis in Apc™™

mice. Combination treatment reduced tumor number by
53% compared to controls; at the doses used, neither agent alone had a significant
effect. B-catenin nuclear positivity in intestinal adenomas from the combination group
was lower than control mice, indicating modulation of Want signaling. Fish oil and the
combination significantly reduced prostaglandin E; levels in adenomas compared to
controls, suggesting modulation of aberrant arachidonic acid metabolism. Akt
phosphorylation in adenomas was significantly reduced in all treatment groups, which
may have contributed to the observed increase in apoptosis. The results from these
two studies indicate that long-term treatment with EGCG decreases risk for obesity
and conditions associated with the metabolic syndrome, and that a combination of

Min/+ .
""" mice. These effects

EGCG and fish oil can inhibit intestinal tumorigenesis in Apc
may be mediated through multiple mechanisms and should be addressed in future

studies in the prevention of chronic disease.
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CHAPTER 1
INTRODUCTION AND SPECIFIC AIMS
1.1.1. Obesity and the metabolic syndrome

Obesity is a health condition that is characterized by a body mass index (BMI)
that is 30 or higher [1]. This increase in BMI is usually attributed to an accumulation of
excess adipose tissue, and is a result of a positive energy balance, where energy intake is
greater than energy expenditure. The prevalence of obesity has increased dramatically in
the last several decades. The National Health and Examination Survey reported that the
prevalence of obesity among adults in the United States was more than 2 times higher in
the 2003-2004 survey in comparison to the 1976-1980 survey [2]. Similar trends were
observed for children and adolescents [3]. According to the World Health Organization,
in 2005, there were 400 million obese adults worldwide [4]. Obesity has become an issue
of national and global concern because of its rapidly increasing rates and its co-
morbidities, such as type II diabetes and cardiovascular disease. [5-7]. Obesity is also
associated with increased risk of various cancers, including endometrial, breast, and
colon cancer [8-13].

The metabolic syndrome is a clustering of pathologies associated with obesity that
includes excess abdominal fat (central adiposity), insulin resistance (which can lead to
type II diabetes), and hyperlipidemia (which can lead to cardiovascular disease) [5].
According to the National Cholesterol Education Program (NCEP) Adult Treatment
Panel I1I (ATP III), the metabolic syndrome is diagnosed in patients when they exhibit 3

of the 5 following symptoms: waist circumference > 40 inches, serum triglycerides > 150



mg/dl, high-density lipoprotein (HDL) cholesterol < 50 mg/dl, blood pressure > 135/85
mg Hg, and fasting blood glucose > 110 mg/dl. Insulin resistance is also usually present
in the metabolic syndrome. Other symptoms associated with the metabolic syndrome
include endothelial dysfunction, hepatic steatosis, and increased inflammation (local and
systemic) [14]. The prevalence of the metabolic syndrome has increased concomitantly
with the prevalence of obesity in the United States [15]. In 2000, there were
approximately 47 million men and women in the United States who were diagnosed with
metabolic syndrome [16].

Consumption of a high-fat diet is a strong risk factor for the development of
obesity and metabolic syndrome [17]. Epidemiological studies have shown that obesity is
generally more prevalent in societies that consume a Western-style diet, which, in
addition to being deficient in several nutrients such as calcium and vitamin D, is also high
in fat (30-40% of kcal in diet) [18-20]. Dietary, pharmacological, and surgical strategies
have been developed in the last decade to prevent the metabolic effects of a high-fat diet.
These methods control food intake, increase energy expenditure, promote fat oxidation in
the body, or inhibit fat absorption into the body. Pharmacological treatment for the
metabolic syndrome often consists of separate drugs targeted at the individual symptoms
of the disease [15]. Despite these advances, there are still several risks associated with
pharmacological and surgical intervention of obesity and the metabolic syndrome,
suggesting that dietary modification may be the safest and most cost-effective option for

those who are moderately obese [21-24]. To date, nutritional intervention is still the



preferred method of treatment and prevention for obesity and the metabolic syndrome
[14, 15].
1.1.1.1. Dietary prevention of weight gain by tea and tea constituents

Tea (Camellia sinensis, Theaceae) is one of the most widely consumed beverages
in the world, second only to water in popularity. There are four major types of tea made
from this plant. White tea and green tea are both prepared from either steaming or pan-
frying tea leaves to inactivate oxidative enzymes. Oolong and black tea are crushed and
allowed to undergo oxidation (fermentation). The two major components of tea are
caffeine and polyphenols, and it is believed that the health benefits of drinking tea are
attributable to its polyphenol content. Although all types of tea are rich in polyphenolic
compounds, the processing of tea dictates the types and quantities of polyphenols that are
found in each specific beverage. Whereas oolong and black tea contain oligomeric
compounds called theaflavins and thearubigens, green tea contains mainly monomeric
polyphenols known as catechins. A typical brewed green tea beverage (2.5 g green tea in
250 ml hot water) contains about 240-320 mg catechins including (-)-epicatechin (EC), (-
)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG), and epigallocatechin-3-gallate
(EGCQG) (Figure 1.1). EGCG is the most abundant catechin present in green tea, and it is
believed to be the most biologically active component of green tea [25].

Among its many proposed health benefits, tea is believed to have hypolipidemic
and potential weight loss effects. Although epidemiological studies have observed an
inverse relationship between green tea consumption and blood lipid levels [26-28], only

one major epidemiological study has reported a clear association between green tea



intake and body fat percentage [29]. Human intervention trials have offered more insight
as to how tea can promote weight loss, but many factors have affected the outcome of
each study. Since 1999, 12 human intervention trials concerning the effects of tea
ingestion on weight loss and energy metabolism have been published.

In 1999, Dulloo et al., in a randomized, crossover trial with 10 young males,
showed that green tea extract (containing 90 mg EGCG and 50 mg caffeine, administered
3 times daily over 5 days) increased energy expenditure and fat oxidation, whereas the
same doses of caffeine alone did not produce such effects [30]. This finding was followed
by a study by Rumpler et al. using a similar crossover design with 12 men [31]. Ingestion
of oolong tea (containing 48.8 mg EGCG and 54 mg caffeine, administered 5 times daily)
for 3 days increased 24-hour energy expenditure and fat oxidation in comparison to that
of control subjects given only water. Subjects who consumed the corresponding amount
of caffeine showed an increase in 24-hour energy expenditure similar to the effects found
in the tea group [31]. This finding suggested that the effects on energy expenditure and
fat oxidation were due mainly to the caffeine, in contrast to the findings of Dulloo et al.
In 2005, Berube-Parent ef al. administered different amounts of green tea extract
(containing 90-400 mg EGCG) mixed with Guarana extract (to maintain caffeine levels at
200 mg) 3 times daily to 14 males in a randomized crossover study [32]. They observed
increased 24-hour energy expenditure and decreased carbohydrate oxidation with all
doses of treatment. The most significant effect was observed in the lowest dose (90 mg
EGCG and 200 mg caffeine, 3 times daily). Higher doses of EGCG did not result in

significantly larger increases in energy expenditure. A recent crossover trial by Hsu et al.



showed that subjects who consumed 38 g lipids and ingested polyphenol-enriched oolong
tea (750 ml containing 250 mg polyphenols, 3 times daily) for 10 days had increased
fecal lipid excretion in comparison to subjects consuming the same amount of lipids with
a placebo beverage, suggesting that tea polyphenols inhibit fat absorption [33].

Longer trials were also conducted to determine the effects of green tea on
decreases in body weight or body fat. Most of these studies ran for 10-12 weeks, and the
results of these studies varied. In 2004, Tokimitsu ef al. showed that consumption of a
beverage containing 588 mg tea catechins daily for 12 weeks significantly decreased
body weight and total body fat area in a population of healthy males and females
compared to daily consumption of a control beverage containing 126 mg tea catechins
[34]. Caffeine content of the beverages was not reported, and it may have been a
confounding factor. This study was followed by Nagao et al., who found that healthy
men (n=17) who consumed oolong tea enriched with tea catechins (690 mg tea catechins
total and 22 mg caffeine) daily for 12 weeks showed significantly greater body weight
loss, BMI reduction, and reductions in body fat mass and total fat area than subjects who
consumed a control oolong tea beverage (that contained 22 mg tea catechins plus 23 mg
caffeine, n=18) [35]. A study by Westerterp-Plantenga et al. showed that, when compared
to a placebo-treated group, green tea consumption (45 mg EGCG and 25 mg caffeine 6
times daily) for 3 months following weight loss (by a low energy diet) prevented body
weight and fat mass gain in 78 overweight male and female subjects [36]. This effect,
however, was only observed in subjects who were low caffeine consumers at baseline

(<300 mg/day). That is, during the weight maintenance phase after weight loss, ingestion



of green tea extract resulted in significantly less body weight regain in low caffeine
consumers than in subjects who consumed more than 300 mg caffeine/day (at baseline)
or in subjects from the placebo group. This decrease was accompanied by an increase in
fat oxidation and energy expenditure in the low-caffeine consumers treated with green
tea. However, another 10-week study by Diepvens et al. showed that among 46
overweight female subjects on a low-calorie diet, treatment with 134 mg green tea
catechins (66.2 mg EGCG and 26.3 mg caffeine), 9 times daily, produced no added effect
on weight loss [37]. It should be noted, however, that the subjects for this study were
originally moderate caffeine consumers (300-312 mg caffeine/day).

In all of the above studies, caffeine was present to some extent in the treatment.
The caffeine found in tea beverages may play a role in promotion of weight loss. In the
studies that attempted to distinguish the effect of tea catechins from that of caffeine [30-
32, 35], tea catechins seemed to have a slight additive effect on energy expenditure or
weight loss compared to caffeine alone. It appears that the length of treatment and an
individual’s prior caffeine consumption may influence the role of green tea and green tea
catechins in promoting weight loss. The possible synergistic effect of catechins and
caffeine on weight loss remains to be determined. In addition, the differences in the
human populations studied (i.e. dietary lifestyle, genetics of the population) may also
play a role as to whether tea consumption affects weight gain or body fat accumulation.

Since 1999, 14 papers have reported the effect of tea on weight loss in animals.
Most studies with rodent models have observed a consistent effect of tea and tea

polyphenols on weight reduction. These studies have also suggested biological



mechanisms by which tea catechins exert their metabolic effects. In these investigations,
rodents were either treated with green tea extract, which contained caffeine and catechins,
or individual catechins, particularly EGCG. Kao ef al. (2000) reported that daily
treatment of EGCG (i.p.) to obese and lean Zucker rats (92 and 81 mg EGCG/kg body
weight, respectively) significantly reduced body weight after 7 days, but the change in
body weight was mainly attributed to the decrease in food intake by the treated mice [38].
In another study, obese Zucker rats receiving 50-125 mg EGCG/kg body weight, i.g.,
showed no significant reduction of body weight gain [39].

Several subsequent studies in rodents given green tea or EGCG perorally have
demonstrated an inhibitory effect of treatment on body weight gain. Murase et al. showed
that in C57BL/6J mice on a high-fat diet (30% w/w), administration of 0.2%-0.5% green
tea catechins in the diet for 11 months significantly reduced body weight and visceral fat
weight compared to control mice. This same study also showed that short-term treatment
(1 month) with 0.5% green tea catechins increased hepatic lipid B-oxidation activity and
expression of several enzymes associated with -oxidation, such as acyl CoA oxidase and
medium-chain acyl-CoA dehydrogenase [40]. Another study by Shimotoyodome ef al.
confirmed these findings on the reduction of body weight and fat. They also showed that
green tea catechin treatment increased muscle endurance capacity during exercise [41].

In 2005, Ikeda ef al. showed that administration of a diet containing 1%
THEAFLAN 90S (a decaffeinated green tea powder containing 44.1% EGCG) for 23
days significantly reduced visceral body fat (as a percentage of body weight) in Sprague-

Dawley rats [42]. Ikeda ef al. found that an oral dose of green tea catechins (100 mg



THEAFLAN 90S) followed by a lipid emulsion dose delayed lymphatic recovery of
postprandial triacylglycerol, suggesting decreased lipid absorption as a possible
mechanism by which tea catechins mediate their weight loss effects [43].

Other groups have investigated the dietary effects of EGCG on weight loss in
rodents. Klaus ef al. observed significantly decreased body weight gain, total body fat
gain, and epididymal body fat weight in New Zealand Black mice treated with a high-fat
diet (15% w/w) containing 0.5-1% TEAVIGO (a green tea extract containing >94%
EGCG and <0.1% caffeine) for 4 weeks compared to control mice [44]. New Zealand
mice that were orally administered TEAVIGO (500 mg/kg body weight, i.g.) for three
days showed a significantly decreased respiratory quotient compared to mice not given
TEAVIGO, suggesting increased fat oxidation by the treatment. Wolfram et al. also
observed that TEAVIGO supplementation (1% in the diet) to high-fat (20% w/w) fed
C57BL/6J mice for 5 months significantly decreased body weight and the subcutaneous
and epididymal adipose tissue weights [45].

Tea catechins may cause body weight loss by multiple mechanisms, including
inhibition of lipid absorption, enhancement of fat oxidation, and inhibition of fatty acid
synthesis [30-33, 40-45]. Some studies performed in vitro have found modulation of
adipocyte differentiation, proliferation, and cellular uptake of fatty acids by EGCG [46-
48]. Other studies have suggested that EGCG may increase energy expenditure by
inhibiting the activity of catechol-O-methyl transferase (COMT), which mediates the
degradation of norepinephrine [49]. Inhibition of this enzyme may prolong the effect of

norepinephrine in promoting the sympathetic nervous system to increase energy



expenditure. To this effect, Dulloo et al. showed an increase in norepinephrine excretion
with green tea catechin treatment in a population of young males [30]. More in vivo
studies are warranted to determine whether these effects contribute to the body weight
reduction effects of green tea catechins.
1.1.1.2. Dietary prevention of conditions associated with metabolic syndrome
by tea catechins

There are very few studies on the effect of tea on risk for metabolic syndrome. A
recent epidemiological study reported no clear association between green tea
consumption and metabolic syndrome in a Japanese population [50]. A recent animal
study showed that EGCG treatment (200 mg/kg body weight, i.g.) for 3 weeks
significantly reduced blood pressure, and significantly increased insulin sensitivity and
adiponectin levels in spontaneously hypertensive rats, a rodent model of the metabolic
syndrome [51]. Despite the small number of reports on the effects of tea on metabolic
syndrome, there have been several studies that have observed the effects of tea on
individual components of the metabolic syndrome.
1.1.1.3. Insulin resistance and type II diabetes

Type 1I diabetes mellitus (TIIDM) is generally characterized by a failure of the
body to appropriately respond to insulin (insulin resistance), in contrast to type I diabetes,
when the body cannot produce enough insulin [17]. As a result of either condition,
glucose disposal to key organs such as skeletal muscle is decreased and blood glucose
levels remain high. If uncontrolled, this can lead to blindness, nerve damage, kidney

disease, cardiovascular disease, and other potentially fatal complications [52]. In 2005,



10

the total prevalence for either type of diabetes was 7% in the United States. Currently,
TIIDM is more common than type I diabetes in the U.S. [17].

There are three major organs in the body that are affected by insulin resistance:
the muscle, the liver, and the adipose tissue. These are the tissues that, under normal
conditions, produce a response to elevated levels of blood glucose, via the action of
insulin [53]. When blood glucose is elevated, insulin is released into the bloodstream
from the B-cells in the pancreas. In the muscle and the adipose tissue, the major response
of insulin binding to cell surface receptors is the activation of phosphoinositide-3-kinase
(PI3K) signaling cascade, which activates the protein AKT. The activation of AKT
contributes to the translocation of the glucose transporter GLUT4 from the cytosol to the
cell surface, so that glucose can enter the cell [54]. The uptake of glucose in muscle and
adipose tissue plays an important role in returning blood glucose to normal levels. In the
liver, insulin binding also triggers the PI3K cascade, resulting in an inhibition of
gluconeogenic enzymes and suppression of hepatic glucose output [53]. In insulin-
resistant individuals, insulin is released upon elevation of blood glucose; however, there
is a diminished response from the muscle, adipose tissue, and liver to increase glucose
uptake or decrease glucose output. The pancreas initially responds by producing more
insulin to maintain normal blood glucose levels. Nevertheless, these individuals usually
remain hyperglycemic and are also hyperinsulinemic [53]. Type II diabetes is
characterized by both insulin resistance and the eventual development of pancreatic [3-

cell dysfunction [17].
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1.1.1.4. Dietary prevention of TIIDM and insulin resistance by tea
polyphenols

Several human and animal studies have suggested that tea catechins also help to
improve glucose homeostasis independent of their effects on fat metabolism. Iso ef al.
reported in 2006 that TIIDM risk was inversely associated with green tea consumption in
a population of Japanese females and overweight males [55]. This trend was irrespective
of body mass index. Since 2003, there have been 4 major human intervention trials
published describing the effects of tea ingestion on the risk of TIIDM and insulin
resistance.

In 2003, a randomized, crossover study by Hosoda et al. showed that healthy
males and females (n=20) administered oolong tea (containing 77.2 mg EGCG and 70.5
mg caffeine, 5 times daily) for 4 weeks had significantly lower fasting blood glucose and
fructosamine (a marker of long-term glucose homoeostasis) levels, but the treatment did
not affect body weight or body mass index [56]. Tsuneki et al. showed that consumption
of a 1500-ml green tea beverage (0.1% green tea, containing 84 mg EGCG and 64.5 mg
caffeine) significantly improved glucose tolerance in h