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ABSTRACT

Because of excessive energy intake and lack of sufficient physical activity,
obesity prevalence has been increasing worldwide. In the United States, more than a third
of the population is obese, which has brought about the recrudescence of obesity-
associated diseases such as cardiovascular diseases, fatty liver diseases, type 2 diabetes,
and cancer. The underlying mechanism of obesity, especially diet-induced obesity, is a
low-grade inflammation in adipose tissue initiated by the high level of reactive oxygen
species generated by the oxidation process of energy metabolism. In fact, human and
animal studies have linked obesity with oxidative stress and inflammation. This
dissertation project is designed to explore the possible use of antioxidants to obstruct
diet-induced obesity and to study the underlying mechanisms in an animal model. The
rationale for this research is that reactive oxygen species generated by excessive energy
intake are directly responsible for a low-level and chronic inflammation, leading to
weight gain, insulin resistance, and fatty liver. Scavenging the excess amount of reactive
oxygen species generated by overeating through supplying the appropriate antioxidants
should suppress obesity development and alleviate obesity-associated metabolic

problems. This dissertation encompasses five chapters. Chapter 1 is a literature review



about the roles of reactive oxygen species in obesity and applications of antioxidants for
obesity management. Chapters 2 and 3 are published research articles on obesity
prevention with antioxidants. Chapter 4 summarizes the work with intention to reverse
obesity and obesity-induced metabolic disorders using antioxidants. The last chapter,
Chapter 5, discusses future perspectives and the remaining challenges of antioxidant-

based approaches for the management of obesity.

INDEX WORDS: Obesity, Fatty liver, Insulin resistance, Inflammation, Antioxidant,

Phloretin, Benzyl isothiocyante, S-carvone, Catechin, EGCG



PREVENTING AND TREATING OBESITY AND METABOLIC DY SFUNCTIONS
WITH ANTIOXIDANTS

by

SARY IBRAHIM ALSANEA

B.S., College of Pharmacy, King Saud University, Riyadh, Saudi Arabia, 2010

A Dissertation Submitted to the Graduate Faculty of The University of Georgiain Partial

Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

ATHENS, GEORGIA

2017



© 2017
SARY IBRAHIM ALSANEA

All Rights Reserved



PREVENTING AND TREATING OBESITY AND METABOLIC DY SFUNCTIONS
WITH ANTIOXIDANTS

by

SARY IBRAHIM ALSANEA

Major Professor: Dexi Liu

Committee: Mandi M. Murph
Shelley B. Hooks
James L. Franklin
Joan G. Fischer

Electronic Version Approved:

Suzanne Barbour

Dean of the Graduate School
The University of Georgia
December 2017



DEDICATION

| would like to dedicate this dissertation to my lovely parents. my mother,
Mashail Alsaidan, and my father, Ibrahim Alsanea. You have been supporting and
encouraging me toward success since | was born. | also would like to dedicate this
dissertation to my terrific wife, Arwa Alkhulaifi, and to my handsome son, Ibrahim.
Without your extreme patience and emotional motivation, | could not have earned this
degree.

To my cooperative and kind siblings: Y aser, Hadel, Fahad, and Monerah. To my
teachers who have taught me throughout elementary, intermediate, high-school,
undergraduate degree, English as a second language institute, and graduate school. |
would not be able to be in the scientific and academic fields without your education. A
special dedication to my high school mathematics teacher, Mr. Khaled Montaser, from

whom | have learned alot about self-discipline and sincerity.



ACKNOWLEDGEMENTS

All Praise is for God (Allah) by whose favor good works are accomplished. |
would like to thank my advisor Dr. Dexi Liu for accepting me in his lab and sharing his
scientific and philosophical wisdom. Thanks, Dr. Liu, for your time, effort, and patience
until 1 reached this stage and | am looking forward to going further. Thanks for al that
you have done for me. Y ou have truly made a difference to my life. 1 am very proud and
pleased that | graduated from your lab and under your guidance. In addition, | would like
to thank my advisory committee members, Dr. Murph, Dr. Hooks, Dr. Franklin, and Dr.
Fischer for their valuable comments, feedback, and advice. Thanks to al current and
previous members of Dr. Liu’'s laboratory for their collaboration and help. Many thanks
to Dr. Mingming Gao and Dr. Yongjie Ma for their technical support and valuable
suggestions for my experiments. Special thanks to my labmates and friends, Dr. Y ahya
Alhamhoom and Dr. Mohammad Alsaggar. The time we spent together and the efforts
you made during this special period of my career development are extremely valuable
and greatly appreciated. | thank Dr. Megan Morgan for proofreading and editing the
published manuscripts and her useful English writing tips and comments. | would like to
thank Mr. Robby Nadler (the Assistant Director of UGA Writing Center) and Mrs. Judy
Milton (the Assistant Dean of the Graduate School) for their effort and cooperation in the
Dissertation and Thesis Writing Course (GRSC 8300W). Many thanks to Dr. Ruchi
Yadav, Dr. Hardik Mody, Ali Altharawi, Omar Alsaidan, Faris Almutairi, Ali

Alshamrani, Mohammed Alginyah, Ibrahim Asiri, Dr. Rashed Alhotan, Dr. Mohammed



Alasmrai, Esam Qattan, Hamad Alenezi, Dr. Fahaad Alenazi, Dr. Ahmad Albassam,
Abdulrahman Alwhaibi, Fahad Almughem, and other friends for their support. | would
like to thank the Department of Pharmaceutical and Biomedical Sciences for their
support, and the animal facilities at the University of Georgia for their wonderful work
and cooperation during my dissertation research. Many thanks go to the funding agencies
for financial support. Special thanks go to my sponsor, the King Saud University, for my
scholarship. And finally, | would like to extend my thanks to the Saudi Arabian Cultural

Mission (SACM) to the U.S. for their support during the last seven years.

Vi



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS.....cc ettt s nne e v
LIST OF TABLES. ...ttt ae e n e ne e nane e IX
LIST OF FIGURES ...ttt sttt s n e b e sne e s n e e nne e X

CHAPTER

1 INTRODUCTION AND LITERATURE REVIEW ON OBESITY AND

REACTIVE OXYGEN SPECIES........coo oo 1
INEFOTUCTION.....eeee e 1
Contributing Factors to ODESILY .......ccoveererrieriereeiee e 3
Obesity PathOgENESIS........ccveieieieiie et e 8
Obesity-associated MetaboliC DISEASES.........coverieieerenienee e 16
Blocking Obesity by Neutralizing ROS...........ccoccoiiiiinieneeeeeseee 18
Obesity ANMal MOGEIS........ccoiiieeeeee e 21
Antioxidants Used in Dissertation Research..........ccocovcveceienencnencnennnn 24
Objectives of Dissertation RESEarCh .........ccooceveriiieeneneseese e 30
REFEIENCES......c.eoeieeee e 39

2 PHLORETIN PREVENTSHIGH-FAT DIET-INDUCED OBESITY AND

IMPROVES METABOLIC HOMEQOSTASIS. ..o 71
F N 01 1 - o R 72
LT OOUCT O .. smsmsmnmsmmmnnnn 73

vii



RESUITS. .. e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaaann 78
(DI w0 o] o W 82
(RS (= (1016 = TR 93

3 BITC AND SCARVONE RESTRAIN HIGH-FAT DIET-INDUCED

OBESITY AND AMELIORATE HEPATIC STEATOSIS AND INSULIN

RESISTANCE ...ttt e nne e 100
ADSITACE ... et nae e 101
INEFOTUCTION.....eic e 103
Material and Methods............coooiiiiiiiiee e 105
RESUITS.....c.eee e 108
DISCUSSION ...ttt ettt r et nennennennenne e 111
REFEIENCES.......eoeeee e 122

RESISTANCE WITHOUT REDUCING OBESE MOUSE WEIGHT.......... 127
INEFOTUCTION.....eic e 127
Material and Methods...........cccoiiiiiinie e 128
RESUITS.......ee e e 131
DISCUSSION ...ttt ettt r bt nesn e nenreene e 135
REFEIENCES.......eoeeeeee e 147

5 CONCLUSION AND FUTURE PERSPECTIVES........cccoooiiieeeeee 150
REFEIENCES.......eoeeee e 154

viii



LIST OF TABLES

Page
Table 1.1: Structures, sources, and characteristics of reactive oxygen species. ................ 31
Table 1.2: Basic antioxidant mechanisms with chemical functional groups..................... 32

Table 1.3: Summary of antioxidants prevention studies conducted on animal obesity

S0 0] £ T PSPPSR 34
Table 2.1: Primers used for quantitative real time PCR analysis of gene expression ....... 86
Table 3.1: Primers used for gene expression analysis by real time PCR............c.ccceue.... 115



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:

Figure 2.5:

Figure 2.6:
Figure 3.1:
Figure 3.2:
Figure 3.3
Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 4.1:

LIST OF FIGURES
Page
ROS generation and obesity promotion mechanism............ccccececveveeicieenieene 35

Mechanistic illustration of association between obesity and other diseases...37

Chemical structures of antioxidants used in dissertation research.................. 38
Phloretin inhibits body weight gainin micefed an HFD..............cccoccvennennee. 87
Impacts of phloretin treatment on adipose tissues of animals............c.ccccue..... 88
Phloretin blocked HFD-induced inflammation............c.ccoceveveieiencncnenne 89
Phloretin prevented HFD-induced fatty lIVer..........ccooveiiieninceneeeeeceee, 90
Phloretin improved glucose homeostasis and hyperinsulinemiain HFD-fed

0o RS 9
Effects of phloretin treatment on obese micefed an HFD ..o, 92
BITC and S-carvone inhibit body weight gainin micefed an HFD ............. 116

Impacts of BITC and S-carvone treatment on adipose tissues of animals....117

BITC and S-carvone suppressed HFD-induced inflammation...................... 118
BITC and S-carvone blocked HFD-induced fatty liver..........ccooeiiieiiennnne 119
Impacts of BITC and S-carvone treatment on mRNA levels of genes

responsible for hepatic lipid metabolism ... 120
BITC and S-carvone improved glucose homeostasis and hyperinsulinemiain
[ L D <o 0o SRS 121

Catechin and EGCG inhibit body weight gain in micefed an HFD ............. 138



Figure 4.2: Impacts of catechin and EGCG treatment on adipose tissues of animals.....139
Figure 4.3: Catechin and EGCG suppressed HFD-induced hepatic lipid accumulation.140

Figure 4.4: Catechin and EGCG improved hyperinsulinemia and insulin resistance in

HFD-TEA MICE ...t 141
Figure 4.5: EGCG did not induce weight 10ssin obese mice........ccccveeverieneeneniinnenne 142
Figure 4.6: Impacts of EGCG treatment on adipose tissues of animals...........c.cccceueee. 143
Figure 4.7: EGCG failed to restore HFD-induced fatty liver in obese mice................... 144
Figure 4.8: EGCG dlightly improved insulin sensitivity in obese mice.........cccoceeeeennne. 145
Figure 4.9: Antioxidant combination treatment StUAY ..........ccooeeererinnienenieseeseeee e 146

Xi



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW ON OBESITY AND REACTIVE
OXYGEN SPECIES

Introduction

Obesity is defined by the World Health Organization as “abnormal or excessive
fat accumulation that may impair health” and is also defined medically as a body mass
index (BMI) greater than 30 kg/m? A recent research article published in the New
England Journal of Medicine reported that the world’s obese population in 2015 totaled
107.7 million for children and 603.7 million for adults. High BMI accounted for 4 million
global deaths in 2015 with nearly 70% of those deaths due to cardiovascular diseases.
About 50 different diseases have been linked to obesity, including cardiovascular
diseases, diabetes, hypertension, liver and kidney diseases, and many types of cancer.
The United States has the highest total number of obese adults with about 79 million
individuals (1). Obesity has become the most severe disease in the United States, and the
trend continues to rise (2). In 2016, the total percentage of overweight and obese subjects
among American population was 64.8% (3). Economically, the estimated direct costs for
obesity-associated diseases range from US$147 billion to $210 billion per year (4). The
estimated productivity-related cost is $4.3 hillion per year, which is considered as indirect
cost due to job absenteeism (5).

Current obesity treatments can be divided as either pharmacological or surgical in

nature, but effectiveness is limited in both cases. Medication-based obesity therapy is



limited in efficacy (~ 5.8 — 10.2 kg weight loss) and accompanied by many side effects.
In 2016, there were only six drugs (Orlistat [Alli®/Xenical®], Lorcaserin [Belvig®],
Phentermine/Topiramate [Qsymia®], Naltrexone/Bupropion [Contrave®], and Liraglutide
[Saxenda®™]) approved as anti-obesity drugs by the Food and Drug Administration. The
side effects of these drugs include: steatorrhea, nausea, vomiting, diarrhea, dizziness, dry
mouth, headache, hypoglycemia, paresthesia, insomnia, and flatulence (6). On the other
hand, bariatric surgeries (e.g., gastric bypass, sleeve gastrectomy, adjustable gastric band,
and biliopancreatic diversion with duodenal switch) are expensive, have complications,
and are recommended only for severe cases of obesity (Body mass index >40 kg/m?) (7).
More importantly, some bariatric surgeries lose their effectiveness and patients regain
weight after 2 years (8).

Among the many factors that are inherent and/or environmenta in nature, the
increased availability, accessibility and affordability of energy-dense foods, along with
the marketing of such foods, play a critical role in promoting excess caloric consumption
and increasing obesity prevalence. Significant measures have been taken to curb obesity
in recent years, including restriction of advertisements of unhealthy foods to children, as
well as improvements of school meals to reduce consumption of unhealthy foods and
promote healthy food. Low-income families also received offers for free cooking classes
to encourage healthy home-cooked meals (9). The public campaign “ChangedLife’ has
helped the establishment of various education programs focusing on “Eat Well, Move
More, and Live Longer.” Despite these and many other interventions, some of which are
very effective for people and display significant benefits such as increasing physical

activity and reducing screen watching time (9, 10), the overall trend of obesity is



increasing (11). Between 1990 and 2015, the prevalence of obesity in the US increased

by 264% (2).

Contributing Factorsto Obesity
Genetic

Human biology and behavior are considered major contributing factors to the
obesity epidemic. Individuals with obese family members, the children of obese parents,
and obese children are more likely to become obese adults (12). Genetic influence on
obesity can be monogenic or polygenic, involving mutations of genes that play an
important role in controlling appetite and/or energy homeostasis. Examples of these
genes are melanocortin-4 receptor (MC-4R), leptin receptor, leptin, and fat mass and
obesity associated gene (FTO) (13-15). MC-4R, a G-protein-coupled receptor, regulates
feeding behavior and energy metabolism upon binding to its ligand a-melanocyte
stimulating hormone. As a result, certain mutations in MC-4R have been shown to lead
to the rapid onset of obesity (16, 17). Leptin, an important hormone secreted by
adipocytes, regulates food intake centrally and energy expenditure peripheraly.
Mutations in leptin gene or its receptor gene can lead to obesity due to overfeeding
caused by alow satiety feeling (18). Moreover, FTO mutations were proposed as one of
the most critical gene mutations linked to obesity. It was reported that certain FTO
mutations lead to lipolysis suppression and food intake stimulation; the mechanism in
guestion suggested to occur through oxoglutarate-dependent nucleic acid demethylase
inhibition (19-21). However, genetic obesity is often caused by polygenic mutations

rather than monogenic mutation. Over a hundred gene variants with a connection to



obesity have been identified (22, 23). As far as the treatment of genetic obesity is
concerned, monogenic obesity is believed to be easier to treat since it is caused by single
gene mutation, and may be corrected using the principles and techniques of gene therapy

currently available (24).

Positive energy-balance

Positive caloric intake represented by sugar-sweetened beverage consumption and
a high-energy density diet has been linked to obesity (25, 26). Sweetened beverages are
considered one of the largest sources of calories in the United States for children and
adults (27). The weak satiety and compensatory dietary responses associated with sugar-
sweetened beverage consumption is the proposed mechanism for the sugar-sweetened
beverage-obesity relationship (28). Alternatively, diet, especially a fat-enriched diet or
high-fat diet (HFD) (because the caloric content per gram is more than doubled of
carbohydrates or proteins), plays a critical role in weight gain compared to other
contributing factors for obesity. In fact, an HFD with 30-78% of total energy from fat is
commonly used in animal studies to induce obese animal model (29, 30). HFD leads to
leptin resistance and attenuates satiation feeling (31, 32). Similar to drug addiction, HFD
eating is often addictive, exhibiting anxiety-like behavior with increased corticosterone

levels and motivation for food (33, 34).

Social factors
Eating is often part of socia events and has always been an important part of our

dailly routine. Eating at social events is different from eating alone. For example,



individuals tend to eat more when they join people who eat more (35). Therefore,
excess food consumption at socia events has been identified as a contributing factor for
obesity, as food-serving socia events or parties are becoming increasingly popular (36).
The influence of socia events as a contributing factor of obesity will be greater after
alcohol is consumed with fatty food because the combination induces the release of
hypothalamic peptides such as galanin, orexin, and dynorphin that have been found to

promote obesity (37).

Sress

Stress has been given distinctive attention and studied during the last 30 years.
The PubMed search for the keyword “stress’ publication increased ten fold between 1986
and 2016. The American Psychologica Association (APA) reports that 75% of
Americans experienced at least one stress symptom in the last month (38). Given that
23% of Americans report consuming more food in response to stress, mental health plays
an important role in understanding obesity’ s mechanisms. It appears that the pleasurable
feeling associated with eating can suppress stress or at least reduce negative feelings. The
elevated glucocorticoid and insulin levels associated with stress have been indicated as
the mechanism behind stress-triggered eating behaviors (39, 40). Additionally, tasty food
activates reward center via stimulation of endogenous opioid release (41). This might
account for the correlation between stress prevalence and increased obesity prevalence,

where women have higher stress and obesity rates than men (11, 38, 42).



Lifestyle

Lifestyle, including a lack of regular physical activities, poor eating habits (e.g.,
frequency and eating time), tobacco smoking, circadian rhythm (the “biological clock™)
disruption, and adipogenic chemical exposure contribute significantly to the obesity
epidemic (43-46). These unhealthy habits could influence the expression of genes that
favor adipogenesis and weight gain. Unfortunately, the impact of affected gene
expression might persist for long periods. For example, after smoking cessation, former

heavy smokers have a higher obesity risk than former light smokers (47).

Seep deprivation

Inadequate sleep is considered as another risk factor for obesity (48). It was
reported that the number of sleep hours is negatively correlated with BMI (48, 49).
Sleeping less than 6 hours/day has been associated with obesity, independently of work
and health-related factors (50). A meta-analysis of global studies has demonstrated the
relationship between short sleep and obesity in both children and adults (51). The
mechanism involves a hormona imbalance between grehlin and leptin that results in

hunger stimulation and energy expenditure inhibition (52).

Socioeconomic

Socioeconomic status has been linked with obesity prevalence (53). The
relationship between obesity and greater socioeconomic status corresponds with higher
obesity rates in developing countries (54). In contrast, developed countries (e.g., the

United States) have different patterns where a higher socioeconomic status corresponds



to lower obesity rates compared with low-income families (children and adults) (55).
Beside education differences, there are different economic factors that participate in this
phenomenon. People with good socioeconomic status can afford healthy food and access
to physical activity facilities. On the other hand, lower-income families choose

calorically-dense food because it is cheaper (54, 55).

Viral infection

Vira infection can cause weight gain and obesity (56). Human adenovirus-36 has
been reported to cause obesity in mice, chicken, and humans through the direct increase
in the adipocytes size (hypertrophy) and number (hyperplasia) (57). Other viruses such
as Canine distemper virus, Rous-associated virus, and Borna disease virus, have been
linked with obesity as well (58). The proposed mechanism includes adipogenesis
stimulation and hormonal dysregulation after viral-induced hypothalamic disruption (57,

59).

Endocrine diseases

Hormonal imbalance occurs in endocrine diseases causing fat accumulation and
obesity development. Low levels of thyroid hormone (i.e., hypothyroidism patients)
suppresse metabolism rate and thermogenesis, leading to increased storage of fat (60).
On the other hand, raised levels of glucocorticoids, as in Cushing’'s syndrome patients,
increase appetite and cause weight gain through activation of the central stress-response
pathways (61, 62). Regulation these hormones reverses hormona imbalance-induced

obesity (63).



Medications

Numerous medications have been reported to induce weight gain (64, 65). These
medications include antipsychotics, antidepressants, antiepileptics, steroids,
contraceptives, antihistamines, protease inhibitors, antihypertensives, and antidiabetics
(49, 66). While the mechanisms of weight gain induction are different from each other
and the mechanisms are not entirely illustrative, dose and treatment duration are the main
players that impact the weight gain of these medications. Alternatives with lower impact
on weight gain should be considered, especialy for people who are at high risk of obesity

and obesity-associated complications.

Obesity Pathogenesis

Since several factors are involved in obesity development, obesity pathogenesisis
complex and multifactorial. Two key tissue, gut and adipose tissue, play acrucia rolein
obesity development. They produce hormones and peptides that are responsible for the
hypothalamus's regulation of hunger and satiety (67). While the circulating peptide
hormone ghrelin is secreted from the stomach to stimulate hunger, al other
gastrointestinal tract peptides activate satiety pathways. Examples of gastrointestinal
tract peptides, which inhibit food intake, are glucagon-like peptide-1 (GLP-1),
cholecystokinin (CCK), and peptide YY3-36 (PYY3-36) (68). Any dysregulation,
downregulation, or inactivation of these peptides might continuously stimulate hunger or
inhibit the satiety signals, and consequently lead to high caloric consumption and obesity

development (69-71).



Adipose tissue is an endocrine organ that maintains and regulates metabolism via
secretion of adipokines (72). Leptin is an anorexic hormone secreted from white adipose
tissue. Circulating leptin can cross the blood-brain barrier and bind to leptin receptorsin
the hypothalamus. Upon activation, the appetite signaling pathway is inhibited through
the downregulation of neuropeptide Y (NPY) and agouti-related peptide (AgRP) (68).
Genetic defects of aleptin gene (ob/ob) or leptin receptor gene (db/db) has been shown to
lead to obesity in mice and children (13, 73). The lack of leptin signaling pathway
efficiency leadsto elevation of leptin plasmalevels in obese subjects that ends with leptin
resistance. Another adipokine that is secreted from white adipose tissue is adiponectin,
which is aso known as adipocyte complement-related protein of 30 kDa (Acrp30). The
plasma level of adiponectin was downregulated in obese subjects and resorted after body
weight loss (74). Adiponectin plays a critical role in metabolism through regulating
insulin sensitivity, glucose transportation, gluconeogenesis, and fatty acid oxidation (75).
Other fatty tissues, such as beige and brown adipose tissues, also play an important role

in regulating thermogenesis, insulin sensitivity, and metabolic homeostasis (76).

Obesity and chronic inflammation

Obesity is correlated with low-grade chronic inflammation in adipose tissues that
play acritical role in adipokine dysregulation (77, 78). Adipose tissue with inflammation
releases free fatty acid (FFA) and pro-inflammation mediators, such as resistin, IL-1, IL-
6, IL-12, TNFa and IFNy, that contribute to obesity development and metabolic
dysfunction (79-81). Several human studies support a chronic inflammation-obesity

association (82-86). It was observed that calorie restriction for 8 weeks with seafood



consumption significantly reduced inflammatory markers (high-sensitivity C-reactive
protein, IL-6, prostaglandin EF2a) in overweight/obese subjects (82). Comparable
observation was perceived with longer calorie restriction diets (one year) in
overweight/obese postmenopausal women (83). Similarly, another study showed that
reduction in percent body fat percentage and waist circumference were also associated
with a drop in the plasma level of inflammation marker high-sensitivity C-reactive
protein (84). At the tissue level, adipose tissue inflammatory markers (IL-1-, TNF-a.,
CD11B, CD11C) were suppressed in women with gestational diabetes mellitus after
dietary weight loss (86). All the previous studies serve as epidemiological evidence for
the association between chronic inflammation and overweight/obese BM| (>25 kg/m?).
Anti-inflammatory medications have shown different response patterns depending
on the inflammatory condition. Tumor necrosis factor o blockers showed better anti-
inflammatory effects on patients who had lost weight compared with overweight and
obese patients with inflammatory diseases (e.g., psoriatic arthritis) (87). A similar
phenomenon was observed with salicylates (known as non-steroidal anti-inflammatory
drugs or NSAID). Salicylates resulted in lower circulatory inflammatory markers (c-
peptide and IL-1p) that were associated with other beneficial outcomes such asincreasing
insulin secretion or decreasing insulin clearance rate (88-90). In addition, salicylates can
restore the plasma level of anti-inflammatory adipokines (91, 92) and reduce oxidative

stress in overweight obese subjects (93).
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Biochemical and cell biological basis of ROSin obesity

Reactive oxygen species (ROS) (Table 1.1) are produced as byproducts of natural
metabolic reactions in cells. Despite the fact that NADPH oxidase (NOX), peroxisomes,
and endoplasmic reticulum can generate ROS, the magjor source of ROS production is
mitochondria during energy production (94). In oxidative phosphorylation, transferred
electrons are required for establishing a proton gradient and adenosine triphosphate
(ATP) synthesis. Biochemically, electrons are passed through a series of proteins via
oxidative-reductive reactions in which each acceptor protein along the chain has greater
reduction potential than the previous, with oxygen being the destination molecules of
electron transfer. In normal states, oxygen through severa reactions will be converted
eventually to water (O, + 1e = Superoxide + 1e [SOD] - H,0, + 1e [CAT] - hydroxyl
radical + le [GSH] > H,0); yet, <2% of electrons are added to oxygen resulting in
incomplete reduction and superoxide radical (O,") formation. Superoxide anions can lead
to the propagation of free radicals, causing tissue damage by attacking unsaturated fatty
acyl chainsin the lipid bilayer of cell membranes, proteins, and even DNA in the nucleus.
Accumulating oxidative damage in cells can then affect mitochondrial function and
further induce the rate of ROS production, immune reactions, and inflammation (95, 96).

The antioxidant defense system exists in various tissues and can be classified as
non-enzymatic and enzymatic. The non-enzymatic antioxidant defense system includes
cofactors (e.g., coenzyme Q10), organosulfur compounds (e.g., glutathione), retinol
(vitamin A), and nitrogen non-protein compounds (e.g., uric acid). Alternatively, the
endogenous enzymatic antioxidants are glutathione peroxidase, catalase, and superoxide

dismutase (SOD) (97). Glutathione peroxidase (GPx) reduces hydrogen peroxide (H»0,)

11



by transferring the energy of the reactive peroxides to glutathione (GSH). Catalase (CAT)
is another primary antioxidant enzyme, which is located in peroxisomes near
mitochondria, reacts with the hydrogen peroxide (H»O,) to produce water and oxygen.
Another mgjor antioxidant enzyme is superoxide dismutase (SOD), which catalyzes the
dismutation of superoxide into hydrogen peroxide. There are three forms of superoxide
dismutase exist: SOD1 (CuZn-SOD) in cytoplasm, SOD2 (Mn-SOD) in mitochondria,
and SOD3 (EC-SOD) in extracellular spaces (98, 99). Glutathione reductase and
glucose-6-phosphate dehydrogenase are considered as secondary enzymatic antioxidants
because they do not scavenge ROS directly. Instead, they reactivate other antioxidants
through regenerating the reducing coenzymes, e.g., nicotinamide adenine dinucleotide

phosphate (NADPH) (97).

ROS in obesity

Oxidative stress is associated with obesity as well as many different diseases,
including Alzheimer’s disease, Parkinson’'s disease (100), cancer, asthma, joint diseases
(101), diabetes, cardiovascular diseases (102), mitochondria disease (103). Oxidative
stress generated by accumulated ROS was proposed as one of the contributing factors for
chronic inflammation during obesity development (104-106). In the process of weight
gain, the excess intake of nutrition or energy results in accumulation of triglyceride (TG)
in adipose tissues. An increased lipid accumulation and possibly lipid metabolism
elevates ROS level in adipose tissue (104). The elevated ROS and hypoxia (due to the
rapid expansion of the size and number of adipocytes) induce cell damage. The
adipocyte damage functions as a signal for infiltration of macrophages, which, upon

activation, release pro-inflammation cytokines and establish inflammation in adipose

12



tissue. Consequently, the proteases released by the activated macrophages digest proteins
in the intracellular space of adipocytes, creating room for each adipocyte to expand its

size and help store the excess energy acquired from eating.

Supportive studies about the role of ROSin obesity devel opment

Evidence that supports the obesity and oxidative stress relationship can be seenin
severa studies (104-106). Furukawa et al. (104) showed that oxidative stress markers
(plasma TBARS and urinary 8-epi-PGF2a,) of obese subjects were positively correlated
with BMI and waist circumferences. The elevated oxidative stress markers (H.O, and
thiobarbituric acid reactive substances [TBARS]) were observed in plasma of three obese
mice models (KKAy, db/db, diet-induced obesity). At the tissue level, the oxidative
stress marker TBARS was selectively elevated in adipose tissue but not liver or muscle.
In white adipose tissue of obese mice, the proinflammatory gene (TNF-a) was
upregulated. Both gene expression and activity of antioxidant enzymes (SOD and GPx)
were inhibited in white adipose tissue but not muscle or liver. In in vitro mechanistic
studies, ROS-associated adipogenesis in 3T3-L1 was blocked with N-acetyl-cysteine
(NAC) antioxidant. NAC aso reversed HO.-induced elevation of adiponectin,
plasminogen activator inhibitor-1, and PPARy. The second supportive study was
conducted by Tormos et al. (105). They showed that a mitochondria targeted
antioxidant (MitoCP) reduced mitochondrial H2O; levels and diminished differentiation
of primary human mesenchymal stem cells to adipocytes. Exogenous ROS (H.0,)
restores adipocyte differentiation in the presence of mitochondrial antioxidant. The third

supportive study was offered by Higuchi and colleagues (106). They showed that ROS

13



and Forkhead box O (FOXO) transcription factor are involved in adipocyte
differentiation from preadipocytes, which is human adipose-derived stem cells.
Scavenging ROS with NAC or EUK-8 (an antioxidant that mimics SOD and CAT)

inhibited adipocyte differentiation.

Sources of adipose ROS

Sources of ROS in accumulated fat can be varied. A study showed that the main
source of ROS during adipocyte differentiation was NADPH oxidase because
differentiation suppresson was observed with NADPH oxidase inhibitors
(diphyenyleneidonium, apocynin) but not xanthine oxidase inhibitor (oxypurinol),
mitochondrial electron transport chain complex | inhibitor (rotenone), or mitochondrial
electron transport chain complex Il inhibitor (thenoyltrifluoroacetone) (104). In contrast,
another study demonstrated that mitochondria, specificaly mitochondrial electron
transport chain complex 1ll, are the main source of ROS that regulate adipocyte
differentiation through mammalian target of rapamycin complex 1 (mTORC-1) mediated
mechanism (105). Taken together, the ROS elevated level was detected in vitro and in
vivo, where it is not entirely understood which part of the adipocyte produces the most
ROS.

ROS are believed to be part of the low-grade inflammation commonly seen in
obese patients, a benchmark of adipose tissue expansion and remodeling. A histological
landmark of adipose tissue inflammation is the presence of crown-like structures (CLS),
consisting of many macrophages surrounding one adipocyte (107, 108). At the molecular

level, the high levels of ROS can be generated from mitochondrial superoxide
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overproduction and NADPH oxide (NOX) activation (Fig. 1.1). The mitochondrial
superoxide overproduction is triggered by high oxygen consumption, hyperglycemia, and
high free fatty acid levels. High glucose levels can also stimulate ROS production
through protein kinase C in the short-term and advanced glycation-end production in
long-term hyperglycemia. The high free fatty acids levels lead to ROS through different
mechanisms including mitochondrial superoxide overproduction and NOX stimulation
via the toll-like receptor and diacylglycerol-medicated protein kinase C activation. The
high levels of ROS in cells activate the redox-sensitive transcriptional factor NF-xB
(nuclear factor kappa-light-chain-enhancer of activated B cells), triggering expression of
monocyte chemoattractant protein-1 (MCP-1) and macrophage migration inhibitory
factor (MIF) genes and the release of pro-inflammatory cytokines (TNF-a and IL-6) and
growth factors (connective tissue growth factor and insulin-like growth factor-1) (109,
110). After these sequences, pro-inflammatory macrophage (M1) is infiltrated and
causes extracellular matrix (ECM) remodeling through protease secretion that leads to
degradation of the connective tissue and basement membrane proteins. As a result,

remodeling of adipose tissue ECM facilitates angiogenesis and adipogenesis.

Diet might affect ROS production

The idea of altering ROS production through diet was supported by Kitabchi and
colleagues (111), whose study showed that a high-protein diet (30% protein) showed
better improvement in oxidative stress markers (dichlorofluorescein  and
malondialdehyde) and inflammatory markers (c-reactive protein, TNF-a, and IL-6)

compared to high carbohydrate diets (55% carbohydrate) in non-diabetic obese
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premenopausal women. Although the study was relatively long (six months), the study
population was relatively small (n=24) and included only one gender. Indeed, a different
study showed that a high-carbohydrate meal (76.1% carbohydrate) reduced plasma and
muscle level of the SOD antioxidant enzyme significantly compared with a high-fat meal
(76.7% fat) (112). The reduction of the endogenous enzyme activity can be explained by
the sharp increase in the blood glucose and serum insulin levels, which were reported
only with the high-carbohydrate meal. Moreover, the decrease of proinflammatory

cytokine (IL-18) was reported only with the high-fat meal.

Obesity-associated M etabolic Diseases
Cardiovascular disease

The relationship between obesity and cardiovascular disease is well established
(113). In obese patients, left ventricular hypertrophy occurs to increase cardiac output
and maintain supply of blood to the whole body. Excess fat, especially viscera fat,
increases periphera resistance. Furthermore, adipose tissue produces inflammatory
mediators such as IL-1R3, IL-6, and TNF-o that contribute to plague formation and

pathogenesis of atherosclerosis (114).

Insulin resistance

Obesity-associated insulin resistance and hyperglycemia are well established
(104, 110, 115, 116). Nutritional overload tends to saturate the electron transport chain in
mitochondria and generates excess ROS, leading to inhibition of FFA oxidation and

production of diacylglycerol (DAG). DAG activates severa signaling pathways,
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including protein kinase C (PKC), c-Jun N-terminal kinase (JNK), and inhibitor of
nuclear factor kB kinase 3 (IKK-[3), to inhibit insulin receptor substrate -1 (IRS-1) and
thus attenuate glucose uptake. Under this circumstance, the pancreatic 3 cells produce

more insulin, leading to hyperinsulinemia and insulin resistance (117) (Fig. 1.2).

Nonalcoholic fatty liver disease

Nonalcoholic fatty liver disease (NAFLD) is strongly connected with obesity
(118). The association between NAFLD and obesity involves multiple factors such as
insulin resistance, hyperlipidemia, and oxidative stress (Fig. 1.2). Insulin resistance with
hyperinsulinemia activates the hormone-sensitive lipase to induce lipolysis and release of
free fatty acids (FFA) from adipose tissue to liver plus other tissues. On the other hand,
oxidative stress associated with obesity can suppress FFA exportation from the liver and
promote fatty liver pathogenesis, triggering endoplasmic reticulum stress that causes
inhibition of apolipoprotein synthesis. The accumulated lipids further induce cytochrome

P450 to produce more ROS (118-121).

Cancer

Many types of cancer have been associated with obesity (122). Clinical studies
have shown that higher BMI is associated with higher cancer prevalence and tumor
recurrence after chemotherapy (123, 124) while decreasing BMI was associated with
favorable cancer prognoses (125). Obesity-associated oxidative stress, low-grade chronic
inflammation, adipocyte progenitors, dysregulated hormones, adipokines, and lipid

mediators (126, 127) are directly involved in cancer development. For example, oxidative
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stress at the early stage of obesity development suppresses critical enzymes in autophagy
(128, 129). Moreover, obesity-associated ROS interact with DNA and proteins involved
in transcription and regulation of gene expression (130, 131). DNA damage is a direct
cause of cell transformation (132). Oxidative stress also contributes to cancer

progression and metastasis (133-135).

Blocking Obesity by Neutralizing ROS

The established connection between ROS and obesity has inspired efforts to block
obesity by neutralizing the effects of ROS. Both preclinical and clinical studies have been
conducted in different models and dealing with various stages of obesity and with
obesity-associated metabolic symptoms. Four approaches have been taken (Table 1.2),
each employing different mechanisms including: (1) enzyme-based systems (SOD, CAT,
and GPx), (2) oxidant chelating reagents (transferrin), (3) electron donor molecules
(vitamins, GSH, resveratrol), or (4) activators to enhance the overall capacity of
endogenous antioxidant (136-138).

Since GPx and SOD levels were significantly lower in obese subjects (139), Cui
and colleagues have employed a gene transfer approach to overexpress SOD3 in mice
and demonstrated effective blockage of diet-induced weight gain, insulin resistance, and
fatty liver (140). However, the magjor limitation for an enzyme-based approach is that
these enzymes have limited activity in scavenging the hydroxyl radical (¢OH), the most
reactive radical (141). For this reason, most studies in the literature have focused on the

use of molecules with high reduction potential, more commonly called antioxidants. Both
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preclinical and clinical studies have been conducted to characterize the effects of
antioxidants on prevention or treatment of obesity and other metabolic disorders.
Preclinical studies

Preclinical studies often employ diet-induced obesity in mice as a mode,
although transgenic db/db or ob/ob mice are also used (140, 142-150) (Table 1.3). Diet-
induced obesity is more relavant to human obesity. It appears that antioxidant treatment
does not affect food intake, with the exception of galangin (146) and carnosic acid (147).
However, the impact of the treatments on body weight observed varies, likely due to the
differences in various studies of the injection dose, route of administration, injection
frequency, and the physiological status of animals. Regardless, data collected so far
support the notion that some antioxidants may be effective in blocking weight gain of

animals fed an HFD.

Clinical studies

Most clinical investigations have focused on the use of antioxidants to induce
weight loss and/or improve metabolic syndrome (151-159). Antioxidants are often
provided as food supplements or included in drinks. In many cases, vegetables or fruits
rich in antioxidants were directly employed. Different from preclinical studies,
antioxidant-based treatments of oxidative stress-induced diseases have resulted in some
controversial observationsin clinical trials (160). As summarized in Table 1.4, three out
of ten studies demonstrated weight loss in antioxidant-treated patients. Weight loss was
reported in some studies (152, 157, 159) using green tea (152), Nigella Sativa (157), or

pomegranate extract (159) but not others. Improvement in metabolic markers was also
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reported (153, 158). A similar observation was also made in cancer clinical studies,
where antioxidants showed positive (161), negative (162), or no effects on patients (163)
in contrast to more consistent and positive conclusions derived from animal studies.
Overall, the clinical studies conducted so far have not provided convincing evidence in
support of beneficial effects of antioxidants in obese patients or patients with other

metabolic diseases such as diabetes or cardiovascular diseases.

Why did antioxidants fail in clinical studies?

Multiple reasons exist for such a discrepancy. First of all, the time of antioxidant
administration could be critical. A synchronized physiological condition in patients does
not exist in clinical trials, as there is no way to select enough patients with an identical
pathophysiology. Previous studies have shown that the effects of antioxidant treatment in
animals are time-dependent (142, 145). It is more effective if the treatment starts at the
early stage of chronic inflammation and obesity development, where oxidative stress
dominates the pathophysiology. Secondly, the effective dose of antioxidants could be
significantly different from one patient to another and between animals and humans. As
naturally occurring nutrients in human diet, antioxidants are readily metabolized by liver
and other tissues. A dose of antioxidants effective in animals may not be sufficient in
humans with a higher metabolic and clearance rate. Also, the components mediating
antioxidant activities could also be different between human and animals and may vary
from one patient to another. Despite these and other unmentioned possibilities, additional
work will help identify factors that influence the outcome of antioxidant treatments and

bring about the beneficial effects against obesity and obesity-associated diseases.
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Obesity Animal Models

Several animal obesity studies are offered here. Every model serves different
research perspectives. Based on the main question of obesity research of interest, the
appropriate obesity model can be selected. Below | will mention and discuss some of the

existing obesity models (164-166)

Diet-induced obesity

Diet-induced obesity is a widely used animal model for obesity. The diet-
induced obesity model mimics human obesity that is caused mainly by over-caoric
intake. There are two types of diet-induced obesity model. The first diet is the high-
carbohydrate diet (60% calories from carbohydrate) and can produce obesity within 8
weeks and 10 weeks in the rat and mouse, respectively (167). High carbohydrate diet aso
can generate other obesity complications such as hyperglycemia and hypertension. The
second diet used in animal obesity model is high-fat diet (40-60% calories from fat). The
high-fat diet develops obesity as well as other associated complications such as fatty
liver, hyperglycemia, and insulin resistance faster than a high carbohydrate diet.
Consequently, the high-fat diet model is used more frequently than the high-carbohydrate
diet in obesity research. Moreover, the male C57BL/6 black mouse is commonly used
and is more sensitive to high-fat diet-induced obesity than female mouse (29, 164, 168).
Therefore, the C57BL/6 black male mouse fed 60% high-fat was utilized in the entire

obesity experiments of this dissertation study.
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Genetic model of obesity

Genetic mutation-induced obesity models have either one or multiple gene
mutations. These genetic mutations result in appetite activation and/or lower energy
expenditure. The net result of these mutation(s) is positive caloric balance that leads to
weight gain and obesity development. Examples of obesity genetic models are the ob/ob
mouse (leptin deficient), db/db mouse (leptin receptor deficient), s/'s mouse (disrupted
STAT3 signal of leptin  receptor), Zucker rat (mutated leptin  receptor),
proopiomelanocortin (POMC) knockout mouse, POMC/Agouti related protein double
knockout mouse, melanocortin receptor 4 (MC4R) knockout mouse, MC4R knockout rat,
MC3R knockout mouse, MC4/MCR receptor double knockout mouse, corticotrophin
releasing factor (CRF)-transgenic mouse, glucose transporter subtype 4-overexpression
mouse, melanin concentrating hormone transgenic mouse, -3 adrenergic receptor
knockout mouse, serotonin-2c (5-hydroxytrptamine-2c, 5HT-2¢) receptor knockout,
neuropeptide-Y 1 receptor knockout mouse, neuropeptide-Y 2 receptor knockout mouse,
bombesin 3 receptor knockout mouse, neuronal insulin receptor knockout mouse, and

11B-HSD-1 overexpression mouse (164, 166, 169).

Surgical lesion-induced obesity

Surgical lesion-induced obesity has aresult similar to the previous genetic obesity
model. Compared with other obesity models, surgical lesion-induced obesity model is
used less frequently. Surgical interference represents the main disadvantage of this
model. Nevertheless, surgical lesion-induced obesity is still used to mimic post-surgical

obesity. In this model, the central and peripheral surgical lesions lead to obesity through
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continuous over energy intake activation and/or energy expenditure suppression. The
surgical lesion also causes hyperphagia, insulin induction, glucagon reduction, and other
hormonal changes. Examples of surgical lesions that cause obesity are the ventromedial
hypothalamus lesion, hypothalamic paraventricular nucleus lesion, hypothalamic arcuate
nucleus lesion, ovariectomy of female mouse/rat and brown adipose tissue ablation (164,

166).

Age-induced obesity

Age-related process of overweight and obesity development has become a
concern in the last few years (170, 171). Therefore, an age-induced obesity model was
developed. Similar to human, the obesity is developed slowly over a period of time due to
gradual fat accumulation even with aregular chow diet. In addition to weight gain, other
obesity metabolic complications develop with age such as hyperglycemia,
hyperinsulinemia, and hyperleptinemia. Two age obesity models are represented here;
age-related obesity in the mouse (late-onset obesity or LOO mouse) and age-related
obesity in macaque monkeys. While age-related obesity development takes several

months in LOO mouse, it can take up to 15 years in macague monkeys (166).

Seasonal models of obesity

Adiposity and body weight are affected by the day-time and weather temperature
through changing the circadian rhythm and melatonin release. There was a need for
developing a unique model that represents seasonal obesity. Two commonly used

seasonal models of obesity are developed, the Syrian hamster (Mesocricetus auratus) and
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Siberian hamster (Phodopus sungorus). They are used since they are sensitive to seasonal
variations. They have opposed responses regarding the seasonal changes (i.e. long-day
vs. short-day photoperiods), independently of energy intake. For instance, the Siberian
hamster loses weight with short-days while the Syrian hamster gains weight with short-

days (164, 166).

Antioxidants Used in Dissertation Research
Phloretin

Phloretin's nomenclature is 3-(4-hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)
propan-1-one. The chemical formula is CisH1405 with a molecular weight of 274.272
g/mol. As shown in the chemica structure of phloretin (Fig. 1.3a), phloretin has
dihydrochalcone backbone and belongs to flavonoids. Phloretin can be found in apple
fruit and apple leaves (Malus pumila). Phloretin is easily derived from the hydrolysis of
the sugar moiety of its glycoside (phloretin-2' -3-glucopyranoside, also called phlorizin or
phlordzin) (172, 173). Based on a pharmacokinetic study in rats (174), both phloretin and
phlorizin can be orally absorbed, and phlorizin will eventually be converted to phloretin
by circulatory esterase enzymes.

Different beneficial properties of phloretin were found against inflammation
(175), cancer (176), skin diseases, neuron diseases, and bone diseases (172, 177). In
recent years, a patent on phloretin was granted regarding potential anti-aging properties
(patent number US20090286874 Al, 2009) (178). Since phloretin has an inhibitory
effect on transporters (179), phloretin is commonly used in in vitro studies and becomes a

candidate drug for transporter-dependent diseases (180).
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Studies have supported the protective activity of phloretin against obesity through
its antioxidant/anti-inflammatory properties. The antioxidant activity of phloretin was
demonstrated by an increase in the activity of antioxidant enzymes (SOD, CAT, GPX,
thioredoxin reductase), the content of endogenous antioxidants (GSH, Nrf2, heme
oxygenase-1) or direct scavenging effect on ROS (ONOO", O,") (172). Recently, Behzad
et al. (181) reviewed phloretin’s favorable effects on inflammation and immune cell
modulation, which demonstrated suppression impacts against fat accumulation and
weight gain (182-184). Phlorizin, as a phloretin precursor, has shown a dlight reduction
in body weight of streptozotocin-induced diabetic rats with a significant reduction in food
intake (180). Phloretin has shown lipolysis activation and inflammation inhibition in

adipocyte/macrophage co-cultured murine cells (185).

Benzyl isothiocyanate

Benzyl isothiocyanate (BITC) (Fig. 1.3b) is isothiocyanatomethyl benzene. The
chemical formula is CgH;/NS with a molecular weight of 149.211 g/mol. BITC is a
natural isothiocyanate that belongs to Brassicaceae (also caled Cruciferae).
Glucosinolates (BITC precursor) is hydrolyzed by the plant enzyme myrosinase to form
active molecules such as BITC and other indole molecules (186).

BITC has shown antibacterial, especially against Gram-negative bacteria, as well
as anticancer properties (187, 188). The anticancer mechanism includes carcinogen
activation inhibition or acceleration of carcinogen deactivation through the cytochrome
P450 enzymatic system (188, 189). In human pancreatic cancer cells, BITC treatment

showed G2/M cell cycle arrest and apoptosis (190). The role of BITC against
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inflammation-related carcinogenesis was associated with superoxide generation
inhibition (191). Another anticancer mechanism of BITC was reported by epigenetic
inactivation (histone deacetylase inhibition) of NF-kB expression in human pancreatic
cancer (192). In the last five years, a patent on BITC was received for treating prostatic
diseases and skin cancer (patent number EP1961418 B1, 2012) (193).

Concerning obesity, sulforaphane is another isothiocyanate (ITC) that suppressed
weight gain and fat accumulation in HFD induced obesity animal model. The mechanism
included the inhibition of adipogenesis-related genes (PPARy, CCAAT/enhancer binding
protein o) and activation of the AMP-activated protein kinase a (AMPKa) pathway,
which leads to inhibition of lipogenesis-related genes (acetyl-CoA carboxylase, hydroxyl-

3-methylglutaryl coenzyme A reductase) (194).

S-carvone

S-carvone (Fig. 1.3c) is 2-Methyl-5-(prop-1-en-2-yl) cyclohex-2-en-1-one. The
molecular formula is CyoH140 with a molecular weight of 150.221 g/mol. S-carvoneis a
monoterpene that can be found naturally in caraway seed oil (Carum carvi) and dill
(Anethum graveolens). Caraway grows naturally in Asia, North Africa, Northern and
Central Europe and has been cultivated in North America and Australia. Recently, S
carvone is synthesized with reaction yield up to 93% (195-197).

S-carvone has severa manufacturing, agricultural, and medical uses. It is used as
a food additive, flavor agent (e.g., bread, cheese, meat, sauces), cosmetic, fragrance,
medicine (e.g., antispasmodic, carminative, expectorant), potato sprouting inhibitor,

insecticide, and antimicrobial agent (198). In 2014, a patent on S-carvone was granted for
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an antiviral combination (patent number US8883859 B1, 2014) (199). S-carvone aso has
anticancer activity through modulating carcinogen activation, inflammation, and the
immune system (195-197).

Few in vitro and in vivo studies have shown the antioxidant activity of S-carvone
(200-202). Regarding obesity, current data are very limited. Only one study has been
conducted when Kazemipoor et al. investigated the anti-obesity effect of caraway extract
on overweight and obese women in a randomized, triple-blind, placebo-controlled
clinical trial. After 90 days of daily ingestion of caraway extract, the body weight, body
mass index, body fat percentage, and waist-to-hip ratio were significantly reduced
compared with the placebo group. The proposed mechanism of caraway extract body
weight reduction included balancing gut microbiota, inhibiting inflammation, stimulation

of preadipocyte apoptosis, and enhancement of adipocytes lipolysis (203).

Catechin

(+)-Catechin (Fig. 1.3d) is (2R,39-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-
chromene-3,5,7-triol. The chemical formula is CisH160; with a molecular weight of
308.286 g/moal. (+)-Catechin is a polyphenolic compound that belongs to flavan-3-ols
(also called flavanaols), a subgroup of flavonoid family. The first extraction of catechin
was in 1902 from Gambier catechu and Acacia catechu. Other sources of (+)-Catechin
are apple, strawberries, green tea, and black tea. (+)-Catechin usually presents with other
catechins such as (-)-gallocatechin gallate, (-)-catechin gallate, (+)-gallocatechin, (-)-

epigallocatechin, (-) epicatechin, (-)-epicatechin gallate, and (-)-epigallocatechin gallate
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(EGCG) (204, 205). Recently, a patent on catechin was received regarding its synthesis
(patent number EP2557079 A1, 2013) (206).

Catechins target severa cellular components and pathways. These include
glutamate release, mitochondrial proton gradient, protease enzymes, nitric oxide
production, apoptosis, lipid peroxidation, and inflammatory mediators (207). These
multiple targets allow catechin to function as antioxidant, anti-inflammatory, anticancer,
antimicrobial, antiviral, and antiparasitic agent (204). A recently published systemic
review and meta-analysis study of green tea catechins in randomized controlled trials
showed that green tea consumption significantly reduced systolic and diastolic blood
pressure, total cholesterol, and low-density lipoprotein cholesterol (208). Catechin can
also protect against common carotid artery ischemia via enhancing the ability of the brain
to scavenge ROS such as superoxide (207, 209).

Green tea catechin has been shown to reduce body weight in animal and human
studies (152, 210). Body weight reduction was associated with a statistically significant
reduction in intraabdominal fat area and waist circumference of obese human subjects
(211). Feeding mice with tea catechin with HFD prevented weight gain, hyperleptinemia,
hyperinsulinemia, and fat accumulation in the liver and visceral areas. The gene
expression of [-oxidation genes (acyl-CoA oxidase and medium-chain acyl-CoA
dehydrogenase) were significantly increased in the tea catechins-treated mice group
(212). Several mechanisms were suggested including, but not limited to, increased energy
expenditure and fat oxidation, inflammation reduction, appetite suppression, and diet

absorption inhibition (213).
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Epigallocatechin gallate

(-)-Epigalocatechin gallate (EGCG) (Fig. 1.3e) is (2R,3R)-5,7-dihydroxy-2-
(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3-yl  3,4,5-trihydroxybenzoate.
The chemical formulais CxH15011 with a molecular weight of 458.375 g/mol. EGCG is
the ester of epigallocatechin and gallic acid. EGCG is the most abundant and important
polyphenol in Camellia sinensis, which produces green tea, black tea, and white tea. The
EGCG content in green tea is higher than (+)-catechin (up to 65% epicatechin). In
contrast, EGCG can be found in lower concentrations in other fruits such as berries,
strawberries, cherries, lemons, oranges, and black currants (204, 214, 215). While EGCG
has a poor bioavailability, several factors (e.g., fasting, take it with piperine, fish ail,
albumin, vitamin C, or water) can be taken to increase EGCG absorption in the small
intestine (215).

Green tea, one of the most popular beverages globally, and EGCG have been
given close scholarly attention due to their multiple health benefits, which have been
reported on since 1940. Beside EGCG's antioxidant property, EGCG has anti-
inflammatory, antihyperlipidimic, antimutagenic, antiproliferative, antibacterial, and
antiviral properties (204, 214-216). Thisyear, a patent on EGCG was received regarding
the effect on mitigating skeletal muscle loss (patent number US9579347 B2, 2017) (217).
The numerous benefits of EGCG can be achieved through the abundant molecular targets
across the cell membrane, cytoplasm, and nucleus. EGCG can inhibit inflammatory
cytokines (e.g., interleukin-8), inflammatory growth factors (e.g., insulin-like growth
factor 1), inflammatory mediators (e.g., cyclooxygenase-2 or COX2), and inducible nitric

oxide synthase (iNOS) (218).
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Green tea extract studies have shown body weight reductions (212-214). The
studies suggested that EGCG intake suppressed diet-induced obesity due to reduced fat
absorption and increased fat oxidation, with no impact on food intake (219, 220). The
inhibition of salivary a-amylase activity was also a reported mechanism as an anti-
obesity effect by EGCG (221). EGCG has been shown to induce anti-inflammatory
effects and ameliorates obesity through induction of regulatory T cells and reducing IL-
17, IL-6, IL-1B, and TNF-a (222). A study has recently shown that EGCG
supplementation provided a protective effect against HFD-induced colon DNA damage
and gut microbiota imbalance (223). Obesity-associated complications such as insulin
resistance and non-alcoholic fatty liver were also prevented with green tea extract in

leptin-deficient transgenic obese mice and diet-induced obese mice (212, 224).

Objectives of Dissertation Research

This dissertation aims to expand our knowledge about the relationship between
ROS and the development of obesity and obesity-associated insulin resistance and fatty
liver. The study employed HFD-induced obesity in mice as a disease model. Using
selected compounds known to have antioxidant activity, including phloretin, BITC, and
S-carvone, the study systematically examined their effects on prevention of diet-induced
weight gain, insulin resistance, and fatty liver on improvement of metabolic homeostasis
in animals with preconditions of obesity and insulin resistance. The results obtained set a
solid foundation for the use of these compounds to prevent obesity and provide direct
evidence in support of clinical investigations into the use of antioxidants to prevent

obesity.
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Table 1.1 Structures, sour ces, and char acteristics of reactive oxygen species (ROYS)

(225, 226).
Type Name Structure  Generation Reaction ROS Characteristics
Superoxide anion 0,” - Adding electron to oxygen - Oneunpaired electron
O,+e >0, - Lessreactive
- Limited membrane permeability
- React selectively with HOCI, or NOe of
iron or sulfur proteins.
Hydroxy! radical *OH - Adding electron to Hydrogen peroxide - One unpaired electron
(Fenton’ s reaction): - The most reactive ROS
Fe™* + H;0, > Fe® + «OH + OH
% Peroxyl radical ROO- - Organic peroxide (ROOH) - Oneunpaired electron
o degradation: ROOH +Fe** > ROO» + - Aliphatic peroxyl tends to be more
Fe?" + H+ reactive than aromatic
React with NADH - NAD" + O,
Alkoxyl radial RO- - ROOH degradation: - Oneunpaired electron
ROOH +Fe?" > RO» + Fe** + OH - Aliphatic alkoxyl tends to be more
reactive than aromatic
Hydroperoxyl HOO- 1- H + O, > HOO- - Oneunpaired electron
2-H" +0;” > HOO- - Thesimplest form of peroxyl radical
Hydrogen peroxide  H,0, 1- Dismutase (SOD) - Selective and limited reactivity e.g. reacts
0O," = H,0, slowly with -SH
2- Monoamine oxidase (MAO) - Membrane permeable
RCH,NH; + Oy + H,O > - Works as signaling molecule
RCHO + H,0; + NH3
Hypochlorous acid HOCI Myeloperoxidase (MPO): - Highly reactive
H,0,+ Cl- = HOCI + OH" - Two electrons oxidizing agent
- Attacks membrane lipids and proteins.
% - Permeable
cré Singlet oxygen o, O, +H,0; > '0,+ HO +HO - More oxidizing ability than oxygen since
% 10, does not have spine restriction.
Ozone Os H,0 +'0,> H,03 + 10,2 H,0, + O; - Triatomic and has two oxygen-oxygen
bonds.
- Powerful oxidizing agent that can
oxidized lipids double bonds to produce
ozonides, OHe, 10,, and H,0,
Peroxynitrite ONOO 1- NOe + O,” > ONOO - Very strong and leads to depletion of

2- 0+ NO > ONOO

antioxidants, nitration of lipids, proteins,
and DNA bases.
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Table 1.2 Approachestaken to neutralize ROS?

Antioxidant M echanism Example Chemical Structure and Antioxidant

Functional Group(s)

1 - Enzyme mediated: Glutathione peroxidase (GPx) .‘i\r‘d\nn
The enzyme carries the electron and adds it to S

the ROS. For example, one electron is donated

from the glutathione thiol group (SH) to GPx- SeH
Selenium (Se) to neutrdize H,O, as the
following:

GSH + GPxSe > 1/2 GSSG + GPxSeH

H,0, + GPxSeH > H,0 + GPxSeOH

GSH + GPxSeOH > H,0 + GPxSeSG

2 — Chelating pro-oxidants metals: Ascorbic acid (Vitamin C)

x
ptiile]

Metal ions, eg., Fe*, trigger ROS production

[t T

via Fenton’s reaction:
Fe” + H,0,-> Fe" + «OH + OH

Ascorbic acid can chelate such pro-oxidant

('AG; i OH
metals (besides its direct electron donating

feature).

Note. Some antioxidant proteins follow the

same mechanism, e.g., transferrin chelates iron

ions.

3 — Direct electron donation: Resveratrol
Electron donating functional groups such as

OH, SH, and SeH can donate one electron (H)

to scavenge ROS, as shown in the following

equation:

Re + Ar-OH + - RH+ Ar-+-O (non-reactive)

4- Activating endogenous antioxidant system Phloretin
through Nrf2 signaling pathway:

Antioxidant  containing  a,p- unsaturated

carbonyl or isocyanate reacts with critica

cysteine of Keapl and detached Nrf2, which

will be phosphorylated and translocated to the

nucleus for gene expression activation of phase

Il antioxidant enzymes. Benzyl isothiocyanate

& Combined from references (136-138, 227)
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Table 1.3 Selected preclinical studiesfor obesity prevention with antioxidants.

Antioxidant Treatment Regimen Obesity Model Impact on Body Weight (BW) Food Intake Ref.

Phloretin 10 mg/kg i.p. twice Mae C57BL/6  Obesity prevention with 10 g No change (142)
weekly for 12 weeks mice + 60% HFD (24%) differencein BW

Benzyl 12.5 mg/kg i.p. twice Mae C57BL/6  Obesity prevention with 11 g No change (243)

isothiocyanate weekly for 8 weeks mice + 60% HFD (27%) differencein BW

S-carvone 175 mg/kg i.p. twice Mae C57BL/6  Obesity prevention with 9 g No change (243)
weekly for 8 weeks mice + 60% HFD (23%) differencein BW

Rutin 50 mg/kg i.p. twice Male C57BL/6  Obesity prevention with 9.8 g No change (144)
weekly for 8 weeks mice + 60% HFD (25%) differencein BW

Chlorogenic 100 mg/kg i.p. twice Mae C57BL/6  Obesity prevention with 16 g No change (245)

acid weekly for 15 weeks mice + 60% HFD (34%) differencein BW

Galangin 50 mg/kg p.o. for 6 Female Wistar rats Obesity prevention with 62 g Decreased (246)
weeks +Cafeteria diet* (20%) differencein BW

Carnosic acid 0.02% (w/w) in diet Maleob/ob mice Obesity prevention with 3 g Decreased (247)
for 4 weeks (27%) difference in weight gain

Resveratrol 0.005% (w/w) in diet Male C57BL/6  Obesity prevention with 5 g No change (148)
for 6 weeks mice + 20% HFD (14%) differencein BW

Quercetin 0.1% (w/w) in diet for Male C57BL/6  Obesity prevention with 4 g No change (249)
12 weeks mice + 45% HFD (10%) differencein BW

Bardoxolone 10 mg/kg in drinking Male C57BL/6  Obesity prevention with 13 g  Not reported (150)

methyl water for 21 weeks mice + 40% HFD (31%) differencein BW

SOD3 One  hydrodynamic Male C57BL/6  Obesity prevention with 11.5 g No change (240)

over expression plasmid injection (10  mice + 60% HFD (34%) difference in weight gain

ng/mice) for the study
period (8 weeks)

*Cafeteria diet consists of condensed milk, bread, chocolate, biscuit, dried coconut,

cheese, and boiled potato.
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Table 1.4 Summary of antioxidants impact on body weight of overweight and obese

subjects.
Antioxidant Daily Dose Study Design Study Duration Impact Ref.
and Population on BW
Epigallocatechin- 300 mg/kg Randomized double-blind placebo- 12 Weeks No change (151)
3-gallate (EGCG) controlled trial
83 Obese premenopausal women
Green tea (GT) 4 cups Randomized controlled trial 8 Weeks -2.5kg (152)
(928 mg catechins) 35 Obese subjects with metabolic
syndrome
GT extract 2 capsules -1.9kg
(GTE) (870 mg catechins)
Antioxidants rich  Equivaent to Uncontrolled observational trial 9 Months No change (153)
diet 383-1093 mg of 35 Overweight and obese
Vitamin C postmenopausal women
o-Lipoic acid 1g Randomized controlled trial 12 Weeks No change (154)
24 Obese subjects with impaired
glucose tolerance
Green vegetables 2 serving (130 g) Crossover feeding trial 3 Weeks No change (155)
5 serving (287 g) 49 Overweight postmenopausal women (4 weeks washout)
10 serving (614 g)
Pinebark extract 200 mg Randomized double-blind placebo- 12 Weeks No change (156)
controlled trial
130 Overweight and obese subjects
Nigella Sativa 39 Randomized double-blind placebo- 3 Months -4.5kg (157)
(1.5g twice daily) controlled trial
39 Central obese men
Red orangejuice 750 ml Uncontrolled observational trial 8 Weeks No change (158)
35 Clinicaly healthy subjects (normal
weight, overweight, obese)
Pomegr anate 1g Randomized double-blind placebo- 30 days -2.2kg (159)
extract controlled trial
42 Overweight and obese
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tFFA  1Glucose

DAG
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NOX/ s Mitochondrial O,~

‘ overproduction

Trigger the redox-sensitive transcriptional factors e.g. NF-xB
Inflammation and Immune cell infiltration (TMCP-1,MIF, ITNF-a, TIL-6, TROS)
Adipocyte apoptosis and CLS formation (1FFA)

Dysregulation of Adipokines (TLeptin, } Adiponectin)

Adipose tissue remodeling and expansion

Fig. 1.1 ROS generation and obesity promotion mechanism. Excess energy intake
leads to ROS accumulation through several mechanisms. The high glucose level
activates glycolysis and mitochondrial superoxide production. The PKC-medicated NOX
activation is aso triggered by high glucose level. Long-term hyperglycemia leads to
formation of AGE of lipids and proteins that trigger ROS production. The high FFA
level can activate mitochondrial fatty acid oxidation and ROS production. Moreover,
FFA can be converted to DAG and activate NOX and promote ROS production via PKC-
mediated mechanism. The accumulated ROS will activate the redox-sensitive
transcriptional factors and inflammation, and immune cell infiltration and activation will
take place. Eventually, macrophage infiltration and inflammation lead to remodeling and

expansion of adipose tissue. AGE, advanced glycation end products; CLS, Crown-like
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structures;, DAG, Diacylglycerol; FFA, Free fatty acids, IL-6, Interleukin 6; MCP,
monocyte chemotactic protein; NOX, Nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase; O, Superoxide; PKC, Protein kinase C; TNF, tumor necrosis factor.
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Fig. 1.2 Mechanistic illustration of association between obesity and other diseases.
Chronic inflammation represents the connection between oxidative stress in obesity and
obesity-associated diseases such as insulin resistance, fatty liver, CVD, and cancer. Apo,
Apolipoprotein; CVD, Cardiovascular Diseases; ER, Endoplasmic Reticulum; FFA, Free

Fatty Acids ROS, Reactive Oxygen Species, TG, Triglycerides.
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Fig. 1.3 Chemical structures of antioxidants used in dissertation research. (a)
Phloretin; (b) benzyl isothiocyanate (BITC); (¢) S(+)-carvone; (d) (+)-catechin; (e) (-)-
epigallocatechin gallate (EGCG). Chemical structures were generated by ChemDraw

Professional® 16.0 software (PerkinElmer Informatics, Inc).
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CHAPTER 2
PHLORETIN PREVENTS HIGH-FAT DIET-INDUCED OBESITY AND IMPROVES

METABOLIC HOMEOSTASIS

" Sary Alsanea, Mingming Gao, and Dexi Liu (2017). Phloretin Prevents High-Fat Diet-
Induced Obesity and Improves Metabolic Homeostasis. The AAPS Journal. 2017; 19:
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Abstract

Reactive oxygen species generated as a byproduct in metabolism play a central rolein the
development of obesity and obesity-related metabolic complications. The objective of the
current study is to explore the possibility to block obesity and improve metabolic
homeostasis via phloretin, a natural antioxidant product from apple tree leaves and
Manchurian apricot. Both preventive and therapeutic activities of phloretin were
assessed using a high-fat diet-induced obesity mouse model. Phloretin was injected
intraperitoneally twice weekly into regular and obese mice fed a high-fat diet. The effects
of phloretin treatment on body weight and composition, fat content in the liver, glucose
and lipid metabolism, and insulin resistance were monitored and compared to the control
animals. Phloretin treatment significantly blocks high-fat diet-induced weight gain but
did not induce weight loss in obese animals. Phloretin improved glucose homeostasis and
insulin sensitivity and alleviated hepatic lipid accumulation. RT-PCR analysis showed
that phloretin treatment suppresses expression of macrophage marker (F4/80 and Cd68)
and pro-inflammatory genes (Mcp-1 and Ccr2) and enhances adiponectin gene expression
in white adipose tissue. In addition, phloretin treatment elevated the expression of fatty
acid oxidation genes such as carnitine palmitoyltransferase 1a and 1b (Cptla and Cptlb),
and reduced expression of monocyte chemoattractant protein-1 (Mcp-1), de novo
lipogenesis transcriptional factor peroxisome proliferator-activated receptor-y 2 (Ppar y2),
and its target monoacylglycerol O-acyltransferase (Mgat-1) genes. These results provide
direct evidence to support a possible use of phloretin for mitigation of obesity and
maintenance of metabolic homeostasis.

Key words: Obesity; insulin resistance; inflammation; phloretin; antioxidant
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Introduction

Obesity is generally considered a lifestyle-associated medical condition with a
high risk of developing cardiovascular disease, cancer, type 2 diabetes, faity liver, or
other metabolic disorders (1, 2). The prevalence of obesity has increased in the past 30
years, Statistical data shows the population in the United States of America with a BMI
greater than 25 (overweight) has reached almost 70%, and the age-adjusted population
with aBMI over 30 (obese) is currently at 36.3% (3).

Obesity has a multifactorial origin and is associated with an increase in adipose
tissue, especialy white adipose tissue (WAT). In diet-induced obesity, expansion of
adipose tissue is accompanied by adipose hypertrophy, infiltration of macrophages,
generation of reactive oxygen species (ROS), and release of pro-inflammation cytokines
(4, 5). More recent studies have shown that oxidative stress plays a critical role in diet-
induced obesity (6-8). Using a high-fat diet-induced obesity model, we have previously
shown that overexpression of Sod3 gene coding for extracellular superoxide dismutase
using a method of hydrodynamic gene delivery was effective in blocking high-fat diet
(HFD)-induced obesity and improving metabolic homeostasis (9). Similar beneficial
effects were also reported in mice after direct administration of antioxidants (10-13).

In addition to its role in obesity, oxidative stress has been well studied as a risk
factor for atherosclerosis (14), cancer (15), neurodegenerative (16) and cardiovascular
diseases (17), and aging (18). Antioxidant therapies employing primarily vitamins have
been assessed in suppressing atherosclerosis, with contradictory conclusions reported.
Some studies demonstrated acute benefits of antioxidants in the aspects of

pathophysiology (19), epidemiology (20), and mechanism (21), and others reported
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negative results in the setting of chronic prevention therapy (22). One of the possible
explanations for these conflicting observations, put forward by Steinhubl SR, is that the
lack of benefits seen in clinical trials may be caused by the use of easily available
antioxidants but not the ones that are most appropriate in dealing with a particular
pathological condition (23). In addition, it is believed that many clinical trials ended
prematurely (24) or employed an insufficient dose for treatment (25).

In contrast to a significant number of preclinical and clinical studies focusing on a
particular disease, the use of antioxidants for preventing and treating obesity is a new
area of research because obesity is normally considered a precursor or intermediate step
toward disease development. In the current study, we examined the activity of phloretin
(Fig. 2.1a), a phenol-based antioxidant enriched in apple tree leaves, pears and
strawberries, against diet-induced obesity and obesity-associated metabolic disorders. In
addition to its antioxidant activities, phloretin has been shown to activate endogenous
antioxidant pathways involving Nrf2, SOD, and glutathione (26-30). It has been
previously shown that oral administration of phloretin significantly reduces blood glucose
levels and improves dyslipidemiain diabetic rats (31). Hassan et al. (32) have shown that
phloretin regulates the expression of diverse genes involved in lipogenesis and
triglyceride storage, including Pepckl, Acdl1, Glut4, Lipinl and Perilipin. Using porcine
primary adipocytes, Shu and colleagues reported a strong activity of phloretin in
increasing glucose utilization and non-esterified fatty acids while decreasing the lactate
output (33). A microarray analysis reveals that phloretin enhances expression of CAAT
enhancer binding protein—a (C/ebpa), proliferator-activated receptor-y (Ppar-y), and

adipose-related genes such as fatty acid translocase and fatty acid synthase (Fas) (32).
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Phloretin is also found to suppress the activation of mouse dendritic cells by disturbing
the multiple intracellular signa pathways mediated by ROS, MAPKs (ERK, JNK, p38
MAPK) and NF-xB and reduces production of inflammatory cytokines and chemokines
(34). Phloretin has also been shown to inhibit LPS-induced activation of macrophages
(35).

The activities of phloretin in regulating glucose and lipid metabolism and
inflammation suggest that phloretin may be an anti-hyperglycemic and anti-
hyperlipidemic substance in maintaining metabolic homeostasis. The objective of the
experiments described here is to evaluate whether phloretin is capable of blocking HFD-
induced obesity and improving metabolic homeostasis. Our results show that phloretin is
highly effective in preventing diet-induced adiposity and in attenuating diet-induced

insulin resistance and hepatic steatosis in HFD-fed mice.

Materials and Methods

Materials. Phloretin was purchased from Sigma-Aldrich (St. Louis, MO). HFD (60%
kJfat, 20% kJprotein, and 20% kJcarbohydrate) was from Bio-serv (Frenchtown, NJ).
The insulin kit was obtained from Mercodia AB (Winston-Salem, NC) and glucometer
and blood test strips were obtained from NIPRO Diagnostics™ (Fort Lauderdale, FL).
The Humulin® insulin was purchased from Eli Lilly (Indianapolis, IN). The Infinity™ kit
for triacylglycerol was from Fisher Diagnostics (Middletown, VA). The total cholesterol
kit was purchased from Genzyme Diagnostics (Charlottetown, PE Canada). The non-
esterified fatty acids (NEFA)-HR kits were obtained from Wako Bioproducts (Richmond,

VA). The RNeasy® Lipid Tissue Mini Kit was from QIAGEN® (Hilden, Germany). The
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First-stand cDNA Synthesis was obtained from Origene® (Rockville, MD). The
PerfeCta® SYBR® Green FastMix® ROX™ was purchased from Quanta Biosciences
(Gaithersburg, MD). OQil-Red O solution was purchased from Electron Microscopy

Sciences (Hatfield, PA). Nile-red was purchased from Sigma-Aldrich (St. Louis, MO).

Animals and Animal Treatments. C57BL/6 mice were purchased from Charles River
Laboratories (Wilmington, MA). All procedures and protocols performed on mice were
approved by the Ingtitutional Animal Care and Use Committee (IACUC) at the
University of Georgia, Athens, Georgia. To assess phloretin activity in blocking HFD-
induced obesity and obesity-associated metabolic disorders, ten-week-old male C57BL/6
mice were randomly grouped (4 in each group) and fed an HFD and received twice
weekly intraperitoneal (i.p.) injections of either phloretin (10 mg/kg) or equivalent
vehicle volume (20 ul) of dimethyl sulfoxide (DMSO) for 12 weeks. For the obesity
treatment study, mice were fed an HFD for 6 weeks and then treated with phloretin (10
mg/kg, i.p.) or DMSO for 6 weeks while kept on HFD (5 in each group). Mouse body
weight was monitored weekly and the body composition was determined using
EchoMRI-100™ from the Echo Medical System (Houston, TX). Mice were euthanized
at the end of the experiments by carbon dioxide inhalation followed by cervica

didocation.

Glucose Tolerance Test (GTT), Insulin Tolerance Test (ITT), and Determination of

Insulin Resistance. Mice were fasted for 6 h and received i.p injection of glucose (1 g/kg)

dissolved in saline. The blood samples were collected from the tail vein and serum
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glucose level was determined at time 0, 30, 60, and 120 min using a glucometer. For ITT,
mice were fasted for 4 h and injected i.p. with insulin (0.75 U/kg). The blood samples
were collected and glucose concentrations determined using the same schedule as GTT.
Insulin resistance was determined using the formula: [fasting insulin (ng/ml) x fasting

blood glucose (mg/dl)/405] (36).

Histochemical Analysis by Hematoxylin and Eosin (H& E) Staining. Liver and epididymal
white adipose tissues were collected from animals and fixed in 10% formalin at the end
of the experiment. Fixed tissues were dehydrated, embedded in paraffin, sectioned at 6
pm in thickness, and stained with H& E following the manufacturer’ s instructions. Tissue
sections were examined and photo images were taken under an optical microscope using

the NIS-Elements imaging software from Nikon Instruments Inc. (Melville, NY).

Oil-Red O and Nile-red Saining. Fresh liver samples were collected and frozen at -80°C
immediately after mice were euthanized. Frozen sections were made using a Leica
Cryostat at a thickness of 8 um and fixed with 10% formalin for 30 min. The fixed
sections were rinsed with 60% isopropanol, stained with freshly prepared Oil-Red O
solution for 15 min, and dipped 5 times in hematoxylin. The Nile-red working solution
was prepared and tissue sections stained following the manufacturer’s instructions. The

stained sections were examined under a fluorescence microscope and images were taken.

Determination of Serum Insulin and Lipid Level. Mice were fasted for 6 h and blood

samples were collected from the hearts of mice soon after euthanasia at the end of the
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experiments. Insulin levels were measured using enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions. Serum concentrations of
triglycerides, FFA, and total cholesterol were determined using the procedure provided

by the supplier of the lipid analysis kits.

Gene Expression Analysis. Total RNAs from mouse adipose tissue were isolated using
RNeasy® Lipid Tissue Mini Kit. The complementary DNA (cDNA) was synthesized
using First-stand cDNA synthesis kit. Quantitative real time polymerase chain reaction
(RT-PCR) was performed using a SYBR Green as a detector with a StepOnePlus system
(Applied Biosystems). Data was analyzed by the AACt method using Gapdh mRNA as

theinternal control. All primer sequences used arelisted in Table 2.1.

Satistical Analysis. Statistical analysis was performed by unpaired t-test and a P<0.05

was considered significantly different. Each data point represents the mean = SD or SEM.

Results
Phloretin Protected Mice from HFD-induced Obesity and Low-grade Inflammation in
WAT.

To evaluate the protective activity of phloretin against HFD-induced weight gain,
we fed C57BL/6 mice with HFD and performed biweekly injection (i.p.) of phloretin (10
mg/kg). Resultsin Figure 2.1 show a much slower weight gain for animals with phloretin
injections. At the end of 12-week treatment, phloretin-treated animals showed an average

body weight of 32.1+6.1 g, about 10 g less than that of control animals (Fig. 2.1c). The
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apparent difference in size between treated animals and the controls can be seen visually
(Fig. 2.1b). Thereis no difference in lean mass between treated and control animals, but
phloretin-treated mice have much less fat mass (Fig. 2.1d). Results in Figures 2.1e and
2.1f show that phloretin treatment did not affect food intake compared to the untreated
control.

The fat mass difference between treated and control mice was confirmed by
measurements of WAT collected from different locations, including epididymal WAT
(eWAT), perirenal WAT (pWAT), and inguinal WAT (iWAT). Resultsin Figure 2.2a
show a smaller size of WATSs in phloretin-treated mice, which is in agreement with the
results of weight measurements (Fig. 2.2b). Photo images from H& E staining of adipose
tissue (Fig. 2.2c) showed that the average diameter of adipocytes is 42-50% smaller in
phloretin-treated animals than that of control mice (Fig. 2.2d-f). H&E staining of brown
adipose tissue (BAT) revealed a decreased density of vacuole-type structures (Fig. 2.2¢).

These results suggest that phloretin suppresses lipid accumulation in adipose tissues.

Phloretin Treatment Blocks Macrophage Infiltration into WAT.

Macrophage infiltration in adipose tissue is a characteristic of HFD-induced
obesity (37, 38). The effects of phloretin treatment on macrophage infiltration were
examined by RT-PCR using macrophage-specific gene markers, including antigen F4/80,
cluster differentiation protein 68 (Cd68), pro-inflammatory monocyte chemoattractant
protein-1 (Mcp-1) and its receptor C-C chemokine 2 (Ccr2). Results in Figure 2.3 show
that MRNA levels of the macrophage-specific genes were much lower in the WAT of

animals receiving phloretin treatment. In contrast, phloretin treatment significantly
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increased expression of the adiponectin gene, an adipokine whose expression is
suppressed in obese animals. These results demonstrate that phloretin blocks HFD-

induced macrophage infiltration in adipose tissue.

Phloretin Blocks HFD-induced Fatty Liver without Sgnificant Effect on Serum Lipid
Level.

Development of fatty liver is commonly associated with obesity (39). To examine
the phloretin effects on fat accumulation in the liver, hepatic lipid level was examined
and compared between phloretin treated and control animals. Oil-Red O and Nile-red
staining of liver sections showed a significant level of fat content in the livers of control
animals in contrast to a below-detection level in phloretin-treated mice (Fig. 2.4a). High
lipid content in the liver is also accompanied by large liver size in control animals (Fig.
2.4b). To study the underlying mechanisms of phloretin effect on fat content in the liver,
we determined the mMRNA levels of selected genes responsible for hepatic lipid
metabolism. Data in Figure 2.4c show a reduction in expression of Mcp-1, de novo
lipogenesis transcriptional factor Ppary2, and its target monoacylglycerol O-
acyltransferase (Mgat-1) in phloretin-treated mice while the expression of genesinvolved
in fatty acid oxidation carnitine palmitoyltransferase 1a and 1b (Cptla and Cptlb) were
significantly increased (Fig. 2.4c). Serum biochemistry analysis shows no difference
between treated and control animals regarding serum concentrations of total cholesteral,
FFA, and triglycerides (Fig. 2.4d). Taken together, these results suggest that phloretin

blocks hepatic lipid accumulation without changing the circulatory lipid level.
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Phloretin Prevented Diet-induced Insulin Resistance and Hyperinsulinemia.

Feeding mice with HFD can lead to hyperglycemia and hyperinsulinemia (40).
Glucose and insulin tolerance tests were performed to assess the effects of phloretin on
glucose homeostasis and insulin resistance. Results in Figures 2.5a-b show that
phloretin-treated mice had better glucose profiles. Compared to control animals,
phloretin-treated animals showed a faster decrease of blood glucose concentration upon
glucose injection. Results from insulin tolerance tests (ITT) (Figs. 2.5c, 2.5d) showed
better insulin sensitivity in phloretin-treated animals with a lower value of homeostasis
model assessment-estimated insulin resistance (HOMA-IR) (Fig. 2.5e) compared to that
of control mice (1.7+0.8 vs. 5.4+2.2). Moreover, phloretin blocked HFD-induced
hyperinsulinemia (3.4+£0.8 ng/ml vs. 8.7£3.2 ng/ml) (Fig. 2.5f). These data suggest that
phloretin prevents the development of HFD-induced glucose intolerance, insulin

resistance, and hyperinsulinemia.

Phloretin Treatment did not Induce Weight Loss in Obese Mice, but Alleviated Hepatic
Lipid Accumulation, Hyperinsulinemia, and Insulin Resistance.

The results shown above demonstrate that phloretin is effective in preventing
HFD-induced obesity, insulin resistance, and hepatic steatosis. We then examined
whether phloretin treatment could offer therapeutic benefits to obese animals. Two
groups of animals were fed an HFD for 6 weeks to induce obesity and then treated with
phloretin at the same dose and frequency. The data in Figures 2.6a, 2.6b show that
continuous treatment for 6 weeks did not induce weight loss. There was no difference

between treated and control mice in body weight, fat mass, and lean mass (Figs. 2.6b,
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2.6c). However, images from H&E staining of eWAT showed a dlight reduction in
average diameter of adipocytes (97.1+24.6 ym vs. 114.8+22.6 ym) (Figs. 2.6d, 2.6e)
without a difference seen in BAT (Fig. 2.6d). Interestingly, phloretin alleviated hepatic
lipid accumulation (Fig. 2.6f, upper panel), in agreement with the results of Oil-Red O
staining (Fig. 2.6f, lower panel). Phloretin did not alter fasting blood glucose level (Fig.
2.69) but did show activity in reducing insulin level (4.5+1.1 ng/ml vs. 9.8£3.2 ng/ml)
and alleviating insulin resistance (HOMA-IR 1.9+0.3 vs. 5.2+2) (Figs. 2.6h, 2.6i). These
results suggest that phloretin treatment resulted in improvement in fatty liver and insulin

resistance of obese mice.

Discussion

In this study, we systematically studied the preventive and therapeutic activities of
phloretin on diet-induced obesity and its associated complications. We show that
phloretin protected C57BL/6 mice from HFD-induced obesity (Fig. 2.1), fatty liver (Figs.
2.4a-c), and insulin resistance (Figs. 2.5a-f). These beneficial effects were associated
with suppression of adipocyte differentiation and macrophage infiltration into adipose
tissues (Figs. 2.2a, 2.2c). In obese mice, phloretin treatment did not induce weight loss
(Figs. 2.6a, 2.6b) but aleviated hepatic lipid accumulation (Fig. 2.6f) and improved
insulin resistance (Figs. 2.6h, 2.6i).

Earlier studies have shown that antioxidant and anti-inflammation activities of
phloretin are mediated by inhibition of signaling pathways mediated by nuclear factor-kB
(NF-xB) and mitogen-activated protein kinase (MAPK) (26, 41, 42). At the molecular

level, multiple hydroxyl groups with an aromatic phenol ring structure of phloretin (Fig.
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2.1a) are capable of scavenging the ROS generated by increased food consumption and
minimizing the ROS-induced tissue damage, therefore inhibiting macrophage infiltration
and macrophage-mediated inflammation. Reduction in the number of crown-like
structures seen in WAT of phloretin-treated mice (Fig. 2.2a) and suppressed expression
of macrophage-specific marker genes including F4/80, Cd68, Mcpl, and Ccr2 in eWAT
(Fig. 2.3) appear to support such an explanation. In other words, twice weekly injection
of phloretin at a dose of 10 mg/kg provided animals with sufficient antioxidants to
neutralize ROS, resulting in blockage of body weight and fat mass gain (Figs. 2.1b, 2.1c,
2.2). The fact that phloretin treatment did not induce weight loss suggests a different
mechanism between inflammation-based adipocyte differentiation and reduction of fat
mass that involves lipolysis, i.e., blockade of inflammation is not sufficient to promote
lipolysis of pre-existing fatsin WAT.

Fatty liver is caused by excessive intracellular fat accumulation in hepatocytes.
Hepatic fat accumulation could result from an increase in fatty acid synthesis
accompanied by a decrease in lipolysis and biochemical conversion of free fatty acids to
triglycerides. Overexpression of CD36 gene coding for fatty acid transporters could be
another reason for the elevation of hepatic fat content (43). Results shown in Figures 4a,
4b suggest that phloretin inhibited hepatic fat accumulation in the liver by suppressing
the expression of de novo lipogenesis genes (Ppary2 and Mgat-1) and enhancing the
expression of genes responsible for fatty acid oxidation (Cptla and Cptlb) (Fig. 2.4c).
Our observation is in agreement with the study demonstrating the hepatoprotective effect

of phloretin (44).
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The activity of phloretin in improving metabolic homeostasis is likely related to
its activity in blocking inflammation, which is known to be involved in obesity-
associated hyperglycosemia, hyperinsulinemia, and insulin resistance. Using the
streptozotocin-induced diabetic model in rats, Ngjafian et al. (31) have previously shown
that phloridzin, a phloretin precursor, improves glucose hemostasis and insulin
sensitivity. A similar observation has also been reported in a genetically modified BKS
diabetic mouse model (33). Consistent with these previous studies, we show that
phloretin improved fasting blood glucose level (Fig. 2.4a) and insulin sensitivity in both
prevention and treatment studies (Figs. 2.5a-f). It remains unclear, however, whether the
function of phloretin in inhibiting sodium/glucose co-transporter 1 and 2 previously
shown (45) plays an important role in improving glucose homeostasis. This is an
important issue and requires additional study because it has been previously shown that
phloretin inhibits intestinal glucose absorption and glucose reabsorption in the kidneys by
inhibiting these transporters (46, 47).

Similar to activities of phloretin observed in the current study, other antioxidants
have aso been examined in animals (10-12). Cho et al. demonstrated that a continuous
treatment of animals with resveratrol for 10 weeks was effective in blocking HFD-
induced obesity, fatty liver, and hyperlipidemia (10). Different from the effect of
phloretin seen in our study, resveratrol treatment resulted in a decrease in serum lipid
level. The differences seen between the current and the study by Cho et al. could be
caused by the difference in chemical structure of the two antioxidants. Alternatively, the
difference could also be due to the inclusion of 1% cholesterol in the HFD used in their

study to induce hyperlipidemia, which is not included in our study. Similarly, quercetin, a



flavonol type of flavonoid found in plants, has demonstrated an ability to block HFD-
induced obesity and insulin resistance (11). The authors attributed quercetin’s effects to
its activity in increasing the level of glucose transporter 4 and reducing inflammation in
epididymal WAT through the AMPKal/SIRT1-mediated pathway, which was in full
agreement with the function of phloretin. Similar effects and conclusions have also been
obtained in mice treated with bardoxolone methyl (12). Judging by the data currently
available and generated from preclinical studies, we believe that al antioxidants are
capable of suppressing diet-induced obesity and improving metabolic homeostasis as
long as appropriate doses and frequency of administration are used without causing
toxicity.

In conclusion, the data presented in this report clearly demonstrate the suppressive
effects of phloretin on HFD-induced obesity and obesity-associated metabolic
complications. Phloretin’s effects are correlated with suppression of HFD-induced
inflammation in adipose tissues. In obese mice, phloretin treatment improves
hyperinsulinemia and alleviates fatty liver, but does not induce weight loss. These results
suggest that phloretin can be considered as a substance to mitigate diet-induced obesity

and improve metabolic homeostasis.
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Table2.1: Primersused for quantitativereal time PCR analysis of gene

expression.

Gene Forward Primers Reverse Primers

F4/80 5 CCCCAGTGTCCTTACAGAGTG 3 5 GTGCCAGAGTGGATGTCT 3
Cde8 5 CCATCCTTCACGATGACACCT 3 5 GGCAGGGTTATGAGTGACAGTT 3
Mcpl 5 ACTGAAGCCAGCTCTCTCTTCCTC 3 5 TTCCTTCTTGGGGTCAGCACAGAC 3
Ccr2 5 ATCCACGGCATACTATCAACATC 3 5 CAAGGCTCACCATCATCGTAG 3

Adiponectin 5 TGTTCCTCTTAATCCTGCCCA 3 5 CCAACCTGCACAAGTTCCCTT 3

Cptla 5 CTCCGCCTGAGCCATGAAG 3 5 CACCAGTGATGATGCCATTCT 3
Cptlb 5 GGTCTCTTCTTCAAGGTCTG 3 5 CGAGGATTCTCTGGAACTGC 3
Pparyl 5 GGAAGACCACTCGCATTCCTT 3 5 GTAATCAGCAACCATTGGGTCA 3
Ppary2 5 TCGCTGATGCACTGCCTATG 3 5 GAGAGGTCCACAGAGCTGATT 3
Mgatl 5 TGGTGCCAGTTTGGTTCCAG 3 5 TGCTCTGAGGTCGGGTTCA 3
Gapdh 5 AGGTCGGTGTGAACGGATTTG 3 5 TGTAGACCATGTAGTTGAGGTCA 3
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Figure 2.1. Phloretin inhibits body weight gain in mice fed an HFD. Ten-week-old
C57BL/6 male mice were fed HFD and injected i.p. with phloretin (10 mg/kg, twice
weekly) or vehicle (DMSO) for 12 weeks. (a) chemical structure of phloretin; (b)
representative pictures of the mice at end of the experiment, scale bar: 1 cm; (c) growth
curve; (d) body composition at week 12; (e) average food intake; and (f) accumulative

food intake. Valuesrepresent mean £ SEM, * p < 0.05 (n=4).
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Figure 2.2. Impacts of phloretin treatment on adipose tissues of animals. Mice were
fed an HFD continuously for 12 weeks, with one group of animals injected i.p. with
phloretin (10 mg/kg) and the other with vehicle DMSO. Animals were sacrificed at the
end of experiments and adipose tissues were collected (n=4). (a) Photo images of eWAT,
PWAT, and IWAT from treated and control animals, gray scale bar: 1 cm; (b) weights of
eWAT, pWAT, iWAT, and BAT; (c) H&E staining of eWAT, pWAT, and iWAT and
BAT, black arrows indicate crown-like structure (CLS), scale bar: 100 um; (d-f) average
diameter of adipocytesin different WATSs (n= 300). Values are mean + SD. *p < 0.05, **

p <0.01.
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Figure 2.3. Phloretin blocked HFD-induced inflammation. At the end of 12 weeks of
HFD feeding and twice weekly i.p. injections of phloretin (10 mg/kg) or DMSO, mice
were sacrificed. Total RNAs were extracted from eWAT and mRNA levels of
macrophage marker genes and adiponectin gene were determined by gPCR. All values

represent mean + SEM, *p < 0.05 (n=4).
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Figure 2.4. Phloretin prevented HFD-induced fatty liver. Mice were sacrificed at the
end of week 12. (a) Photo images of H& E (the left panel), Oil-Red O (the middle pandl),
and Nile-red (the right panel) staining of liver sections were photographed at x100
magnification, scale bars. 100 um; (b) liver weight; (c) relative hepatic mRNA
expression of Mcpl, Cptla, Cptlb, Pparyl, Ppary2, and Mgatl; and (d) serum levels of
cholesterol, FFA, and triglycerides. Each data point represents mean = SEM, *p < 0.05

(n=4).
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Figure 2.5. Phloretin improved glucose homeostasis and hyperinsulinemia in HFD-
fed mice. (a) Profile of serum glucose concentration after i.p. glucose injection (1 g/kg);
(b) area under the curve of glucose tolerance test; () time-dependent glucose
concentration in blood after i.p. insulin injection (0.75 U/kQ); (d) area under the curve of
insulin tolerance test; (e) homeostasis model assessment-estimated insulin resistance
(HOMA-IR); and (f) fasting serum insulin concentration. Each data point represents

mean £ SEM, * p < 0.05 (n=4).
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Figure 2.6. Effects of phloretin treatment on obese mice fed an HFD. Mice were fed
an HFD for 6 weeks and developed obesity, followed by 6 weeks of twice weekly i.p.
injection of phloretin when continuing on an HFD. (a) Representative pictures of the
mice at the end of experiment, scale bar: 1 cm; (b) growth curve, arrow indicates starting
of phloretin treatment (n=5); (¢) body composition at the end of the experiment (n=5); (d)
H&E staining were performed on BAT (the upper panel) and eWAT (the lower pandl),
arrow indicates crown-like structure (CLS); (e) average diameter of epididymal
adipocytes (n=500 from sections of 3 mice); (f) Liver images of H& E staining (the upper
panel) and Oil-Red O staining (the lower panel), bar scale equals 100 um; (g) fasting
blood glucose level (n=5); (h) fasting serum insulin concentration (n=4); (i) homeostasis
model assessment-estimated insulin resistance (HOMA-IR) (n=4). All vaues represent

mean + SD. *p < 0.05.
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CHAPTER 3
BITC AND SCARVONE RESTRAIN HIGH-FAT DIET-INDUCED OBESITY AND

AMELIORATE HEPATIC STEATOSIS AND INSULIN RESISTANCE”
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Obesity and Ameliorate Hepatic Steatosis and Insulin Resistance. Pharmaceutical
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Abstract

Purpose: To investigate the preventative activity of benzyl isothiocyante and S-carvone
against high-fat diet-induced obesity and metabolic complications.

Methods: Ten-week-old C57BL/6 male mice were fed a high-fat diet and injected
intraperitoneally twice per week with benzyl isothiocyante, S-carvone, or vehicle for 8
weeks. The body weight, food intake, and body composition were monitored, and glucose
tolerance and insulin tolerance tests were performed at the end of the experiment. Serum
and tissue samples were studied using serum biochemistry, histological, and gene
expression analysis to define the effects of benzyl isothiocyante and S-carvone treatments
on lipid and glucose metabolism and inflammatory responses.

Results: Benzyl isothiocyante and S-carvone blocked high-fat diet-induced weight gain,
fat accumulation in the liver, and insulin resistance. The beneficial effects were found to
be associated with an improvement of expression of macrophage marker genes in white
adipose tissue including F4/80, Cdllb, Cdllc, Cd206, and Tnf-, and reduced
expression of genes (Ppary2, Scdl, Cd36) responsible for lipid synthesis and transport in
theliver.

Conclusion: Benzy! isothiocyante and S-carvone block high-fat diet- induced obesity and
metabolism disorders and can be considered for management of obesity epidemics that

affects about 36% adults and 17% children in the USA.

Key words: Obesity; inflammation; BITC; S-carvone; antioxidant
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Abbreviations

ACC: Acetyl-CoA carboxylase

AUC: Area under the curve

BAT: Brown adipose tissue

BITC: Benzyl isothiocyante

DM SO: Dimethyl sulfoxide

EWAT: Epididymal white adipose tissues
FAS: Fatty acid synthase

FFA: Freefatty acid

GTT: Glucose tolerance test

HFD: High-fat diet

HOMA-IR: Homeostatic model assessment of insulin resistance

ITT: Insulin tolerance test

IWAT: Inguinal white adipose tissues

PPARYy: Peroxisome proliferator-activated receptor-y

PWAT: Perirenal white adipose tissues

SCD: Stearoyl-CoA desaturase

SREBP: Sterol regulatory element-binding protein

TG: Triglyceride

TNF-a: Tumor necrosis factor o
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Introduction

The obesity prevalence in the United States has been significantly increasing in
the past five years reaching 36% for adults and 17% for youth (1). Obesity is arisk factor
for severa common diseases including cardiovascular diseases, type 2 diabetes,
hypertension, hyperlipidemia, nonalcoholic fatty liver disease (NAFLD, or hepatic
steatosis), kidney diseases, osteoarthritis, depression, and some types of cancer (2). A
2008 estimate of medical costs for obesity in the United States is $147 bhillion. The
annual productive costs of obesity-related absenteeism range between $3.38 billion and
$6.38 billion (3). Thus, an indispensable strategy is needed to prevent and control obesity
epidemics and its associated complications.

In obesity pathogenesis, low-grade chronic inflammation plays an important role
in adipose tissue remodeling and expansion (4). This includes macrophage infiltration
into white adipose tissue, pro-inflammatory cytokine release, and dysregulation of
adipokine release (5). Previous studies have shown that reactive oxygen species (ROS),
an indicator of oxidative stress, serve as a trigger for inflammation in adipose tissue (6,
7). We have previously reported that suppression of ROS activity by overexpression of
endogenous antioxidant enzyme or by use of antioxidants was able to block high-fat diet
(HFD)-induced weight gain and its metabolic complications (8, 9). These earlier studies
have provided a strong indication that antioxidants could be an effective agent to prevent
obesity and obesity-associated metabolic disorders. In the current study, we selected two
different antioxidants, benzyl isothiocyanate (BITC) and S-carvone, and explored their

activities in blocking HFD-induced obesity in a mouse model.
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BITC (Fig. 3.1a) is a natural product found in Cruciferous vegetables such as
cabbage, broccoli, turnip, rapeseeds, radish and others in the cabbage family. It is
produced by hydrolysis of glucotropaeolin under the influence of myrosinase (10). In
addition to its antioxidant activity, BITC is aso known for its anti-cancer activity shown
via inhibition of P450 mediated-carcinogen activation in vivo and induction of cell cycle
arrest in vitro (10-12). BITC has been shown to inhibit lipopolysaccharide-induced
inflammatory response in Raw 264.7 murine macrophage cell line and suppressed 12-O-
tetradecanoylphorbol 13-acetate-induced ear edema formation in mice (13). The
antioxidant activity of BITC involves inhibition of NADPH oxidase to reduce superoxide
generation and activation of P450 phase Il enzymes (11, 14).

S-carvone (Fig. 3.1a), also called D-carvone or (+)-carvone, belongs to terpenoids
family of natural components of essential oils such as caraway, spearmint, and dill.
Carvone has S and R isomers, and the S form is the main isomer in caraway seed and
used in food and flavor industry (15). The antioxidant activity of S-carvone has been
demonstrated in vitro systems (16-18). Studies have shown that Scarvone has
antibacterial, antifungal, anticancer, immunomodulatory and anti-inflammatory activities
(15, 19-21). Mechanistically, S-carvone induces glutathione Stransferase (22) which is
downregulated by HFD (23).

We demonstrate here that both BITC and S-carvone are effective in blocking
HFD-induced obesity, insulin resistance and fatty liver via a mechanism that involves
inhibition of HFD-induced inflammation and down-regulation of MRNA level of genes

responsible for lipogenesis.
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Materials and Methods

Materials. BITC and Scarvone were purchased from Sigma-Aldrich (St. Louis, MO).
HFD (60% kJfat, 20% kJprotein, and 20% kJcarbohydrate) was from Bio-serv
(Frenchtown, NJ). The insulin assay kits were obtained from Mercodia AB (Winston-
Salem, NC) and glucometer and blood test strips were obtained from NIPRO
Diagnostics™ (Fort Lauderdale, FL). The Humulin® insulin was purchased from Eli Lilly
(Indianapolis, IN). The Infinity™ kit for triglycerides (TG) was from Fisher Diagnostics
(Middletown, VA). The non-esterified fatty acids kits were obtained from Wako
Bioproducts (Richmond, VA). The RNeasy® Lipid Tissue Mini Kit was purchased from
QIAGEN® (Hilden, Germany). The First-stand cDNA Synthesis kit was obtained from
Origene® (Rockville, MD). The PerfeCta® SYBR® Green FastMix® ROX™ was

purchased from Quanta Biosciences (Gaithersburg, MD).

Animals and Animal Treatments. C57BL/6 mice (male, ten weeks old) were from Charles
River Laboratories (Wilmington, MA). All procedures performed on mice were approved
by the Institutional Animal Care and Use Committee (IACUC) at the University of
Georgia, Athens, Georgia. To assess BITC and S-carvone activity in blocking HFD-
induced obesity and obesity-associated metabolic disorders, mice were grouped randomly
(n=5) and fed aHFD, and received twice weekly injection (i.p.) of BITC (12.5 mg/kg), S
carvone (175 mg/kg), or carrier solution of dimethyl sulfoxide (DM SO) for 8 weeks. The
volume of each injection was fixed at 20 pl per mouse. Mouse body weight was

monitored weekly and the body composition was determined using EchoMRI-100™
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from the Echo Medical System (Houston, TX). All mice were euthanized using the

method of carbon dioxide inhalation followed by cervical dislocation.

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT). At the beginning of 8"
week, mice were fasted for six hours and received i.p injection of glucose (1.5 g/kg)
dissolved in saline. About 5 pl of blood from each mouse was collected from the tail and
glucose level was determined at time 0, 30, 60, and 120 min using a glucometer. ITT was
performed at the end of the 8" week. Mice were fasted for four hours and injected i.p.
with insulin (0.75 U/kg). The blood glucose level was determined applying the same

schedule as GTT. Animals were put back on HFD after each procedure.

Histological Examination by Hematoxylin and Eosin (H& E) Saining. Liver, epididymal
white adipose tissue (EWAT), perirena white adipose tissues (pWAT), inguinal white
adipose tissues (IWAT), and brown adipose tissue (BAT) were collected from animals
and fixed in 10% formalin at the end of the experiment. The fixed tissues were
dehydrated, embedded in paraffin, sectioned at 6 um in thickness, and stained with H& E
following the manufacturer’s instructions. Tissue sections were examined, and photo
images were taken under an optical microscope using the Nikon's NIS-Elements imaging

software (Melville, NY).

Determination of Hepatic Triglyceride Level. For lipid extraction, liver samples (100 mg)

were homogenized in 1 ml of PBS. Tissue homogenate (300 ul) was mixed with 5 ml of

chloroform/methanol mixture (3:2, v/v ratio) and incubated overnight at 4°C. The
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mixture was centrifuged at 2,000 rpm for 10 min and supernatant (organic phase) was
transferred to a new tube, dried, and dissolved in 2% Triton-X100. Triglyceride
concentration was determined using the Infinity™ kit following manufacturer’s

instructions.

Determination of Insulin Resistance and Serum Lipid Level. Three days after ITT, mice
were fasted for six hours and euthanized by CO, inhaation. Whole blood was collected
from each animal and serum concentrations of insulin were determined by an ELISA
following the procedure provided by the supplier of the insulin analysis kit. Homeostatic
Model Assessment of Insulin Resistance (HOMA-IR) was determined using the formula:
[fasting insulin (ng/ml) x fasting blood glucose (mg/dl)/405] (24). Serum concentrations
of triglyceride and free fatty acids were determined using the procedure provided by the

supplier of the lipid analysis kits.

Gene Expression Analysis. Total RNAs from mouse adipose tissue and liver were
isolated using RNeasy® Lipid Tissue Mini Kit. The complementary DNA (cDNA) was
synthesized using First-stand cDNA synthesis kit. Real-time quantitative polymerase
chain reaction (QPCR) was performed using a SYBR Green as a detector with a
StepOnePlus system (Applied Biosystems). Data was analyzed by the AACy method
using Gapdh mRNA asthe internal control. All primer sequences used are listed in Table

3.1
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Satistical Analysis. Statistical analysis was performed by one-way ANOVA followed by
Dunnett’s multiple comparisons test using the plotting software (Prism) from GraphPad
Inc. (La Jolla, CA). A value of P<0.05 was considered statistically significant, and each
data point represents the mean + standard deviation (SD) or standard error of the mean

(SEM).

Results
BITC and S Carvone Blocked HFD-induced Weight Gain.

C57BL/6 mice were fed a HFD and injected twice weekly with BITC (12.5
mg/kg), S-carvone (175 mg/kg) (i.p.), or the vehicle for 8 weeks. Results in Figure 3.1b
show smaller size of mice with BITC and S-carvone treatment compared to the DM SO
treated control. At the end of week 8, the average body weight of BITC-treated and S
carvone-treated mice were 29.3 +£3.5 g and 30.9 +1.1 g, respectively, compared to control
mice at 40.2 £3.1 g (Fig. 3.1c). The recognized difference in body weight of treated mice
was due to the difference in fat mass and no difference was seen in lean mass (Fig. 3.1d).
The average food intake was the same (Fig. 3.1€) between BITC and S-carvone treated
and control mice.

The apparent size (Fig. 3.2a) and average weight (Fig. 3.2b) of eWAT, pWAT,
IWAT and BAT were examined and compared between the treated and control mice.
With the exception of BAT, the WATSs of control animals are significantly larger than
those of BITC and S-carvone treated mice. The images of H& E staining show miniature
adipocytes and lack of crown-like structure in BITC and Scarvone treated mice

compared to that of DM SO treated control mice (Fig. 3.2c). Lower lipid content in BAT

108



compared to control (Fig. 3.2c, the right panel) was also seen. The average diameter of
adipocytes in BITC and S-carvone treated animals was at 61.7-74%, 70.6-86.7%, 58.1-
69.2% of the size of control animals in eWAT, pWAT, and iWAT, respectively (Fig.
3.2d). These results demonstrate that BITC and S-carvone treatment suppressed lipid

accumulation in adipose tissues.

BITC and S-Carvone Treatment Reduces Inflammation in WAT.

Diet-induced obesity is associated with inflammation in adipose tissue with
characteristics of accumulation of type-1 macrophages and crown-like structure (Figs
3.2c). To extend the study of the BITC and S-carvone effects on diet-induced
inflammation in adipose tissue at the molecular level, we extracted total RNA from WAT
and determined the MRNA levels of macrophage-specific marker genes including F4/80,
Cd11b, Cdlic, and proinflammatory cytokine Tnf-a. In addition, mRNA levels of the
anti-inflammation gene (Cd206) and that of leptin gene were also examined. Results in
Figure 3a show decreased mRNA levels of F4/80, Cd11b and Cdllc gene in éWAT of
S-carvone treated mice. An enhanced expression of anti-inflammatory Cd206 gene was
seen in eWAT of BITC treated mice compared to that of control. Tnf-a and leptin gene
expression was lower in iIWAT of Scarvone and BITC treated mice, respectively. In
addition to lack of crown-like structure in adipose tissue, a landmark of macrophage
infiltration, in BITC and S-carvone treated animals shown in Figure 3.2c, these results
confirm that BITC and S-carvone suppress HFD-induced macrophage infiltration and

inflammation in WAT.
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BITC and S-Carvone Prevent HFD-induced Hepatic Seatosis.

Hepatic steatosis or fatty liver is commonly associated with obesity (25). To
evaluate the BITC and S-carvone impact on hepatic fat accumulation, lipid level in the
liver was examined. The images of H&E staining showed a high level of hepatic lipid
level in control mice, but not in those treated with BITC and S-carvone (Fig. 3.4a). This
was consistent with results of lipid measurements. Resultsin Figure 4b show that hepatic
triglyceride is at 21.5+t4 mg/g level in control mice compared to that 15.8+0.7 and
16.2+1.3 mg/g of BITC and S-carvone treated mice, respectively. Livers of control
animals weigh about 1.5+0.3 g compared to 1.1+0.1 g of treated animals (Fig. 3.4c).
There was no significant difference observed in serum levels of triglycerides and free
fatty acids (Fig. 3.4d-e).

To understand the protective mechanism of BITC and S-carvone against HFD-
induced fatty liver, mRNA levels of genes responsible for hepatic lipid metabolism were
examined. Both BITC and Scarvone treatment resulted in expression reduction of
peroxisome proliferator-activated receptor-y 2 gene (Ppar-y2) coding for de novo
lipogenesis transcriptional factor, fatty acid transporter gene (Cd36), and stearoyl-CoA
desaturase 1 gene (Scdl) (Fig. 3.5). Moreover, S-carvone down regulated mRNA levels
of genes encoding de novo lipogenesis transcriptional factor sterol regulatory element-
binding protein 1 ¢ (Srebplc) and genes responsible for fatty acids synthesis including
acetyl-CoA carboxylase 1 (Accl) and fatty acid synthase (Fas) (Fig. 3.5). These data
suggest that BITC and S-carvone prevented hepatic lipid accumulation through

suppression of lipid synthesis and accumulation.
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BITC and S Carvone Restrained Diet-induced Hyperglycemia and Insulin Resistance.
Obesity is strongly associated with insulin resistance and hyperglycemia (26). To
evauate the impacts of BITC and S-carvone on glucose homeostasis, non-fasting blood
glucose level was determined at the end of 8-week treatments. The blood glucose
concentration in BITC-treated mice showed 167.6+21.1 mg/dL and 161.8+5.4 mg/dL in
S-carvone treated mice, compared to control mice at 223.8+22.1 mg/dL (Fig. 3.6a). In
addition, BITC and S-carvone treated mice were more tolerant to glucose as revealed by
GTT (Fig. 3.6b) and a plot of the area under the curve (Fig. 3.6c). Results from ITT
showed that BITC and Scarvone treated mice had a significantly higher response to
insulin injection (Fig. 3.6d). The area under the curve of ITT confirmed the improvement
of insulin sensitivity due to BITC and Scarvone treatment (Fig. 3.6e). HFD-induced
hyperinsulinemia and insulin resistance were blocked by BITC and S-carvone (Figs. 3.6f-
g). These data demonstrate the protective activity of BITC and Scarvone against HFD-

induced hyperglycemia, hyperinsulinemia, and insulin resistance.

Discussion

Inflammation is an essential step toward the development of obesity and obesity-
associated metabolic diseases. We have previously shown that blockade of HFD-induced
inflammation is a successful strategy to repress the weight gain and improve obesity-
associated complications (27-30). In this study, we examined the protective activity of
BITC and S-carvone against HFD-induced obesity, fatty liver, and insulin resistance. Our
results demonstrate that twice-weekly injection intraperitoneally of BITC and S-carvone

restrains HFD-induced weight gain (Figs. 3.1-2), hepatic lipid accumulation (Fig. 3.4),
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and improve glucose homeostasis (Fig. 3.6). These beneficial effects were directly linked
to lower expression of macrophage marker genes in adipose tissue (Fig. 3.3) as well as
those responsible for hepatic de novo lipogenesis (Fig. 3.5).

Our conclusion is in agreement with previous studies that showed a potent effect
of BITC and S-carvone against inflammatory diseases (11, 13, 21). BITC has been shown
to reduce lipopolysaccharide-induced secretion of inflammatory cytokines (e.g. I1L-1,
TNF-a, and IL-6) and their mRNA levels in Raw264.7 macrophage cell line in a dose-
dependent manner involving inhibition of NFkB, Akt, and ERK1/2 signaling pathways
(13). In the same study, the authors also demonstrated that BITC inhibits ear edema
inflammation and increases INOS and COX-2 protein levels in mice. Waterman et al.
(31) recently showed that Moringa oleifera extract, which is rich in isothiocyanates
(BITC precursor), suppressed body weight gain and food intake in a diet-induced obesity
animal model. The conclusion derived from the study serves as additional evidence in
support the activity of BITC in blocking HFD-induced obesity as shown here in the
current study.

S-carvone has been shown in vitro for its antioxidant activity in several studies
and reduced pro-oxidants induced stress (16, 18). In addition, an in vivo study has shown
that daily S-carvone treatment for 30 days protected rats from developing hypertension
and restored vitamin-C, vitamin-E, and glutathione levels (17). Moreover, S-carvone had
the highest activity in inducing glutathione Stransferase compared with other carvone
derivatives or isomers (22).

Hepatic steatosis is associated with obesity where excess fat is accumulated in the

liver due to induction of de novo lipogenesis and enhanced expression of fatty acid
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transporters in hepatocytes. Feeding mice with HFD for 2 weeks has been reported to
induce fatty liver coinciding with elevation of mRNA levels of hepatic Ppary and Cd36
in mice (32). In agreement, our data showed that both BITC and S-carvone significantly
blocked HFD-induced up-regulation of Ppary and Cd36 (Fig. 3.5) and Scd-1, a gene
encoding stearoyl-CoA desaturase-1 that controls the rate-limiting step in
monounsaturated fatty acid formation. The enzyme activity of stearoyl-CoA desaturase-1
has been shown to be elevated in humans with fatty liver disease (33). S-carvone but not
BITC reduced the expression of the genes involving lipid synthesis including Srebplc,
Accl, and Fas (Fig. 3.5). A previous study using Moringa oleifera extract has aso
demonstrated suppression of lipid accumulation in mouse liver with no change of serum
concentrations of triacylglycerol (31), in agreement with our results (Fig. 3.4).

Inflammation of the adipose tissue is known to cause insulin resistance and
glucose intolerance (34, 35). Insulin resistance increases gluconeogenesis and decrease
blood glucose absorption, leading to glucose intolerance. Many studies have shown that
antioxidants are effective in blocking inflammation, increasing insulin sensitivity and
improving glucose homeostasis (9, 30, 31). Consistent with these studies, our results
show that BITC and S-carvone treatment aleviated insulin resistance and improved
glucose intolerance in HFD-fed mice (Fig. 3.6) by suppressing TNFa gene expression
and macrophage activation in adipose tissue (Fig. 3.3).

In conclusion, the current study demonstrates the preventative activity of BITC
and Scarvone against HFD-induced obesity and obesity-associated metabolic
complications. BITC and S-carvone effects are achieved by the alteration in inflammatory

and lipogenesis gene expression in adipose and liver tissues, respectively. These results
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suggest that BITC and Scarvone could be considered protecting agents against diet-

induced obesity and metabolic disorders.
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Table 3.1: Primersused for gene expression analysis by real time PCR

Gene Forward Primers Reverse Primers
F4/80 5 CCCCAGTGTCCTTACAGAGTG 3 5 GTGCCAGAGTGGATGTCT 3
Cde8 5 CCATCCTTCACGATGACACCT 3 5 GGCAGGGTTATGAGTGACAGTT 3
Cd11b 5 ATGGACGCTGATGGCAATACC 3 5 TCCCCATTCACGTCTCCCA 3
Cdllc 5 CTGGATAGCCTTTCTTCTGCTG 3 5 GCACACTGTGTCCGAACTCA 3
Cd206 5 CTCTGTTCAGCTATTGGACGC 3 5 CGGAATTTCTGGGATTCAGCTTC 3
Tnf- a 5 CCCTCACACTCAGATCATCTTCT 3 5 GCTACGACGTGGGCTACAG 3
Leptin 5 GAGACCCCTGTGTCGGTTC 3 5 CTGCGTGTGTGAAATGTCATTG 3
Ppary2 5 TCGCTGATGCACTGCCTATG 3 5 GAGAGGTCCACAGAGCTGATT 3
Cd36 5 CCTTAAAGGAATCCCCGTGT 3 5 TGCATTTGCCAATGTCTAGC 3
Srebplc 5 CCCTGTGTGTACTGGCCTTT 3 5 TTGCGATGTCTCCAGAAGTG 3
Accl 5 GCCTCTTCCTGACAAACGAG 3 5 TGACTGCCGAAACATCTCTG 3
Fas 5 GGAGGTGGTG ATAGCCGGTAT 3 5 TGGGTAATCCATAGAGCCCAG 3
Scdl 5 TTCTTACACGACCACCACCA 3 5 CCGAAGAGGCAGGTGTAGAG 3
Gapdh 5 AGGTCGGTGTGAACGGATTTG 3 5 TGTAGACCATGTAGTTGAGGTCA 3
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Figure 3.1. BITC and S-carvone inhibit body weight gain in micefed an HFD. Ten-
week-old C57BL/6 male mice were fed an HFD and injected i.p. twice weekly with
benzyl isothiocyante (12.5 mg/kg), S-carvone (175 mg/kg), or vehicle (DMSO) for 8
weeks. (a) Chemical structures of benzyl isothiocyante (left) and S-(+)-carvone (right);
(b) representative picture of the mice at the end of the experiment; (c) growth curve; (d)
body composition at week 8; and (e) average food intake. Values represent mean £ SEM,

* p<0.05(n=5).
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Figure 3.2. Impacts of BITC and S-carvone treatment on adipose tissues of animals.
Mice were fed an HFD continuously for 8 weeks, and injected i.p. twice weekly with
benzyl isothiocyante (12.5 mg/kg), S-carvone (175 mg/kg), or vehicle DMSO for 8
weeks. Animals were sacrificed at the end of experiment and adipose tissues were
collected and examined (n=5). (a) Photo images of pWAT, iWAT, eWAT, and BAT
from treated and control animals; (b) weights of eWAT, iIWAT, pWAT, and BAT,; (c)
photo-images of H& E staining of eWAT, IWAT, pWAT and BAT, black arrows indicate
crown-like structure (CLS), scale bar: 100 um; (d) average diameter of adipocytes in

different WATSs (n=300). Values are mean £ SD. *p < 0.05, ** p < 0.01.
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Figure 3.3. BITC and S-carvone suppressed HFD-induced inflammation. At the end
of experiments, mice were sacrificed and total RNAs were extracted from eWAT or
IWAT and gene expression was determined by real-time quantitative PCR. (a) mMRNA
levels of macrophage marker genes, Tnf-«, and leptin genes in eWAT; and (b) mMRNA

levels of selected genesin iWAT. All values represent mean £ SEM, *p < 0.05 (n=4).
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Figure 3.4. BITC and S-carvone blocked HFD-induced fatty liver. Mice were fed
HFD during the entire study, and received twice weekly i.p. injections of benzyl
isothiocyante (12.5 mg/kg), S-carvone (175 mg/kg), or DMSO. Mice were sacrificed at
the end experiments and liver samples were collected. (a) Photo images of H& E staining
of liver sections photographed at x100 magnification, scale bars. 100 pm; (b)
triacylglycerol level in the liver (n=5); (c¢) liver weight (n=5); (d) serum levels of
triacylglycerol (n=4); and (e) serum levels of free fatty acids (n=4). Each data point

represents mean + SEM, *p < 0.05.
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Figure 3.5. Impacts of BITC and S-carvone treatment on mRNA levels of genes
responsible for hepatic lipid metabolism. Total RNA was isolated from liver tissue, and
relative mRNA level of selected genes were determined by qPCR. All values represent

mean + SEM, *p < 0.05 (n=4).

120



300 500 -e- DMSO
-+ BITC
3 250 % % 400 = S-Carvone
B
E S — E
@ 200 L o 300
8 - 2
=} = -
5 150 A 5 200 i
1004 r T T 100 T T T T 1
DMSO BITC S-Carvone 0 30 60 90 120
Time (min)
E 1.2x104
: . —
8 ‘E 1.0x10% o
£ 5 .
E 3 sox0® 29 % ue
B gl aa =
3 o g =
] g  eoxt0
5 2 ‘
B e e
0 30 60 90 120 T pbmso BITC  S-Carvone
Time (min)
3
—
AT
g S
3 .
2 i
= j—E =
DMSO BITC S-Carvone
Figure 3.6. BITC and S-carvone improved

6x10
T ]
£ 5x10
%l ——
T axo E
£ o T
A
g jf 5
S = i
T pmso BITC S-Carvone
—
o
2 o
5 3 —_
= . a
i
3
"]
£ , X
DMSO BITC S-Carvone

glucose homeostasis and

hyperinsulinemia in HFD-fed mice. (a) Non-fasting blood glucose level (n=5); (b)

profile of serum glucose concentration after i.p. glucose injection (1.5 g/kg) (n=5); (¢)

area under the curve of glucose tolerance test; (d) time-dependent percentage of initial

glucose concentration in blood after i.p. insulin injection (0.75 U/kg) (n=5); (e) area

under the curve of insulin tolerance test; (f) fasting serum insulin concentration (n=4); (g)

homeostasis model assessment-estimated insulin resistance (HOMA-IR) (n=4). Each data

point represents mean = SEM, * p<0.05, ** p<0.01.
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CHAPTER 4
ANTIOXIDANTS REVERSE OBESITY-ASSOCIATED INSULIN RESISTANCE
WITHOUT REDUCING OBESE MOUSE WEIGHT
Introduction

Obesity prevalence has been increased among the adult American population,
reaching 35% of men and 40.4% of women in 2014 (1). According to the State of
Obesity Organization’s dtatistics for 2015 (2), Louisiana had the highest obesity
prevaence (36.2%), whereas Colorado had the lowest obesity rate (20.2%), and Georgia
was ranked as the 19" state, with a 30.7% obesity rate. Umashanker et al. (3) recently
reviewed the economic burden associated with obesity. The estimated medical cost of an
obese individual was 42% higher than a lean individual in 2006 (4). The number of
obesity-associated diseases (e.g., type 2 diabetes, cardiovascular diseases, non-alcoholic
fatty liver disease, etc.) explains the increase in obesity-related medical costs.

The United States Food and Drug Administration has approved few anti-obesity
drugs that inhibit fat absorption or suppress appetite (5). However, these anti-obesity
drugs have limited capacity in reducing body weight (= 5.8 — 9.3 kg reduction in body
weight) and are associated with considerable side effects, such as dizziness, dry mouth,
irritability, oily spotting, insomnia, and back pain (3, 5). For more severe obesity cases,
bariatric surgeries work as an alternative solution. Although these surgeries have great
results in reducing body weight and mortality (6, 7), they result in foreign instruments in

the body (adjustable gastric band surgery) or permanent removal of part of the stomach
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(sleeve gastrectomy surgery). In addition, regained weight after surgery might lead to
additional reoperative bariatric surgery, which has more risks than the primary surgery
(8). Thus, obesity treatment is a challenge and requires multiple approaches, as Dixon
has proposed (9).

Inflammation plays a primary role in obesity development and obesity-associated
complications (10). We have previously shown, in Chapters 2 and 3, the preventative
role of antioxidants via inhibition of inflammation. Green tea extract has shown the
inhibitory impact on mice weight gain and obesity-associated fatty liver (11, 12).
Catechin (Fig. 4.1a) and epigallocatechin gallate (EGCG) (Fig. 4.1b) are naturd
antioxidants in green tea extract (13). A study has shown that acute treatment of EGCG
for 4-7 days increased energy excretion and reduced hepatic triglycerides and glycogen
(14). A similar effect was observed with longer intake of green tea extract (11). These
studies provided supportive indication for the antioxidant to serve as an anti-obesity
candidate. Here we are testing whether the antioxidant alone (EGCG) or a combination
of antioxidants will be able to reverse obesity and its complications in high-fat diet
(HFD)-induced obese mice. Our findings show that antioxidants alone can prevent HFD-
induced weight gain, where EGCG improves insulin resistance without reducing body

weight of obese mice.

Materialsand Methods
Materials. Catechin, EGCG, and phloretin were purchased from Sigma-Aldrich (St.
Louis, MO). HFD (60% kJfat, 20% kJprotein, and 20% kJ/carbohydrate) was from Bio-

serv (Frenchtown, NJ). The insulin kit was obtained from Mercodia AB (Winston-Salem,
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NC), and glucometer and blood test strips were obtained from NIPRO Diagnostics™
(Fort Lauderdale, FL). The Humulin® insulin was purchased from Eli Lilly (Indianapolis,
IN). The Infinity™ kit for triacylglycerol was from Fisher Diagnostics (Middletown,
VA). The total cholesterol kit was purchased from Genzyme Diagnostics (Charlottetown,
PE Canada). The free fatty acids (NEFA)-HR kits were obtained from Wako Bioproducts
(Richmond, VA). The RNeasy® Lipid Tissue Mini Kit was from QIAGEN® (Hilden,
Germany). The First-stand cDNA Synthesis was obtained from Origene® (Rockville,
MD). The PerfeCta® SYBR® Green FastMix® ROX'" was purchased from Quanta
Biosciences (Gaithersburg, MD). Oil-Red O solution was purchased from Electron

Microscopy Sciences (Hatfield, PA).

Animals and Animal Treatments. C57BL/6 mice were purchased from Charles River
Laboratories (Wilmington, MA). All procedures and protocols performed on mice were
approved by the Ingtitutional Animal Care and Use Committee (IACUC) at the
University of Georgia, Athens, Georgia. To assess catechin and EGCG activity in
blocking HFD-induced obesity and obesity-associated metabolic disorders, seven-week-
old male C57BL/6 mice were randomly arranged (n=5) and fed an HFD and received
twice weekly intraperitoneal (i.p.) injections of catechin (34 mg/kg), EGCG (20 mg/kg),
or equivalent vehicle volume of dimethyl sulfoxide (DMSO) for 12 weeks. For the
obesity treatment study, mice were fed an HFD for 6 weeks and then treated with EGCG
(20 mg/kg, i.p.) or DMSO for 6 weeks while kept on HFD (n=5). Antioxidant

combination treatment (catechin 50 mg/kg + phloretin 10 mg/kg) was injected i.p. twice

129



weekly for 3 weeks. Mouse body weight was monitored weekly, and body composition

was determined using EchoMRI-100™ from the Echo Medical System (Houston, TX).

Glucose Tolerance Test (GTT), Insulin Tolerance Test (ITT), and Determination of
Insulin Resistance. Mice were fasted for 6 h and received an i.p injection of glucose (1
o/kg) dissolved in saline. The blood glucose level was examined at time 0O, 30, 60, and
120 min using a glucometer. For ITT, mice were fasted for 4 h and injected i.p. with
insulin (0.75 U/kg). The blood glucose level was determined using the same schedule as
GTT. Serum concentrations of insulin were determined by ELISA, following the
procedure provided by the supplier of the insulin analysis kit. Insulin resistance was
determined using the formula: [fasting insulin (ng/ml) x fasting blood glucose

(mg/dl)/405] (15).

Histochemical Analysis by Hematoxylin and Eosin (H& E) Staining. Liver and epididymal
white adipose tissues were collected from sacrificed animals and fixed in 10% neutral
buffered formalin. Next, tissues were dehydrated, fixed in paraffin, sectioned at 6 pm in
thickness, and stained with H&E, following the manufacturer’s instructions. Tissue
sections were examined and photo images were taken under an optical microscope using

the NIS-Elements imaging software from Nikon Instruments Inc. (Melville, NY).

Oil-Red O Saining. Fresh liver samples were collected and frozen at -80°C immediately

after mice were euthanized. Frozen sections were made using a Leica Cryostat at a

thickness of 8 pm and fixed with 10% formalin for 30 min. The fixed sections were
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rinsed with 60% isopropanol, stained with freshly prepared Oil-Red O solution for 15
min, and dipped 5 times in hematoxylin. The stained sections were examined under the

optical microscope and images were taken.

Determination of Serum Insulin and Lipid Level. Mice were starved for 6 h and blood
samples were collected from the heart after euthanasia. Insulin levels were measured
using ELISA, according to the manufacturer’s instructions. Serum concentrations of
triglycerides, FFA, and total cholesterol were determined using the procedure provided

by the supplier of the lipid analysis kits.

Satistical Analysis. Statistical analysis was conducted by unpaired t-test or one-way
anaysis of variance (ANOVA) followed by multiple comparisons test. A value of
P<0.05 was considered significantly different. Each data point represents the mean *

standard deviation (SD) or standard error of the mean (SEM).

Results

Catechin and EGCG Protected Mice from HFD-induced Weight Gain.

Results in Figure 4.1 show that catechin and EGCG block body weight gain of animals
fed an HFD for 12 weeks. Compared to the control animals injected with DMSO, the
carrier solution, the body weights of catechin- and EGCG-treated animals were 35.7 + 3.5
g and 35.8 £ 5.1 g, respectively, compared to 45.2 + 3.1 g for the control (Fig. 4.1d). The
size difference between treated and control mice can also be detected with the naked eye

(Fig.4.1c). Body composition analysis showed that catechin and EGCG blocked HFD-
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induced increase in fat mass (Fig. 4.1€) without affecting lean mass (Fig. 4.1f). Catechin
and EGCG had no effect on food intake during the 12-week feeding of HFD (data not

shown).

Catechin and EGCG Treatment Reduces Lipid Accumulation in WAT and BAT.

Histological examinations of white adipose tissue (WAT) and brown adipose tissue
(BAT) confirmed lower lipid accumulation in adipocytes of catechin- and EGCG-treated
animals (Fig. 4.2a). The average diameters of adipocytes in treated animals were
73.1£22.3 pm and 81.9+23.1 um, respectively, around 35% smaller than that of control
animals (118.3+24.5 um) (Figs. 4.2a, b). Moreover, EGCG-treated mice had no crown-
like structuresin WAT, compared to control. However, less fat accumulation in BAT was
observed in both catechin- and EGCG-treated animals suggested by the lower density of
vacuole structures (Fig. 4.2a, lower panel). These results suggest that catechin and

EGCG suppress lipid accumulation in adipose tissues.

Catechin and EGCG Blocks HFD-induced Fatty Liver without Sgnificant Impact on TC
and FFA.

Oil-red O staining was performed on liver samples from treated and control mice.
Resultsin Figure 4.3 show that catechin and EGCG protected mice from fatty liver after
12 weeks of feeding mice with HFD, whereas significant fatty liver was observed in
control mice, shown as the more lipid-soluble red dye in liver cells (Fig. 4.3a). However,
serum analysis of total cholesterol (TC) and fatty acids (FA) did not show a statistical

difference (Fig. 4.3b-c), athough catechin significantly reduced serum triglycerides
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(TG), by 47% (1.7+0.2 vs. 3.2 +1 mmol/L) (Fig. 4.3d). Taken together, these results
indicate that catechin and EGCG block hepatic lipid accumulation and catechin lowers

serum TG.

Catechin and EGCG Prevented Diet-induced Insulin Resistance and Hyperinsulinemia.

The effects of catechin and EGCG treatment on glucose and insulin homeostasis were
examined, and the results are shown in Figure 4.4. The fasting blood glucose level (Fig.
4.4a) was significantly lower in EGCG-injected mice than in control (192+45 mg/dl vs.
249+15 mg/dl). Moreover, catechin and EGCG blocked HFD-induced hyperinsulinemia
compared with control mice (4+1.5 and 2.9+0.5 vs. 8.7+3.2 ng/ml, respectively) (Fig.
4.4b). To evauate the impact of catechin and EGCG on HFD-induced glucose
intolerance, the glucose tolerance test showed a little improvement of glucose profile
(Fig. 4.4c), without a significant difference in the area under the curve (Fig. 4.4d).
However, the insulin tolerance test (ITT) and the homeostasis model assessment-
estimated insulin resistance (HOMA-IR) demonstrated a reduction in insulin resistance
(Fig. 4.4e-f). Furthermore, catechin- and EGCG-treated mice had significantly lower
HOMA-IR (Fig. 4.4h). These data suggest that catechin and EGCG prevent diet-induced

hyperinsulinemia and insulin resistance.

EGCG Treatment Did Not Induce Weight Loss in Obese Mice but Sightly Alleviated
Insulin Resistance.
The results collected so far support the notion that antioxidants such as catechin and

EGCG can block HFD-induced obesity, obesity-associated fatty liver, and insulin
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resistance. These preventive effects are likely due to blockage of inflammation and
macrophage infiltration into adipose tissue. We then asked if an individual antioxidant or
in combination can reverse obesity. We selected EGCG because it is more potent than
catechin and it showed better beneficial results against HFD-induced fatty liver and
hyperglycemia. Obese mice were generated by HFD feeding for 6 weeks to develop
obesity-related metabolic complications. Mice were treated twice weekly with EGCG
(20 mg/kg) or DMSO for 6 weeks, and body weight and fat mass were monitored every
week. The results show that there was no difference in body weight and composition
(Figs. 4.5a-d). There was a reduction in adipocyte size and crown-like structures (CLS)
(Fig. 4.6), without any significant change in hepatic levels, serum lipids, fasting glucose,
and insulin (Figs. 4.7, 4.8a-b). In contrast, EGCG-treated mice had better response to
insulin, judging by the lower glucose profile in ITT, which was confirmed by measuring
the area under the curve. These results demonstrate that EGCG treatment reduced

adipocytes and improved diet-induced insulin resistance.

Antioxidant Combination Did Not Reverse Obesity.

Obesity is a preventable disease, as we have shown earlier, in previous chapters (2 and 3)
and with catechin and EGCG in this chapter. However, obesity is till a challenge that a
lone antioxidant (i.e., EGCG or phloretin) was not able to reverse. Here, we use an
antioxidant combination [phloretin (10 mg/kg) / catechin (50 mg/kg)] and treated mice
with twice-weekly i.p. injections for 3 weeks. The results showed that antioxidant
combination did not induce any significant change in body weight, body composition, or

the food intake of the obese mice (Fig. 4.9a-c).
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Discussion

In the current study, we examined the preventive effect of the antioxidants
catechin and EGCG against HFD-induced obesity, fatty liver, and insulin resistance. We
also investigated the ability of an antioxidant alone (EGCG) or in combination (catechin
plus phloretin) to induce weight loss in obese mice. The results show that catechin or
EGCG was able to protect mice from HFD-induced weight gain and aleviate its
complications manifesting as fatty liver and insulin resistance (Figs. 4.1-4). Moreover,
catechin and EGCG improved insulin resistance of obese mice. However, neither
antioxidant treatment alone (Fig. 4.5) nor in combination (Fig. 4.9) induced weight loss
of obese mice.

Earlier studies have shown the beneficial effects of catechins (11, 16-18). Murase
et al. (11) have shown that feeding mice for 11 months with catechin-rich extract 0.5%
(w/w) (including catechin and EGCG) suppressed HFD-induced weight gain and lipid
accumulation. EGCG content is higher than catechin in green tea extract (18). Feeding
animals with EGCG for short terms (4 weeks) or long terms (16 weeks) alleviated diet-
induced obesity (16, 17). The proposed anti-obesity mechanisms of EGCG are:
increasing energy expenditure, enhancing fat oxidation, decreasing nutrient absorption,
suppressing appetite, and reducing inflammation (17, 18). In our preventative and
treatment studies, we have focused on antioxidants for inflammation inhibition. Our
preventative results were in agreement with the previous studies despite different doses,
route of administration, and treatment period. We confirmed the preventative activity of
catechin and EGCG before conducting the treatment experiment to induce weight loss

with EGCG. Our treatment study shows that EGCG was not able to reduce the body
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weight of obese mice (Fig. 4.5). In contrast, Friedrich and colleagues reported that an
acute dose of EGCG (1% wi/w) reduced body weight within 4 days of feeding HFD (14),
which cannot be seen with the lower dose (0.5% w/w). The same lower dose was
effective in another prevention study (16) but not in the treatment, similar to our
observation with dosage of EGCG, which suggests a different strategy to treat obesity
either by increasing the antioxidant dose or by using an antioxidant combination. We
tried the antioxidant combination of catechin and phloretin, and it was not strong enough
to induce body weight loss (Fig. 4.9). Additional mechanisms, such as suppressing
appetite and/or causing energy expenditure, are required.

Fatty liver is tightly associated with obesity. Our lab and others have shown that
obesity prevention is related to fatty liver prevention (11, 17, 19, 20) (Figs. 4.1-3).
However, not all antioxidants are equal in their ability to reverse fatty liver of obese
mice. For instance, we have shown (Chapter 2) (21) that phloretin was able to alleviate
hepatic steatosis due to up-regulation of fatty acid oxidation-responsible genes and down-
regulation of de novo lipogenesis genes. In the current study, EGCG was not able to
reverse fatty liver in the obese mice (Fig. 4.7). However, Bruno et al. (12) have shown
an improvement of fatty liver in leptin-deficient (ob/ob) mice. This observation variance
could be due to differencesin the model or the different doses.

The activity of antioxidants in improving glucose homeostasis and insulin
sensitivity has been reported in several animal studies (11, 17, 21). We have presented in
this study that catechin and EGCG significantly reduced insulin levels and insulin
resistance (HOMA-IR) (Fig. 4.4). Further, EGCG was able to reduce fasting blood

glucose levelsin lean (Fig. 4.4a) but not in obese mice (Fig. 4.8a). This observation can
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be explaned by higher hepatic lipid accumulation (Fig. 4.7a vs. 4.3a) and
proinflammatory macrophage infiltration in adipose tissue (Fig. 4.6 vs. 4.2), which play a
crucial rolein insulin resistance (10).

In conclusion, the data presented show that antioxidants are effective in obesity
prevention and treatment of its complications, while neither one antioxidant alone nor an
antioxidant combination reduced body weight. These results suggest that antioxidants are
good candidates for protection against obesity and to alleviate obesity-associated insulin

resistance.
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Figure 4.1. Catechin and EGCG inhibit body weight gain in mice fed an HFD.
Seven-week-old C57BL/6 male mice were fed an HFD and injected i.p. twice weekly
with catechin (34 mg/kg), EGCG (20 mg/kg), or vehicle (DMSO) for 12 weeks. (a)
chemical structure of catechin; (b) chemical structure of EGCG; (c) mice pictures at the
end of the experiment, scale bar: 1 cm; (d) growth curve; (e) fat mass; and (f) lean mass.

Values represent mean + SEM, * p < 0.05 (n=5).
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Figure 4.2. Impacts of catechin and EGCG treatment on adipose tissues of animals.
Mice were fed an HFD continuously for 12 weeks, where animals were injected i.p. twice
weekly with catechin (34 mg/kg), EGCG (20 mg/kg), or vehicle (DMSO) for the entire
12 weeks. Adipose tissues were collected after mice were sacrificed at the end of
experiments (n=4). (a) H&E staining of epididymal fat pads (WAT) and brown adipose
tissue (BAT), black arrows indicate crown-like structures (CLS), scale bar: 100 um; (b)
average diameter of adipocytesin of epididymal WAT; Vaues are mean £ SD. *p < 0.05,

** p < 0.01. (n=5)
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Figure 4.3. Catechin and EGCG suppressed HFD-induced hepatic lipid
accumulation. Mice were sacrificed at the end of week 12. (a) Photo images of Oil-Red
O staining of liver sections were photographed at X100 magnification, scale bars: 100
pm; (b) serum level of total cholesterol; (d) FFA; and (e) triglycerides. Each data point

represents mean £ SEM, *p < 0.05 (n=5).
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Figure 4.4. Catechin and EGCG improved hyperinsulinemia and insulin resistance

in HFD-fed mice. (a) Fasting glucose level; (b) fasting serum insulin concentration. (c)

Profile of serum glucose concentration after i.p. glucose injection (1 g/kg); (d) area under

the curve of glucose tolerance test; (e) time-dependent glucose concentration in blood

after i.p. insulin injection (0.75 U/kg); (f) area under the curve of insulin tolerance test

(ITT); (g) ITT represented by percentage decrease of initia glucose value; and (h)

homeostasis model assessment-estimated insulin resistance (HOMA-IR). Each data point

symbolizes mean = SEM, * p < 0.05 (n=4-5).

141



o]
(2]
=
(a]
]
O
[O)
w
Body Weight Fat Mass Lean Mass
60~ 25+ 301
-e- DMSO ‘
_ 50 ‘
3 -=- EGCG . 2 ‘ 5 25
= 401 G 2
£
2 o 159 2
2 304 < g 204
s Z 0 £
204 3 g
- 154
104 &1
™ T T T T T T T T T T T TrrrrTr7rTT  rrrTrTr T T T T
12 3 456 7 8 9 1011 12 123 456 7 8 9101112 12 3 456 7 8 9101 12
Time (Weeks) Time (Weeks) Time (Weeks)

Figure 4.5. EGCG did not induce weight loss in obese mice. Mice were fed an HFD
for 6 weeks and developed obesity, followed by 6 weeks of twice-weekly i.p. injection of
EGCG while continuing an HFD. (a) Mice pictured at the end of the experiment; (b)
growth curve, arrow indicates starting of EGCG treatment (n=5); (c) fat mass; and (d)

lean mass. Values represent mean + SEM, * p < 0.05 (n=5).
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Figure 4.6. Impacts of EGCG treatment on adipose tissues of animals. Mice were
fed an HFD continuously for 12 weeks, where were animals injected i.p. twice weekly
with EGCG (20 mg/kg) or vehicle (DMSO) from week 6 until week 12. Mice were
euthanized at the end of experiments and adipose tissues were collected. (a) H&E
staining of epididymal WAT and BAT, black arrows indicate crown-like structures
(CLS), scale bar: 100 um; (b) average diameter of adipocytes in of epididymal WAT.

Vauesare mean £ SD. *p < 0.05, ** p<0.01. (n=5)
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Figure 4.7. EGCG failed to restore HFD-induced fatty liver in obese mice. EGCG
treatment started at the 6™ week for 6 weeks, and mice were sacrificed at the end of week
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Figure 4.8. EGCG dlightly improved insulin sensitivity in obese mice. Mice were fed
an HFD for 6 weeks and developed obesity, followed by 6 weeks of twice weekly i.p.
injection of EGCG when continuing on an HFD. (a) Fasting glucose level; (b) fasting
serum insulin concentration; (c) Insulin tolerance test (ITT) after i.p. insulin injection
(0.75 U/kg); and (d) area under the curve of ITT. Each data point represents mean +

SEM, * p < 0.05 (n=4-5).
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Figure 4.9. Antioxidant combination treatment study. Obese C57BL/6 male mice
were fed an HFD and injected with i.p. twice weekly with a combined dose of phloretin
(10 mg/kg) / catechin (50 mg/kg) or DM SO for 3 weeks. (a) Growth curve; (b) average
food intake; (c) body composition at week 3. All values represent mean + SEM *p <

0.05 (N=3-4).
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CHAPTER 5
CONCLUSION AND FUTURE PERSPECTIVES

While obesity has been heavily researched for decades, the prevalence of obesity
continues to increase (1, 2). A newly released health report by the Centers for Disease
Control and Prevention (CDC) reveals that obesity prevalence in the US increased from
37.7% in 2013-2014 to 39.6% in 2015-2016 (3). Public hedlth efforts have been made to
encourage physical activity in the community and to raise awareness regarding the
correlation between obesity and many diseases (4). Recent studies have shown the great
need to take action against obesity as similar in urgency to the treatment of human
immunodeficiency virus infection and immune deficiency syndrome (5).

Obesity has been linked to oxidative stress and low-grade chronic inflammation
(6, 7). Strategies to eliminate oxidative stress and inflammation have been explored as a
means to manage obesity. In my dissertation studies, | have systematically examined the
effects of antioxidants on animals subjected to devel oping obesity. These studies focused
on preventing HFD-induced obesity, according to a philosophy reflected by a famous
guote from Benjamin Franklin: “An ounce of prevention is worth a pound of cure” (8).
Obesity prevention is a cost-effective approach with long-term benefits in decreasing
obesity prevalence.

Among the 5 compounds tested, phloretin, benzyl isothiocyanate [BITC], and S
carvone, which exist in dietary fruits or vegetables, showed activity in suppressing HFD-

induced weight gain and other metabolic complications. These results are in full
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agreement with previous studies showing that plants or seeds containing these
compounds tend to inhibit weight gain. One finding resulting from my work is that these
compounds do not affect appetite or food intake. Mechanistic studies showed that these
compounds are able to suppress expression of inflammatory genes in adipose tissues such
as F4/80, Cd68, Cdllb, Cdlic, Mcpl, Ccr2, and Tnf-a. Future work is needed to
demonstrate the impacts of antioxidants on reducing the actual level of ROS not only in
adipose tissues but also in other organs that play an important role in energy metabolism.

Treating obesity with antioxidants such as phloretin or epigallocatechin gallate
did not show a body weight reduction in obese mice, though fatty liver and/or insulin
resistance were improved (Chapter 2 and Chapter 4). Future work should focus on
whether these antioxidants bring about other beneficial effects. The results from my work
also indicate that body weight loss may require enhanced lipolysis, increased energy
expenditure, and reduction of energy intake. The possibility of using leptin sensitizers to
achieve weight loss may represent a new research area (9) and deserves more attention.

ROS are the main cause of low-grade chronic inflammation which, consequently,
contributes to ROS once developed. Obesity and associated fatty liver and insulin
resistance were blocked in the prevention study (10, 11), whereas only obesity
complications were alleviated in the treatment study, without reversal of high-fat diet-
induced obesity (10). Future studies need to determine whether ROS levels in various
specific organs are different upon antioxidant treatment.

The diet-induced obesity model employed in my dissertation study is commonly
used to study obesity and obesity-associated complications (12, 13). While fatty liver,

insulin resistance, and hyperglycemia were observed in the study, other obesity-
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associated complications such as hyperlipidemia did not develop within 8-12 weeks of
HFD feeding. It is possible that a longer period is needed for animas to develop
hyperlipidemia, or aternatively, that cholesterol (0.2%) should be included in HFD to
regulate lipid metabolism. Another future direction is to establish the relationship
between ROS production and the content of the diets employed.

Reduction/oxidation (redox) homeostasis plays a crucial role in maintaining
normal physiological functions. ROS overproduction leads to oxidative stress, while
antioxidant overdose generates reductive stress. Redox homeostasis is controlled mainly
by the 2GSH/GSSG ratio. In reductive stress, GSSG decreases and, consequently,
reduces protein content disulfides. These thiol groups are important for many ROS-
dependent signaling proteins, such as AP-1 and NF-xB transcriptional factors, protein
tyrosine phosphatases, Src kinases, MAP kinases (JNK and p38), and insulin receptor
kinase (14). Thus, excessive antioxidant activity can transform oxidative stress into
reductive stress and lead to protein dysfunction or proteotoxicity (15). Villanueva and
Kross (16) suggested several factors that contribute to stress due to antioxidants,
including antioxidant redox potential, antioxidant concentration, the presence of another
antioxidant or transition metals, and endogenous antioxidant activity and concentration.
Reductive stress can further trigger ROS production in the mitochondrial respiratory
chain as negative feedback through dihydroxyacetone phosphate reduction and glycerol-3
phosphate (G3P) production (17, 18). Future studies should pay close attention to the
redox balance to avoid any toxicity caused by antioxidants.

Some antioxidants might have “off-target” effects due to their function as

independent transcriptional factors or as estrogen-like phytochemicals (19, 20). Estrogen
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pathway activation has shown beneficial effects on glucose homeostasis (21), leptin
regulation (22), energy balance (23), fatty liver amelioration (24), and energy expenditure
(25). Consequently, choosing the right antioxidant is important in order to take advantage
of its clearly defined mechanism of action.

The effects of antioxidants have been clearly demonstrated in animal but not in
human studies. The major reason for such a discrepancy may lie in the differences of the
objectives of the studies and the type of subjects involved. Compared to animal studies,
in which antioxidants have commonly been studied for their activities in preventing
obesity and improving metabolic homeostasis, clinical studies tend to focus on
demonstrating the therapeutic benefits to obese patients or patients with metabolic
diseases such as diabetes, cardiovascular diseases, hyperlipidemia or hypertension. With
the exception of three studies available in the literature showing a slight reduction in
body weight (1.9-4.5 kg, 1.8% - 5.8%) (26-28), no clinical studies have demonstrated the
positive influence of antioxidants on reducing body weight for obese patients with or
without metabolic diseases. Future human studies should consider the benefits of
antioxidants in preventing obesity and obesity-associated diseases. In addition,
population, experimental design, carbohydrate/fat ratio in diet, antioxidant dose and
frequency, treatment duration, and, more importantly, treatment starting point are all
important factors to be considered and paid close attention. While most of the discussed
human studies focused on obesity treatment, there is still hope for upcoming studies to

show the impact of antioxidants on obesity prevention.
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