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CHAPTER I 

INTRODUCTION, OVERVIEW AND RESEARCH OBJECTIVE 

Obesity is a common disease that is rapidly increasing throughout the US and the 

world with approximately 36.5% of American adults having obesity [1]. It is 

characterized by excessive lipid accumulation that leads to low-grade systemic 

inflammation and metabolic complications like metabolic syndrome, diabetes, liver 

disease, heart disease, and hypertension [2-5]. Several factors can lead to obesity 

including excessive intake of calories [6], environmental factors [7], and genetics [8]. 

Many treatments exist for obesity including caloric restrictions, gene therapy, and 

pharmaceuticals, our focus will be on the use of bioactive compounds that can be used 

as nutraceuticals  for the prevention of obesity or the reduction of complications 

associated with obesity [9].  These complications include insulin resistance, adipocyte 

hypertrophy and hyperplasia, hepatic steatosis, a decrease in anti-inflammatory 

adiponectin and interleukin-10 (IL-10), while increasing the secretion of pro-

inflammatory cytokines like Interleukin-6 (IL-6), Tumor Necrosis Factor-Alpha (TNF-a), 

and Monocyte Chemotactic Protein-1 (MCP-1) by specific pathways including the 

Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells (NF-kB) and c-Jun/c-Fos 

[10, 11]. Both of these pathways have been extensively studied and are commonly 

associated with inflammation that is seen in patients with obesity  [12, 13]. Therefore, 

with an increasing epidemic of obesity comes an increase in treatment options. 
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Many bioactive compounds have anti-inflammatory properties that could reduce 

some of the adverse effects of obesity and decrease further metabolic complications 

[14]. Our study focuses on the uses of delta-tocotrienol (dT3), an isoform of Vitamin E, 

to exam its effects in reducing inflammation associated with obesity in in vivo and in 

vitro models. Vitamin E is comprised of two subclasses of biologically active compounds 

called tocotrienols (T3’s) and tocopherols (TOH’s) [14, 15]. Each subclass is comprised of 

four isoforms known as alpha, beta, gamma, and delta (a, b, g, d) [16, 17]. T3’s and 

TOH’s are very similar in structure, however T3’s are more unsaturated in that they have 

three double bonds in their farnesyl isoprenoid tail [14, 18, 19].  

While tocopherols have been previously studied for their anti-inflammatory and 

anti-oxidant properties, specific isoforms of T3’s have not [20]. There have been 

previous studies looking into the anti-inflammatory and anti-oxidant properties of a and 

g-T3 combinations and T3 rich fractions (TRF), which contain all isoforms of T3’s and 

some a-TOH [21, 22]. Currently, it is known that TOH’s and T3s, in tocotrienol rich 

fractions, have anti-oxidant and anti-inflammatory properties. However, the mechanism 

behind which T3s reduce inflammation is not known. Therefore, our research objective 

is to identify dT3’s effects at reducing adiposity and inflammation in high-fat (HF) fed 

mice to mimic an obesity model and to determine the mechanism by which dT3 is 

reducing inflammation in an in vitro model. Hence, we first hypothesize that dT3 will 

reduce obesity-associated inflammation, insulin resistance, and hepatic steatosis in 
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high-fat fed mice as shown in (Aim 1). Secondly, we hypothesize that dT3 reduces 

inflammation in adipocytes by inhibiting the NF-kB and/or c-jun/c-Fos pathway (Aim 2).  



 Texas Tech University, London Mena, May 2018 

 4 

 
CHAPTER II 

LITERATURE REVIEW 

a. Introduction to Obesity and its associated metabolic disorders  

Obesity is a disease that is increasing at epidemic proportions throughout the 

United States (US) with 36.5% of adults suffering from obesity and over 70% of adults 

are either overweight or obese [1, 23]. In 2014, the World Health Organization 

described 1.9 billion (39%) people to be overweight and 600 million suffering from 

obesity (13%) worldwide [24]. In 2008, the medical burden in the US for obesity was 

$147 billion and those with obesity had medical costs $1,429 higher than those of 

normal weight with these numbers expected to rise each year [25]. Currently in the US, 

obesity affects certain populations and ages more than others with Non-Hispanic Blacks 

having the highest rate of obesity (48.1%) and Non-Hispanic Asians having the lowest 

rate (11.7%) [23]. Additionally, middle aged adults between 40 – 59 have the highest 

prevalence of obesity (40.2%) and younger adults 20 – 39 have the lowest prevalence 

(32.3%) [23]. Among these, men who have higher incomes were more likely to be 

overweight or obese than those of low income [26]. In contrast, women with higher 

incomes were less likely to have obesity than their counterparts with low incomes [26]. 

Furthermore, women with higher levels of education were less likely to suffer from 

obesity than those with a high school degree or less [26]. Among men, there was no 

significant relationship between obesity and education [26]. 
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Obesity is classified as having excessive fat accumulation with a body mass index 

(BMI) greater than 30 and overweight is classified being greater than 25 BMI [27]. BMI is 

measured by taking a person’s weight, in kilograms, divided by their height, in meters, 

squared (weight/height2) to provide us with a crude measurement of obesity [27]. 

Obesity can lead to other metabolic complications including type 2 diabetes, 

hypertension, impaired glucose tolerance, hepatic steatosis, arthritis and sleep apnea 

[28-30]. One of the primary complications of obesity is the development of metabolic 

syndrome which consists of insulin resistance, type 2 diabetes, dyslipidemia, 

hypertension, a pro-inflammatory state, and cardiovascular disease [28-30]. 

Additionally, clinicians diagnose patients with metabolic syndrome when they have at 

least three of the five following symptoms: a waist circumference greater than 102 cm 

in men and 88 cm in woman, serum triglycerides greater than 150 mg/dL, high density 

lipoprotein (HDL) less than 40 mg/dL in men and 50 mg/dL in women, serum glucose at 

least 110 mg/dL, and blood pressure greater than 130/85 mm Hg [31]. The prevalence 

of metabolic syndrome in the US has dramatically increased over the years to 35.2% 

among men and women [32]. With obesity prevalence increasing, the prevalence of 

metabolic syndrome is also increasing. Metabolic syndrome can be classified as a 

clustering of metabolic complications of obesity [33].  

Type II diabetes (T2D) is one of the most common complications that arises from 

obesity and is maintainable with proper medications like metformin. One possible 

reason that T2D is commonly associated with obesity could be because both are 

associated with insulin resistance [34, 35]. Insulin sensitivity fluctuations can be seen 
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throughout different stages of life including pregnancy, puberty, and with aging in 

general, whereas, increasing carbohydrate and caloric intake and sedentary lifestyle 

reduces insulin sensitivity [36-40]. Obesity, the most crucial factor in the prevalence and 

emergence of metabolic diseases, is characterized as an excess of lipids that primarily 

accumulates in adipose tissue but can also accumulate in other tissues like liver.  The 

primary form of lipids that accumulates in adipose tissue during obesity are triglycerides 

[41]. Fatty acids and triacylglycerols can originate from several sources including: 

triacylglycerol stores, de novo lipogenesis, and plasma non-esterified fatty acids (NEFAs) 

or free fatty acids (FFAs) released by adipose tissue during lipolysis [41]. The source of 

fatty acids and triacylglycerols depends on the nutritional status and energy balance of 

each individual. Fatty acids and triacylglycerols may also be used in different ways 

especially when they are found to be in excess as is seen with obesity. For example, 

triacylglycerols may accumulate in hepatocytes while only oxidized NEFA will 

accumulate [41]. When there is excess lipids stored in adipose tissue it is then released 

in the form of NEFA and can cause other chemicals to be released like glycerol, 

hormones like adiponectin and leptin, and pro-inflammatory cytokines [33, 42-44]. 

NEFA’s may be the most crucial factor in modulating insulin resistance, and one study 

found that within hours of excess NEFA’s in the plasma, insulin resistance will start to 

develop, and insulin sensitivity will return with treatment of an anti-lipolytic agent that 

reduces plasma NEFA concentration [45, 46]. Increasing the plasma’s concentration of 

NEFA’s overloads the body’s liver and muscle which lends to insulin resistance [33]. 

During lipolysis, hormone sensitive lipase (HSL) will travel to the storage site of 
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triglycerides in the adipocyte and break the bond between the glycerol backbone and 

the three fatty acids [47]. This glycerol can then be used in gluconeogenesis to form 

glucose which will be used during glycolysis to further go into the Krebs cycle for the 

production of energy [48]. The NEFAs will bind to albumin when released from the 

adipocyte where they will travel through the bloodstream until they reach their target 

destination, usually the liver or muscles, where they will readily diffuse into the cytosol 

or will be taken up by liver transporters like fatty acid transport protein (FATP), fatty 

acid translocase (FAT), and cluster of differentiation 36 (CD36) [41, 48]. Once NEFA’s are 

inside the hepatocytes, they are covalently attached by fatty acid binding protein (FABP) 

or acetyl-CoA synthetases (ACS) [41]. Once bound, these NEFAs and fatty acyl-coenzyme 

A’s (fatty acyl-CoA) are transported to intracellular compartments in hepatocytes for 

metabolism, like the mitochondria, or transported to the nucleus for interactions with 

transcription factors [41]. With obesity, even though excess fatty acids are being taken 

up by the liver, de novo lipogenesis is still occurring. In humans, de novo lipogenesis 

primarily occurs in the liver and is the process where a glucose or acetate goes through 

a series of decarboxylative condensation reactions. The common equation for this is 

Acetyl-CoA + 7 Malonyl-CoA + 14 NADPH + 14 H+ à palmitic acid + 7 CO2 + 8 CoA + 14 

NADP+ + 6 H2O. One key enzyme in this process is fatty acid synthase (FASN) which 

catalyzes the entire pathway of palmitate synthesis [49]. FASN is regulated by hormones 

like insulin and glucagon, and by the nutritional state of carbohydrates and 

polyunsaturated fatty acids in liver and adipocytes [50-52]. Insulin and substrates like 

citrate will activate FASN whereas glucagon will inhibit FASN [41]. Additionally, FASN is 
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largely regulated by fatty acid concentration which will lower FASN activity when fatty 

acid concentrations are higher [53, 54]. Fatty acids and insulin will regulate lipogenic 

genes via mediation by transcription factors like sterol regulatory element binding 

proteins (SREBPs) and by liver X receptors (LXRs) [55, 56]. Overexpressing SREBP1 

upregulates cholesterol synthesis and FASN genes which leads to further accumulation 

of triacylglycerols and cholesterol [41]. Furthermore, when de novo lipogenesis of fatty 

acids, cholesterol, and triacylglycerols and excess NEFAs from obesity are metabolized 

they compete with glucose for substrate oxidation which leads to inhibition of 

hexokinase II, pyruvate hydrogenase, and phosphofructokinase activity [57]. This 

increase in intracellular NEFA’s, triacylglycerols, and cholesterol decreases other fatty 

acids from being fully metabolized which leads to increases in fatty acid metabolites like 

fatty acyl-CoA and diacylglycerol (DAG) [35, 58]. These metabolites will then activate 

serine/threonine kinase cascades like phosphorylation of insulin receptor substrate-1 

and -2 (IRS-1, IRS-2) which reduces the ability of these molecules to activate 

phosphoinositide 3 kinase (PI3K) as key enzyme in the insulin pathway [58]. By these 

actions, further downstream events in the insulin signaling would be reduced leading to 

insulin resistance. 

With an increase in metabolic syndrome comes an increase in other factors 

including hepatic steatosis or non-alcoholic fatty liver disease (NAFLD). Its prevalence is 

approximately 20% worldwide with the prevalence in patients with obesity at 32% in 

males and 42% in females [59-61]. NAFLD is liver damage that is not caused by alcohol 

and can include steatosis, steatohepatitis, fibrosis, and cirrhosis [62]. The first stage of 
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NAFLD is simple fatty liver or steatosis where the fat content exceeds 5% of the total 

liver volume [60]. The second stage is non-alcoholic steatohepatitis where inflammation 

persists and leads to liver damage [60]. The third stage is fibrosis where the liver is still 

able to function but the excess fat and inflammation causes major metabolic 

complications [60]. The final form is cirrhosis where liver failure and liver cancer 

develops after years of untreated excessive fat and inflammation [60]. Typical 

uncomplicated steatosis will lead patients down a benign course, however, NAFLD’s 

complications will progress into end-stage liver disease [63-65]. Additionally, most 

patients are asymptomatic until the disease progresses into the later stages [62]. The 

most common symptom is an enlargement of the liver or hepatomegaly, but this is most 

commonly found after routine laboratory testing that are not necessarily looking for 

liver disease [62, 66]. With obesity increasing the risk for both metabolic syndrome and 

NAFLD development, researchers seek to better understand the pathophysiology behind 

this complex and vastly increasing disease. 

Obesity develops in adults for several reasons. The primary is energy imbalance, 

thought to be excessive energy consumption over energy expenditure [67, 68]. 

However, with obesity being such a complex disease, causes vary widely and include 

genetics, viruses, medications, physiologic, behavioral, social status, environmental, and 

psychological factors [67, 69, 70].  

b. Role of adipose tissue in obesity and inflammation 

i. Types of Adipose tissue  
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There are two types of adipose tissue including brown adipose tissue (BAT), and 

white adipose tissue (WAT) with WAT being the primary adipose tissue affected by 

obesity [71]. BAT primarily functions to generate heat and dissipate energy [72]. WAT is 

a form of connective tissue that forms under the skin and around organs to provide a 

layer of insulation to help regulate body temperature and to protect the body’s primary 

organs [71]. It exists in several regions of the body, and can be divided into two 

subcategories: subcutaneous and visceral adipose depots [73]. The subcutaneous WAT 

can be located below the skin in the abdominal, buttock, and thigh regions of the body 

[73]. The visceral WAT can be located in the intra-abdominal region and functions to 

protect and surround vital organs [73]. Other regions of the body also contain WAT, 

including cranial and facial regions and the extremities [74]. It is the accumulation of fat 

in the visceral adipose tissue that is most commonly associated with obesity and other 

metabolic complications [74, 75]. Additionally, each depot functions differently in the 

progression and development of obesity.  

During the progression of obesity, lean adipose tissue undergoes remodeling 

such as enlargement of adipocytes and changes in number and types of other cells 

within the fat tissue, to phenotypically become an “obese” adipose tissue [75, 76]. 

“Obese” adipose tissue represents an increase in adipocyte hypertrophy, the 

enlargement of cells, and adipocyte hyperplasia, an increase in the number of cells. 

Further, it is characterized by adipose tissue dysregulation which will lead to a chronic 

low-grade inflammation [77]. This inflammation is partially attributed to an increase in 

the infiltration of macrophages. Among macrophages, there are two that are most 
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commonly associated with obesity. The first being M1, or classically activated, and the 

second being M2, or alternatively activated [78, 79]. M1 macrophages typically secrete 

higher levels of pro-inflammatory cytokines like IL-6, MCP-1, and TNF-a, which 

intensifies chronic low-grade inflammation in adipose tissue [78, 79]. M2 macrophages 

typically secrete anti-inflammatory cytokines like IL-10. With adipose tissue 

dysregulation associated with obesity, there is a significant increase in the ratio of M1 to 

M2 macrophages. Therefore, with less anti-inflammatory cytokines and more pro-

inflammatory cytokines, adipose tissue will develop the chronic low-grade inflammation 

commonly seen with obesity. 

ii. Adipose tissue development (adipogenesis)  

WATs main function is to store excessive energy in the form of triglycerides in 

lipid droplets within the cytoplasm [80, 81]. These triglycerides can be readily 

metabolized to provide adipose tissue and other cells with energy during times of 

fasting [80, 81]. WAT primarily consists of lipid-laden adipocytes, the mature cells, and 

their immature form of pre-adipocytes with smaller amounts of mesenchymal stem cells 

(MSC), macrophages, fibroblasts, endothelial cells, and T cells [71, 81]. With obesity, 

these adipocytes have triglyceride overload which increases adipogenesis, hyperplasia 

and hypertrophy [81].  

Adipogenesis is the process of cellular differentiation from pre-adipocytes into 

adipocytes [82]. This process has been primarily studied in 3T3-L1 and 3T3-F442A cell 

lines to illustrate the transcriptional cascade that promotes cellular differentiation [83]. 
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These pre-adipocyte cells, which are growth arrested and post-confluent, are induced 

into differentiation using a cocktail of fetal bovine serum, dexamethasone, 

isobutylmethylxanthine, and insulin [83]. In vitro, once the cells are introduced to 

differentiation media, they go through clonal expansion and terminal differentiation [83, 

84]. However, there are advantages and disadvantages of using this model. One 

advantage in using clonal cells is that they give rise to a homogenous population that 

are at the same stage of differentiation allowing for definitive responses of treatments 

[84]. However, a disadvantage is that the molecular events that encompass 

adipogenesis in cells are not always reflective of human pre-adipocytes [84]. In vivo, 

differentiation occurs in two developmental stages where undifferentiated MSCs 

differentiate into pre-adipocytes and then they differentiate into lipid-laden adipocytes 

[71]. It is during these two stages that six processes occur to get a mesenchymal stem 

cell to an adipocyte: mesenchymal precursors, committed pre-adipocytes, growth-

arrested pre-adipocytes, mitotic clonal expansion, terminal differentiation and finally 

mature adipocytes [82]. This process involves dramatic changes in the pre-adipocyte’s 

gene expression and morphology, and heavily relies on the ability of the cells to 

communicate between themselves and their environment [71]. Studying pre-adipocyte 

differentiation is difficult because fat tissue in humans consists of 50% adipocytes and 

about 33% adipocytes in animals [85]. The remainder consists of blood vessels, nerves, 

fibroblasts and various stages of pre-adipocyte development with difficulty arising from 

trying to distinguish fibroblasts from pre-adipocytes [86].   
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In the past decades, researchers have identified many factors involved in 

adipogenesis and how this process occurs, however, some of the mechanistic details are 

still unknown [71, 82, 87]. Among what is known, there are several nuclear transcription 

factors and stimulators including proliferator-activated receptor gamma (PPARg), 

CCAAT/enhancer-binding protein alpha, beta, and delta (C/EBPa, C/EBPb, and C/EBPd), 

single transducers and activators of transcription (STATs), sterol-regulatory-element-

binding-protein-1 (SREBP1), insulin-like growth factor I (IGF-I), macrophage colony 

stimulating factor, fatty acids, prostaglandins, and glucocorticoids. [71, 88, 89]. Among 

these, PPARg is considered the most crucial regulator of adipogenesis and has hundreds 

of target genes including those that are important for lipid and glucose metabolism, 

adipokine secretion, and energy production [88]. The earliest members transcribed 

during adipogenesis are C/EBPb and C/EBPd which regulate expression of 

C/EBPa [88]. C/EBPd is initiated by glucocorticoids and by C/EBPb levels [88]. C/EBPb, 

however, is elevated by the cAMP-responsive element-binding protein (CREBP) [89]. It is 

by this knowledge that cAMP-inducing phosphodiesterase inhibitors, like 

isobutylmethylxanthine, is included in differentiation cocktails. Previous studies have 

also shown that abnormal expression of C/EBPb in non-adipogenic NIH-3T3 cells with or 

without C/EBPd stimulates PPARg expression and adipocyte differentiation [90, 91]. 

Once PPARg is expressed, C/EBPa maintains the level of expression in the mature 

adipocyte [92]. Although evidence suggests that C/EBPa is not needed for initiation of 

adipogenesis, it is crucial for terminal differentiation. C/EBPa deficient cells in cell 
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culture leads to insulin resistance and C/EBPa knockout mice are unable to develop 

mature adipocytes in WAT [92-94]. Additionally, studies have shown that 

overexpression of PPARg can rescue differentiation if C/EBP deficient cells, however, the 

reverse seems to be impossible [95]. 

iii. Adipose tissue as an endocrine organ 

It was once thought that adipose tissue’s only role was the storage of excessive 

energy intake to be used in times of fasting. However, adipose tissue has a variety of 

roles and functions including protection of organs, central player in metabolic 

communication and control, thermogenesis, regulator of satiety, and buffer to cold and 

trauma [72]. It is also now recognized as the largest endocrine organ in the body which 

controls many physiological processes including the secretion of lipids, cytokines, 

hormones and regulation of metabolic homeostasis [6, 74, 96]. Additionally, adipose 

tissues regulatory molecules, many not yet identified, control a variety of biological 

actions including glucose homeostasis, appetite, aging, insulin sensitivity, and body 

temperature [72]. One of the first discoveries in 1994 that led researchers to confirm 

the existence of adipose tissue being more than a storage site for lipids was the 

discovery of leptin [97, 98]. Leptin is a satiety hormone that is primarily secreted by 

adipose tissue and circulates in free and bound form until it is cleared by the kidneys 

[99]. In previous studies, it was found that administration of Leptin caused an increase 

in energy expenditure, inhibition of Steroyl CoA Desaturase-1 (SCD-1) in the liver, lipid 

reduction in liver by directly affecting pancreatic b cells, and fatty acid oxidation in the 
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muscle and liver by directly and indirectly activating 5’-AMP-activated protein kinase 

(AMPK) [100-104]. Leptin levels also increase in correlation with the amount of energy 

stored as fat. That is why individuals with obesity have higher levels of leptin and it only 

increases with overfeeding, whereas lean individuals have less circulating levels of leptin 

[99]. It is also synthesized in greater amounts in subcutaneous tissue compared to 

visceral tissue.  

Some of the hormones and products that WAT secretes, like leptin, are shown in 

Fig 1. There are, however, some differences between visceral and subcutaneous-
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Figure 1 - Endocrine Functions of Adipose Tissue: Some of the factors 
secreted by white adipose tissue (WAT), which show the nature of this 
endocrine organ: adiponectin, leptin, tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and free fatty acids (FFA), non-esterified fatty acids 
(NEFA), among others. M1 (red) indicate pro-inflammatory macrophages 
and M2 (green) indicate anti-inflammatory macrophages.

Figure1 – Endocrine Functions of Adipose Tissue: Some of the factors secreted by white 
adipose tissue (WAT), which show the nature of this endocrine organ: adiponectin, 
leptin, tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6),free fatty acids (FFA), and 
non-esterified fatty acids (NEFA) among others. M1 (red) indicate pro-inflammatory 
macrophages and M2 (green) indicate anti-inflammatory macrophages. 
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secreted products [105]. For example, in the subcutaneous tissue there is a higher 

expression of leptin and adiponectin, whereas, in visceral tissue there is a higher 

concentration of IL-6 [105].  

Since the discovery of leptin, several other hormones and cytokines have been 

identified that the adipose tissue secretes including adiponectin, IL-6, TNF-a, MCP-1, IL-

10, and several others [98]. Adiponectin is a protein that is mainly expressed by 

adipocytes and is in fact the most abundantly expressed gene in adipocytes and is an 

important player in the production of anti-inflammatory cytokines like IL-10 and IL-1 

receptor antagonist (IL-1RA) [106, 107]. There is also a strong negative correlation in 

humans between plasma levels and BMI, and levels are actually decreased in patients 

with obesity despite a high fat mass [108, 109]. Decreased levels of adiponectin are also 

inversely related to insulin resistance and can be seen that individuals with obesity have 

a decreased concentration of adiponectin circulating but have an increased level of 

insulin resistance which contributes greatly to the pathogenesis of NAFLD [110, 111]. 

Among some of the reasons for decreased levels, TNF-a and IL-6 play a key role in the 

concentration of adiponectin as it suppresses its transcription [112, 113]. This also 

contributes to the fact that in obesity there are higher levels of TNF-a and IL-6 

compared to their lean counterparts. In fact, treatment of adiponectin in patients with 

obesity decreased hyperglycemia, expression of sterol-regulatory-element-binding-

protein 1C (SREBP1C), a transcription factor regulating lipid synthesis mediators, free 

fatty acid levels in plasma, and increased insulin sensitivity [114]. However, weight loss 

and activation of PPARg are potent inducers of adiponectin synthesis [115, 116].  
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Additionally, it has been discovered that the endocrine function of adipose tissue 

also helps to regulate lipogenesis, production of fat, lipolysis, utilization of fat stores, 

during times of overconsumption of energy and during times of fasting or overnight. 

Both of these processes are regulated by nutrients and hormonal signals [99]. For 

example, during times of fasting or overnight the body’s glucose levels will fall which will 

stimulate lipolysis of several tissues, primarily WAT, for fatty acid release to be used my 

muscle, liver, and other organs [99].  

iv. Adipose tissue, obesity, and inflammation (Major mechanisms 

mediating inflammation: Nuclear Factor Kappa-light-chain-enhancer 

of Activated B Cells (NF-kB) pathway and c-Jun/c-Fos pathway) 

As stated before, with adipose tissue being the largest endocrine organ in the 

body comes a great increase in the levels of hormones, cytokines, and lipids that are 

secreted with increasing concentrations as adipose tissue increases in obesity. 

Additionally, as obesity progresses, and fat accumulation increases there comes a great 

infiltration of M1 macrophages as stated above both of which aids in the progression of 

the chronic low-grade inflammation that is associated with obesity. However, while 

macrophages seem to contribute the most to 50% of the TNF-a concentration, 

adipocytes contribute almost one-third of the IL-6 concentration in patients with obesity 

[117]. It is through these adipocytokines that energy homeostasis and immune cells, like 
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macrophages, are influenced throughout the body in a negative way during obesity as 

seen in Figure 2 [110].  

Inflammation is a response of the organism to harmful stimuli, including physical, 

chemical, or biological stimulus [118]. When harmful stimuli are first introduced, the 

body reacts to rid itself of these stimuli by sending in leukocytes that initiate 

macrophages and mast cells which lead to inflammatory mediators, like cytokines, being 

produced [118, 119]. Then, toxic agents and proteolytic enzymes eliminate the harmful 

substance and inflammation is reduced to allow the tissues to repair themselves [118]. 

This is done by leukocyte apoptosis and then phagocytosis by macrophages. This 

removal of dead cells is essential for resolution of inflammation [120]. By engulfing and 

removing these apoptotic cells, the phenotype of the macrophages switches from pro-
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Figure 2 - Adipose Tissue Dysregulation in Obesity: Expansion of the adipose tissue 
during obesity and adipose tissue dysregulation leads to the recruitment of pro-
inflammatory macrophages, M1, through various signals. Various mediators synthesized 
by adipocytes and resident macrophages, IL-6 and MCP-1, contributes to local and 
systemic inflammation. Additionally, obese adipose tissue also leads to non-alcoholic 
fatty liver disease (NAFLD). 
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inflammatory to anti-inflammatory and begins releasing cytokines like IL-10 [121]. If, 

however, the harmful stimuli are not eradicated, then the inflammation persists in a 

chronic condition like obesity [122]. There are several pathways that stimulates chronic 

inflammation and keep it activated, two of which will be discussed here. 

First is the Nuclear Factor Kappa-B (NF-kB) pathway. NF-kB has been considered 

a typical pro-inflammatory signaling pathway that is commonly associated with obesity 

since its discovery in 1986 [123, 124]. NF-kB is made up of five family members, p50, 

p52, p65 (RelA), c-Rel, and RelB [125]. In an inactive state, NF-kB is associated with one 

of 5 proteins, IkBa, IkBb, IkBe, p100, or p105 [125]. These proteins, specifically IkBa, 

maintain NF-kB dimers in the cytoplasm and are crucial for signal response that leads to 

mobilization of NF-kB [125]. This pathway is activated in two ways, canonical, associated 

with pro-inflammatory signals and microbial products, and non-canonical, activated by 

CD40 ligand, B cell activating factor, receptor activator of NFkB ligand, and lymphotoxin 

b [123, 124]. We will focus on the canonical activation since it is related to obesity 

associated inflammation. With canonical activation, there are three receptors, toll-like 

receptors (TLRs), interleukin-1 receptor (IL-1R), and tumor necrosis factor receptor 

(TNFR), that are activated by lipopolysaccharide (LPS), interleukin-1b (IL-1b), or TNF-

a [124]. The TLR’s represent a non-self-recognition software for germlines. However, 

some suggest that endogenous ligands could also trigger TLR’s which could promote 

inflammation in the absence of an infection [126]. The IL-1R and TNFR are both 

inflammatory receptors that are activated due to pro-inflammatory cytokines that are 
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released at higher concentrations during obesity. Once these receptors are activated, 

they will activate the IkB kinase (IKK) complex [62]. The IKK complex is made up of the 

three proteins, two IkB kinases, IKK1/IKKa, IKK2/IKKb that will form a heterodimer, and 

one non-catalytic or regulatory protein NFkB essential modulator (NEMO/IKKg) that 

mediates activation of the IKK complex [125, 127, 128]. Activation of this complex 

requires phosphorylation of T loop serine residues in at least one of the IKKa or IKKb 

subunits [125]. Once active, IKKb phosphorylates IkBa and IkBb [129]. This leads to 

polyubiquitination of the IkB complex, which targets it for proteasomal degradation 

[124]. Once degraded, the p50 and RelA subunits of NF-kB can then translocate to the 

nucleus where it can transcribe target genes including those of pro-inflammatory 

cytokines as seen in Figure 3 [124, 130].  

The second pathway that leads to the chronic low-grade inflammation 

characteristic of obesity is the c-Jun/c-Fos pathway. There are two pathways that lead to 

the transcription of c-Jun and c-Fos that then form the AP1 complex. First, the c-Fos 

pathway will be discussed. This pathway involved a family of protein kinases known as 

mitogen activated protein kinases (MAPKs). This pathway is activated by extracellular 

stimuli such as cytokines, mitogens, growth factors, hormones, and heat or oxidative 

stress binding to receptor tyrosine kinases (RTKs), g protein-coupled receptors (GPCRs), 

or epidermal growth factor receptor (EGFR) [131]. This activates son of sevenless (SOS) 

and growth-factor-receptor-bound-2 (GRB2) to stimulate Ras [132]. Once activated, this 

stimulates a variety of downstream events including the binding of Ras to Raf, a MAPK 
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kinase kinase (MAPKKK) [133, 134]. This activation leads MAPKKK to phosphorylate 

MEK1/2 (MAPKK) and then extracellular-signal-regulated kinase ½ (ERK1/2 or MAPK) on 

threonine and tyrosine residues [135, 136]. When MAPK becomes phosphorylated, it 

then becomes active to phosphorylate a variety of targets including ERK1/2 and c-Jun-

amino-terminal kinase (JNK) [137, 138]. Upon activation of ERK1/2, it then translocated 

to the nucleus by passive diffusion, active transport, or direct interaction with the 

nuclear pore complex where it can phosphorylate c-Fos (Figure 3) [131]. This will then 

lead to the transcription of pro-inflammatory cytokines when combined with c-Jun in 

the AP1 complex. The c-Jun pathway is primarily activated by cytokines, and 

environmental stress such as heat or oxidative stress [138, 139]. Specifically, cytokines 

such as TNF-a, and IL-1 lead to activation of a MAPKKK transforming growth factor-b 

activated kinase-1 (TAK1) [131]. Additionally, TLRs 3, 4 and 9 also lead to TAK1 activation 

as well as B and T cell antigen receptors (Figure 3) [140]. JNK will then be translocated 

into the nucleus where it phosphorylates c-Jun [140]. Upon phosphorylation, c-Jun will 

form a complex with c-Fos to become AP1 [141]. AP1 then binds and aids in the 

transcription of pro-inflammatory cytokines [141]. 

It is by these two pathways that have been described here that help us to 

understand the mechanisms by the low-grade inflammation associated with obesity.  

c. Effects of dietary compounds, with emphasis on vitamin E family. 

 

i. Overview of anti-inflammatory benefits of dietary compounds 
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For many years now, hundreds of different dietary bioactive compounds have 

been used to study their effects on diseases that are associated with inflammation like 

obesity and other metabolic complications [142, 143]. Today, the available anti-

inflammatory agents primarily consists of non-steroidal anti-inflammatory drugs, 

immunosuppressant drugs, glucocorticoid steroids, and biological compounds [142, 

143]. However, even with hundreds of these drugs on the market, the effects that they 
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Figure 3 - Summary of Major Inflammatory Pathways: Activation of receptor tyrosine 
kinases (RTKs) or G protein-coupled receptors (GPCRs) by various stimuli leads to the 
recruitment of Ras to recruit and activate Raf several kinases which then 
phosphorylates ERK1/2. Activated ERK1/2 is then translocated to the nucleus where it 
can transcribe c-Fos. Toll-like receptors (TLRs) and tumor necrosis factor receptor (TNFR)  
activated by various stimuli leads to activation of transforming growth factor-b 
activated kinase-1 (TAK1). TAK1 leads to MKK7 activation which will then activate c-Jun 
N-terminal kinase (JNK) to combine with c-Fos to form the AP1 complex that will then 
transcribe pro-inflammatory cytokines. In the canonical NF-κB signaling pathway LPS, 
TNFα or IL-1 activate TLRs, TNFR and IL-1R that leads to activation and phosphorylation 
of the IkBa complex. This phosphorylation of the IkBa complex is a prerequisite for its 
subsequent polyubiquitination, which in turn results in its proteasomal degradation. 
NF-κB dimers can then translocate to nucleus and activate target gene transcription of 
pro-inflammatory cytokines including IL-6,MIP2, and COX2. 
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provide are typically not enough or are inhibited by other effects. Therefore, the 

discovery of new anti-inflammatory agents from dietary bioactive compounds in 

necessary for the treatment of inflammatory diseases such as obesity. 

Throughout human history, animals and primarily plants have been used as the 

first source in remedying various diseases and illnesses in different ethnic groups [142]. 

Many traditional systems like Chinese Traditional Medicine, the Kampo system, Indian 

Ayurveda, European based plant collections and many more have evolved over the 

centuries and strive to advance their own health practices as a philosophy of life [142]. 

It is by these systems that researchers today seek to utilize their strategies of combining 

various plant forms to combat other diseases like obesity, diabetes, cardiovascular 

disease, and cancer. In the nineteenth century, awareness was brought about that one 

or more bioactive compounds within plants is responsible for the pharmacological 

actions that have been seen and that isolation of these compounds could be used for 

targeting drug treatment in various diseases [142]. Since this time, many prominent 

plant derived compounds were isolated that are still used today like morphine [142]. 

Additionally, many anti-inflammatory dietary bioactive compounds, like fish oil, 

curcumin, resveratrol, and epigallocatechin-3-gallate (EGCG), derived from plants, have 

continued to be tested in humans to determine their effects in inflammatory diseases, 

arthritis and inflammatory bowel disease, and the list continues to grow [144-147].  

Fish oil contains omega-3 and omega-6 fatty acids with omega-3 being the most 

beneficial form. Omega-3 fatty acids are polyunsaturated fatty acids that are mainly 

made up of alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and 
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docosahexaenoic acid (DHA) [148]. Omega-3’s are found to be important in many 

biological functions including blood clotting, muscle activity, digestion, cell division and 

growth, and fertility [148]. Researchers have found mixed results when it comes to 

omega-3 results on heart disease. Heart healthy diets include those rich in foods 

containing omega-3. However, supplementation of fish oils does not show to protect 

against heart disease in many studies [149]. Additional studies have found fish oils to 

help with rheumatoid arthritis, infant development as DHA is needed for brain 

development and growth, brain and eye diseases, allergies, kidney disease, lupus, 

obesity, and several other diseases [150-152]. Another common dietary supplement 

studied for its properties is curcumin. Curcumin is a lipophilic polyphenol Indian spice 

that has been used for centuries in ayurvedic medicine for treatment of inflammatory 

disorders, primarily arthritis [144]. It also exerts anti-oxidant, anti-bacterial, anti-cancer, 

and pro-apoptotic benefits that add to its beneficial properties to treat diseases [142]. 

Curcumin has been shown to inhibit NF-kB and MAPK inflammatory pathways as well as 

downregulate secretion of pro-inflammatory cytokines like TNF-a, IL-6, and MCP-1 

[153]. However, curcumins anti-inflammatory properties have only been clinically tested 

against rheumatoid arthritis, cancers, and inflammatory bowel diseases [142]. Another 

plant compound, resveratrol, is found in peanuts, grapevines, and other sources with 

anti-inflammatory, anti-oxidant, anti-cancer, anti-microbial, and chemoprotective 

beneficial effects like curcumin [145]. It also inhibits NF-kB and AP1 pathways while 

downregulating secretion of pro-inflammatory cytokines [154]. EGCG is the primary 

polyphenolic compound found in green tea and also exhibits great anti-inflammatory, 
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anti-oxidant, anti-infective, anti-cancer and chemoprotective effects [146, 155, 156]. It 

also inhibits the NF-kB and MAPK pathways while downregulating the secretion of pro-

inflammatory cytokines [157]. All three of these bioactive compounds show potent anti-

inflammatory properties and have been used greatly to study arthritis and inflammatory 

bowel diseases, however, there are not many compounds studied to treat obesity. In 

the literature there are many bioactive compounds, besides the three briefly described 

here, that exert promising anti-inflammatory properties. However, none of them have 

been found to successfully treat obesity and reduce body weight, inflammation, and its 

associated metabolic complications. Hence, we will examine the effects of Vitamin E, or 

more specifically delta-tocotrienol (dT3) at reducing obesity and its associated 

complications including inflammation and insulin resistance. 

ii. Vitamin E family with emphasis on delta tocotrienols (Biochemical 

pathway, biological effects, mechanism mediating effects on 

inflammation and obesity) 

The term ‘vitamine’ was first coined in 1912 by Casimir Funk (vital and amine, 

the amine of life), to represent those chemical amines present in micronutrient food 

components that prevented common dietary deficiency diseases [158]. However, in 

English vitamine was shortened to vitamin because it was discovered that not all 

vitamins (Vitamin C and Vitamin E) contained an amine groups [15]. Vitamin E was first 

discovered in 1922 by Herbert Evans and Katherine Bishop. They isolated it from green 

leafy vegetables an uncharacterized fat-soluble compound that was required for 
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reproduction [159]. At that point, they termed this compound tocopherol meaning to 

bear children [159]. However, Vitamin E can actually be classified into tocopherols (TOH) 

and tocotrienols (T3) with alpha, beta, gamma, and delta isoforms (a, b, g, d) for a total 

of 8 isoforms of Vitamin E [15]. In its pure form, Vitamin E is a golden/yellow viscous 

liquid that is not water soluble but will dissolve into alcohol, organic solvents, and 

vegetable oils [15]. Both TOH and T3 have the same basic chemical structure with an 

isoprenoid side chain attached at the C-2 chromane ring [15]. However, T3’s differ from 

TOH’s in that they have an unsaturated farnesyl isoprenoid side chain at C-3’, C-7’, and 

C-11’ [15]. TOH and T3 Greek letter prefixes depend on the number and position of 

methyl groups on the chromanol ring: α-isoform is 2,5,7,8-tetramethyl; β-isoform is 

2,5,8-trimethyl; γ-isoform is 2,7,8-trimethyl; and δ-isoform is 2,8-dimethyl pictured in 

Figure 4 [15].  

Tocochromanols have a lipophilic isoprenoid side chain and polar chromanol 

ring. Whereas, T3’s, with their unsaturated side chain, have the ability to penetrate into 

fatty tissues and phospholipid bilayers easier and distribute better on the cell 

membrane [160]. From 1924, TOH’s were the primary focus of Vitamin E research even 

though T3s were first discovered in 1964 and it was not until the 1980’s that researchers 

took interest in T3s [15]. Until recent research, a-TOH was regarded as the most 

prominent and bioactive isoform of Vitamin E with the most potent anti-oxidant and 

anti-inflammatory properties [15].  
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In nature, Vitamin E can be found in plant oils (like palm and rice), plants, and in 

vegetables [15]. TOH’s can typically be found in green leafy vegetables and non-green 

plant parts like fruits and seeds [15]. However, unlike TOH’s, T3s are much rarer in food 

sources and the plant kingdom but can be found in some seeds, fruits, and latex of 

rubber trees [161]. Additionally they can be found in rice bran oil, palm oil, and annatto 

seeds with annatto seeds being unique because they contain no TOH’s and only contain 

g and d isoforms of T3s [15]. A few sources of TOH’s and T3s can be found in Table 1. 

Figure 4 - Isoforms of Vitamin E: Tocopherol and Tocotrienol chemical structures are 
depicted with the position of the methyl group on the chromanol ring shown to 
differentiate the a, b, g, and d isoforms.  
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Plants & 
Fruits 

Total 
Tocos 

Tocopherol 
(µg/g)  
a 

b g d Tocotrienol 
(µg/g)  
a 

b g d 

Rubber 

Tree 

-- 5 1.1 241.6 506.3 522.4 -- 196.7 1870 

Coconut Oil 36 5 -- -- 6 5 1 19 -- 

Palm Oil 890 152 -- -- -- 205 -- 439 94 

Rice Bran 

Oil 

860 324 18 53 -- 116 -- 349 -- 

Oat 15.8 5.4 -- 3.2 -- 4.2 -- 2.1 0.9 

Black Rice 93.7 124 -- 2.5 38.6 13.8 -- 26.4 -- 

Brown Rice 26.4 4.2 -- 1.2 -- 5.6 -- 15.4 -- 

White Rice 7.4 0.7 -- 0.1 -- 0.8 -- 5.8 -- 

Annatto 94 0 0 0 0 0 0 9.4 84.6 

 

The bioavailability of Vitamin E is influenced by a variety of factors including the 

amount of Vitamin E consumed, amount of interfering nutrients consumed, Vitamin E 

metabolism, proteins involved in absorption, life style factors, gender, genetics, and 

diseases that interfere with Vitamin E absorption [162]. Today, there is still no generally 

accepted recommendation to define the adequate intake value of Vitamin E [162]. 

Table 1 – Common Sources of Tocopherols and Tocotrienols: A few common sources 
of both tocopherols and tocotrienols including rubber tree, palm oil, and annatto fruit 
all of which contain percentages of delta-tocotrienol.  
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However, there are some recommendations from specific societies like the German 

Society of Nutrition who suggests 12 mg/day for adult women and 13 – 15 mg/day for 

adult men [162]. Additionally, Vitamin E intake should correlate with the amount of 

polyunsaturated fatty acids (PUFAs) in foods as it is better absorbed with other lipophilic 

compounds [162]. For example, for every 0.5 mg of Vitamin E one should consume 1 

gram of diene fatty acid or equivalent. In the U.S. and many other countries, Vitamin E 

deficiency is almost unknown as 90% of the bodies Vitamin E is stored in adipose tissue 

and many adults contain more than enough adipose tissue [162]. 

When Vitamin E, including dT3, is initially consumed it follows the typical 

pathway of metabolism as other lipophilic molecules, which is why it requires the 

presence of other lipid rich or lipophilic foods [163]. The absorption varies from person 

to person between 20 – 80% and is lower than other fat-soluble vitamins like vitamin A 

[162-165]. First, triacylglycerols and esterified fat-soluble compounds are processed in 

the stomach by gastric lipases [165]. Once in the small intestine, pancreatic lipase, 

phospholipase A, and carboxyl esterase further digest dietary lipids [166]. With Vitamin 

E not typically being esterified in the human diet, the degradation of it is likely limited 

[165]. However, vitamin E absorption is characterized by transfer from a emulsified fat 

globule to water soluble vesicles and micelles that contain phospholipids and bile acids 

in the duodenum [162]. This step is the most fundamental and crucial step to vitamin E 

absorption as diagramed in Figure 5. Once the vitamin E is comprised into micelles, it is 

up taken by enterocytes in the intestinal lumen by passive diffusion or receptor 

mediated transport [162]. Common receptors include those used for cholesterol uptake, 
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scavenger receptor class B type 1 (SR-B1) and Niemann-Pick C1-like protein 1 (NPC1L1) 

[167]. Once inside the enterocyte, ATP-binding cassette transporters (ABC) ABCA1 efflux 

vitamin E into the lymph system for transport [168]. Currently, there is no specific 

plasma transport protein for dT3 that has been described, however, vitamin E transport 

follows that of cholesterol with lipoproteins for distribution within the liver and other 

organs and tissues [164, 169]. Primarily, under normal physiological conditions vitamin E 

is transported via chylomicrons, high density lipoproteins (HDL), low density lipoproteins 

(LDL), and very low density lipoproteins (VLDL) [170]. During transport, triglycerides in 

chylomicrons are hydrolyzed to chylomicron remnants where the vitamin E stays until it 

is up taken into the liver by LDL receptors (LDLR) and LDLR related proteins (LRP) [167, 

171, 172]. Once inside the liver, vitamin E will undergo metabolic processing and sorting 

steps, that are unknown, where it can then be added to HDL particles to be secreted to 

extrahepatic tissues like adipose tissue [162]. Even though HDL particles contain the 

lowest concentration of vitamin E, they are the most important and potent donor [169, 

173, 174]. It is then through the SR-B1 receptor that HDL particles are up taken, and 

vitamin E accumulation takes plates in specific tissues [175]. The different isoforms of 

vitamin E can also be exchanged between the different classes of lipoproteins like 

chylomicron remnants, HDL, LDL, and VLDL via plasma phospholipid transfer protein 

(PLTP) and cholester ester transfer protein (CETP) [168, 176]. Once inside the cells, 

vitamin E binds to specific transport proteins. However, the transport protein for dT3 is 

currently unknown. For dietary vitamin E which mainly consists of TOH’s, the primary 

transport protein is a-tocopherol transport protein (aTTP) which is highly expressed in 
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human hepatic cells but is also found in rat brain, lung, spleen and kidney [177-179]. 

aTTP has 100% binding affinity for aTOH and decreased binding affinity for other TOH 

isoforms and T3 isoforms [180]. Further research is needed to understand how dT3 is 

primarily transported, besides using HDL particles, from the liver to extrahepatic tissues 

like adipose tissue.  

However, what is partially known is how T3’s are metabolized in tissues. Initially, 

all isoforms of T3’s are w-hydroxylated followed by five cycles of b-oxidation with the 

final product being carboxyethylhydroxychromanols (CEHC) [181]. More research is 

required to understand the proteins involved in the metabolism of T3’s to CEHC and 

each metabolites individual function in the body. What is known is that excess CEHC’s 

are catabolized into short, intermediate, and long chain fatty acids to be excreted into 

bile acids, feces or urine (Figure 5) [162].  

Although the exact pathway that T3’s are transported in the body are not 

known, and all of the mechanisms that T3’s interact within cells is also not known, it is 

established that T3’s have many beneficial biological effects including: anti-

inflammatory [182], anti-oxidant [183], anti-proliferative [184], pro-apoptotic [185], 

cardioprotective [186], and anti-tumor properties [14]. T3s have many molecular targets 

and can be classified into two categories: those that are modulated by direct binding 

and those that are modulated indirectly from the effects of the direct binding [14, 187]. 

For example, T3s modulate 3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) 

reductase directly, whereas TOH’s do not, but inflammatory cytokines and the genes 

regulating them are modulated indirectly [14, 188].  
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Although there are approximately 100 times more a-TOH papers compared to 

all isoforms of T3’s papers, the results from T3 in vitro and in vivo experiments show 

more potent effects of T3  when compared to a-TOH. As stated before, the biological 

properties and effects of TOH’s and T3s differ dramatically [21]. Although they share 

similar anti-oxidant properties, TOH’s lack anti-inflammatory and anti-proliferative 

properties like those seen in T3’s [14, 189].  
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Figure 5 - Absorption, Transport and Metabolism of Vitamin E: The route of dT3 after 
oral intake follows in general the pathway of other lipids. Oral, stomach, pancreatic 
and intestinal enzymatic digestion followed by the circulation and distribution to the 
liver and non-hepatic tissues is the same for all vitamin E forms. Discrimination 
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In vitro, T3’s have been shown to inhibit adipocyte differentiation using 3T3-L1 

cells [190]. This was done by downregulation of key proteins involved in adipocyte 

differentiation, like PPARg and C/EBPa [190]. T3’s have also been shown to have strong 

anti-inflammatory properties. One study found that in human myeloid (KBM-5) cells, 

human lung adenocarcinoma (H1299) cells, human embryonic kidney (A293) cells, 

human breast cancer (MCF-7) cells, multiple myeloma (U266) cells, and human 

squamous cell carcinoma (SCC-4) cells treated with TRF, TNF-a induced NF-kB activation 

was suppressed by gT3 specifically [182]. This study also found that gT3 suppressed 

other mechanisms that activate NF-kB like palmitic acid, okadaic acid, LPS, EGF, and 

cigarrete smoke showing that gT3 inhibits a step in the NF-kB pathway that is common 

to all of the ligands [182]. This data was not specific to one cell line either, they found 

that even though different cell lines utilize distinct signal transduction pathways to 

activate the NF-kB pathway, gT3 still inhibited this pathway showing that it is not cell 

type specific [182, 191, 192]. By gT3 inhibiting NF-kB activation, gT3 is reducing 

inflammation in all five of the cell types tested. Another study using human colorectal 

adenocarcinoma cells (DLD-1) found that when they treated the cells with all isoforms of 

T3 there was a suppression of IL-8 expression at the mRNA level [193]. Further, they 

found that T3’s inhibited transcription factors AP1 and NF-kB [193]. Again, by T3’s 

inhibiting NF-kB they are indirectly reducing the overall inflammation in these cells. 

Another study found that when mammary adenocarcinoma cell line derived from 

BALB/c mice was treated with gT3, the activator of transcription 3 (STAT3) pathway, a 
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common pathway that leads to inflammation, was reduced with gT3 treatment [194]. 

This study also found that phosphorylation, and activation, of human epidermal growth 

factor (EGFR) receptor 3 and 4 were dramatically reduced [194]. This reduction of 

receptor tyrosine kinases can be attributed to T3’s strong anti-proliferative properties 

that cannot be seen in TOH’s. Furthermore, a study using human MCF-7 cells treated 

with EGCG, resveratrol, and gT3 found that gT3 most dramatically reduce cellular 

proliferation by more than 60% again showing T3’s strong anti-proliferative properties 

[195]. An additional study that showed T3’s anti-proliferative properties was done in 

MDA-MB-435 human breast cancer cells that were treated with aTOH and dT3 and 

found that dT3 increased expression of JNK1 and interfered with TGF-b1’s expression 

[196]. As well, Weng-Yew conducted a study with 4T1 mouse mammary cancer cells and 

HUVEC cells treated with TRF, aTOH, or dT3 and found that dT3 was most effective at 

inhibiting HUVECs cellular proliferation, followed by TRF and lastly aTOH [197]. It was 

also found that dT3 and TRF were able to interfere with vascular endothelial growth 

factor (VEGF) and inhibit cellular proliferation whereas aTOH could not do so [197]. 

In vivo, T3’s have also shown significant anti-inflammatory, anti-oxidant, and 

anti-proliferative results. In one study with male Sprague-Dawley rats treated with a 

palm tocotrienol mixture, containing all isoforms of T3’s, and nicotine, they found that 

serum IL-6 levels had been significantly reduced compared to the control and that 

serum IL-1β levels had not been changed compared to the control [198]. However, in 

the nicotine plus aTOH group, the serum IL-1 and IL-6 both increased compared to the 
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control [198]. This data not only shows that T3’s are more effective at reducing 

inflammation than TOH’s, but also shows that even in the presence of nicotine, T3’s can 

effectively reduce inflammation levels in serum. An additional study with male Wistar 

rats fed either aTOH or mixed T3’s found that T3’s were able to decrease serum IL-1 and 

IL-6 levels, however, aTOH was only able to reduce IL-6 levels but not IL-1 [199]. Even 

so, aTOH was not able to reduce serum IL-6 levels to the extent that T3’s could. T3’s 

also exert stronger anti-oxidant properties than TOH as can be seen in one study by Lee, 

et.al. They found that when they treated male Wistar rats with aTOH and a TRF that the 

TRF groups had significantly higher total anti-oxidant capacity (TAC) compared to the 

control group and aTOH [183]. They also discovered that the TRF group had much 

higher levels of superoxide dismutase (SOD), glutathione peroxidase (GPx), and 

catalyase(CAT) enzymes in the liver and muscle [183]. T3’s have also been shown to 

reduce body weight and fat pad weight in HF fed rats, however, this trend has not been 

seen in mice. In one study comparing a-TOH to aT3, gT3, and dT3 in rats fed a HF diet, 

they found that dT3 reduced total fat mass, visceral adiposity index, and total abdominal 

fat significantly compare to all other treatments and the HF control [21]. Within this 

study they found that that dT3 reduced total cholesterol, non-esterified fatty acids, 

overall triglyceride concentrations and lipid droplets in liver compared to other 

treatments and control [21]. Thirdly, this study found that dT3 treated rats showed 

improved glucose clearance and even had a lower area under the curve (AUC) compared 

to the HF control group [21]. Lastly, this study found that only aTOH and aT3 could be 
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detected in plasma and that both were in highest concentrations in the liver [21], 

whereas, gT3 and dT3 were in highest concentrations in adipose tissue [21]. 

As stated above, significant research has been done over the biological effects of 

vitamin E, with primary focus on a-TOH, while fewer studies investigated the effects of 

T3’s on the body. More specifically, dT3 has not been extensively studied before and has 

not been studied for its anti-inflammatory properties in obesity. Hence, we are using 

dT3 to test its anti-inflammatory effects in diet-induced obese mice,  and further 

examine the signaling pathways that dT3 uses to reduce inflammation in vitro. 
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CHAPTER III 

GOALS AND SPECIFIC AIMS 

d. Overall goal and objectives 

The objective of this study is to examine if dT3 is effective at reducing obesity 

associated inflammation, liver steatosis, and glucose intolerance in HF fed mice. 

Additionally, this study will determine the mechanisms mediating  anti-inflammatory 

effects of dT3 in 3T3-L1 pre-adipocytes and adipocytes. dT3 has been studied previously 

to reduce lung, colon and other cancers as well for its anti-oxidant, anti-proliferative, 

and pro-apoptotic properties [154, 200, 201]. However, dT3 has not been extensively 

studied for its anti-inflammatory properties, or its ability to reduce obesity and its 

associated metabolic complications including  insulin resistance. This project would 

provide valuable insight into reducing some of the effects of obesity and the possible 

prevention of obesity associated inflammation. It will also provide us with critical data 

that we need to determine the uses and amounts of these bioactive compounds within 

the human diet to achieve the same results of reducing inflammation associated with 

obesity, improving fatty acid metabolism, and improving insulin sensitivity. We expect 

to see in vivo, reduced whole body inflammation, improved fatty acid metabolism, and 

increased insulin sensitivity with uptake of blood glucose. In vitro, we expect to see that 

dT3 will reduce inflammation by inhibiting the NF-kB or JNK/AP1 pathways. With this 

data, standards could be established to achieve the daily intake needed to see a 

reduction in obesity associated inflammation and other complications like fatty acid 

metabolism and glucose intolerance. Furthermore, if we confirm our hypothesis then 
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this project will support the enrichment of foods and crops with dT3 to provide a 

stronger anti-inflammatory property in our daily diets to combat, prevent, and reduce 

obesity in the world. Following the end of the study, a clinical trial in humans to test our 

in vivo hypothesis could be done. 

e. Specific Aims:  

i. Specific Aim 1: To determine, in vivo, the effects of delta-tocotrienol 

on obesity-associated inflammation, liver steatosis and glucose 

intolerance 

This aim will test the hypothesis that dT3 reduces obesity induced inflammation 

in vivo during the development of obesity as shown in the hypothesis model in Figure 6. 

This study was part of a larger collaboration with Texas Tech’s Health Sciences Center. 

Mice were fed for 14 weeks a high fat diet supplemented without or with 400 mg/kg, or 

1,600 mg/kg of dT3, or Metformin (Met), a positive control at 200 mg/kg. 400 mg/kg 

and 1,600 mg/kg of dT3 were chosen because of previous in vivo experiments and 

because of their dose translational purpose for clinical trials. The 200 mg/kg Metformin 

dose was chosen because it translates to 1134 mg/ 70 kg person dose which is 

consistent with initial doses of Metformin with T2D. Purified δT3 (Delta-Gold, 90% delta 

and 10% gamma) from annatto seeds, which was a kind gift from American River 

Nutrition, was used to determine its effects in C57BL/6 male mice. These male mice 

have been proven to be an excellent model for obesity in previous studies because 

when fed a high-fat (HF) diet they become obese, insulin resistant and glucose 

intolerant (43-45). Male mice also tend to develop diabetes associated with obesity 
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whereas female mice do not (46). Weekly body weight measurements were taken to 

determine dT3 ability to alter body weight, and upon sacrifice, WAT was collected and 

weighed to determine dT3’s effects on it as well. Glucose tolerance test (GTT) and 

insulin tolerance test (ITT) were performed to determine dT3’s ability to reduce insulin 

resistance and improve glucose tolerance. WAT was sectioned and stained to determine 

if dT3 reduced adipocyte area and, in relation, macrophage infiltration. Common 

markers of obesity and insulin resistance were also measure in WAT and serum to 

determine dT3’s ability to reduce obesity and its complications. Finally, gene expression 

was performed to determine dT3’s effects on inflammatory markers and fatty acid 
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Figure 6 - Hypothesis Model: We hypothesized that dT3 inhibits lipid accumulation, 
insulin resistance, and inflammation via inhibition of NFkB, and thereby, decreases 
obesity and hepatic steatosis, in part by downregulating adipose tissue inflammatory 
pathways.  
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metabolism markers. With all of these experiments, dT3’s ability to reduce obesity and 

its associated complications including inflammation and insulin resistance could be 

determined.   

ii. Specific Aim 2: To determine, in vitro, the mechanisms mediating  the 

anti-inflammatory effects of delta-tocotrienol in 3T3-L1 adipocytes 

This aim tested the hypothesis that dT3 reduces inflammation by inhibiting the 

NF-kB and/or JNK/c-Fos pathway as shown in the hypothesis model in Figure 6. With 

obesity, fat cells become inflamed when macrophages and other immune cells invade 

adipose tissue (14). Upon invasion, pro-inflammatory cytokines are released through 

different pathways including NF-kB and JNK/c-Fos (23, 26). Among the NF-kB pathway, 

dT3 could inhibit any of the numerous receptors including growth factor receptors and 

CD40. Additionally, dT3 could inhibit one or many of the multiple kinases and 

transcription factors that are involved in the activation of NF-κB. However, dT3 could 

also inhibit the many kinases involved in the activation of c-Jun and c-Fos. Which 

pathway that dT3 uses to reduce inflammation is unknown. Therefore, we propose that 

dT3 inhibits one of the pathways that leads to NF-kB or JNK/c-Fos activation, and 

therefore inhibits inflammation this way. We measured target cellular mRNA levels, like 

IL-10, IL-6, and TNF-a, using gene expression with q-PCR, and measured protein levels 

using western blot and ELISA for analysis 
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CHAPTER IV 

TO DETERMINE, IN VIVO, THE EFFECTS OF DELTA-TOCOTRIENOL ON OBESITY-
ASSOCIATED INFLAMMATION, LIVER STEATOSIS AND GLUCOSE INTOLERANCE1 

 
i) Abstract 

Inflammation is a major underlying cause for obesity-associated metabolic 

diseases. Hence, anti-inflammatory dietary components are used to improve obesity-

related disorders. We hypothesized that dT3, a member of the vitamin E family, reduced 

adiposity, insulin resistance and hepatic triglyceride accumulation through its anti-

inflammatory properties. To test this hypothesis, C57BL/6J male mice were fed a HF diet 

with or without supplementation of dT3 (HF+dT3) at 400 mg/kg and 1600mg/kg for 14 

weeks and were compared to mice fed a low-fat diet (LF) or HF supplemented with 

metformin as an anti-diabetic control. Glucose tolerance tests were administered two 

weeks prior to the end of treatments. Histology, qPCR and protein analyses were 

performed to assess inflammation and fatty acid metabolism in adipose and liver 

tissues. Significant improvements in glucose clearance and reduced liver triglycerides 

were observed in dT3-supplemented groups compared to the HF group. Body weight 

and fat pad weight were not significantly reduced in HF+dT3 groups, however, we 

observed smaller fat cell size and reduced macrophage infiltration in their adipose 

tissues compared to other groups. These changes were at least in part mechanistically 

explained by a reduction of mRNA and protein expression of pro-inflammatory 

adipokines and increased expression of anti-inflammatory adipokines in HF+dT3 mice. 

                                                        
1 Chapter was published in Nutritional Journal of Biochemistry in 2017. 
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Moreover, dT3 dose-dependently increased fatty acid oxidation and reduced fatty acid 

synthesis in adipose and liver tissue. In conclusion, our study suggests that dT3 may 

promote metabolically healthy obesity by reducing fat cell hypertrophy and decreasing 

inflammation in both liver and adipose tissue. 

f. Introduction 

The prevalence of obesity is escalating at an alarming rate in the United States 

with over 70.7 % of American adults being either overweight or obese [1, 202, 203]. 

Furthermore, obesity is recognized as a complex disease that is increasing at epidemic 

proportions [204-206]. It increases the risks of type 2 diabetes (T2D), cardiovascular 

disorders, nonalcoholic fatty liver disease (NAFLD), and other diseases [147, 205, 207, 

208]. Obesity is associated with chronic low-grade inflammation which results in part 

from adipose tissue dysfunction, especially adipocyte hypertrophy, excessive release of 

free fatty acids from adipocytes and local adipose inflammation which leads to glucose 

intolerance [77, 205, 207, 209, 210]. Additionally, adipose tissue inflammation directs 

increased secretion of pro-inflammatory mediators such as interleukin-6 (IL-6), 

monocyte chemoattractant protein 1 (MCP-1) and tumor necrosis factor alpha (TNF-α) 

and reduced secretion of anti-inflammatory mediators such as adiponectin and 

interleukin-10 (IL-10) [77, 207, 210]. This disproportion between pro- and anti-

inflammatory adipokines leads to chronic low-grade inflammation, a major underlying 

feature of obesity [77, 211]. These metabolic alterations also contribute to pathogenesis 

of NAFLD, which in turn results in metabolic syndrome [208, 212-214]. 
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Several interventions to reduce obesity and its associated inflammation include 

caloric restricted diets [9, 215], exercise [9], genetic therapy [216], and even bariatric 

surgery [217]. Dietary interventions include the use of bioactive food compounds like 

omega-3 polyunsaturated acids [218], caffeine [218], astragaloside II [219], and vitamin 

E [14, 15]. Vitamin E is comprised of two classes of biologically active substances called 

tocopherols and tocotrienols. Each class includes 4 isoforms (alpha (α), beta (β), gamma 

(γ) and delta (δ)), which have different biological activity [14, 15, 18]. Although 

tocopherols and tocotrienols have very similar chemical structures, tocotrienols have 

three double bonds in their farnesyl isoprenoid tail increasing their unsaturation [14, 18, 

19]. Furthermore, tocotrienols, due to their shorter hydrocarbon tail, are distributed at 

higher rates in the fatty layer of the cell membrane and diffuse more readily when 

compared to tocopherol [20, 220].  

Tocotrienols are primarily found in rice bran (mostly α), palm fruit (α and β) and 

annatto fruit (mostly d) [14, 19, 221]. They have multiple beneficial effects including 

hypocholesterolemia [19, 222], anti-cancer [19, 222, 223], neuroprotective and anti-

inflammatory properties [14, 18, 222, 224]. Most previous studies used tocotrienol rich 

fractions (TRF) which includes all isoforms, or have included only α and β, and hence 

cannot decipher the role of each individual isoform of tocotrienol [14, 16, 224]. 

Additionally, beneficial effects of γT3 on inflammation and glucose tolerance in vivo 

were recently determined [22]. However, the mechanisms involved in these beneficial 

effects are not clearly understood especially in adipose tissue [21].   
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We specifically focused on dT3 due to its hydrophobic chromatin head, which 

increases its diffusion into cells. Further, dT3 has not been extensively studied for its 

anti-inflammatory effects in obesity [21, 222]. Interestingly, recent studies have 

demonstrated that δT3 accumulated in higher amounts in adipose tissue [14, 21, 22]. 

Hence, we used dT3 oil isolated from annatto fruit to determine if it reduces metabolic 

complications resulting from HF feeding and to identify possible mechanisms involved. 

Therefore, the aim of the current study was to determine the potential effects of δT3 on 

glucose tolerance, lipid metabolism and inflammation in white adipose tissue (WAT) and 

liver of HF-fed mice as is modeled in Fig 7.  

g. Methods 

i. Mice and diets 

Six-week-old male C57BL/6J mice were purchased from Jackson laboratory (Bar 

Harbor, ME). After a week of acclimatization, mice were housed 3 per cage and fed 

either low fat (LF; 21, 73, and 5% of energy from protein, carbohydrate, and fat), high-

fat (HF; 21, 20, 58% of energy from protein, carbohydrates, and fat) or HF supplemented 

with dT3 400 mg/ kg diet (T400), δT3 1,600 mg/ kg diet (T1600), and Metformin 200 

mg/kg diet (Met). Detailed composition of these diets are given in supplemental table 1. 

The dT3 used was an extract of annatto oil containing 90% d- and 10% g-tocotrienols and 

was kindly provided by American River Nutrition. Inc, (Hadley, MA).  High performance 

liquid chromatography was performed to determine the purity content to be 70%. Mice 

were fed the respective diets for 14 weeks and body weight was measured weekly. After 

14 weeks, mice were fasted for 4 hours and then euthanatized using isoflurane. Blood 
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was collected into microtainer blood collector tube (BD Biosciences, San Jose, CA)and 

then centrifuged for serum separation. Epididymal  fat and liver tissue was also collected 

and part of the tissue was fixed in in Z-Fix (AnaTech Ltd, Battle Creek, MI) and other part 

was snap frozen and stored in -80oC until further analyses. All animal protocols were 

approved by the Institutional Animal care and use Committee of Texas Tech University 

Health Sciences Center. 

ii. Glucose Tolerance Test (GTT) 

After a 4 hour fast, tail blood was drawn for baseline measurement using a 

glucometer (One touch ultra mini, Life scan Wayne, PA). Mice were then injected with 

Male C57BL/6J 
mice

Low-fat control 
diet (21 P, 73 C, 

and  5% F)

Tocotrienol 
400 mg/kg 

with high-fat

14 Weeks
GTT, ITT, WAT and Liver Tissue Collection

High-fat control 
diet (21 P, 20 C, 

and 58% F) 

Tocotrienol 
1600 mg/kg 
with high-fat 

LF HF HF-T3-400 HF-T3-1600
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q-PCR 
Macrophage 
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Metformin 
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with high-fat 

HF-Met

Histology 

H&E

Protein 
Isolation

ELISA 

Figure 7 - Aim 1 Study Design: C57BL/6J male mice were fed either a LF, HF, HF+400 
mg/kg dT3, HF+1,600 mg/kg dT3, or HF+Met 200 mg/kg diet for 14 weeks. ITT and GTT 
were performed 2 weeks prior to sacrifice. Weekly food intake and body weight 
measurements were taken and upon sacrifice, WAT and liver was collected to perform 
histology, protein and quantitative polymerase chain reaction (qPCR) analyses. 
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glucose intraperitoneally (2 gm/kg body weight). Blood was collected from the tail vein 

and glucose was measured at 15, 30, 60, and 120-minute intervals. 

iii. Immunohistochemical and immunofluorescent staining 

Fixed liver and WAT was parafilm embedded and stained with hematoxylin-eosin 

(H&E). Digital images were taken under a 20x magnification for WAT and 40x 

magnification for liver on an EVOS® FL Auto Imaging System (Thermo Fisher Scientific, 

Waltham, MA). Quantification of the adipocyte area was performed using Fiji Image J 

software version 1.8.0_66 (National Institutes of Health, Bethesda, MD). For 

macrophage infiltration, fixed WAT and liver sections were stained with primary 

antibody (anti-human/mouse galectin-3, eBioscience Inc., San Diego, CA) overnight at 

4°C, followed by secondary antibody (CyTM3- Donkey Anti-Rat IgG, Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) for 2-4 hours the following day 

and images taken at 40x magnification using EVOS® FL Auto Imaging System [225]. 

iv. RNA isolation and quantitative-PCR 

RNA was isolated from WAT and liver using the Qiagen RNeasy® lipid Kit (Qiagen, 

Valencia, CA). Total RNA was then reverse transcribed into cDNA using iScriptTM 

Reverse Transcription Supermix for RT-qPCR (Bio-Rad Laboratories, Inc., Hercules, CA). 

Quantitative polymerase chain reaction (q-PCR) was performed with cDNA for 

amplification of target genes with GAPDH as the control. 

v. Tissue Protein and adipokine measurements 

WAT and liver were homogenized with modified radio-immunoprecipitation 

assay (RIPA) buffer containing protease inhibitors (Sigma-Aldrich, St. Louis, MO) to 
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prepare total tissue lysates. Protein concentrations were determined using Bradford 

reagent (Bio-Rad Laboratories, Inc., Hercules, CA). Adipokine levels of leptin and MCP-1 

(Millipore, Billerica, MA) were measured in adipose tissue homogenates using a 

commercial multiplexing system (Luminex xMAP, Millipore, Darmstadt, Germany) and 

normalized to total protein content. Serum adiponectin and adipose tissue IL-6 was 

measured using an enzyme-linked immunosorbent assay (ELISA) (RayBiotech, Norcross, 

GA). Triglycerides were measured using a colorimetric assay kit (Cayman chemical, Ann 

Arbor, MI). Total pancreatic insulin was extracted as described previously [226, 227]. 

Both total pancreas insulin and serum insulin were quantified using a mouse insulin 

enzyme linked immunoabsorbant assay ( ELISA) kit (EMD Millipore Co., Billerica, MA). 

vi. Statistical analyses 

Results are presented as mean ± SEM. A one-way ANOVA test followed by 

Tukey’s post-hoc test (P<0.05) was used to compare variables between groups. Data 

from the q-PCR assays were analyzed using the CFX Manager software (version 3.1) 

provided by Bio-Rad Laboratories, Inc. using 2-ΔΔCT method [228, 229]. 

h. Results 

Effects of Delta-Tocotrienol on Body Weight and Adiposity:  

TRF containing different isoforms of tocotrienol has been studied for their role in 

glycemic control; however, such studies for individual isoforms of tocotrienol in tissues 

relevant to glucose homeostasis are lacking. Hence, in this study we investigated the 

effects of δT3 in HF fed mice. Overall, the HF mice had significantly higher body and fat 

pad weights (37.92±1.33 g; 2.23±0.15 g; p<0.05) compared to the LF group (29.11±0.39 
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g; 0.78±0.06 g; p<0.05) respectively (Fig 8 A, B). The average body and fat pad weights of 

the treatment groups T400 (36.36±0.92 g; 5±0.22 g; p<0.05) and T1600 (38.60±0.92 g; 

2.38±0.11 g; p<0.05) were not significantly different from that of HF fed mice. The 

positive control Met group had an average body weight (33.73±1.13 g; p<0.05) 

comparable to the HF group. However, the mean fat pad weight of the Met group 

(1.51±0.10 g; Pp<0.05) was significantly lower than the HF group, but higher than that of 

the LF group (Fig 8 A, B).  

Delta-Tocotrienol Improves Glucose Tolerance: 

To determine the effects of δT3 on whole body glucose tolerance, mice were 

fasted for 4 hours and then subjected to GTT. The HF group was significantly glucose 

intolerant as indicated by the higher area under the curve (AUC; 55320±2473; p<0.05) 

when compared to the LF group (31542±1455; <0.05). While the T400 (46884±1713; 

p<0.05), T1600 (46040±1627; p<0.05) and Met (47480±1154; Pp<0.05) groups had 
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dT3 on (A) body weight and (B) fat pad weight (n=6, p < 0.05, common letters indicate 
no significance). There was no significant difference between dT3 treatment groups and 
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significantly improved glucose tolerance compared to the HF group (Fig 9 A, B) , they did 

not completely reverse the effects of the HF induced glucose intolerance. We next 

determined if improvements in glucose tolerance were due to alterations in insulin 

secretion from the pancreas.  Serum insulin levels and pancreas insulin content were 

not different between the HF and δT3 groups suggesting that the pancreas had a very 

minor role in improving glycemia. These data suggest that δT3 improved glucose 

clearance in both T400 and T1600 groups (Fig 10 A, B).  

Delta-Tocotrienol Effects on Inflammation and Lipid Metabolism: 

Adipose tissue inflammation is at least in part responsible for the glucose 

intolerance in HF induced obese mice [207]. Thus, we next determined if improved 

glucose tolerance in δT3 treated mice was due to lowering of adiposity and adipose 
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tissue inflammation. Adipocyte hypertrophy is a hallmark of obesity and is linked to 

adipose tissue inflammation [77, 207]. Thus, we determined the average adipocyte area 

of the WAT in these mice. As expected, the adipocytes in the HF group (2735.24±105.71 

µm; P<0.05) were significantly larger when compared to the LF group (1700.71±142.83 

µm; P<0.05). Furthermore, the mean adipocyte area of T400 (2160.78 ± 132.86 µm; 

P<0.05), Met (1924.88 ± 114.01 µm; P<0.05) and T1600 (1491.20 ±110.02 µm; P<0.05) 

were significantly lower than the HF group (Fig 11 A, B). Upon analysis of adipocyte area 

in HF fed mice, we observed crown like structures, as indicated with arrows, which 

represent macrophage infiltration around adipocytes. This is a characteristic of obesity-

related inflammation. Hence, we performed immunofluorescent staining of WAT tissues 

to further confirm the presence of macrophages. Higher macrophage infiltration was 

observed in the HF group as expected, while δT3 treatment and Met groups reduced 

macrophage infiltration (Fig 11 C). The increased macrophage infiltration is known to be 
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responsible for higher pro-inflammatory cytokine production in adipose tissue, which 

we subsequently measured in our treatment groups at the mRNA level. Indeed, the δT3 

groups had significantly lower TNF-α and IL-6 levels compared to the HF group (Fig 12 A; 

P<0.05). The Met group, however, showed a significantly higher IL-6 expression than the 
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HF group. As expected, MCP-1 at the mRNA level was significantly higher in the HF 

group compared to the LF and other treatment groups (Fig 12 A; P<0.05). Furthermore, 

δT3 increased the expression of anti-inflammatory cytokine IL-10 dose dependently at 
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the mRNA level compared to the HF or Met groups (Fig 12 B; P<0.05). Gene expression 

data of pro-inflammatory cytokines were also confirmed at the protein level and 

showed decreased levels of MCP-1 and IL-6 in all treatment groups (Fig  12 C, E; P<0.05) 

compared to the HF group. Additionally, leptin protein content was significantly lower in 

the T400 but not the T1600 group compared to HF (Fig 12 D; P<0.05). Surprisingly, we 

saw no differences in the serum anti-inflammatory adipokine adiponectin among any of 

the groups (Fig 12 F; P<0.05). Overall, δT3 lowered various markers of inflammation at 
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the mRNA and protein level in WAT (Fig 12 C-E; P<0.05) and reduced adipocyte 

hypertrophy without significant changes in adiponectin, a known marker for insulin 

sensitivity [230].  

To further probe into potential mechanisms mediating δT3 effects on adipocyte 

metabolism, genes regulating lipid metabolism in WAT were analyzed. Fatty acid 

synthase (FASN) and acetyl-CoA carboxylase-1 (ACACA) mRNA were expressed at 

significantly lower levels in T400, T1600, and Met groups compared to HF suggesting 

that δT3 decreased fatty acid synthesis (Fig 13 A; P<0.05). We next measured mRNA 

levels of WAT beta-oxidation markers namely carnitine palmitoyltransferase1A (CPT1A), 

carnitine palmitoyl transferase 2 (CPT2), and Forkhead box A2 (FOXA2) (Fig 13 B). The 

δT3 treatment increased mRNA expression of CPT1A compared to HF and LF groups, 

while the CPT2 mRNA level was only increased in the T1600 group compared to the HF 

group. Finally, FOXA2 mRNA expression was significantly higher in the LF compared to 

the HF group. However, the T400, T1600, and Met groups did not show significant 

changes in expression of FOXA2 when compared to the LF and HF groups (Fig 13 B). 

Taken together, these data indicate that tocotrienol potentially reduces fatty acid 

synthesis and increases fatty acid oxidation in the WAT.  

Delta-Tocotrienol lowers triglyceride accumulation and inflammation in liver: 

Fatty acids and inflammatory cytokines released from the adipose tissue affect 

liver metabolism, leading to NAFLD; hence we analyzed the liver for changes in 

inflammation and lipid metabolism when supplemented with δT3. The HF fed mice had 

higher amounts of triglyceride droplets in the liver compared to other groups (Fig 14A; 
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P<0.05) with the lowest number of triglyceride droplets in the T400 and LF groups. Liver 

triglyceride levels were also comparable to serum triglycerides. The HF group had 

significantly higher serum triglycerides compared to LF, T400, T1600, and Met groups 

(Fig. 14B; P<0.05). The T400 group had the lowest triglyceride levels, consistent with 

histological data. Immunofluorescent staining was then carried out to identify 

macrophage infiltration. A higher macrophage infiltration was observed in the HF group 

when compared to the LF, T400 and T1600 groups. These results indicate that δT3 
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reduced both HF diet-induced triglyceride deposits as well macrophage infiltration in 

the liver.  

To gain further insight into hepatic metabolic pathways contributing to changes 

in triglyceride deposits described above, we determined changes in expression of key 

genes in β oxidation, lipogenesis and fatty acid synthesis (Fig 15). Expression of 

peroxisome proliferator-activated receptor alpha (PPARα) mRNA, a major lipid 

catabolizing transcription factor, were significantly higher in both T400 and T1600 

groups compared to the HF group (Fig 15 A; P<0.05). Peroxisome proliferator-activated 

receptor delta (PPARδ) mRNA had higher expression in the T400 group, while the 

expression in the Met and T1600 groups was not significantly different compared to the 

HF group (Fig 15 A). For CPT1A mRNA, neither the δT3 groups nor the Met group were 

significantly different from the HF group (Fig 15 B). Furthermore, only T400 significantly 

increased the CPT2 mRNA expression compared to HF group (Fig 15 B; P<0.05). Overall, 

lower concentrations of δT3 enhanced expression of genes involved in fatty acid 

oxidation compared to higher doses. The effects of δT3 on fatty acid synthesis and 

elongation were studied by measuring levels of FASN and SCD-1 mRNA respectively. The 

expression of FASN in T400, T1600 and Met groups were significantly lower than the HF 

group (Fig 15 C; P<0.05). Similarly, for SCD-1, the T400 and Met groups had significantly 

lower expression when compared to the HF group indicating lower fatty acid synthesis, 

elongation and higher fatty acid oxidation with δT3. Furthermore, high fat diet could 

contribute to some de novo lipogenesis in liver, hence we wanted to measured Pyruvate 

Kinase and Carbohydrate-responsive element-binding (ChREBP) mRNA levels. With 
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Pyruvate Kinase mRNA, only T1600 and Met groups were significantly lower than the HF 

(Fig 15 D; P<0.05). Similarly, ChREBP mRNA expression was also significantly lower only 

in T1600 groups when compared to HF (Fig 15 D; P<0.05). Surprisingly, T400 showed 

significantly higher expression compared to the rest of the groups suggesting higher 
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concentration of δT3 is required to lower hepatic lipid synthesis. Finally, effects of δT3 

on pro-inflammatory marker, TNF-α was determined. As expected, TNF-α mRNA was 

expressed significantly higher in the HF group when compared to LF but its levels were 

lower in T400, T1600 and Met groups compared to HF group (Fig 15 E; P<0.05).  

i. Discussion 

The Vitamin E family consists of tocopherols and tocotrienols, each represented 

by four isoforms [14, 16, 19, 221]. While tocopherol has been well studied for its role as 

an anti-oxidant and cardioprotective agent [222, 231] , very few studies decipher 

mechanisms mediating metabolic effects of tocotrienols [19, 222]. Specifically, studies 

on anti-inflammatory and lipid metabolism effects of dT3 are very limited [21]. In this 

study, mice were fed a HF diet supplemented with various doses of tocotrienol to 

determine its potential mechanisms both in adipose tissue and liver metabolism. We 

reported that tocotrienols, at the doses tested, improved glucose tolerance and lipid 

metabolism in both WAT and liver.  

Evidence from previous human and animal studies indicate that tocotrienols 

even at lower doses (200 mg dT3/day) improves glucose tolerance and lowers overall 

body weight [21, 232]. However, these studies used TRF, which contains all isoforms of 

tocotrienols along with a-tocopherol [14, 19, 186, 221]. Hence, these results are hard to 

interpret due to the potential combinatorial or interactive effects of tocopherol and 

tocotrienols. Furthermore, the tocopherol used in these studies reduces absorption of 

tocotrienols and suppresses their activity [15]. Hence, we used T3 which contains 90% 

dT3 and 10% gT3 with no a-tocopherol and observed similar significant improvements in 
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glucose tolerance. We further demonstrate that these effects in part are due to lower 

inflammation and lipid synthesis in WAT and liver. Furthermore, islets from the dT3 

treated mice had normal morphology with no change in glucagon suggesting the 

pancreas is not a major target for tocotrienols (data not shown). This is consistent with 

published studies showing that dT3 primarily accumulates in adipose tissue [21]. For 

every gram of dT3 given to rats, approximately 3.2 µmol accumulated in the liver and 

5.5 µmol accumulated in the heart, while 189 µmol accumulated in the epididymal fat 

even though no dT3 was detected in the plasma [21]. This suggests that dT3 has a major 

role in WAT and liver.  

Low-grade chronic inflammation is considered a hallmark feature of obesity, with 

increased local WAT inflammation [207, 213]. Accordingly, we determined whether dT3 

reduces obesity associated-inflammation and other metabolic alterations. dT3 reduced 

macrophage infiltration as well as pro-inflammatory mediators in WAT and liver, thus 

making them less prone to inflammation associated with obesity. Similar results were 

observed with gT3 and TRF in previous studies [14, 21, 221, 233]. Despite lack of 

changes in visceral adipose tissue mass or body weight with dT3, inflammation was 

significantly reduced, especially in WAT and was independent of obesity. Thus, dietary 

dT3 may promote healthy obesity through adipose tissue remodeling. This was 

highlighted by dT3 treatment groups having smaller adipocytes when compared to the 

HF group even though they did not lose overall body weight. Our dT3 treatment groups 

did have higher oxidation and lower fatty acid synthesis rates, however they could have 
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had higher energy expenditure which we did not measure. The reduced inflammation 

observed in the WAT could be due to lower M1 macrophage infiltration. This was 

supported by studies which observed reduction of TNF-a with dT3 compared to aT3 and 

gT3 in peritoneal macrophages [234]. This also suggests similar mechanisms may 

mediate anti-inflammatory effects of both isoforms of aT3 and gT3 [234-236]. 

Furthermore, NFkB, a major inflammatory transcription factor, may also be targeted by 

tocotrienols as indicated by downregulation of its target genes such as IL-6 in clonal 

macrophages with gT3 [22, 237]. In our study, dT3 significantly reduced TNF-a and IL-6 

along with other markers of inflammation such as MCP-1, and leptin further suggesting 

similar mechanisms used by both tocotrienol isoforms. Besides adipose tissue, liver 

inflammation was also reduced by dT3, which may reflect direct effects of tocotrienol in 

the liver or indirect effects via reduced adipose derived cytokines [237]. It is also 

possible that reduced inflammation by dT3 in our study may be due to the direct effects 

of tocotrienols on resident adipose or liver macrophages, or other adipose cell types 

such as stem cells or stroma vascular cells. Hence, further studies are needed to dissect 

differential effects of tocotrienols in different liver or adipose cells types.  

Hepatic steatosis is often associated with systemic glucose intolerance and WAT 

inflammation. Indeed, we saw higher triglyceride accumulation along with increased 

hepatic inflammation in mice fed a HF diet. The triglyceride accumulation was 

prevented by dT3 treatment thereby improving hepatic function. This data is consistent 

with studies performed in humans where model for-end stage liver disease (MELD) 
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score was improved after tocotrienol treatment [238, 239]. Similar results were 

observed in mice where the degree of liver injury and aminotransferases were reduced 

with tocotrienols [21, 239]. We observed differential dose dependent effects of 

tocotrienols in liver compared to WAT. Some effects of tocotrienols were observed with 

the lower dose of T400 and not with the higher dose of T1600. Hence future studies are 

warranted to determine tissue specific responses to different doses of dT3. 

Glucose was cleared more rapidly in the dT3 compared to the HF treated groups. 

This could possibly be because of increased glucose uptake by the muscle or reduced 

glucose output by the liver or it could be excreted in the urine which we did not 

measure. However, we demonstrated that these effects could be in part due to lower 

inflammation levels in WAT and liver as observed by other studies. Furthermore, in 

obesity, adipose tissue enlargement occurs, which could lead to lipid efflux and ectopic 

fat deposition in other tissues including liver and muscle [240-242]. This is known to 

cause impaired glucose uptake leading to insulin resistance [240]. Furthermore, 

lipotoxicity could trigger inflammation in liver resulting in hepatosteatosis. Hence, 

preventing inflammation and lower ectopic fat deposition could attribute to improved 

glucose clearance in glucose homeostatic tissues. Moreover, the lower adiposity could 

be attributed to energy expenditure along with changes in brown fat metabolism and 

thermogenesis which needs further study.  

The current doses used, T400 and T1600, in this study are clinically relevant 

because a previous human study using 60 and 120 mg/kg/day found that dT3 plus 

lovastatin, a hypercholesteremic treatment, significantly increased bone formation and 
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reduced bone resorption [243]. The doses used in our study, T400 and T1600 

correspond to 28 mg/kg body weight and 112mg/kg body weight respectively [244]. The 

use of body surface area for dose translation from mouse to human, estimated doses of 

tocotrienols based on a 70 kg body weight in human to be approximately 160 and 640 

mg daily, respectively. This has  been used in clinical trials to evaluate the effect of 

tocotrienols on bone health [245]. Another human study used 400 mg dT3 daily where 

they showed a hepatoprotective effect in hypercholesteremic adults [246]. 

Furthermore, clinical studies using various doses of dT3 ranging from 100-800 

mg/kg/day have not reported toxicity in humans and therefore, it is generally 

recognized as safe (GRAS).  

In conclusion, dT3 improved lipid metabolism and reduced inflammation in 

adipose tissue and liver by decreasing secretion of pro-inflammatory cytokines such as 

IL-6 and MCP-1 and increasing secretion of anti-inflammatory cytokines such as IL-10. 

Further, dT3 reduced adipocyte size and macrophage infiltration into adipose tissue and 

reduced liver triglycerides leading to overall improved metabolic profile. The lower 

doses of dT3 were mostly as effective as higher doses suggesting lower doses could be 

used for therapeutic purposes.  
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CHAPTER V 

TO DETERMINE, IN VITRO, THE MECHANISMS MEDIATING THE ANTI-
INFLAMMATORY EFFECTS OF DELTA-TOCOTRIENOL IN 3T3-L1 ADIPOCYTES 

j. Abstract 

Chronic low-grade inflammation is a primary characteristic of obesity and can 

lead to other metabolic complications including T2D. Several anti-inflammatory dietary 

compounds are used to decrease inflammation that accompanies metabolic diseases. 

Here, we used delta tocotrienol (dT3), an isoform of Vitamin E as an anti-inflammatory 

compound. We have previously demonstrated that dT3 reduces systemic and adipose 

tissue inflammation in high fat fed mice. Therefore, we hypothesized that dT3 reduces 

inflammation through the NF-κB and/or JNK pathway in adipocytes. To test this 

hypothesis, 3T3-L1 cells were pretreated with varying doses of dT3 (0.0001 – 100 µM) 

for 4 hours then with LPS for 1 hour or 18 hours to induce inflammation. Cell viability 

was tested using MTT assay. Q-PCR and Western blots were performed to assess specific 

genes and proteins, respectively, related to inflammation and the NF-kB and JNK 

pathways. There were no significant effects on cell viability for doses lower than 25 µM. 

We used 1 µM and 5 µM doses and found that these doses reduced expression of a pro-

inflammatory cytokine IL-6. Additionally, gene expression of downstream transcripts of 

NF-kB, including MIP2, a chemokine that attracts additional macrophages, and COX2, an 

enzyme that is responsible for formation of mediators of inflammatory reactions, were 

downregulated by dT3. In addition, the 1 µM dT3 reduced phosphorylation of the p65 

subunit in NF-κB. None of these doses affected IkBa protein levels. In addition, we did 
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not see any reduction in the JNK pathway at the protein level, which is consistent with 

other studies. We conclude that dT3 ant inflammatory effects are mediated at least in 

part via inhibition of the NF-kB pathway and its downstream transcripts including IL6, 

MIP2 and COX2 in adipocytes.  

k. Introduction 

In 2013, the American Medical Association classified obesity as a disease [247, 

248]. Since then, the prevalence of obesity has been increasing at alarming rates and is 

an emerging epidemic with approximately one-third of American adults obese, and two-

thirds either overweight or obese [2, 249]. Obesity is caused by excessive lipid 

accumulation by over caloric consumption, limited physical activity, genetics, and/or 

other factors [215, 250]. One of the hallmarks of obesity is a chronic, low-grade 

inflammation that is stimulated by adipocyte dysregulation [10, 251, 252]. Adipocyte 

dysregulation, caused by excessive lipid accumulation in WAT, leads to adipocyte 

hypertrophy and hyperplasia, secretion of pro-inflammatory cytokines like IL-6, TNF-a, 

and MCP-1, and integration of pro-inflammatory M1 macrophages [77, 207]. Obesity 

can also lead to other metabolic complications including diabetes [253, 254], cancer 

[255, 256], cardiovascular disease [3], metabolic syndrome [4, 257], and joint issues 

[258, 259]. With these other arising issues positively associated with obesity, 

researchers and physicians are looking for treatments options to combat the growing 

epidemic [260, 261]. Many of the current treatment options include diet [262, 263], 

exercise [264, 265], and pharmacological treatments including bioactive compounds 

[266, 267].  
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 For this study, we focused on the effects of a specific isoform of Vitamin E known 

as dT3.  Vitamin E is a fat soluble vitamin that can be found in many commonly 

consumed foods including avocado, nuts, and many oils like palm and coconut [15]. 

Among Vitamin E, there are two sub-classes with the first being TOH and the second T3 

[14, 17]. These two sub-classes can further be divided into four isoforms: a, b, g, and d 

(Fig. 4) [14]. TOH’s and T3’s differ in their structure, and more specifically in their 

isoprenoid side chain or tail. TOH’s have a completely saturated lipophilic isoprenoid 

side chain and polar chromanol ring, whereas T3’s have an unsaturated side chain with 

three double bonds [14, 17]. Additionally, it is by the chromanol ring that TOH’s and T3’s 

determine which isoform is present [17, 19]. Many previous experiments have been 

performed with TRF which includes T3’s and a-TOH [19, 238, 268]. However, with these 

studies it is impossible to differentiate which isoform is providing the results that are 

seen in the numerous experiments performed. Previously, our lab demonstrated in an in 

vivo study where mice were fed a HF diet supplemented with 400 mg/kg or 1,600 mg/kg 

of dT3 over a period of 14 weeks, that dT3 reduced adiposity, inflammation in WAT and 

liver, improved glucose clearance, and reduced hepatic steatosis [269]. Furthermore, 

there have also been studies done with gT3 and TRFs to look at their effects on 

inflammation, insulin resistance, and cardiovascular disease [18, 22, 270]. However, 

there are no studies that consider dT3’s effect on inflammation associated obesity and 

the mechanisms behind its reduction in inflammation. Based on this knowledge and our 

previous in vivo study, our goal was to examine the mechanisms by which dT3 reduced 
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inflammation in 3T3-L1 pre-adipocytes and adipocytes. 3T3-L1 cells are 3-day mouse 

embryonic stem cells from which they can be differentiated from pre-adipocytes into 

adipocytes [271]. Upon differentiation, these cells can then be used as an obesity model 

to determine the mechanisms that dT3 uses to reduce inflammation. 

 There are two main pathways that are commonly associated with an over 

expression of pro-inflammatory cytokines like IL-6, MCP-1, and TNF-a. These two 

pathways are the NF-kB and JNK/ERK½ pathways. Since its discovery in 1986, NF-kB has 

been considered one of the typical pro-inflammatory signaling pathways that is 

commonly associated with obesity [123, 124]. In an inactive state, NF-kB is associated 

with an IkB protein that inhibits its activity and will keep NF-kB in the cytoplasm where 

it cannot transcribe pro-inflammatory cytokines [125]. This pathway can be activated in 

two ways, canonical, which will be our focus, and non-canonical [123, 124]. During 

obesity, there is a greater release of pro-inflammatory cytokines that will in turn 

activate the receptors for the NF-kB pathway, including TLR’s and TNFR, and lead to 

activation of the IKK complex [62]. Once active, the IKK complex phosphorylates the NF-

kB inhibitor, IkBa [129]. This leads to degradation of the IkB inhibitory complex [124]. 

Once NF-kB is free, it will then translocate to the nucleus where it transcribes target 

genes including macrophage inflammatory protein 2- alpha (MIP2), a chemokine, and 

cyclooxygenase-2 (COX2), an enzyme responsible for the formation of mediators of 

inflammation, and those of pro-inflammatory cytokines as seen in Figure 3 [124, 130]. 

The second pathway inflammatory pathway is the JNK/ERK½ pathway. This complex 
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consists of two separate but related pathways that lead to the expression of c-Jun and c-

Fos which then form the AP1 complex which will go on to transcribe pro-inflammatory 

cytokines [131, 138, 140]. This pathway involves a family of protein kinases known as 

MAPKs that once activated will lead to a variety of downstream events including the 

activation of ERK½ and JNK [135-138]. Upon activation of ERK½ and JNK, they will 

translocate to the nucleus where they will phosphorylate c-Fos and c-Jun which will lead 

to the formation of the AP1 complex (Figure 3) [131]. This then leads to the 

transcription of pro-inflammatory cytokines like IL-6, MCP-1, and TNF-a. There are 

additional inflammatory pathways like the STAT3 pathway, however, the focus of this 

paper will be on NF-kB and JNK/ERK½. Additionally, NF-kB is shown to have increased 

activity during obesity due to its activation by pro-inflammatory cytokines which are 

released at greater concentrations in patients with obesity [10]. 

With the rates of obesity increasing and the knowledge from our previous in vivo 

study, we hypothesize that dT3 will reduce inflammation associated with obesity in 3T3-

L1 cells by inhibiting the NFkB pathway and/or JNK/ERK½ pathway.  

l. Methods   

i. 3T3-L1 cell culture 

3T3-L1 cells (ATCC, Washington, DC) were incubated in Dulbecco’s Modified 

Eagle Medium (DMEM) ((4.5 g/L D-Glucose, L-Glutamine, 110 mg/L Sodium Pyruvate) 

Gibco, Thermo Fisher Scientific) with 10% fetal bovine serum (Atlanta Biologicals, 

Flowery Branch, GA) and 1% antibiotics (50 U/ml penicillin, and 50 g/ml streptomycin; 

Thermo Fisher Scientific, Waltham, MA). Upon approximately 95 – 100% confluency, 
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cells would be either treated as pre-adipocytes or differentiated with differentiation 

media as described in the reference [272]. 

1. Delta-tocotrienol Preparation 

 Delta Gold, which was kindly provided by American River Nutrition, was utilized 

in our preparation of dT3. First the density of the Delta Gold solution was calculated by 

weighing an empty 1.5 mL tube and then adding 1 mL of Delta Gold tube and weighing. 

Then, this density of Delta Gold was used to calculate the density of the T3’s in it, 

approximately 90% tocotrienols. This density was then used to calculate the density of 

the dT3’s which is 88% of the 95% T3’s in the Delta Gold. With this density of the dT3 in 

Delta Gold and the molecular weight, we were able to make a solution of 5 mM 

concentration diluted in 100% ethanol to treat cells. 

2. Delta-Tocotrienol Treatment 

3T3-L1 pre-adipocytes and adipocytes were treated with 0.0001, 0.001, 0.01, 

0.32, 0.1, 0.16, 0.8, 1, 4, 5, 10, 20, or 100 µM dT3 (kindly provided by Delta Gold, 

American River Nutrition, Hadley, MA) for four hours following which, they were treated 

with 200 nM LPS (Sigma-Aldrich, St. Louis, MO) and their corresponding dose of dT3 for 

18 hours if performing q-PCR techniques or for 1 hour if performing protein analyses. 

Finally, media was collected, and cells were harvested and stored in -81o C. 

ii. MTT Assay 

Cells were grown and prepared as all other experiments. Upon 95-100% 

confluency, cells were treated for 22 hours with their corresponding dT3 dose. Following 

this, MTT solution was prepared by resuspending 5 mg of Thiazolyl Blue Tetrazolium 
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Bromide (Sigma, St. Louis, MO) for everyone mL of media such that the final volume of 

the MTT solution was 10% of the total volume for each well. Growth media was 

aspirated and the appropriate volume of MTT solution was added with the remaining 

90% being media. Cells were incubated with solution in incubator for three hours and 

thirty minutes to allow for violet color to develop inside of live cells. Following the 

incubation, MTT stop solution (10% Triton (Sigma-Aldrich, St. Louis, MO) and 0.1 Normal 

Hydrochloric Acid (Fisher Scientific, Hampton, NH) in anhydrous isopropanol (Macron 

Fine Chemicals, Center Valley, PA) was added for 100% of the volume of each well. 

Solution was then pipetted up and down several times to allow the violet solution in 

each cell to lyse out into the media. Once all violet from the cells was removed from the 

bottom of the plates, the plates were measured at 570 nm absorbance with a 

background of 690 nm to determine percent cell viability. 

iii. RNA isolation  

mRNA was isolated from 3T3-L1 adipocytes using the Qiagen RNeasy® lipid Kit 

with lysis Buffer RLT Plus (Qiagen, Valencia, CA). Total RNA was then reverse transcribed 

into cDNA using iScriptTM Reverse Transcription Supermix for RT-qPCR (Bio-Rad 

Laboratories, Inc., Hercules, CA). 

1. Gene Expression (q-PCR) 

Quantitative PCR was performed with cDNA for amplification of IL-6, IL-10, 

MCP1, TNFa, p65, MIP2, COX2, TLR-2, and TLR-4 (Sigma-Aldrich, St. Louis, MO) with 18S, 

and TBP as the control. 

iv. Protein isolation 
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3T3-L1 treated adipocytes were homogenized with modified radio-

immunoprecipitation assay (RIPA) buffer containing protease and phosphatase 

inhibitors (Sigma-Aldrich, St. Louis, MO) to prepare total protein lysates. Samples were 

sonicated for two minutes to assist with lysis of cells and centrifuged down. Supernatant 

was extracted, and protein concentrations were determined using Bradford reagent 

(Bio-Rad Laboratories, Inc., Hercules, CA). Following this, ELISA and Western Blot 

analyses were performed. 

1. ELISA 

IL-6 concentration (pg/mL) of 3T3-L1 pre-adipocyte and adipocyte media was 

measured using an enzyme-linked immunosorbent assay ELISA (RayBiotech, Norcross, 

GA) (47, 48). 

2. Western Blot 

30 µg of protein lysate concentrations were calculated to add to the 

corresponding amount of water and 6x dye (Bio-Rad Laboratories, Inc., Hercules, CA) 

with 1:20 b-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). Samples were heated to 

100o C for 5 minutes, and then were added to any Mini-PROTEAN® TGX 12% gels (Bio-

Rad Laboratories, Inc., Hercules, CA) along with a Precision Plus ProteinTM All Blue 

Standard (Bio-Rad Laboratories, Inc., Hercules, CA). These samples were then run at 200 

V for approximately 45 minutes in 1x Running Buffer (0.25 M Tris, 1.92 M Glycine, 1% 

SDS (National Diagnostics, Atlanta, GA). Upon completion, gels were equilibrated in 

refrigerated 1x Towbin Transfer Buffer (3.0275 g Tris Base (Sigma-Aldrich, St. Louis, MO), 

14.4 g Glycine (Fisher Scientific, Hampton, NH), 200 mL Methanol (Fisher Scientific, 
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Hampton, NH), brought up to 1 L with distilled water) for 30 minutes. Upon 

equilibration, the Western tank was set up with the cassette in the following order: clear 

frame (positive electrode), black mesh, 1 thin piece of filter paper, membrane, SDS-Page 

gel, 1 thin piece of filter paper, black mesh, black frame (negative electrode). Upon 

completion of the cassette, the tank was filled with the 1x Towbin’s Transfer buffer and 

an ice pack and run at 80 V for two hours at 4o C. When finished, membranes were 

removed from tank and put into Pierce blocking buffer (ThermoFisher Scientific, 

Waltham, MA), for 2 hours at room temperature, following which they were put into 

primary antibodies solution (P-p65, total-p65, P-JNK, total-JNK, IkBa, or Tubulin (Cell 

Signaling Technology, Danvers, MA), Pierce blocking buffer, and 0.1% Tween (Fisher 

Scientific, Hampton, NH)) overnight at 4o. The next day, membranes were washed with 

1xTBST (0.1% Tween, 100 mL 10xTBS (Fisher Scientific, Hampton, NH), 900 mL distilled 

water) three times, incubated in their corresponding secondary antibody (Alexa Fluor 

680 conjugated anti-mouse and Alexa Fluor Plus 790 conjugated anti-rabbit, 

ThermoFisher Scientific, Waltham, MA) for one hour, washed again three times with 

1xTBST, and measured using the Odyssey® CLx Imaging System (LI-COR Biosciences, 

Lincoln, NE). 

3. Statistical analyses 

Results are presented as mean ± SEM. A one-way ANOVA test followed by 

Tukey’s post-hoc test (P<0.05) was used to compare variables between groups. Data 

from the q-PCR assays were analyzed using the CFX Manager software (version 3.1) 

provided by Bio-Rad Laboratories, Inc. using 2-ΔΔCT method [228, 229]. 
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m. Results 

Delta-Tocotrienol Effectiveness at Combating Inflammation: 

 Previous studies analyzing the effects of dT3 at combating inflammation in 3T3-

L1 cells are quite limited [188]. Therefore, we sought to first determine the optimal dose 

to be used to reduce inflammation in LPS induced 3T3-L1 cells to provide us with similar 

results as we saw in our in vivo study. As stated above, we treated cells in doses ranging 

from 0.0001 – 100 µM dT3. We found that in pre-adipocytes, compared to the +LPS 

control all doses dT3 had reductions in IL-6 secretion as was measured by ELISA with the 

100 µM dose being comparable to the no LPS control (Figure 16 A). Yet, our sample sizes 

are less than three therefore correct statistics cannot be accurately done to determine if 

these doses are significantly reduced. Further, 0.32, 0.16, 0.8, 4, 20, and 100 µM dT3 

Figure 16 - Dose Response of Delta-Tocotrienol in Pre-Adipocytes and Adipocytes: 
dT3 was measured from 0.001 µM – 100 µM to determine the optimal dose used to 
treat cells in pre-adipocytes (A) and adipocytes (B). Some samples only had one 
replicate so they do not include error bars or statistics (n=3-4, p < 0.005, common 
letters indicate no significance). 
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only had one replicate per treatment group and therefore, do not contain error bars. 

More experiments need to be performed to increase our sample size. Additionally, we 

measured dT3’s effectiveness at reducing inflammation in adipocytes and found that 

0.0001, 0.001, 0.01, 0.1, 1, 5, and 10 µM dT3 significantly reduced IL-6 secretion 

compared to the +LPS control (n=4, p < 0.05) (Figure 16 B). We found that again, 100 µM 

dT3 was the most effective at combating LPS induced inflammation with the rest of the 

doses reducing inflammation by 25 – 50%. Again, 0.32, 0.16, 0.8, 4, 20, and 100 µM dT3 

do not contain error bars because they only had one sample per treatment group.  

Delta-Tocotrienol is not Toxic to Cells below 25 µM: 

Based on our dT3 dose response results in both pre-adipocytes and adipocytes, 

we sought to determine if the 100 µM dose was the most effective at combating LPS 

induced inflammation or if it was in fact toxic to the cells. Therefore, we performed an 

MTT assay using the above protocol to determine dT3 toxicity to 3T3-L1 pre-adipocytes 

and adipocytes. We found that in pre-adipocytes, the only toxic dose was 100 µM dT3 

with the rest of the doses not being significantly different from the 0 µM control (n=8, p 

< 0.05) (Figure 17 A). Additionally, in the adipocytes we found that the 0.0001 and 100 

µM doses had significant reduction in cell viability compared to the 0 µM control (n=1, p 

< 0.05) (Figure 17 B). Both of these results confirmed that the 100 µM dT3 is not the 

most effective dose at combating LPS induced inflammation in 3T3-L1 cells because it is 

in fact reducing cell viability and killing the cells. Based on these MTT assays, we can 

conclude that any dose below 25 µM dT3 would be a safe dose to treat 3T3-L1 pre-
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adipocytes and any dose below 25 µM excluding 0.0001 µM would be a safe dose in 

adipocytes.  

Delta-Tocotrienol Reduces Gene Associated with Inflammation: 

Figure 17 - Effects of Delta-Tocotrienol on Cell Viability: Pre-adipocyte (A) and 
adipocyte (B) MTT assays show that dT3 significantly reduces cell viability above 25 
µM (n=8, p < 0.05, common letters indicate no significance). 
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 With two ideal doses picked, we proceeded with treatment of 3T3-L1 adipocytes, 

isolated mRNA, reverse transcribed cDNA, and performed gene expression as stated in 

the above methodology. Key genes associated with inflammation like IL-6, MCP1, IL-10, 

and TNFa were analyzed. However, expression of IL-10, MCP1 and TNFa were quite low 

so those values will not be presented here. Compared to LPS positive control, 1 µM dT3 

and 5 µM dT3 both had significant decrease in IL-6 expression as did the no LPS negative 

control (Figure 18, n = 4, p , 0.005). With IL-6 being a direct activator of the NF-kB and 

JNK pathways, we sought to measure downstream targets of NF-kB like MIP2 and COX2. 

Downstream targets of JNK were not measured due to increases in activated JNK 

pathway when treated with dT3 as shown below. Upon measuring MIP2 and COX2 

expression, we found that compared to LPS control, 1 µM dT3 and 5 µM dT3 were able 

to significantly reduce MIP2 expression by inhibition of NF-kB (Figure 18). Additionally, 1 

Figure 18 – Delta-Tocotrienol Reduces Expression of Downstream Transcripts of NF-
κB: dT3 decreases gene expression levels of IL-6, MIP2 and COX2 significantly 
compared to the LPS control (n=4, p < 0.05, common letters indicate no significance).  
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µM dT3 was able to inhibit expression of COX2 compared to the LPS control, however, 5 

µM dT3 was not significantly different (Figure 18).  

 Next, we wanted to measure the subunit in NF-kB that becomes phosphorylated 

and activated and found that 1 µM dT3 and 5 µM dT3 were not significantly different 

from the LPS or no LPS controls (Figure 19 A, n = 4, p < 0.05).  However, this protein is 

post-transcriptionally modified, therefore Western blot analyses need to be performed. 

Finally, we wanted to measure a couple of the receptors that lead to activation of NF-

kB, therefore, we measured the TLR-2 and TLR-4 expression. We found that 1 µM dT3 

and 5 µM dT3 were not significantly reducing expression of TLR-2 compared to the LPS 

control suggesting they may inhibit this pathway through another mechanism (Figure 19 

Figure 19 – Delta-Tocotrienol Alters Markers of NF-κB and its Receptors:  dT3 does 
not affect the gene expression level of p65, the activated subunit in NF-κB, or on the 
TLR-2. However, 1 µM dT3 significantly reduced the expression of TLR-4 compared to 
the LPS control (n=4, p < 0.05, common letters indicate no significance).  
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B). When we measured the TLR-4 expression we found that compared to the LPS 

control, 1 µM dT3 was able to significantly reduce its expression and was comparable to 

the no LPS control, but 5 µM dT3 was not able to (Figure 19 B). These results confirm 

that dT3 is able to reduce inflammation by decreasing expression of IL-6, by inhibition of 

NF-kB. Further, dT3 downregulates expression of MIP2 and COX2, key downstream 

targets of NF-kB, and decreases expression of TLR-4, one of the key receptors in NF-kB’s 

activation.  

Delta-Tocotrienol Inhibits Activation of NF-kB: 

Based on the gene expression results, we wanted to confirm that dT3 does 

reduce inflammation by inhibiting the NF-kB pathway therefore we measured 

phosphorylated-p65 (P-p65) with a Western blot analysis as described above and 

normalized to total-p65. We found that the 1 µM dT3 dose was able to significantly 

reduce the activation and phosphorylation of P-p65. However, the 5 µM dT3 was not 

significantly different (n=3, p<0.05) (Figure 20 A and B).  

Based on this fact, we wanted to determine if the inhibitor of NF-kB, IkBa, was 

thereby increased by the 1 µM dT3 dose as P-p65 was decreased. Conversely, we did 

not find a significant increase in the level of IkBa compared to the LPS control for either 

1 µM or 5 µM dT3 (Figure 20 A and C). Finally, we determined if dT3 utilizes inhibition of 

the JNK pathway to reduce inflammation as is shown by both bands in Figure 20 A (P-

JNK pulls up at 54 and 46 kDa). Results indicate that dT3 did not reduce activation of JNK 
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and thereby effects of  dT3 are likely not be mediated via this pathway (Figure 20 A and 

D).  

n. Discussion 

T3’s and TOH’s belong to the Vitamin E family, and each consist of four isoforms 

a, b, g, and d [14, 16, 19, 221]. Studies have shown that T3’s exert strong anti-oxidant, 

cardioprotective, anti-cancer, and anti-inflammatory properties [20, 273-275]. As was 

stated before, our lab demonstrated that dT3 supplemented to a HF diet, reduced 

adiposity, inflammation, and  increased fatty acid oxidation while decreasing lipogenesis 

in WAT and liver [269]. However, the exact mechanisms behind dT3 reducing 
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Figure 20 – Delta-Tocotrienol Alters Protein Levels of Inflammatory Pathways: 1 µM 
dT3 reduces activation of P-p65 compared to the LPS control and has no effect on 
IkBa or P-JNK levels compared to the LPS control (n=3, p < 0.05, common letters 
indicate no significance).  
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inflammation remained unknown. Hence, we are examining the mechanisms of dT3 in 

reducing inflammation in 3T3-L1 cells to help combat obesity. 

Previous studies have shown that T3’s incubated with 3T3-L1 pre-adipocytes and 

adipocytes ranging from doses of 0.024 – 25 µM dose-dependently reduced triglyceride 

accumulation, reduced secretion of pro-inflammatory cytokines like IL-6 and inhibited 

inflammatory pathways like NF-kB [190, 276-278]. However, most studies either use 

TRF’s, which contain all isoforms of T3’s and aTOH, or gT3 making it difficult to 

determine which isoform is most effective at reducing inflammation and the 

mechanisms behind that reduction [190, 276, 277]. Additionally, it has been shown that 

aTOH will reduce the absorption and transportation of T3’s making T3’s less effective in 

the presence of TOH’s [15]. Based on this and our previous study, we used dT3, kindly 

provided by American River Nutrition, that contained 90% dT3 and 10% gT3 [269]. Even 

with only one isoform of T3 we were able to observe similar results as previous studies 

and found that dT3 reduces expression of IL-6 and decreases activation of the NF-kB 

pathway. Previously we had determined that dT3 reduces inflammation in WAT and 

liver, but the mechanisms behind this reduction remained unknown to us [269]. With 

this study we were able to determine the optimal dose of dT3 to use within 3T3-L1 cells 

to reduce inflammation and one possible pathway that it utilizes to reduce that 

inflammation.  

We first completed pre-adipocyte and adipocyte dose responses with doses 

ranging from 0.0001 µM – 100 µM dT3. Previous studies have determined that dT3 is 
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not detectable in serum but is highly detectable in visceral fat (234 µM dT3/gram of dT3 

fed) and epididymal fat (189 µM dT3 /gram of dT3 fed), with moderate concentrations 

in liver (3.2 µM dT3 /gram of dT3 fed) and heart (5.5 µM dT3 /gram of dT3 fed) [21]. 

Therefore, we referred  to a molar calculation from a solid (M = mass in grams of 

treatment compound/molecular weight of compound * 1/volume of diluent in liters) to 

translate the doses used in our in vivo study (mg/kg) to µM doses and found that 400 

mg/kg dT3 is equal to a 2 µM dose and 1,600 mg/kg is equal to an 8 µM dose. 

Additionally, we also examined what other doses that were used in similar studies and 

found that the most commonly used doses ranged from 0.024 – 10 µM of TRF or g/aT3 

[277-279]. With this, we expanded our doses from 2 and 8 µM to larger concentrations 

to determine toxicity and to lower concentrations to determine its effectiveness even at 

low doses. Upon completion of the dT3 dose response, it was observed that at the 

highest dose (100 µM) the concentration of IL-6 (pg/mL) in media was decreased 

significantly. Next, we sought to confirm if this 100 µM dT3 was toxic to the cells or if it 

was the most effective at reducing IL-6 secretion. From our MTT assay, we were able to 

conclude that dT3 is not toxic to 3T3-L1 cells up to 25 µM, however, after this we saw 

decreases in cell viability in both pre-adipocytes and adipocytes. Previous studies 

demonstrated similar results with TRF or other isoforms of T3’s or found that no toxicity 

was observed at the lower doses that they used [279-281]. With confirmation that 25 

µM dT3 or less is not toxic to cells and the dT3 dose response complete, two ideal doses 

to treat 3T3-L1 cells needed to be determined to decipher the mechanism behind its 
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reduction in inflammation. Therefore, we chose 1 µM and 5 µM based on their ability to 

reduce inflammation by approximately 25% - 50%. 

Upon completion of toxicity assays and two ideal doses picked, we next sought 

to confirm that dT3 was able to reduce pro-inflammatory cytokine secretion, like IL-6, IL-

10, MCP1, and TNF-a, at the gene level. We determined that dT3 was able to 

significantly reduce pro-inflammatory cytokine IL-6, yet our expression of MCP1, IL-10, 

and TNF-a was under expressed (data not included). In previous in vivo studies, similar 

results can be seen with IL-10 with some even seeing reductions in IL-10 [282, 283]. 

However, most studies have found that TRF and other individual isoforms of T3’s reduce 

secretion of MCP1 and TNF-a [182, 277]. Additionally, previous studies were able to see 

a reduction in IL-6 gene expression with TRF and other isoforms of T3’s [277, 284]. With 

IL-6 being directly transcribed by NF-kB and a direct activator of this pathway we further 

sought to measure additional downstream targets like MIP2 and COX2. Our research 

found that dT3 was able to significantly reduce the expression of COX2 and MIP2 genes, 

which are direct downstream targets of NF-kB. These results were also found with other 

isoforms of T3’s and TRF in previous in vitro and in vivo studies [182, 224, 279, 285]. 

These results further confirm that dT3 is able to reduce inflammation by inhibiting 

activation of NF-kB. However, further research is needed to determine the exact target 

of dT3 reduction in the pathway of NF-kB activation. Previous studies with TRF and 

other T3 isoforms have seen similar reductions, and one determined that gT3 inhibits 

phosphorylation and activation of IkBa which will not phosphorylate the p65 subunit of 
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NF-kB leading to its activation and translocation into the nucleus [237, 278, 279, 286]. 

Even though dT3 was not specifically or solely used in these studies, other isoforms of 

T3’s may inhibit similar upstream targets of NF-kB, like IkBa, leading to the 

downregulation of targets genes associated with this pathway including IL-6, MIP2, and 

COX2. In addition, we measured the unit of NF-kB that becomes phosphorylated and 

leads to its activation and translocation into the nucleus, p65. As expected, we did not 

observe any significant changes which is consistent considering this protein is post-

transcriptionally modified. We also sought to measure a few receptors for NF-kB to 

determine if dT3 could be reducing inflammation by decreasing expression of its 

activation receptors. In correlation, we found that dT3 at 1 µM was able to significantly 

reduce expression of TLR-4 but not TLR-2. The 5 µM dose was not able to reduce 

expression in either TLR. This data suggests that dT3 could be inhibiting NF-kB by down 

regulating one of its receptors, TLR-4. One previous study in rat hepatocytes found that 

50 µM gT3 had no effect on TLR-4 expression as well suggesting that these higher doses 

of T3’s may be inhibiting the pathway via another receptor not measured [287]. Further 

experiments with 5 µM dT3 would need to be done to confirm if this more concentrated 

dose is inhibiting another receptor in this pathway. 

 Following these results in gene expression, we wanted to confirm if NF-kB had 

decreased at the protein activation since it is post-transcriptionally modified and gene 

expression results are not the most accurate way to measure changes in proteins. 

Therefore, we measured phosphorylated-p65 (P-p65), the activated subunit in NF-kB, 
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and determined that 1 µM dT3 was able to significantly reduce activation of this subunit 

after one hour of stimulation with LPS yet 5 µM was not reduced. Other isoforms of T3’s 

have shown similar results in previously done studies as well. However, some studies 

stimulated with TNFa, a more direct activator of NF-kB, and for 30 minutes instead of 

one hour like ours [182, 237, 277, 279, 284]. The longer stimulation time could be the 

reason that the 5 µM dT3 dose did not reduce P-p65 at one hour since it could have 

reduced it previously at 15, 30, or 45-minute time points. A timed dose response curve 

would need to be done to determine if 5 µM is in fact more potent at reducing NF-kB 

activation at an earlier time since it was able to more effectively reduce IL-6, MIP2, and 

COX2 expression compared to 1 µM. We also measured the IkBa protein expression and 

found that there was not a significant increase in the dT3 treated cells. As expected, 

IkBa should increase compared to the LPS control since we would expect the inhibitor 

of NF-kB to be increased yet this was not the case. However, other studies using higher 

doses of other isoforms found that dT3 protects IkBa from proteasomal degradation 

[182, 288]. This suggests that perhaps our dose of dT3 is not strong enough to combat 

the effects of LPS or it uses other mechanisms to inhibit p65 phosphorylation. 

Finally, we sought to determine if dT3 reduces inflammation by inhibiting the 

JNK/ERK½ pathway which in turn will not allow the AP1 complex to form and transcribe 

pro-inflammatory cytokines. Yet, our studies showed to have no effect on this pathway. 

Previous studies have shown that gT3 specifically increased the activation of JNK, 

suggesting that the similar isoforms are acting in the same way towards the JNK/ERK½ 
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pathway [184, 185, 289]. Even so, dT3 could be acting on other inflammatory pathways 

other than NF-kB like protein kinase R (PKR) and STAT pathways 

In conclusion, dT3 decreased LPS induced inflammation in 3T3-L1 pre-adipocytes 

and adipocytes as was shown by a decreased secretion of IL-6 measures with an ELISA. 

Additionally, dT3 was able to reduce inflammation by inhibiting activation of the NF-kB 

pathway which lead to decreases in IL-6, MIP2, and COX2 gene expression. Further 

studies would need to be done to confirm the exact target of dT3 in the inhibition of NF-

kB. We also found that dT3 does not reduce inflammation through the JNK pathway 

which is also consistent with other studies using different isoforms of T3’s [184, 289, 

290].  
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CHAPTER VI 

SUMMARY, DISCUSSION, LIMITATIONS, AND FUTURE STUDIES 

o. Overall Summary and discussion 

Our focus was on dT3, an isoform of Vitamin E. In this aim 1 of study, mice were 

fed a HF diet supplemented with 400 mg/kg and 1,600 mg/kg dT3 to determine its 

effects both in adipose tissue and liver. We found that that dT3, at the two doses tested, 

reduced adiposity, reduced inflammation in WAT and liver, improved glucose tolerance, 

and increased fatty acid oxidation and decreased lipogenesis in both WAT and liver. We 

sought to determine whether dT3 reduced obesity associated inflammation and 

concluded that it did. We saw decreases in IL-6, MCP1, and TNFa in WAT and liver as 

other studies have shown with TRF and other isoforms of T3’s [199, 277, 291]. 

Mechanistic studies with dT3 were also performed on inflammation, and it was 

determined that dT3 reduces inflammation by inhibition of NFkB. Many other previous 

studies have found similar results with other isoforms of T3 [277, 286, 288, 292]. In 

contrast, we did not see increases in the NFkB inhibitory complex, IkBa, as we 

expected. This could be because the time point we picked was not sufficient enough to 

catch the increase in IkBa, its corresponding decrease due to proteasomal degradation, 

and its increase again. Additional time course treatments with dT3 need to be 

performed to determine if this is the case. This study also determined that dT3 does not 

inhibit the JNK pathway to reduce inflammation. This is consistent with other isoforms 

in previous studies where they actually found that T3’s were increasing JNK activity as 
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opposed to inhibiting it or there were no changes with T3 treatment [182, 237]. 

However, this issue could be due to the time point of stimulation and treatment.  

We also sought to determine dT3’s effectiveness at reducing Hepatic steatosis, 

as it is often associated with systemic glucose intolerance and WAT inflammation which 

is seen with obesity. As expected in our HF fed mice without dT3 supplementation, we 

saw higher triglyceride accumulation and increased hepatic inflammation. dT3 was able 

to reduce accumulation of triglyceride droplets in hepatocytes which improved the 

overall liver function. In humans and animal studies, this improvement can also be seen 

with dT3 supplementation [238, 239, 246].  

All of our results show that dT3 is effective at reducing inflammation associated 

with obesity and reducing metabolic complications of obesity like alterations in fatty 

acid metabolism, T2D and hepatic steatosis. Additional experiments need to be 

performed to confirm additional inflammatory pathways dT3 may utilize, specific targets 

in those pathways, and how dT3 affects all of these processes in the human body.  

p. Significance of findings 

This study was significant because dT3 had not previously studied for its anti-

inflammatory or anti-obesogenic properties in established obesity models. Other 

isoforms of T3’s as well as TRF have been utilized in this way, though, dT3 has not [14, 

224, 238]. These results are significant because even though dT3 was not able to 

decrease overall body mass or fat mass, it was able to overcome common metabolic 

complications of obesity. We found that dT3 was able to decrease inflammation 
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associated with obesity in WAT and liver and decreased macrophage infiltration into 

WAT. In doing so, this allows for these tissues to repair themselves from the sustained 

damage done by obesity thereby leading to improvements in adipose tissue 

dysregulation and hepatic steatosis. In this way, fatty acid oxidation was increased, and 

lipogenesis was decreased which leads to a more phenotypically healthy adult. 

Additionally, we saw improvements in glucose clearance suggesting that dT3 could 

reduce incidence of T2D in patients with obesity. This study also established that dT3 

does not inhibit the JNK pathway to reduce inflammation but does inhibit the NFkB 

pathway and that it is not toxic to cells up to 25 µM. 

These results are significant because they allow us to establish doses that are 

applicable in the human diet to observe similar results seen in vivo and in vitro. In doing 

so, crop fortification procedures could be established to get the amount of dT3 needed 

to see the results that we have. Since dT3 in the amount needed to achieve these results 

cannot be obtained by consuming everyday foods, food fortification and/or 

supplementation into common dietary vitamins would enrich the human diet enough to 

achieve positive results. In that manner, crops could also be genetically modified for 

those foods that do produce dT3 to produce stronger concentrations. By doing so, 

people could consume the everyday products they already do but with stronger anti-

inflammatory benefits than before. 

q. Clinical implications 
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Our results are clinically significant because they can be applied to a human diet 

and we would expect to see the same results as previously shown by our lab including 

improved glucose tolerance, decreased hepatic steatosis, decreased inflammation, and 

improved fatty acid metabolism. Our study also helps to establish common doses in the 

diet that can be utilized to see similar results and to establish toxicity effects. dT3 can be 

supplemented to the human diet to reduce inflammation associated with obesity, 

improve glucose clearance and thereby reduce T2D prevalence in patients with obesity, 

and improve fatty acid metabolism. Our results indicate that dT3 may not help with 

overall weight loss or fat loss, however, it would establish a healthier individual. In 

addition, this study observed the effects of dT3 during the progression and development 

of obesity but no studies have been done to determine its effectiveness at reversing 

obesity. 

dT3 could potentially be used to treat other inflammatory diseases like arthritis 

and inflammatory bowel disease. The vitamin E family, and more specifically T3’s, have 

strong anti-oxidant properties proving their possible benefit in the prevention and 

treatment of cancer. T3’s show a promising future for many diseases due to their 

versatile and strong properties. 

r. Limitations and future studies 

One limitation of this study is the fat percentage of the high fat diet being at 

59%, which is higher than the amount of fat expected to be consumed by the general 

population. This could account for some of the metabolic changes that were observed, 

and possibly limited anti-inflammatory response to T3. We also did not measure energy 
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expenditure which could have provided us with better insight into the overall 

metabolism of the mice tested. 

Additional future studies are required to better understand the mechanisms 

mediating effects of dT3. A few of them should include analysis of other important 

tissues within the body to determine dT3’s effectiveness on them. For example, 

previous isoforms have been studied for their effect on cardiovascular disease, however, 

dT3 has not. Therefore, analysis of the heart and other important tissues could provide 

us important insight into dT3 ability to reduce cardiovascular disease. Further, muscle, 

brain, brown fat, subcutaneous fat, kidneys, and other tissues could also be analyzed to 

study dT3’s effect in these tissues as well. Upon the analysis of other tissues, dT3 should 

be taken into clinical trials. In clinical trials it could then be examined to determine its 

effectiveness at reducing obesity and its metabolic complications. With dT3 showing 

great effectiveness at reducing inflammation, hepatic steatosis, and increased glucose 

clearance, additional studies could analyze these effects in combinations with other 

bioactive compounds and drugs to study its synergistic and additive effects. Another 

important study would be to determine the other inflammatory pathways that dT3 

inhibits and to determine the exact target in those pathways that dT3 inhibits.  
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