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Abstract 

 

The interaction between obesity, immune response and T cell 
metabolism 

 

Honglin Chen, M.A. 

The University of Texas at Austin, 2016 

 

        Supervisor:  Christopher Jolly   

                                               Co-supervisor:  Molly Bray 

 

Obesity is the result of positive energy balance over a long period of time. Current 

research suggests that obesity is a multifactorial phenotype resulting from a combination 

of several factors, including genetic, epigenetic, sedentary behavior and dietary 

macronutrient composition. The major consequences of obesity include dyslipidemia, 

hyperglycemia, insulin resistance, altered adipokines, and altered immune function. 

Obesity increases fat deposition in tissues of the immune system such as bone marrow 

and thymus. Ectopic lipid metabolites change the individual immune cell profiles. In 

inflamed adipose tissues, anti-inflammatory M2 macrophages shift toward the M1 pro-

inflammatory phenotype. The increase in CD8+ T cells precedes the accumulation of 

macrophages. Th1 and CD8+ T cells promote the development of insulin resistance (IR), 

while T-reg cells inhibit IR. The activation of naïve T cells is an energy-demanding 

activity that requires metabolic reprogramming. Proliferating cells switch to anabolic 

metabolism from catabolic metabolism, and nutrient substrates are utilized for 
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biosynthesis of new daughter cells. Differentiated T effector cells, such as Th1/Th2, Th17 

and Treg, display a more elevated rate of glycolysis than naïve T cells. Notably, Treg has 

the least glycolytic metabolism but an elevated rate of lipid oxidation. Naïve T cells 

utilize glucose and glutamine at a relatively low rate to maintain normal housekeeping 

functions, such as ion transport and membrane integrity. Resting T cells rely on oxidative 

phosphorylation for ATP production. Glutamine provides energy via oxidative 

metabolism and supports the biosynthetic processes by providing carbon and nitrogen 

precursors. In activated T cells, glucose-6-phosphate can enter the pentose phosphate 

pathway for the production of 5-carbon sugars for nucleotide biosynthesis and NADPH. 

Additionally, the TCA cycle can also serve as a center of biosynthesis in addition to 

providing proton carriers that facilitate in the generation of ATP from glucose in naïve T 

cells.  

In conclusion, obesity causes chronic inflammation that alters the immune cells 

profiles, particularly, T cells. Furthermore, T cell metabolism is also altered by the 

exposure to the major consequences of obesity, hyperlipidemia and hyperglycemia, 

shifting T cell population into Th17 subsets.  



 viii 

Table of Contents 

List of Tables ........................................................................................................... x	  

List of Figures ........................................................................................................ xi	  

Chapter 1   Obesity .................................................................................................. 1	  
1.1	   Definition of Obesity ............................................................................. 1	  
1.2	   Etiology of Obesity ............................................................................... 2	  

1.2.1	  Genetic underpinnings of obesity ................................................. 3	  
1.2.2	  Epigenetic factors ......................................................................... 6	  
1.2.3	  Dietary macronutrient composition .............................................. 8	  
1.2.4	  Sedentary behavior ..................................................................... 11	  

1.3	   Consequences of Obesity .................................................................... 12	  
1.3.1	  Dyslipidemia .............................................................................. 12	  
1.3.2	  Hyperglycemia and insulin resistance ........................................ 15	  
1.3.3	  Altered adipokines ...................................................................... 21	  
1.3.4	  Altered immune function ........................................................... 23	  

Chapter 2 Immune Response ................................................................................. 26	  
2.1	   Immune system ................................................................................... 26	  

2.1.1.	   Innate Immune Response ....................................................... 26	  
2.1.1.1	   Macrophages ............................................................... 27	  
2.1.1.2	   Neutrophils .................................................................. 32	  
2.1.1.3	   Eosinophils .................................................................. 33	  
2.1.1.4	   Mast Cells .................................................................... 34	  
2.1.1.5	   Type 2 innate lymphocyte cells (ILC2) ....................... 36	  
2.1.1.6	   Dendritic Cells ............................................................. 37	  

2.1.2.	   Adaptive Immune Response ................................................... 37	  
2.1.2.1 T cells ............................................................................. 39	  
(1)	   CD4+ Th1 cells ................................................................... 39	  
(2)	   CD4+ Th17 cells ................................................................. 40	  



 ix 

(3)	   CD4+ Th2 cells ................................................................... 41	  
(4)	   T regulatory cells ............................................................... 42	  
(5)	   CD8+ T cells ....................................................................... 44	  
2.1.2.1	   Natural Killer T (NKT) cells ....................................... 45	  
2.1.2.3.	   B cells ......................................................................... 46	  

2.1.3.	   Leukocytes involvement under lean conditions ..................... 47	  
2.2	   Organ Inflammation ............................................................................ 50	  

2.2.1	  Adipose Tissue ........................................................................... 50	  
2.2.2	  Liver ........................................................................................... 54	  
2.2.3	  Peripheral blood mononuclear cell (PBMC) .............................. 55	  

Chapter 3   T cell Metabolism ............................................................................... 57	  
3.1	   Generation of T cells ........................................................................... 57	  
3.2	   Immune Activation .............................................................................. 62	  
3.3	   Distinct metabolic character of different immune cell subsets ........... 70	  

3.3.1	  Metabolic Programing of Th1/Th2 Cells ................................... 71	  
3.3.2	  Metabolic Programing Of Th17 Cells ........................................ 73	  
3.3.3	  Metabolic Programing Of Treg Cells ........................................... 73	  

3.4	   Naïve and Activated T lymphocytes Metabolism ............................... 75	  
3.4.1	  Naïve Cells ................................................................................. 75	  

3.4.1.1	   Glucose ........................................................................ 76	  
3.4.1.2	   Glutamine .................................................................... 77	  

3.4.2	  Activated Cells ........................................................................... 77	  
3.4.2.1	   Glucose and Glutamine ............................................... 78	  
3.4.2.2	   Fatty Acids .................................................................. 81	  

3.5	   Obesity influence on the T cell metabolism ........................................ 84	  

Appendix A T cell subsets cytokine profile .......................................................... 87	  

REFERENCES ...................................................................................................... 89	  



 x 
 

List of Tables 

Table 1 M1 and M2 macrophages ......................................................................... 29	  

Table 2 Distribution of white blood cells in human PBMC .................................. 38	  

Table 3 Relationship between immune cells and insulin resistance ..................... 50	  



 xi 

List of Figures 

Figure 1 Pathway involved in skeletal muscle insulin resistance ......................... 17	  

Figure 2 Pathway involved in liver insulin resistance ........................................... 19	  

Figure 3 Leukocytes involvement in adipose tissues under lean conditions. ........ 48	  

Figure 4 Obesity-induced adipose tissue inflammation. ....................................... 51	  

Figure 5 Thymus lobs ............................................................................................ 57	  

Figure 6 T cell generation pathway in the thymus. ............................................... 59	  

Figure 7 T cell receptor signaling and the immune synapse ................................. 65	  

Figure 8 Protein interactions with the cytoplasmic tail of CD28 .......................... 67	  

Figure 9 Signaling molecules involved in CD28 and CTLA-4 function .............. 68	  

Figure 10 Adaptor proteins initiated signaling events .......................................... 70	  

Figure 11 The metabolism pathway inside mitochondrion. .................................. 76	  

Figure 12 PI3K/Akt/mTOR pathway. ................................................................... 79	  

Figure 13 A Fatty acid synthesis pathway. ........................................................... 82	  

Figure 14 Fatty acid oxidation pathway. ............................................................... 83	  

Figure 15 AMPK-activated protein kinase pathway. ............................................ 85	  

 

 

 



 1 

Chapter 1   Obesity 

1.1 DEFINITION OF OBESITY  

Obesity is associated with the presence of excess body fat. Body mass index 

(BMI), the ratio of weight (kg) to height squared (m2) is the most common metric to 

define obesity. The following are guidelines for BMI categorizations based on 

international standards set by the World Health Organization (WHO): underweight if 

BMI< 18.5 kg/m2; normal if BMI is between 18.50 and 24.99 kg/m2; overweight if BMI 

is between 25 and 29.99 kg/m2; obese if BMI >=30 and < 40 kg/m2; and severely obese if 

BMI is >= 40 kg/m2  (World Health, 2015). 

BMI has significant limitations as a measure of individual risk assessment 

because it does not always accurately account for adiposity or fat deposition. For 

example, an athlete who has a lower body fat content and is highly muscular could have a 

higher BMI than an overweight person who has a higher body fat content because muscle 

is more dense than fat; thus, a cubic inch of muscle weighs more than a cubic inch of fat 

(Grober-Gratz et al., 2013). Due to these shortcomings, BMI is often used in concert with 

waist-to-hip ratio (WHR), which is a measure of the relative distribution of body fat 

deposition. An individual with a WHR above 1.0 (males) or 0.8 (females) is considered at 

risk for metabolic diseases like cardiovascular diseases and diabetes (Rheaume et al., 

2011). These guidelines are based on the finding that different fat distribution contributes 

differentially to overall disease risk. Android, or visceral, obesity occurs when fat 

accumulates in and around visceral organs and is closely related to metabolic 

complications such as insulin resistance. This morphologic phenotype is also known or 

described as an “apple” distribution and is more commonly seen in men. Gynoid obesity 

is more common in females and is characterized by fat deposited in the lower body, such 
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as hips and thighs and is known or described as a “pear” distribution. Fat accumulated in 

the lower body (the pear shape) is primarily subcutaneous, while fat in the abdominal 

area (the apple shape) may be primarily visceral (Krotkiewski and Billing-Marczak, 

2014). Adipose acts as an endocrine organ and can release hormones and other 

substances that influence the normal balance and functioning of many metabolic 

processes. In addition, adverse effects of excess visceral fat may be due to its proximity 

to the portal vein, which carries blood from the intestinal area to the liver (Bjorntorp, 

1993). Substances released by visceral fat, including free fatty acids and adipokines, enter 

the portal vein and travel to the liver, potentially disrupting hepatic metabolism. Visceral 

fat is directly linked with dyslipidemia and insulin resistance (Casavalle et al., 2014). 

 

1.2 ETIOLOGY OF OBESITY 

Obesity is a result of positive energy balance over a long period of time (Zamboni 

et al., 2014). Energy balance is key in regulating body weight. Excess fat will be 

accumulated when calories are chronically consumed in excess of those expended by 

physical activity and basal metabolism (Fair and Montgomery, 2009). Individuals may 

respond differently to an energy imbalance due, in part, to genetic predisposition. Current 

research suggests that obesity is a multifactorial phenotype resulting from a combination 

of several factors, including genetics, epigenetics, sedentary behavior, and dietary 

macronutrient composition (Atlantis et al., 2008; Serra-Majem and Bautista-Castano, 

2015; Youngson and Morris, 2013). 
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1.2.1 Genetic underpinnings of obesity 

There is substantial, consistent evidence from studies of families and twins 

demonstrating the involvement of genes in the regulation of weight. Obesity tends to 

concentrate in families (Andersson, 1996; Bouchard, 1996). The risk of obesity is about 

two to three times higher for an individual with a family history of obesity than for an 

individual without such history (Albuquerque et al., 2015). Risk of severe obesity was 

three to six times higher for individuals from families with severely obese members 

compared to individuals with no obesity in their family background, based on data from 

the Quebec Family Study (Chaput et al., 2014). Similarly, data from the National Health 

and Nutrition Examination Survey III (NHANES III) also indicated that obesity risk was 

two times higher for a person with a family history of obesity compared to a person 

without a family history of obesity (Chaput et al., 2014). Waalen et al. (2014) reported 

that the risk of extreme obesity was as high as seven to eight times higher for individuals 

who have a family history of extreme obesity (Waalen, 2014). Moreover, a study of 

childhood obesity conducted by Whitaker et al. in 1997 revealed that, when two parents 

were obese, the risk of obesity between age 3 and 5 increased three times compared to the 

counterparts with healthy-weight parents (adjusted odds ratio 15.3 vs. 4.7 (5.7-41.3)) 

(Hemmingsson et al., 2014; Whitaker et al., 1997).     

Studies of monozygotic versus dizygotic twins have also supported a genetic 

component in the determination of obesity. Monozygotic (MZ) twins are genetically 

identical. On the other hand, the genetic material of non-identical dizygotic (DZ) twins is 

on average approximately 50% identical. Stunkard et al. studied the correlations for 

weight in 250 MZ and 264 DZ twin pairs, and established the first results indicating that 

obesity results from genetic influence, providing estimates of heritability of 

approximately 0.50 (Stunkard et al., 1986). A recent study of twins and adopted children, 
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suggested that genetic factors could have a much stronger effect than environmental 

factors on BMI among children under 19 years old (Liao et al., 2015). Family studies and 

twin studies have provided evidence that a substantial proportion of obesity variation in 

the population can be attributed to inherited variation. The heritability of obesity ranges 

from 30-70%, with the typical estimation at 50% (Beales, 2010; Herrera and Lindgren, 

2010; Russo et al., 2010; Waalen, 2014). In other words, about one-half of the variation 

in body mass within a population is attributed to genetic variation. Taken together, 

mounting evidence suggests that genetic variation is key in body weight regulation.  

The genetic forms of obesity consist of two types, including monogenic and 

polygenic obesity. Polygenic obesity reflects the additive contribution of many genes 

involved in the development of obesity. Monogenic obesity refers to an alteration of a 

single gene. There are eleven genes are known to cause monogenic obesity, including 

corticotropin-releasing hormone receptor 1 (CRHR1), corticotropin-releasing hormone 

receptor 2 (CRHR2), G-protein-coupled receptor 24 (GPR24), leptin (LEP), leptin 

receptor (LEPR), melanocortin 3 receptor (MC3R), melanocortin 4 receptor (MC4R), 

neutrotrophic tyrosin kinase receptor type 2 (NTRK2), and proopiomelanocortin (POMC), 

proprotein convertasesubtilisin/kexin type 1 (PCSK1), single-minded homolog 1 (SIM1) 

(Rankinen et al., 2006). Leptin is released from adipose cells and it can stimulate 

receptors in the arcuate nucleus of the hypothalamus to decrease appetite (Klok et al., 

2007) . Leptin secretion is positively related with a high amount of visceral adipose 

tissue. That is, obese individuals generally have a higher level of leptin than non-obese 

individuals. Leptin receptors are located in the hypothalamus and other peripheral tissues 

such as adipose tissue, liver and immune cells. LEPR can bind leptin. Leptin receptor 

deficiency results in excessive hunger and voracious eating behavior, resulting in obesity 

(Wang et al., 1998). MC4R is a G protein-coupled receptor, which is located in the 
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hypothalamus and can bind with α-melanocyte stimulating hormone (α-MSH). α-MSH is 

produced in pituitary gland, hypothalamus and skin cells. MSH can induce the skin cell  

(melanocyte) to produce a pigment known as melanin to protect the skin from UV light. 

Additionally, α-MSH can inhibit appetite by acting on MC4R. α-MSH and leptin work 

together to suppress appetite (Yeo et al., 1998). G-protein-coupled receptor 24 (GPR24) 

is expressed in the brain and binds with melanin-concentrating hormone (MCH). MCH is 

produced from the lateral hypothalamus and can stimulate food intake (Cassarino et al., 

2016). POMC is synthesized in the pituitary and it can be converted to α-MSH, 

adrenocorticotropic hormone (ACTH) and β-endorphin. ACTH binds with melanocortin 

2 receptor (MC2R), producing the hormone called cortisol. Cortisol can increase blood 

glucose levels and inhibit inflammation.  β-endorphin binds with opioid receptors in the 

brain, participating in the pain relief signaling pathway (Millington, 2007). The 

corticotropin-releasing hormone receptor (CRHR) binds with corticotropin-releasing 

hormone (CRH) in the hypothalamus to stimulate the secretion of corticotropin in the 

anterior pituitary gland. CRH acts in the brain to suppress appetite. Corticotropin can 

stimulate adrenal cortex releasing corticosteroids. Corticotropin is known as ACTH as 

well (Cassarino et al., 2016). PCSK1 encodes proprotein convertase 1 (PC1). PC1  

expresses in neuroendocrine cells, converting prohormones including POMC, 

prothyrotrophin releasing hormone (TRH), proinsulin, proglucagon, and 

progonadotrophin releasing hormone (GnRH) into functional hormones (Frank et al.). 

SIM1 is a helix-loop-helix transcription factor responsible for the development of 

paraventricular nucleus of the hypothalamus (Ramachandrappa et al., 2013).  To sum up, 

the above are the single dysfunctional genes that lead to monogenic obesity, and a 

common thread among these genes is their influence on satiety and eating behavior. 
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Both candidate gene and genome-wide association studies (GWAS) have been 

used to search for polygenes. GWAS utilize microarray technology to identify and 

characterize genome-wide sequence variation that can be analyzed to identify 

relationships between obesity and genetic variants across the entire genome.  This 

analytical approach is used to interrogate the genome for single nucleotide 

polymorphisms (SNPs) that occur more frequently in people with obesity than in people 

without the obesity. Frayling et al. (2007) reported that SNPs in the FTO gene region on 

chromosome 16 were strongly associated with BMI and type 2 diabetes (T2D)  utilizing 

GWAS method. The polymorphism located in the first intron of the FTO gene was 

associated with T2D and increased BMI (Frayling et al., 2007). Many other studies have 

replicated this finding (Dina et al., 2007; Loos et al., 2008). Since the original report of 

the identification of the FTO gene, more than 150 obesity genes have been identified 

through GWAS (Locke et al., 2015; Shungin et al., 2015). Genes predisposing to obesity 

have been identified such as Src homology 2 B adapter protein 1 (SH2B1), potassium 

channel tetramerization domain containing 15 (KCTD15), mitochondrial carrier 2 

(MTCH2), neuronal growth regulator 1 (NEGR1) and brain-derived neurotrophic factor 

(BDNF). SH2B1, KCTD15, MTCH2, NEGR1, and BDNF are associated with dietary 

intake of macronutrients such as carbohydrates and fat (Bauer et al., 2009).  

1.2.2 Epigenetic factors 

Epigenetic studies demonstrate that environmental factors may induce chemical 

modifications to DNA that may change gene expression (Herrera et al., 2011). Epigenetic 

modification is defined as chemical changes that may or may not be heritable and alter 

gene expression without a change in the nucleotide sequence. Those chemical changes 

include methylation, acetylation, ubiquitylation, and phosphorylation (Burgio et al., 



 7 

2015). Some epigenetic modifications can be passed from one generation to the next 

generation. Gene-specific epigenetic marks have been associated with obesity and 

obesity-related metabolic syndrome (Drong et al., 2012; van Vliet-Ostaptchouk et al., 

2012).  A recent report from Voisin et al. (2015) reported that 28 obesity-associated 

single nucleotide polymorphisms (SNPs) were associated with methylation levels at 107 

proximal CpG sites (Voisin et al., 2015). Among those 107 associated CpG sites, 38 were 

located in the promoters of genes such as microRNA 148a (MIR148A), BDNF, 

phosphatidylglycerophosphatase and protein-tyrosine phosphatase 1 (PTPMT1), and 

nuclear receptor subfamily 1 group H member 3 (NR1H3). Furthermore, CpGs associated 

with obesity SNPs were enriched in the enhancers elements in peripheral blood 

mononuclear cells (PBMCs) (Voisin et al., 2015)  

Tissue-specific levels of CpG methylation have been identified in promoters for  

the following genes, including in type 2 diabetes (T2D) associated genes: C-C motif 

chemokine ligand 2 (CCL2) in PBMCs; insulin (INS), pancreatic and duodenal homeobox 

1 (PDX1), and peroxisome proliferator-activated receptor gamma coactivator 1-alpha  

(PPARGC1A) in pancreatic islets; and obesity associated genes arachidonate 12-

lipoxygenase (ALOX12) ,alkaline phosphatase (ALPL), Bcl-2-related protein A1 

(BCL2A1), and caspase 10 (CASP10) in fat and lean mass, melanin concentrating 

hormone receptor 1 (MCHR1), and proopiomelanocortin (POMC) in brain , interleukin 8 

(IL8), and retinoic acid receptor-alpha (RXRA) in fat mass (Drong et al., 2012). A study 

in humans found that the intake of a high-fat diet induced changes in the methylation of 

6,508 genes in skeletal muscle, with a maximum change in methylation of 13% (van 

Vliet-Ostaptchouk et al., 2012). Similarly, a 20-week, high-fat, sucrose diet (20% protein, 

45% fat, 35% carbohydrate, from which 23.1% was sucrose) promoted methylation of the 

LEP promoter in CpG sites 6-7 and 29-30, while it suppressed methylation of CpG in site 
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15 in visceral adipocytes (Uriarte et al., 2013). Notably, when the diet was changed from 

a high-fat, sucrose diet to normal chow (16.6% protein, 10.3% fat, 73.1% carbohydrate, 

and 6.5% protein, 10.3% fat, 73.1% carbohydrate, and 6.5% sugar), HFS-induced 

hypermethylation in CpG site of leptin promoter was reverted (Uriarte et al., 2013). In 

another animal study, mice on a high-fat diet developed hypomethylation in the 

melanocortin-4 receptor, a gene expressed in the satiety center of the central nervous 

system (Sánchez et al., 2015). However, researchers also found that neonatal overfeeding 

of rats resulted in hypermethylation of the satiety-mediator POMC in the hypothalamus 

(Beck, 2000).  

        As discussed above obese and diabetic individuals have a different epigenetic profile 

compared with healthy individuals, and epigenetic marks can be used as predictors of risk 

of metabolic syndrome disease.  Martinez et al. (2012) reported that both TNF and LEP 

methylation levels in the adipose tissue could be utilized as epigenetic biomarkers to 

predict the response to a low-caloric diet (Martinez et al., 2012). Women with a better 

response to the dietary intervention had lower promoter methylation levels in genes than 

those in the non-responder group. In summary, both genetic and epigenetic variations 

have been associated with obesity and feeding behaviors. 

 

1.2.3 Dietary macronutrient composition  

The ample food supply in Western countries is considered as a significant factor 

contributing to obesity (Astrup, 1999). Specific properties of macronutrients have a 

different influence on food intake.  Dietary protein provides a satiating effect, and thus, 

can suppress appetite. When comparing two isocaloric meals, the one containing higher 

protein food content has a stronger effect on satiety than the one contains higher 
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carbohydrate component (Astrup, 1999). Additionally, glycemic index (GI) of the food 

also influences the satiety potential. The GI ranks carbohydrates according to their rate of 

conversion to glucose within the human body. The GI applies a scale of 0 to 100, with the 

higher values indicating the most rapid rise in blood glucose level (American Diabetes 

Association, 2016). Consuming high-GI foods will lower satiety and increase hunger, 

while low-GI foods will increase satiety and reduce appetite (Niwano et al., 2009). This 

phenomenon can be explained by the glucostatic theory.  After ingestion of high-GI food, 

the level of blood glucose will be increased sharply for a short time, inducing a 

hyperinsulinemic response. A significant increase in insulin causes a rapid decline in 

blood glucose level that is associated with induced hunger. Adding fiber to the diet 

produces bulk. Extending the time of processing and absorption of nutrients in the 

intestine can augment satiety and suppress food intake (Burton-Freeman, 2000). 

It is well established that calories from different dietary macronutrient sources, 

such as lipids and carbohydrates, have different effects on energy balance and 

metabolism. A substantial body of evidence has demonstrated that dietary fatty acid 

composition is associated with weight gain and visceral fat accumulation (Abete et al., 

2010). In rats, trans fatty acid intake increased visceral fat accumulation (Bendsen et al., 

2011; Ebbert and Jensen, 2013). A human diet study showed that feeding participants 

with monounsaturated fat (Mediterranean diet) prevented visceral fat gain (Paniagua et 

al., 2007). Moreover, Romaguera et al. (2009) pointed out that adherence to the 

Mediterranean diet (high component of olive oil, seafood, and nut, low component of red 

meat) was associated with lower waist circumference values compared to those who 

consumed diets high in saturated fat (Romaguera et al., 2009). Taken together, saturated 

fatty acids are inclined to increase visceral fat, but unsaturated fatty acids are not.   
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On another level, sugar-sweetened beverages (SSBs) have been shown to 

contribute to the epidemic of obesity (Malik et al., 2006). A number of studies have 

indicated that increased consumption of sugar-sweetened beverages is positively 

correlated with obesity, type 2 diabetes and other metabolic syndromes in both children 

and adults (Crichton et al., 2016). SSBs have a high content of rapidly absorbable 

carbohydrates, such as high-fructose corn syrup (45% glucose and 55% fructose), that 

can increase the glycemic load and contribute to insulin resistance (Stanhope & Havel, 

2010). Furthermore, Tappy (2010) highlighted that fructose consumption also increases 

fasting triglycerides levels, stimulating deposition of triglycerides in non-adipose tissues 

and resulting in elevated levels of triglycerides and low levels of HDL cholesterol (Tappy 

et al., 2010). Malik et al., (2006) suggested that fructose is the preferred substrate for 

hepatic de novo lipogenesis that leads to elevated levels of triglycerides (Malik et al., 

2006). It takes four steps in the glycolytic pathway for glucose to convert to 

glyceraldehyde-3-phosphate (GA-3-P), which can be utilized in de novo lipogenesis 

pathway, while it only takes three steps for fructose to be converted to GA-3-P. Equally 

important, Stanhope et al. (2009) found that fructose may influence body fat distribution. 

In their study, the researchers gave human subjects either glucose or fructose-sweetened 

beverages that provided 25% of energy requirements for 10 weeks. Their study revealed a 

significant increase in visceral fat in the fructose treatment group compared to the 

visceral fat in the glucose treatment group (Stanhope et al.). To sum up, sugar-sweetened 

beverages, especially high fructose beverages may be a key contributor to the obesity 

epidemic. 
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1.2.4 Sedentary behavior 

      Sedentary behavior and reductions in physical activity that decrease energy 

expenditure could lead to increased energy storage and obesity, particularly when 

individuals are exposed to an environment full of energy–dense foods and sugar-

sweetened beverages. Surveys have shown that people who have a sedentary lifestyle 

have a higher risk of being obese than those that exercise regularly (Wang et al., 2016). 

Ross and Janiszewski (2008) reported that short-term, regular, physical activity was 

associated with reductions in waist circumference (WC), even though a significant 

reduction in body weight had not been observed. The researchers concluded that physical 

activity may be helpful in reducing abdominal adiposity (Ross and Janiszewski, 2008). In 

fact, exercise intervention studies demonstrated that the proportion of visceral adipose 

tissue in physically active individuals is lower than the proportion in sedentary 

individuals (Martin et al., 2014). The studies in which visceral adipose tissue was 

measured with the aid of imaging techniques, such as magnetic resonance images (MRI), 

also revealed a substantial lower level of visceral adiposity among physically active 

individuals compared to sedentary counterparts (Pate et al., 2015). Resistance exercise 

designed to build muscle mass may increase resting metabolic rate by altering body 

composition (Keevil et al., 2015). Physical activity may also boost mood and thus 

increase adherence to an exercise program (Carels et al., 2007). 

Accumulating animal studies have revealed that physical activities such as aerobic 

exercise could have beneficial effects on metabolic processes, independent of dietary 

changes (Dieli-Conwright et al., 2015). Tchernof and Després (2013) also reported that 

increased levels of activity are associated with leanness, as physically well-trained 

individuals have an increased lipolytic capacity compared to sedentary persons (Tchernof 

and Despres, 2013; Tchernof and Després, 2013). Furthermore, Riviere et al. (1989) 
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added that basal and catecholamine-stimulated lipolysis is higher in fat cells from trained 

individuals (Riviere et al., 1989). Evidence has also shown that physical exercise 

decreases hyperlipidemia and improves glucose metabolism (Bosomworth, 2013; Cree-

Green et al., 2015; Woolf et al., 2008).  

 

1.3 CONSEQUENCES OF OBESITY 

1.3.1 Dyslipidemia 

Dyslipidemia is one of the most significant consequences of obesity. Obesity-

induced dyslipidemia is characterized by increased circulating concentration of 

triglycerides (TG), free fatty acids (FFA), and cholesterol, reduced levels of high-density-

lipoprotein-cholesterol (HDL-C), and alterations of level of TG in the low-density 

lipoprotein (LDL) fraction (Doupa et al., 2014; Finn, 2015; Millan Nunez-Cortes et al., 

2014).  

Lipoprotein metabolism plays a critical role in dyslipidemia. After the 

consumption of dietary lipids, TG is hydrolyzed in the intestinal lumen into FFA, and 

monoacylglycerols (MAG) (Siri-Tarino and Krauss). The lipid molecules including FFA, 

MAG, cholesterol, cholesterol esters and lysolecithin will arrange in a spherical form 

called micelles. The inside of the micelles is the aggregation of hydrophobic tails of fatty 

acids and the outside is the hydrophilic heads.  Micelles will associate with the cell 

membranes of the enterocytes and those lipid molecules contained within the micelle will 

be extruded into the enterocyte where they will be reassembled into TG, 

phosphatidylcholine, and cholesteryl esters (Siri-Tarino and Krauss). Cholesterol can also 

be absorbed into enterocytes by Niemann-Pick C1-like one protein (NCP1L1). 

Cholesteryl esters, TG, and fat-soluble vitamins are packed together with phospholipids, 
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apolipoprotein (apo) B48, and other proteins to form chylomicrons. Chylomicrons are 

secreted into the lymphatic vessels and then enter the bloodstream (Ebbert and Jensen, 

2013).  The assembly of chylomicrons is almost identical to the synthesis of very low-

density lipoproteins (VLDL) in the liver. VLDL assembly starts with hepatic uptake of 

circulating FFA, LDL, chylomicron remnants and de novo synthesis of fatty acids from 

other macronutrient sources. However, the structural protein marker of VLDL is apo 

B100 other than apo B48 in the chylomicrons (Ebbert and Jensen, 2013; Masoodi et al., 

2015; Symonds et al., 2013).  

Chylomicrons and VLDL deliver FFA, cholesterol, phospholipids, and TG to the 

adipose tissue, muscle, and other tissues for energy expenditure and storage. The part of 

the chylomicron that is left following this lipolytic action is the chylomicron remnant. 

The amount of FFA, and TG from chylomicrons and VLDL utilized as fuel depends on 

the energetic needs of the organism and the activity of lipoprotein lipase (LPL), which is 

mainly expressed in epithelial cells lining vessels associated with myocardium, skeletal 

muscle, and adipose tissue, as well as multiple other tissues. Chylomicrons compete with 

VLDL for the lipolysis action of LPL, as lipids are taken up by peripheral tissues. During 

lipolysis, chylomicrons become chylomicron remnants and VLDL reduces to dense LDL. 

Chylomicron remnants are taken up by the liver primarily via the apo E receptor and the 

LDL receptor. Hepatic lipase may also play a role in chylomicron uptake and 

metabolism. In contrast, the liver absorbs LDL directly via the LDL receptor (Masoodi et 

al., 2015).  

The liver not only produces VLDL but also HDL. Cholesterol from peripheral 

tissues is taken up by HDL, which returns cholesterol to the liver. The marker protein of 

HDL is apo A-1. Cholesteryl ester-transfer-protein (CETP) promotes the transfer of 

cholesteryl esters from HDLs to VLDLs, VLDL remnants, and LDLs with an exchange 
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of triglycerides from LDLs to HDLs. The action of CETP allows the excess cellular 

cholesterol to be returned to the liver via the LDL receptor. Additionally, hepatic lipase 

hydrolyzes triglyceride-rich HDLs into smaller HDL particles (Hill et al., 2000; Masoodi 

et al., 2015). The above is the brief summary of lipoprotein metabolism.  

Hypertriglyceridemia is the hallmark of dyslipidemia because it leads to delayed 

clearance of the TG-rich lipoproteins and formation of small dense LDL.  

Hypertriglyceridemia is primarily caused by increased FFAs (Subramanian and Chait, 

2012). 

Initiation of TG hydrolysis in adipose tissue is regulated by hormone-sensitive 

lipase. Obesity is characterized by an increase in basal rates of lipolysis that may 

contribute to the development of insulin resistance and an impaired responsiveness to 

stimulated lipolysis (Ebbert and Jensen, 2013). Plasma free fatty acids, also called non-

esterified fatty acids (NEFAs), result from dysregulated fatty acid released from adipose 

tissue due to increased activity of hormone-sensitive lipase (Ebbert and Jensen, 2013). 

The increased FFA flows to the liver, resulting in TG accumulation in the liver. The 

increased level of hepatic TG leads to an increased synthesis of VLDL in the liver. 

Elevated FFA is frequently observed in patients with obesity (Ebbert and Jensen, 2013). 

Ghanim et al. (2004) showed that the level of NEFAs in obese individuals is higher than 

the level of NEFAs in normal weight people (590 umol versus 430 umol) (Ghanim et al., 

2004). VLDL production is among the strongest determinants of TG concentration in the 

plasma and is associated with indices of insulin sensitivity. Overproduction of VLDL 

leads to decreased clearance of VLDL, once tissue lipoprotein lipase (LPL) becomes 

saturated (Tchernof and Despres, 2013). Elevated production of VLDL also depresses the 

lipolysis of chylomicrons due to competition with lipoprotein lipase (LPL) (Klop et al., 

2013). With the increased saturation of LPL, postprandial accumulation of chylomicrons 
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and other TG-rich lipoprotein remnants occurs. Lipolysis of VLDL and chylomicrons is 

also impaired in obesity by reduced activity of lipoprotein lipase in skeletal muscle 

tissues. Thus, the increased influx of VLDL into the bloodstream not only determines 

hypertriglyceridemia but also leads to delayed clearance of VLDL and chylomicrons 

(Large et al., 2004). Veilleux et al. (2011) confirmed that hypertriglyceridemia is 

positively correlated with visceral obesity (Veilleux et al., 2011).  

 

1.3.2 Hyperglycemia and insulin resistance  

The hyperglycemic state is frequently observed in obese individuals. The major 

cause of hyperglycemia is insulin resistance, which is common in individuals with 

obesity (Gustafson et al., 2015).  Insulin resistance can be caused by several factors, 

including accumulation of ectopic lipid metabolites, decreased insulin receptor 

expression, and innate immune pathways; notably, the key point underlying all those 

pathways is dyslipidemia (Gustafson, et al., 2015). Hyperinsulinemia is associated with 

impaired carbohydrate oxidation and muscle glucose storage, reduced hepatic insulin 

clearance, and elevated triglycerides. Plasma FFA concentration and hepatic FFA 

delivery are increased in insulin resistance. Increased hepatic production of VLDL is 

characteristic of individuals with higher fat mass and insulin resistance (Gustafson et al., 

2015). 

In order to examine insulin resistance, the general insulin action and molecular 

mechanisms underlying insulin signaling will be described. In the fed state, the blood 

glucose level and the insulin secretion will increase after consuming dietary carbohydrate 

(Yang et al., 2013a). In skeletal muscle, insulin increases glucose transport, permitting 

glucose entry and utilization or promoting glycogen synthesis. In the liver, insulin 
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promotes glycogen synthesis and de novo lipogenesis while also inhibiting 

gluconeogenesis (Bevan, 2001). Glycogenesis continues until the hepatic glycogen stores 

reach a maximum saturation point. Any excess glucose that is not oxidized for energy or 

stored as glycogen will be converted to fatty acids and ultimately stored as TG. In 

adipose tissue, insulin suppresses lipolysis and promotes lipogenesis (Kersten, 2001). In 

the fasting state, insulin secretion is decreased, while the release of glucagon will be 

increased from the pancreas to promote glucose production. Glucagon will target the liver 

to promote hepatic gluconeogenesis and glycogenolysis, while hepatic lipid production is 

depressed via decreasing acetyl-CoA carboxylase activity. In contrast, adipose lipolysis 

may increase by activating hormone-sensitive lipase activity under a low level of insulin 

combine with a high level of glucagon, depending on the energy needs of the individual 

(Cree-Green et al., 2015).  

In insulin resistance, lipid accumulation occurs in non-adipose tissue, such as 

liver and skeletal muscle. This ectopic lipid accumulation interferes with insulin action. 

With the accumulation of lipids in skeletal muscle, insulin-mediated glucose uptake is 

impaired. As a consequence, glucose is diverted to the liver. In the liver, increased 

accumulation of lipid impairs insulin’s ability to regulate gluconeogenesis and to activate 

glycogen synthesis (Krssak et al., 2000). However, lipogenesis remains unaffected in the 

liver with the increased delivery of dietary glucose to the liver. This increased lipogenesis 

can lead to nonalcoholic fatty liver disease. Impaired insulin action in the adipose tissue 

allows for increased lipolysis, resulting in elevated free fatty acid production that 

promotes re-esterification of lipid in non-adipose tissues such as the liver (Gustafson et 

al., 2015).  

The above is the general review of insulin action. The molecular mechanisms 

underlying lipid-induced insulin resistance in skeletal muscle and the liver are as follows. 
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In skeletal muscle, insulin binds to the cell surface insulin receptor (Figure 1). 

 

Figure 1 Pathway involved in skeletal muscle insulin resistance  

 

Upon insulin binding to the tyrosin kinase domain of the insulin receptor, the 

insulin receptor auto-phosphorylates itself. This insulin receptor phosphorylation will 

further activate proximal insulin receptor substrate (IRS) (Rui et al., 2001). The 

phosphorylation on IRS activates Akt2 via a series of steps. Activated Akt2 will promote 

the translocation of GLUT4 to the plasma membrane (Powell et al., 2003). Upregulated 

GLUT4 increases uptake of glucose into the cell, and promotes glycolysis or glycogen 

synthesis (GS), depending on the state of the organism (Garvey et al., 1998).  
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In obesity, the increased FA-albumin complex transports into the cytosol via fatty 

acid transporter CD36 (Goudriaan et al., 2003). Cytosol FFA is then converted to fatty 

acyl-CoA via fatty acyl-CoA synthase (Koonen et al., 2007). Fatty acyl-CoA can also be 

metabolized in two pathways: (1) the TG synthesis pathway or (2) the ceramide synthesis 

pathway. Under the lipogenesis pathway, glycerol-3-phosphate acyltransferase (GPAT) 

will convert fatty acyl-CoA and glycerol-3-phosphate (G3P) to lysophosphatidic acid 

(LPA) (Nagle et al., 2007).  LPA is an important substrate for the production of several 

important glycerolipid intermediates such as diglyceride (DAG). DAG can be converted 

to TG via the enzyme called diacylglycerol acyltransferase (DGAT).  DAG activates 

PKCθ, which inhibits IRS (Choi et al., 2007).  

Ceramide, the other fatty acid metabolite, can also impair insulin signaling via 

two pathways. First, ceramide activates protein phosphatase 2 (PP2A), which can 

dephosphorylate the serine-threonine protein kinase, Akt2. Dephosphorylated Akt2 will 

inhibit GLUT4 translocation to the cell membrane, thus inhibiting insulin signaling. Also, 

ceramide can impair insulin action via protein kinase C-ζ (PKCζ). PKCζ and Akt2 

interact intracellularly but dissociate when an insulin signal is given. Ceramide impairs 

dissociation between PKCζ and Akt2. Thus, PKC ζ phosphorylates Akt2, preventing 

Akt2’s activation (Bezy et al., 2011). Impaired Akt2 limits GLUT4 translocation to the 

plasma membrane, resulting in impaired glucose uptake. Moreover, impaired Akt2 can 

also decrease insulin-mediated glycogen synthesis (Gao et al., 2007).  

Ceramide synthesis can also be promoted by the activated I-kappa B kinase (IκK) 

pathway. Tumor necrosis factor alpha (TNFα) and saturated fatty acid (palmitate) can 

bind to TNF-receptor and toll-like receptor 4 (TLR-4) to activate IκB kinase (IKK) 

pathway, respectively (Holland et al., 2011). Moreover, TNFα can also activate c-Jun N-
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terminal kinase (JNK1), which can impair insulin signaling via suppression of IRS (Shi et 

al., 2011b). 

In the liver, TNFα and FFA-albumin pathways are identical with related pathways 

in the skeletal muscle tissues. However, DAG and Akt2 related pathways are different 

from those in skeletal muscle (Figure 2).  

 

Figure 2 Pathway involved in liver insulin resistance  

 

 DAG-activated PKCε results in impaired insulin signaling (Powell et al., 2003). 

In the liver, Akt2 promotes glycogen synthesis, suppresses gluconeogenesis, and 
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activation of forkhead box protein O1 (FOXO1). FOXO1 is a transcription factor that 

binds to the sequence located in the promoter of glucose-6-phosphatase (G6P). G6P is an 

important enzyme involved in gluconeogenesis pathway and is responsible for converting 

glucose-6-phosphate to a phosphate group and free glucose (Ishikura et al., 2016). Thus, 

activation of FOXO1 leads to upregulated activity in gluconeogenesis, resulting in 

increased production of hepatic glucose. Moreover, impaired Akt2 can inhibit lipogenesis 

via deactivating sterol regulate element binding protein (SREBP1c). SREBP1c is one of 

the three SREBP isoforms. SREBPs are transcription factors that can activate the 

expression of a number of genes involved in the synthesis and uptake of cholesterol, fatty 

acids, TG, and phospholipids (Ding et al., 2016). SREBP-1c enhances transcription of 

genes required for fatty acid synthesis. SREBP-1c regulates genes including ATP citrate 

lyase (converts citrate, APT, CoA and H2O to oxaloacetate, acetyl-CoA, ADP and Pi), 

acetyl-CoA carboxylase (converts acetyl CoA to malonyl CoA) and fatty acid synthase 

(catalyze the synthesis of palmitate from acetyl-CoA and malonyl-CoA), fatty acids 

elongase complex (converts palmitate to stearate), steroyl-CoA desaturase (converts 

stearate to oleate), glycerol-3-phosphate acyltransferase (GPAT) (converts glycerol-3-

phosphate and fatty acyl CoA to lysophosphatidic acid ) (Ito et al., 2013). However, these 

reduced rates of fatty acid synthesis caused by decreased expression of numerous 

lipogenesis-associated genes does not inhibit overall triglyceride production in the liver 

because of the large amounts of fatty acids released from the adipose tissue (Wu et al., 

2011b). The increased influx of free fatty acids, which comprise the triglyceride synthesis 

substrates, compensates the decreased expression of lipogenesis-associated genes and 

leads to increased triglyceride production in the liver. Hepatocytes can store lipids in the 

form of TG, but the hepatic lipid content is normally low. When liver lipid stores exceed 
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5% of weight, in the absence of alcohol intake, it is known as nonalcoholic fatty liver 

disease (Wang et al., 2009). 

 

 

 

 

 

1.3.3 Altered adipokines  

Adipose tissue is not only a storage depot for triglycerides but also a producer of 

many adipokines, such as proinflammatory cytokines, angiotensin II, leptin, resistin, 

adiponectin, PAI-1 and others (Smith and Minson, 2012). It has been demonstrated that 

adipokine secretion is determined by adipocyte size. Using cultured human adipocytes, 

investigators found that large adipocytes express proinflammatory factors such as leptin 

while smaller adipocytes express anti-inflammatory factors such as adiponectin (Skurk et 

al., 2007). Obesity is associated with altered secretory profiles of adipokines, which may 

influence several physiological processes by exerting their effects on the inflammatory 

pathway (Smith and Minson, 2012).  

Adiponectin and leptin are two of the most critical adipocyte-specific adipokines. 

Adiponectin exists as a globular fragment and circulates in very small amounts in the 

bloodstream. It promotes fatty acid oxidation and glucose uptake by the activation of its 

two transmembrane adiponectin receptors, AdipoR1, and AdipoR2, which are expressed 

in various tissues and activate the downstream targets AMPK and PPAR-α. Decreased 

adiponectin levels were demonstrated to interfere with fat utilization because of 

dysregulated AMPK signaling in rat skeletal muscle and C2C12 myocytes (Kadowaki et 
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al., 2006). Furthermore, both in vitro and in vivo experiments indicated that a reduction in 

adiponectin concentrations decreases skeletal muscle glucose uptake and increases 

gluconeogenesis (Miller et al., 2011; Swarbrick and Havel, 2008). Adiponectin levels are 

found to be inversely correlated with an obese state, meaning that the more adiposity the 

individual has, the less adiponectin there is in circulation (Miller et al., 2011). In addition 

to changes in circulating levels of adiponectin, there are changes in circulating leptin 

levels in an obese state. As adipose tissue expands, more leptin is secreted by adipocytes; 

thus, obese people generally display higher levels of leptin (Clement, 1999). Leptin is a 

peptide hormone secreted by the adipose tissue, helping the brain regulate fat storage. 

Leptin mRNA is expressed exclusively in fat cells. It promotes lipid storage in adipocytes 

to prevent ectopic fat deposition in non-adipose tissues. Leptin deficiency or leptin 

resistance could result in intracellular lipid accumulation (Kalashikam et al., 2014; 

Moraes‐Vieira et al., 2014). Lipotoxicity in non-adipose tissues is associated with 

dysfunction of pancreatic cells, myocardium, kidney and skeletal muscles. In obesity, 

leptin levels increase initially to store excessive fat in adipose tissue without ectopic fat 

deposition (Suganami et al., 2012). Long-term excessive energy intake leads to leptin 

resistance, resulting in ectopic fat storage in non-adipose tissues. Evidence suggested that 

the accumulation of long chain-saturated fatty acids can cause lipoapoptosis. 

Lipoapotosis is a process of programmed cell death due to exposure to an excess of fatty 

acids (Bays et al., 2013; Dasu and Jialal, 2011). The lipoapoptosis of pancreatic β cell in 

type 2 diabetes could be primarily due to increased plasma palmitate fatty acids. It has 

been shown that palmitate induces apoptosis in rat interfascicular neurons (IFNs) 832/13 

cells and human islet β cells (Deng et al., 2016).  

TNF-α is a proinflammatory cytokine secreted by adipocytes. Obese subjects 

have increased secretion of TNF-α, which inhibits the differentiation of human adipocyte 
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precursor cells through down-regulation of two regulators involved in adipocyte 

differentiation, CCAAT and PPAT-γ2 (Song et al., 2013). Moreover, TNF-α can induce 

apoptosis in both precursor and mature adipocytes. TNF-α up regulates lipolysis in 

human and 3T3-L1 adipocytes by suppressing perilipin expression, an adipocyte protein 

that coats the lipid storage droplet (Kralisch et al., 2005).  

 Interleukin-6 is another proinflammatory cytokine secreted by adipose tissue, 

which is increased in obese individuals. IL-6 modulates the expression of genes in 

proliferation, survival and angiogenesis via the Janus kinase and two signal transducers 

and activator of transcription (STAT) (JAK/STAT) signaling pathway (Kraakman et al., 

2015). Additionally, IL-6 can stimulate lipolysis in vivo in humans. Thus, the altered IL-6 

levels promote lipolysis activity and could reduce insulin sensitivity by increasing the 

secretion of fatty acids from adipose tissue to the blood vessels (Fantuzzi, 2013). The 

ectopic lipid accumulation will be promoted in this environment. Studies have revealed 

the role of IL-6 as an anti-inflammatory cytokine acting via the classic signaling through 

the activation of the IL-6 receptor on the cellular membrane of specific cell types, such as 

macrophages, neutrophils and some T-cells (Scheller et al., 2011).  

 

 

1.3.4 Altered immune function  

             Obesity has been shown to increase fat deposition in tissue of the immune system, 

including the bone marrow and thymus. These changes lead to alterations in the 

distribution of leukocyte populations, lymphocyte activity, and overall immune defenses 

(Cunningham-Rundles et al., 2005; Kohlgruber and Lynch, 2015; Meckenstock and 

Therby, 2015; Samartı́n and Chandra, 2001; Shvarts, 2010; Shwarts, 2009).  
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              Throughout the human lifespan, bone marrow-derived pluripotent hematopoietic 

stem cells continuously replenish multipotent and committed progenitor population, which 

ultimately give rise to blood cells of both lymphoid (T and B lymphocytes and natural 

killer cells) and myeloid (monocytes, macrophages, dendritic cells, granulocytes, 

erythrocytes, megakaryocytes, and mast cells) lineages. The generation of mature T 

lymphocytes requires further developmental stages in the thymus, which is considered to 

be a primary lymphoid organ, along with bone marrow (Ohkura et al., 2013; Takahama, 

2006). Mature lymphocytes then take up residence in secondary lymphoid tissues, 

including the spleen, lymph nodes, and mucosa-associated lymphoid tissue, to perform 

immune surveillance and await activation in response to pathogens (Meckenstock and 

Therby, 2015).  

               The integrity of immune tissue architecture is essential for proper leukocyte 

generation and maturation because the cells within these tissues provide critical 

interactions with developing leukocytes to ensure functionality. Obesity has been shown 

to increase the adipose content in primary lymphoid tissues, thereby altering the cellular 

milieu by disrupting tissue integrity (Meckenstock and Therby, 2015; Sell et al., 2012). 

High-fat feeding has also been shown to increase the inflammatory gene expression of 

bone marrow mesenchyme stem cells in Wistar rats (Ghigliotti et al., 2014). Adipocytes in 

bone marrow have been shown to suppress hematopoiesis. Obesity also affects the ratios 

of progenitor lineages generated in bone marrow. In one mouse study, diet-induced 

obesity from high-fat feeding has been shown to skew the ratios of leukocyte progenitor 

populations to increase the number of myeloid progenitor cells while reducing lymphoid 

progenitors (Singer et al., 2014). Bone marrow fat content has been associated with 

several parameters related to obesity. Fazeli et al. (2013) reported that bone marrow fat 
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was positively correlated with serum TGs and inversely correlated with plasma HDL-

cholesterol levels in human (Fazeli et al., 2013) .  

              Obesity-induced changes in lymphoid tissue have similarly been observed in the 

thymus. In C57BL/6 mice, diet-induced obesity from high-fat feeding resulted in 

alterations in thymic architecture, resembling the process of thymic involution that occurs 

with age (Gulvady et al., 2013). These changes included increased perithymic adiposity, 

loss of corticomeduallry junctions, and reductions in lymphocyte precursor populations. 

Thymic tissue structure is critical for proper T cell development and maturation. High-fat 

diet-induced changes in thymic architecture were further associated with reduced thymic 

output of naïve T cells, which may negatively affect immune surveillance (Pearse, 2006; 

Rezzani et al., 2008; Takahama, 2006; Yang et al., 2007).  
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Chapter 2 Immune Response 

2.1 IMMUNE SYSTEM  

Immunity is resistance of the body to foreign pathogens. The immune system 

consists of the innate and adaptive immune system. The innate immune system is what 

individuals are born with and it is nonspecific. It includes physical barriers such as skin 

and other epithelial surfaces. A group of proteins and phagocytic cells that recognize 

pathogens and are activated to help destroy invaders in the innate immune system 

(Janeway and Medzhitov, 2002).  The adaptive (specific or acquired) immune system is 

not present at birth and it develops with time. It is the action against pathogens that are 

able to evade the innate immune defenses. When the adaptive immune system is 

activated, the antigen will be processed and recognized. The adaptive immune system 

will create the immune cells specifically attack those recognized antigen. It will also 

produce memory immune cells that can attack the future specific antigen efficiently. 

There are two types of adaptive immune responses including humoral immunity that is 

mediated by antibodies secreted by B-lymphocytes and cell-mediated immunity that is 

mediated by T lymphocytes (Alberts et al., 2002; Janeway Jr and Medzhitov, 2002)  

2.1.1. Innate Immune Response  

The innate immune system includes monocytes, macrophages, dendritic cells, 

mast cells, natural killer cells and the granulocytes: basophils, eosinophils, neutrophils. 

The innate system is the body’s first line of defense in response to injury or pathogens. 

The presence of pattern recognition receptors allows for proinflammatory activation to 

general, non-specific stimuli but does not allow for long-term immunological memory 

(Hazenberg and Spits, 2014; Netea, 2013). Specific cell functions of the innate immune 

system are outlined below. 
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2.1.1.1 Macrophages 

Macrophages reside throughout the body tissues. Notably, macrophages are the 

most abundant leukocytes in the adipose tissues. They act as sentinels of innate 

immunity, ingesting and processing foreign materials, dead cells and debris and 

recruiting additional macrophages to inflammatory tissues (Janeway Jr and Medzhitov, 

2002). Macrophages have several subsets, which are affected by the microenvironment:  

classically activated macrophages (M1 macrophages), alternatively activated 

macrophages (M2 macrophages), regulatory macrophages, tumor-associated 

macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs). Of all the 

macrophage subsets, the M1/M2 dichotomy is the most studied in relation to obesity. M1 

macrophages express cell surface markers including F4/80 and CD11c. M2 macrophages 

express cell surface markers including F4/80, CD11b, CD301, and CD206.  F4/80 marker 

is expressed on most tissue macrophages in the mouse, while F4/80 is predominantly 

expressed on eosinophils in humans. CD11b is expressed on all myeloid lineage cells. 

CD11c is expressed on many monocytic-derived cells (Lumeng et al., 2007a; Lumeng et 

al., 2007b) 

 In general, M1 macrophages mediate defense of the host from a variety of 

bacteria, viruses and others. M2 macrophages have anti-inflammatory functions and 

regulate wound healing. Notably, in visceral adipose tissues, both M1 and M2 

macrophages play crucial roles in obesity-induced metabolic homeostasis (Murray and 

Wynn, 2011). M1 macrophages are induced by proinflammatory factors such as 

lipopolysaccharides (LPS) and IFN-γ, producing proinflammatory mediators including 

TNF-α, IL-6, IL-12, and nitric oxide (NO). M2 macrophages require IL-4, IL-10, and IL-
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13 for survival. M1/M2 polarization requires the regulation of transcription factors. Il-4 

and IL-13 can activate signal transducers and activators of transcription 6 (STAT6) to 

shift macrophages toward the M2 phenotype. M2 macrophages are an anti-inflammatory 

phenotype and produce mediators including IL-10, IL-1 decoy receptor, mannose 

receptor, Ym1, chitinase 3-like 3, macrophage galactose N-acetyl-galactosamine-specific 

lectins 1 and 2 (Mgl1/2) and arginase 1.  IL-1 decoy receptor is a soluble receptor that 

can recognize and bind with IL-1, preventing it from inducing inflammation signals. 

Arginase can inhibit nitric oxide (NO) production. NO mediates macrophages 

cytotoxicity and apoptosis. Mannose receptor is also called CD206 and is primarily 

present on the surface of the macrophages and dendritic cells. Ym1 is induced in vivo by 

an IL-4 and STAT6-dependent mechanism. Chi313 is downregulated in macrophages in 

DIO. Mgl 1/2 are the multiple C-type lectins on macrophages and represent the subclass 

of C-type lectins that bind galactose-related sugars (Table 1) (Lumeng et al., 2007a; 

Lumeng et al., 2007b). 
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Table 1 M1 and M2 macrophages  

 Phenotype   Cell Surface 

Marker 

Immune Mediators 

Profile 

Cytokines 

Required to 

Maintain 

Phenotype 

Reference  

M1 Proinflammatory  F4/80, 

Cd11b, Cd 11 

c, 

C-C motif 

receptor 2 

TNF-α, IL-6, IL-12, 

NO 

IFN-γ Lumeng et 

al., 2007a 

 

M2 Anti-

inflammatory 

F4/80, 

CD11b, 

chemokine  

 

IL-10, IL-1-decoy 

receptor, arginase1, 

mannose receptor , C 

type 2 (Mrc2), 

Ym1/Chi3l3, 

macrophage galactose 

N-acetyl-

galactosamine-

specific lectins 1 and 

2  (Mgl1/2) 

IL-4, IL-10, 

IL-13 

Lumeng et 

al., 2007 b; 

Patsouris et 

al., 2008; 

Murray and 

Wynn, 2011. 

 

 

Lumeng et al. (2007a) reported that increased F4/80+CD11C+ macrophages 

accumulate in VAT of diet-induced obese mice. The F4/80+CD11C+ macrophages is the 
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inflammatory macrophage type later on known as M1 macrophage. The investigators 

isolated the stromal vascular fraction (SVF) from epididymal fat tissue from male mice 

fed a normal diet (ND) or high fat diet (HFD) and analyzed cells by flow cytometry. 

Obese mice had a higher number of F4/80+CD11c+ than their lean counterparts. Also, 

gene expression in adipose tissue macrophages (ATM) from ND and HFD mice were 

analyzed.  ATMs from ND mice showed higher expression of M2-specific genes 

including IL-10, arginase 1, Mrc2, Ym1/Chi3l3, and Mgl1/2 compared with the ATMs 

from HFD mice. Consistently, ATMs from HFD showed higher expression of M1-related 

genes including TNF-α and Nos2 than ATMs from ND mice (Lumeng et al., 2007a). 

Later on, Lumeng et al. (2007b) conducted an experiment to investigate the source of the 

increased F4/80+Cd11c+ macrophages . They injected mice intravenously with PKH26, an 

inert fluorescent dye that can label tissue macrophages. The PKH26 labeling of ATMs in 

vivo can differentiate ATMs present at the time of injection from those AMTs recruited to 

adipose tissue once exposed to the high-fat diet. The mice injected with PKH26 at two 

months of age were fed a normal diet or high-fat diet for 20 weeks. The researchers 

reported that, in high-fat diet mice, F4/80+PKH26- cells found in the SVF increased with 

time after injection. Moreover, researchers analyzed proinflammatory gene expression in 

F4/80+PKH26- cells by utilizing semi- quantitative RT-PCR. The data revealed that genes 

of IL-6, iNOS, and CCR2 were expressed at higher levels in the F4/80+PKH26- newly 

recruited ATMs, indicating that in the obese environment, ATMs newly recruited to 

adipose tissues demonstrate the M1 proinflammatory phenotype (Lumeng et al., 2007b). 

Chemotactic cytokines secreted from the AT bind to their corresponding receptors on the 

immune cells, which play a critical role in recruiting circulating monocytes to the tissue. 

In fact, adipocytes secrete MCP1 that binds to the CCR2 receptor on macrophages thus 

stimulating their migration. Together with monocyte-chemoattracting 
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protein1/chemokine C-C motif receptor 2 (MCP1/CCR2), chemokine CX3C motif ligand 

1/ chemokine CX3C motif receptor 1, and leukotriene B4 receptor are the most promising 

chemotactic pathways (Murray et al., 2014; Murray and Wynn, 2011).  

A hallmark of the M1 pro-inflammatory phenotype is the induction of insulin 

resistance. Patsouris et al. (2008) reported that F4/80+CD11c+ is associated with insulin 

resistance frequently observed in obesity. They created transgenic mice with diphtheria 

toxin (DT)-inducible depletion of CD11c+ cells. The transgenic expression of the simian 

DT receptor (DTR) confers sensitivity to DT and permits ablation in vivo when DT is 

injected. Transgenic mice express the simian DTR under the control of the CD11c 

promoter. Depletion of Cd11c+ cells results in a marked reduction in macrophages in 

obese and muscle. To study the effects of depletion of Cd11c+ cells on adipose tissue 

inflammation, the researchers generated chimeric CD11c-DTR mice by transplanting 

bone marrow from CD11c-DTR transgenic mice to lethally irradiated wild-type (WT) 

C57BL/6J recipient mice. Irradiation in the setting of bone marrow transplantation aims 

to destroy or suppress the recipient’s immune system. Insulin tolerance tests before DT 

treatment showed that the HFD caused an increased insulin resistance in both WT and 

CD11c-DTR (diphtheria toxin receptor) BMT (bone marrow transplant) mice. Insulin 

tolerance tests after DT treatment showed that Cd11c-DTR BMT mice showed improved 

glucose lowering effect of insulin. In other words, HFD-Cd11c-DTR BMT mice had 

improved insulin sensitivity, indicating that Cd11c+ macrophages are positively 

associated with insulin resistance (Patsouris et al., 2008). 
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2.1.1.2 Neutrophils  

Granulocytes comprise 60-70% of blood leukocytes. Granulocytes consist of 

more than 90% of neutrophils and less than 10 % of basophils and eosinophils. They 

contain some granules such as lysozyme, neutrophil elastase (NE), and myeloperoxidase 

(MPO). Neutrophils migrate to the inflammation site in the early stage of inflammation. 

Moreover, neutrophils produce TNF-α, IL-1β, and chloromethyl (CCl3) that can recruit 

and activate macrophages, dendritic cells, and lymphocytes (Talukdar et al., 2012). 

Neutrophils are identified by the markers including Ly6g and Cd11b, while M1 

macrophages typicall, have markers including F4/80 and Cd11c (Elgazar-Carmon et al., 

2008; Talukdar et al., 2012).  

Talukdar et al. (2012) determined the time course of neutrophil infiltration into 

the adipose tissue of C57BL6J mice fed with a HFD by utilizing fluorescence-activated 

cell sorting (FACS) analyses. They reported that the number of neutrophils (with positive 

Ly6g and Cd11b markers and negative F4/80 and CD11c markers) increased after 3d of 

HFD feeding and this increase was maintained for up to 90 d of HFD feeding. The 

negative result of M1 macrophages indicated that neutrophil infiltration into VAT 

preceded the arrival of the  M1 macrophages. Additionally, the numbers of adipose tissue 

neutrophils from 20-week-old mice fed a HFD for 12 weeks was 20-fold higher 

compared to numbers of AT neutrophil (ATN) in 4-month-old C57BL/6J mice fed chow 

(Talukdar et al., 2012).  

Neutrophils are positively related with impaired glucose tolerance. WT DIO mice 

orally administered neutrophil elastase (NE) inhibitor GW311616A14 at a dose of 2 mg 

per kg of body weight of the mice every day for 2 weeks showed improved glucose 

tolerance compared with WT counterparts. To confirm this observation, researchers 

studied transgenic mice lacking expression of neutrophil elastase (B6.129X1-
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Elanetm1sds/1J, called NEKO mice) Consistent with the data from glucose tolerance test in 

the NE inhibitor experiment, NEKO mice had improved insulin sensitivity in insulin 

tolerance tests compared with WT counterparts (Talukdar, et al. 2012).   

2.1.1.3 Eosinophils 

  Eosinophils, one of the granulocytes that develop in the bone marrow before 

migrating into blood, are the primary effector cells in defending parasitic infections and 

allergic reactions. Eosinophils are important mediators of Th2 immunity, producing some 

Th2 cytokines such as IL-4, IL-10, IL-13, and TGF-β. Notably, IL-4 and IL-13 are 

crucial cytokines in maintaining M2 macrophage phenotype and eosinophils are the 

major IL-4 –expressing cells in white adipose tissues of mice (Wu et al., 2011a). Wu et 

al. (2011a) used IL-4 reporter mice (4get) mice, which express a green fluorescent 

protein (GFP) reporter along with the endogenous IL4 gene. Thus, IL-4 secretory cells 

can be recognized in vivo by their fluorescence. The investigators fed 4get mice a normal 

commercial diet and then enzymatically digested perigonadal adipose tissue to prepare a 

stromal vascular fraction (SVF) and harvest all IL-4-releasing cells for data analysis. Wu 

et al. reported that of the IL-4-releasing cells harvested from the perigonadal adipose 

tissue of mice fed a conventional diet, 90% were eosinophils, following with basophils, 

CD4+T cells, and innate helper 2 cells (ILC2s) (Wu et al.,2011a). This data strongly 

suggests that IL-4 is mainly from eosinophils.  

IL-4 induces arginase-1, which is considered as a signature gene in M2 

macrophages in VAT. YARG mice, which have a fluorescent reporter introduced into the 

arg-1 gene, can be utilized to identify M2 macrophages in vivo.  Wu et al. (2011) 

reported that adipose tissues from YARG mice that had been crossed with the 

ΔdblGATA mice, eosinophil-deficient mice, revealed a reduction of M2 macrophages in 
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adipose tissue. Mraz et al. (2014) confirmed that the numbers of adipose tissue resident 

eosinophils correlated positively with M2 ATMs. Also, IL-4 was shown to have insulin-

sensitizing effects since a systemic infusion of IL-4 leads to amelioration of insulin 

resistance (IR) (Mraz and Haluzik, 2014).   

 Eosinophils are not only associated with M2 macrophage maintenance but are 

also involved in adipose mass and cellularity and glucose metabolism.  Wu et al. (2011) 

demonstrated that adipose tissue eosinophil numbers, correlated inversely with mouse 

adiposity and mouse body weight. Furthermore, the authors reported that eosinophils 

were positively associated with impaired glucose tolerance. IL5tg mice (hyper-

eosinophilic mice) had an improved response to a glucose challenge, compared with WT 

counterparts. Consistently, the obesity-induced in ΔdblGATA mice, which are 

eosinophil-deficient mice, fed a high-fat diet revealed impaired glucose tolerance 

compared with WT counterparts (Wu et al., 2011a).    

              Eosinophil differentiation and activation are dependent on IL-3, IL-5 and 

granulocyte-macrophage-colony-stimulating factor (GM-CSF). Particularly, VAT-

resident eosinophils require IL-5 for survival, which is mainly from type 2 innate 

lymphoid cells (ILC2s) in VAT (Molofsky et al. 2013). 

 

2.1.1.4 Mast Cells  

Mast cells, abundant in skin and the mucosa, function as first-line responders to 

invading pathogens, mainly due to their rapid degranulation ability (Netea, 2013). 

Degranulation is a cellular process that releases antimicrobial cytokines from granules 

that are secretory vesicles. Activated mast cells secrete a broad spectrum of inflammatory 

mediators including histamine, heparin, lipid mediators (PGE2 and LTB4), chymase, 
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carboxypeptidase, proteolytic tryptase, and pro and anti-inflammatory cytokines, 

including TNF-α, IL-4, IL-5, IL-6, IL-10, and IL-13.  Once activated, mast cells release 

all or a part of those mediators in a rapid burst, recruiting the other inflammatory 

leukocytes. Mast cells act as inflammatory cells and are involved in diet-induced obesity 

and diabetes, acting as inflammatory cells. Liu et al. (2009) stained white adipose tissue 

(WAT) sections with a mast cell tryptase monoclonal antibody. Tryptase is the serine 

proteinase from mast cells and is utilized as a marker for mast cell activation. 

Monoclonal antibodies are monospecific antibodies that are made by the same immune 

cell. The authors reported that although not as abundant as macrophages, mast cell 

numbers are significantly elevated in the WAT obese mice and humans. In order to 

investigate the role of mast cells in obesity, Liu et al. (2009) utilized mast cell deficient 

mice and mast cell stabilized mice (Lie et al, 2009). C-Kit is a growth factor receptor 

required for mast cell differentiation and survival. Mast cell-deficient kitW-sh/W-sh mice have 

genetic mutations at the c-Kit locus, leading to a mast cell deficiency. Disodium 

cromoglycate (DSCG) is utilized as a pharmacological mast cell granule stabilizer, 

inhibiting mediator release from mast cells. Mast cell-deficient kitW-sh/W-sh mice or mice 

treated with DSCG show improved insulin sensitivity and reduced body weight under 

diet-induced obesity conditions. Furthermore, the researchers reconstituted kitW-sh/W-sh 

mice with bone marrow-derived mast cells (BMMCs) from WT mice to make mice 

lacking the three common mast cell cytokines IL-6, TNF-α, and IFN-γ. After 13 weeks 

on a Western diet, mice lacking mast cells secreting TNF-α had gained more body 

weight, higher serum leptin, insulin and glucose concentrations than those receiving IL-6 

null and IFN- γ null BMMCs, indicating that mast cells that secrete IL-6 and IFN- γ are 

involved in HFD-induced metabolic disorders. Lastly, the deficit in mast cells also 
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resulted in decreased angiogenesis, suggesting that mast cells might regulate adipose 

tissue inflammation through blood vessel growth (Liu et al., 2009). 

2.1.1.5 Type 2 innate lymphocyte cells (ILC2) 

Type 2 innate lymphoid cells (ILC2) are a subset of innate lymphoid cells (ILCs). 

ILCs respond to pathogen infection or tissue damage via the utilization of germline-

encoded receptors. They do not have recombination activating gene (RAG)-dependent 

rearranged antigen receptors such as B and T-cell receptors. Therefore, ILCs cannot 

respond in an antigen-specific manner. ILC2 produces type 2 cytokines including IL-5, 

IL-13, and methionine-enkephalin peptides (MetEnk). Type-2 cytokines are those 

produced by T helper 2 (Th2) cells, including IL-4, IL5, IL-6, IL-10, IL-13. ILC2s play a 

critical role in metabolic homeostasis (Kumar, 2014).  

Anti-inflammatory eosinophils depend on IL-5 for survival. VAT-resident- ILC2s 

are the primary source of IL-5 and IL-13, which promote the accumulation of eosinophils 

and M2 macrophages (Wu et al., 2011a). Molofsky et al. (2013) reported that VAT 

eosinophils were significantly reduced in Rag x γC-deficient mice, which do not have 

ILC2s. Rag-1 deficient mice have no mature B and T lymphocytes.  Consistent with data 

from Rag x γC-deficient mice, researchers reported that IL-13 deficient and IL-5 

deficient mice had fewer adipose eosinophils than did WT counterparts (Molofsky et al., 

2013). 

ILC2s also promote beiging in white adipose tissues. Beiging refers to the 

development of brite cells in white adipose tissues. Brite cells contain UCP-1 expressing 

adipocytes in white fat with a brown adipocyte phenotype. Brestoff et al. (2015) reported 

that methionine-enkephalin peptides, which are secreted from ILC2s, can promote the 

beiging process via upregulating UCP1. The researchers subcutaneously injected WT 
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mice with PBS or methionine-enkephalin (10 mg per kg body weight per day) for five 

days. The data revealed that methionine-enkephalin treated mice upregulated expression 

of UCP1 and increased oxygen consumption in WAT, indicating the beiging activity 

(Artis and Spits, 2015; Brestoff et al., 2015).  

 

2.1.1.6 Dendritic Cells  

Dendritic cells play a critical role in CD4+ and CD8+ T cell differentiation. They 

function as primary antigen-presenting cells of the immune system by presenting antigens 

via major histocompatibility complex II (MHCII) molecules to the T cell receptors 

(TCRs) of CD4 helper T (Th) cells. In addition, dendritic cells also produce an array of 

cytokines involved in the maturation and activation of adaptive immunity cells,  

including IL-12 that induces the differentiation of naïve T cells into Th1 phenotype and 

IL-15 that helps in the proliferation of CD8+ T lymphocytes and NK cells. Dendritic cells 

are the main bridge connecting the innate to the two critical inflammatory mediators in 

adaptive immunity. They are the CD4+ and T cells (Netea, 2013).  

 

2.1.2. Adaptive Immune Response  

Adaptive immune responses destroy invading pathogens and toxic molecules 

produced by the invading pathogens. The adaptive immune system is comprised of B, T 

lymphocytes and natural killer (NK) T cells.  T and B cells are found in the circulation 

and lymphatic systems. The peripheral blood contains 20-50% of circulating 

lymphocytes, and the lymphatic system contains the rest. Lymphocytes constitute 20-

40% of the whole white blood cells (WBCs). T lymphocytes account for 80% of 
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lymphocytes and B cells account for the rest 20% (Table 2) (Janeway and Medzhitov, 

2002). 

Table 2 Distribution of white blood cells in human PBMC  

Cell Types number/L % in Human PBMC 

T cells ~ 2x109 40-60% 

CD4+ ~1.4x109 ~ 70% of T cells 

CD8+ ~0.6x109 ~30% of T cells 

B cells ~0.5 x 109 3-15% 

NK cells ~0.1x109 10% 

Neutrophils ~5x109 NA 

Monocytes ~0.4x109 15-35% 

Eosinophils ~0.2x109 NA 

Basophils ~0.04x109 NA 
 
Cited from ThermoFisher (2016). Cell concentrations in human and mouse samples.  
Retrieved from https://tools.thermofisher.com/content/sfs/brochures/I-
076357%20cell%20count%20table%20topp_WEB.pdf 

The activation of the adaptive immune response depends upon interactions with 

innate immune cells that involve antigen presentation and receptor-mediated activation. 

The inflammatory process is a key part of the coordinated efforts of innate and adaptive 

immune cells to allow for the targeted elimination of pathogens. T and B cells travel 

through peripheral blood to target tissues to exert their effects (Chatzigeorgiou and 

Chavakis, 2016; Chng et al., 2015).  
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2.1.2.1 T cells 

T cells residing in adipose tissues regulate inflammation and insulin sensitivity. 

Emerging evidence suggests that increased populations of activated T cell in adipose 

tissue may contribute toward obesity-associated metabolic syndrome (McLaughlin et al., 

2014). Visceral adipose tissue associated T cells are critical regulators of macrophage 

polarization, and the distinct subset of T cells is thought to dictate the extent of 

inflammation present during insulin-sensitive and resistant states. Numerous studies have 

provided support for a role for T cells and their specific subsets in the promotion of 

insulin resistance (Antiga et al., 2014; Jassies-van der Lee et al., 2014; McLaughlin et al., 

2014; Wang et al., 2015).  

CD4+ T cell Differentiation  

After CD4+T cells have been activated, they differentiate into distinct effector 

subtypes (Th1/Th2; Th17) and Tregs, playing a major role in mediating the immune 

response through the secretion of specific cytokines (Appendix A) (Chen et al., 2014; 

Olive and Cerdan, 1999). The CD4+ T cells perform multiple functions, ranging from 

activation of the cells of the innate immune system, B-lymphocytes, cytotoxic T cells, as 

well as non-immune cells, and also play a critical role in the suppression of immune 

reaction. They impact immune functions by polarizing into unique functional subsets. 

Th1 promotes cell-mediated immunity; Th2 promotes humoral immunity; Th17 promotes 

mucosal immunity and inflammation. Treg inhibits the immune response (Donma et al., 

2015; Guzman-Flores and Lopez-Briones, 2012) 

(1) CD4+ Th1 cells  

 Th1 cells participate in obesity-induced adipose tissue inflammation. Interferon-γ 

(IFN-γ), the signature Th1 cytokine, is the crucial cytokine that converts M2 

macrophages to M1 macrophages. Rocha et al. reported that IFN- γ expression in adipose 
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tissue increases with diet-induced obesity in mice. They extracted RNA from visceral 

adipose tissues (VAT) from C57BL/6 mice on low-fat or high-fat diets for 21 weeks. 

Also, they found that T cells from VAT of obese mice produced more IFN-γ than those 

from lean counterparts (Rocha et al., 2008). Zuniga et al. (2010) have confirmed that the 

increased level of IFN- γ in VAT is secreted from Th1. They utilized mice fed a high-fat 

diet for 18 weeks and stimulated leukocytes with phorbol myristate acetate (PMA) and 

ionomycin in the presence of brefeldin A for four hours to trap cytokines inside the cell. 

Brefeldin A inhibits protein transport from the endoplasmic reticulum to the golgi 

apparatus. The stimulated cells were then stained with antibodies to CD3, CD4, CD8 and 

γδ TCR to identify T cell subsets, followed by intracellular staining for IFN- γ. The 

authors reported that γδ-T cell release Th17, subsequently, they tested whether γδ-T is 

also responsible for the release of IFN- γ. The investigators reported that CD4+T cells in 

VAT contain a high level of IFN- γ-producing Th1 cells, suggesting that Th1 cells are 

involved in forming M1 macrophage phenotypes (Zúñiga et al., 2010). However, 

Nishimura et al. (2009) demonstrated that the increased level of IFN- γ in VAT is 

primarily from CD8+ T cells (Nishimura et al., 2009). Taken together, IFN- γ arises from 

various sources including Th1 and CD8+ T cells, but the primary source has not been 

determined.  

           

(2) CD4+ Th17 cells 

     The role of Th17 cells involved in obesity-induced adipose tissue 

inflammation is not clear. However, IL-17, the signature Th17 cytokine, is the crucial 

cytokine in regulating adipogenesis, glucose homeostasis and obesity (Zúñiga et al., 

2010). Zúñiga et al. reported that, in visceral adipose tissues, IL-17 is produced mainly by 
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γδ T cells other than Th17 cells.  γδ T cells have unique γδ T-cell receptor (TCR) on 

their surface, while Th17 cels have αβ T-cell receptor (TCR) on their surface (Zúñiga et 

al., 2010). 

(3) CD4+ Th2 cells  

          Th2 cells mediate the activation and maintenance of the humoral immune response 

against extracellular antigens. Th2 cells release various cytokines including IL-4, IL-5, 

IL-6, IL-9, IL-13 and IL-25. IL-4 activates signal transducer and activator of 

transcription 6 (STAT6), which is the transcription factor, to upregulate trans-acting T-

cell-specific transcription factor (GATA-3), the critical regulator of Th2 cell 

differentiation. Winer et al. (2009) reported that Th2 cells can reverse weight gain and 

insulin resistance in DIO mice. They transferred CD4+ STAT6-null T cells into HFD-fed 

Rag1-null mice (Rag-1 –deficient mice have no B and T lympohcytes ) and observed that 

the number of CD4+GATA-3+ T cells was reduced in recipients compared to mice 

receiving WT CD4+T cell. Additionally, the proportions of CD4+GATA3+ were lower in 

the VAT of HFD-diet mice than those in normal chow diet (NCD)-fed mice. 

CD4+STAT6-null T cells had impaired glucose tolerance and insulin tolerance compared 

with counterparts receiving WT CD4+ T cells. The authors indicated that CD4+ GATA3+ 

were Th2 cells because GATA3+ is the critical regulator of Th2 cell dedifferentiation 

(Winer et al., 2009). 

              The protective role of Th2 has not been confirmed. First, Winer and his colleges 

(2009) utilized CD4+GATA3+ to identify Th2 (Winer et al., 2009), but it was prove in 

2012 by Cipolletta that VAT T reg cells are the major population expressing CD4+ 

GATA3 (Cipolletta et al., 2012).  Second, IL-4, which is considered to be secreted from 
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Th2, was reported subsequently to be secreted mainly from eosinophils in VAT (Wu et 

al., 2011a). 

(4) T regulatory cells 

There are two types of CD4+ CD25+ Foxp3+ regulatory T cells (Treg) : natural 

Treg (nTreg) and induced Treg (iTreg). Natural Tregs are produced in the thymus, while 

induced Treg are produced when CD4+ T cells are stimulated in peripheral tissues. Tregs 

are considered as suppressors of inflammatory reactions as they are vital for maintaining 

self-tolerance and suppress the proinflammatory Th1 and Th17 responses. Treg cells are 

also involved in the maintenance of the anti-inflammatory status of the adipose tissue. 

CD4+T cells are the most abundant T cells in adipose tissue. Feuerer et al. (2009) 

reported that more than half of the abdominal fat-resident CD4+ T cells were Tregs, the 

highest fraction among all lymphoid or nonlymphoid tissues. Treg cells produce IL-10 

and TGF-β. IL-10 is an important anti-inflammatory cytokine that can maintain M2 

macrophage phenotype (Feuerer et al., 2009). On the other hand, Deiuliis et al. (2011) 

reported obesity-induced VAT-resident Treg deficiency in obese mice. Also, their study 

revealed that there is an inverse relationship between the M1 macrophages and Tregs 

(Deiuliis et al., 2011).  Vasanthakumar et al. (2015) reported that the development and 

maintenance of VAT-resident Treg cells depended on IL-33 signaling through the IL-33 

receptor ST2. In their experiments, IL-33-deficient mice showed a severe reduction of 

Treg cells in the VAT, but not in other tissues, compared with their wild-type 

counterparts. Notably, Treg cell numbers in the VAT after IL-33 administration were 

increased at least tenfold (Vasanthakumar et al., 2015). Cipolletta et al. (2012) concluded 

that PPAR-γ regulates the development of VAT-resident Treg cells. PPAR-γ works with 

Foxp3 to convert naïve CD4+ T cells into VAT Treg cells that are different from 
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lymphoid tissue Treg cells. VAT Treg cells upregulate CCR2, GATA3, KLRG1 and 

CD69 and downregulate CD103 and CD86, compared with Treg in lymphoid tissues.  

Notably, GATA3 is essential for differentiation of Th2 cells.  They utilized transgenic 

mice with abrogated PPAR-γ and reported that PPAR- γ deficient mutants had a lower 

number of VAT Treg cells than their wild-type counterparts (Cipolletta et al., 2012). 

However, neither Cipolletta et al.  (2012) or Feurer et al. (2009) compared the cytokine 

profiles between regular T reg  and VAT-resident Tregs cells (Cipolletta et al., 2012; 

Feuerer et al., 2009). 

Feuerer et al. (2009) conducted loss-of-function experiments by administrating 

diphtheria toxin in mice expressing the diphtheria toxin receptor under the Foxp3 

promoter.  They reported that when Tregs are depleted, the inflammatory genes including 

TNF-α, IL-6, RANTES, and SAA-3 were upregulated in the visceral fat depot. RANTES 

is a short name for the regulated on activation normal T cell expressed and secreted 

gene. It is also known as chemokine (C-C motif) ligand 5 (CCL5). SAA-3 is a short name 

for serum amyloid A (SAA). SAA-3 belongs to acute-phase serum amyloid A proteins 

(A-SAAs), which are secreted during the acute phase of inflammation. Both RANTES 

and SAA-3 can recruit leukocyte cells to the inflammatory site. Moreover, insulin levles 

were higher in the Treg cell-depleted mice as well, indicating insulin resistance (Feuerer 

et al. 2009). Consistent with Feuerer et al.’s results, Eller et al. (2011) confirmed that T 

reg cell deletion promotes insulin resistance (Eller et al., 2011). Feuerer et al. (2009) 

continued with gain-of-function studies by injecting mice with a complex consisting of 

recombinant IL-2 and a particular-IL-2-specific monoclonal antibody (mAb), which 

highly upregulates production of Treg cells. They fed mice on HFD for 15 weeks. At the 

end of 15 weeks, they injected the mice with the IL-2 complex every day for 6 days. 

They tested insulin resistance in the complex-injected mice and reported that insulin 
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resistance improved in the injected mice (Feuerer et al. 2009). Taken together, the loss-

of-function and gain-of-function studies indicate that Treg cells have an anti-

inflammatory effect on visceral adipose tissues and improve insulin resistance.   

(5) CD8+ T cells 

       CD8+ T cell numbers proliferate substantially under obese conditions (Rausch et al., 

2008).  Rausch and colleagues (2008) reported that CD8+T cells in the stromal 

component of perigonadal white adipose tissue from DIO and ob/ob mice were threefold 

higher than that of their lean wild-type counterparts (Rausch et al., 2008). Indeed, 

Nishimura (2009) reported that infiltration of CD8+T cell was followed by infiltration of 

M1-polarized macrophages. They fed four-week-old C57BL/6 mice a high-fat diet. 

Within two weeks, the CD8+ T cells were significantly increased in the stroma of 

epididymal fat, as compared to their chow diet fed counterparts. Notably, the increase in 

CD8+ T cells preceded the accumulation of macrophages, which occurs after six weeks of 

high-fat diet feeding, indicating that CD8+ T cells infiltrated into VAT before 

macrophage infiltration (Nishimura et al., 2009). 

              Nishimura et al. (2009) continued to assess the role of CD8+ T cells in adipose 

inflammation by depleting CD8+ T in C57BL/6 mice. They intraperitoneally 

administered 4-week-old C57BL/6 mice with CD8 antibody once a week for 8 weeks. 

They fed the mice a high-fat diet over the same period and sacrificed mice at the end of 

eighth week. Based on their data, CD8+CD4- T cell fraction in the epididymal fat pads 

significantly lowered while CD8-CD4+ cell fraction stayed same. They concluded that the 

antibody to CD8 treatment reduced the infiltrated M1 macrophage. The decreased 

population of M1 macrophage was due to decrease IFN-γ secretion from depletion of 

CD8. Furthermore, the messenger RNA expression of the IL-6 and TNF-α in VAT was 
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lowered by CD8 antibody treatment compared with their WT counterparts. Also, the 

insulin resistance and glucose intolerance induced by the HFD were improved by CD8 

antibody treatment. Consistently, transfer of CD8+ T cells into CD8+ -deficient mice 

increased M1 macrophages in visceral adipose tissue, pro-inflammatory gene expression, 

glucose intolerance, and insulin resistance (Nishimura et al., 2009).   

 

 

2.1.2.1 Natural Killer T (NKT) cells 

NKT cells consist of several subpopulations. Invariant NKT (iNKT) is the major 

subpopulation. iNKT cells is a heterogeneous group of T cells and express αβ T-cell 

receptor and NK1.1, which is the molecular marker associated with NK cells. iNKT cells’ 

αβ T cell receptor has limited diversity, and they only recognize lipids and glycolipids 

bound by the antigen-presenting molecule CD1d. iNKT can be directly activated by 

exogenous lipid antigens presented by CD1d on antigen-presenting cells (APCs), while T 

cells require peptide-major histocompatibility complexes (MHCs). In respond to HFD, 

iNKT cells release elevated TNF-α and IFN-γ (Satoh et al., 2012).  

iNKT cells are present at high proportions both in lean and obese adipose tissues. 

iNKT cells comprise a second immune cell population that sustains the M2 anti-

inflammatory phenotype by releasing IL-4 and IL-13. Schipper et al. (2012) utilized 

CD1-null mice and Jα18-null mice (which don’t produce type 1 iNKT cells) to study the 

effect of iNKT cells on regulating insulin resistance. Both CD1-null mice and Jα18-null 

mice showed impaired glucose tolerance in intraperitoneal glucose tolerance test (IP-

GTT) after 18 weeks of low-fat diet compared with WT counterparts. The insulin 

resistance in iNKT cell knockout lean mice was confirmed by using the antibody-
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mediated (anti-NK1.1) depletion model. Partial depletion of VAT-resident iNKT cells led 

to impaired glucose tolerance compared with isotype negative control treatment. Isotype 

controls are primary antibodies that lack specificity to the NK1.1. (Schipper et al., 2012).  

Even though under lean conditions, iNKT cells have an anti-inflammatory role in 

VAT by secretion of IL-4 and IL-13 to maintain M2 macrophage phenotype, in response 

to the obese condition iNKT cells start to produce TNF-α and INF-γ.  Moreover, 

Schipper et al. (2012) reported that an enrichment of Tregs in VAT was observed both in 

the complete absence of iNKT cells in CD1d-null mice and antibody-mediated iNKT cell 

depletion. Furthermore, only under HFD conditions, M1 macrophage phenotype was 

increased in CD1d-null mice compared with their WT counterparts (Schipper et al., 

2012). Taken together, under lean conditions, VAT-resident –iNKT maintain anti-

inflammatory M2 macrophage phenotype. While under obese conditions, iNKT cells can 

support M1 macrophage phenotypes. The depletion of iNKT cells can improve insulin 

sensitivity. 

 

 

2.1.2.3.  B cells 

B cells are produced and mature in the bone marrow. B cells play a significant 

role in humoral immunity by producing antibodies and also acting as antigen presenting 

cells via MHCI and MHCII molecules (Winer et al., 2014). B cells secrete five classes of 

antibodies, IgA, IgD, IgE, IgG, and IgM. B cells already exist in the VAT of lean mice. 

HFD increases the number of B cells in VAT within four weeks (Winer et al., 2011). 

Moreover, in response to HFD, B cells release higher concentrations of IgM and IgG. 

Significantly, the IgM and IgG antibody staining in VAT showed that IgG and IgM 
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localized around the crown-like structures (CLS). CLS refers to macrophages arranged 

around dead adipocytes. The build-up IgG and IgM in CLS indicates the involvement of 

B cells in the clearance of necrotic adipocytes (Winer et al., 2011). Li (2015a) added that 

this reaction required the presence of CD4+ T and CD8+ T cells (Li et al., 2015a) . Winer 

et al. (2011) utilized C57bL/6 immunoglobulin μ heavy-chain knockout mice (Bnull), 

which do not produce mature B cells, to study the B cells effect on regulation of obesity 

and insulin resistance (Winer, 2011). In response to HFD started at six weeks of age, 

there was no difference in body weight from week eight until week fourteen. Compared 

with HFD-fed WT mice, 16-week-old HFD-fed B-null mice had the lower level of fasting 

glucose and lower glucose levels in a glucose tolerance test. The improved insulin 

sensitivity results were obtained from insulin tolerance test in B-null mice as well (Winer 

et al., 2011).  

 In summary, B cells participate in visceral adipose tissue inflammation and 

release of IgM and IgG antibodies that can help clear necrotic adipocytes. B cells 

promote insulin resistance.  

 

2.1.3. Leukocytes involvement under lean conditions 

Under lean conditions, M2 anti-inflammatory macrophages predominantly occupy 

the adipose tissues, followed by eosinophils, iNKT cells, type 2 innate lymphoid cells 

(ILCs) and Treg cells (Figure 3) (Feuerer et al., 2009; Lumeng et al., 2007b; Schipper et 

al., 2012; Wu et al., 2011a). 
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Figure 3 Leukocytes involvement in adipose tissues under lean conditions.  

Edited from Figure 1. Wensveen et al. (2015). The “Big Bang” in obese fat: events 
initiating obesity-induced adipose tissue inflammation. Eur. J. Immunol. 2015, 45:2446-
2456. 
iNKT : invariant chain natural killer T cells; Treg: regulatory T cell; M2:M2 
Macrophage; ILC2: type 2 innate adipocyte; Stroma: adipose tissue stroma; MetEnk: 
met-enkephalin; WA: white adipose tissues; TSLP:  thymic stromal lymphopoietin. 

 

 

 M2 phenotype maintenance requires several anti-inflammatory cytokines 

including IL-13, IL-4 and IL-10 and adipokines such as adiponectin (Lumeng et al., 

2007b). In visceral adipose tissues, eosinophils are the primary source of IL-4 (Wu et al., 

2011a). Treg cells produce IL-10, and iNKT cells release IL-13 and IL-4 (Feuerer et al., 
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the M2 phenotype by releasing anti-inflammatory adiponectin (Castoldi et al., 2015). 

Eosinophils depend on IL-5 and IL-33 for survival (Wu et al., 2011a). Type 2 innate 

lymphoid cells (ILCs) are excellence IL-5 source in VAT, and they also release IL-13 

and methionine enkephalin (MetEnk) (Brestoff et al., 2015). IL13 and MetEnk, together 

with IL4 from eosinophils can stimulate adipocyte precursor to differentiate to brite cells, 

which is brown cells in the white adipose tissue (Lee et al., 2015). ILCs, Treg cells, M2 

macrophages, and eosinophils express IL-33 receptors (Pichery et al., 2012). Therefore, 

those type 2 immune cells gain support from IL-33, which is produced from the stromal 

structure in white adipose tissues. Notably, the stromal structure also releases IL-25 and 

thymic stromal lymphopoietin (TSLP) to ILC2.  TSLP is an epithelia derived cytokine 

and can help antigen-presenting cells growth and shift a T-helper immune response 

toward the Th2 phenotype (Martin and Martin, 2016). 
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Table 3 Relationship between immune cells and insulin resistance  

                                                                                                    +: Promote 

                                                                                                     -: Inhibit  

Immune cell type  Impact on insulin resistance 

M1 macrophages  + 

M2 macrophages - 

Neutrophils  + 

Natural Killer  - 

Type 2 innate lymphocytes - 

Eosinophils - 

Th1 + 

Th2 Not Clear  

Th17 Not Clear 

T reg  - 

CD8+ T cells   + 

NKT  LFD - 

HFD - 

B cells  + 

 

2.2       ORGAN INFLAMMATION  

2.2.1 Adipose Tissue 

Adipose tissue inflammation is a hallmark of obesity and is associated with 

metabolic disorders, such as insulin resistance (Figure 4).  
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Figure 4 Obesity-induced adipose tissue inflammation.  

Edited from Wensveen et al. (2015). Figure 2. The “Big Bang” in obese fat: Events 
initiating obesity-induced adipose tissue inflammation. Eur. J. immunol. 2015, 45: 2446-
2456. 

NΦ: neutrophil cells; M1: M1 macrophage; M2: M2 macrophage; NK: natural killer cells; NKT: natural 

killer T cells; B: B cells; IFN-γ: interferon gamma. LPS: lipopolysaccharide; DAMP: danger-associated 

molecular pattern. TNF: tumor necrosis factor.  

 

 

Under lean conditions, adipocytes release more adiponectin and less leptin and 

monocyte chemoattractant protein-1 (MCP-1) (Skurk et al., 2007). With the development 

of obesity, adipocytes become hypertrophic (increase in size) and hyperplastic (increase 

in number). With the increase in adipose tissue mass, adiponectin production decreases, 

while leptin and MCP-1 production increases. The decreased level of adiponectin leads to 

decreased glucose uptake (Skurk et al., 2007). Another key player in glucose regulation is 
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leptin. Most immune cells such as neutrophils, macrophages, and NK cells express leptin 

receptor (LEPR). Additionally, T cell and B cells upregulate LEPR expression when they 

are activated. Thus, increased leptin production in adipose tissue recruits more immune 

cells with LEPR to adipocyte tissues (Fernández-Riejos et al., 2010; Reis et al., 2015). 

Furthermore, MCP-1 promotes macrophages infiltration into the adipose tissues. 

Therefore, there is an increasing number of M2 phenotype macrophages, neutrophils, and 

NK cells in white adipose tissues (Kanda et al., 2006).  

Hypertrophy of adipocytes not only brings more immune cells to the adipose 

tissues but also increases the rigidity of the adipose tissue matrix. The stress between a 

cellular enlargement of adipocytes and the rigid extracellular environment causes massive 

pressure on the plasma membrane that can lead to cell death or necrosis (Khan et al., 

2009). The stresses caused by obesity promote visceral fat adipocytes to express NKp46 

ligand, which is the cell-surface receptor that attracts and activates NK cells. There is a 

significant increase in the number of NK cells compared with that in subcutaneous fat. 

The activated NK cells in visceral adipose tissues release IFN-γ. IFN-γ can drive M2 

macrophages to the M1 phenotype (Wensveen et al., 2015).  

The other source of IFN-γ is from CD8+ T cells. The number of CD8+ T cells 

increase in visceral adipose tissue as it expands. Moreover, CD8+ T cells release MCP-1, 

which can recruit macrophages to visceral adipose tissues. Finally, in response to a HFD, 

iNKT cells release TNF-α and IFN-γ as well (Nishimura et al., 2009).  

In addition to local IFN-γ promoting the increase in macrophages cell numbers, 

the systemic source such as pathogen associated molecular patterns (PAMPs) from 

circulation can also facilitate the accumulation of macrophages in visceral adipose 

tissues. Obesity induces gut dysbiosis, which leads to the leakage of microbial 

components -- PAMPs into the blood vessels (Ghanim et al., 2004). Ghanim (2009) 
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reported that HFDs increase systemic endotoxin levels in the human. Endotoxin is known 

as lipopolysaccharides (LPS) and is found in the outer membrane of Gram-negative 

bacteria (Ghanim et al., 2004). Taken together, the LPS from the blood circulation and 

IFN-γ from VAT immune cells turn M2 macrophages toward the M1 proinflammatory 

phenotype. The M1 phenotype is sensitive to some proinflammatory stimuli, including 

leukotrienes, FA-albumin complex, and danger-associated molecular pattern (DAMPs) 

from necrotic adipocytes (Vandanmagsar et al., 2011). Elevated FFAs is one of the 

significant consequences of diabetes (Reaven et al., 1988). FFAs bound with albumin in 

the circulation can bind to toll-like-recepotr-4 (TLR-4) on macrophages (Pal et al., 2012). 

Notably, FFAs can only stimulate M1 macrophages and release proinflammatory 

cytokines. During obesity, leukotriene (LT) production is upregulated in adipose tissue. 

Notably, leukotriene B4 (LTB4) not only can attract and activate immune cells but also 

promote the generation of M1 macrophages. Increased adipocyte cell death is frequently 

observed in obese adipose tissue (Pal et al. 2012). Macrophages aggregate around dead 

adipocytes to clear the remnant lipid droplet. The aggregated adipose tissue macrophages 

fuse to form multinucleated cells and surround each dead adipocyte in a crown-like 

structure (Cinti et al., 2005) . As hypoxia-induced cell death increases, the DAMPs from 

damaged adipocyte cells elevated as well. DAMP includes double-stranded DNA and 

heat shock proteins (Vandanmagsar et al., 2011).  

             Those pro-inflammatory stimuli including FA-albumin, leukotrienes, and 

DAMPs stimulate the JNK and NF-kB signaling pathway in the M1 macrophages, 

resulting in releasing of IL-1β and IL-18, and TNF-γ. IL-1β and IL-18 are potent 

attractants that can recruit some pro-inflammatory cells, such as CD4+ Th1, CD4+Th17 

cells, CD8+ T cells, B cells, and NK cells (Wen et al., 2011). These cells release IFN-γ 

that can further drive M1 macrophage polarization. Moreover, those proinflammatory 
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cells can also release TNF-α that can interfere with insulin signaling, resulting in insulin 

resistance (Pussinen et al., 2011). 

 

 

2.2.2 Liver 

The liver is another significant metabolic organ that controls carbohydrate and 

lipid metabolism. Compared with adipose tissue, the liver does not recruit macrophages 

during the onset of obesity but instead activates its resident macrophage population, 

Kupffer cells, to induce inflammation (Dey et al., 2014). In animal studies, inflammatory 

cytokine secretions were observed in the liver of obese subjects. In fact, obesity is 

positively correlated with hepatosteatosis (fatty liver) (Jung and Choi, 2014; Yudkin et 

al., 2000). The effect caused by this inflammation that disturbs liver metabolic functions 

will be discussed as follows.  

First, inflammatory mediators inhibit the insulin-signaling pathway in the liver of 

an obese person as well in adipose tissue as discussed in the adipose tissue section. 

Specifically, NF-kB pathway activation appears to be critical in insulin resistance. Mice 

with liver-specific activation of IKK β display decreased glucose tolerance and insulin 

sensitivity in the liver itself (Cai et al.). This reduction in insulin sensitivity deregulates 

gluconeogenesis in the liver. In general, insulin signaling inhibits gluconeogenesis, 

however, in obese conditions this action is not effective. Consequently, hepatic glucose 

generation results in hyperglycemia. Consistently, once inflammatory signaling is 

inhibited, gluconeogenesis is suppressed by insulin (Hirosumi et al., 2002). 

 Furthermore, the lipogenesis effect of liver inflammation is not well understood. 

Evidence has shown that administration of TNF-α or IL-6 in vivo can induce hepatic 
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lipogenesis and increase hepatic triglyceride production (Gavito et al., 2016).  Increased 

triglycerides cause an increase in very low density lipoprotein (VLDL) secretion from the 

liver and an overall increase in serum triglyceride levels. Coupled with dyslipidemia, 

inflammatory mediators are also increased. Serum levels of cytokines such as CRP and 

IL-6 produced by the liver are increased in obese animals and humans compared with 

lean controls (Jung and Choi, 2014). One study indicated that liver inflammation leads to 

increased IL-6 production and negatively influences muscle insulin sensitivity (Pedersen 

et al., 2001). Taken together, the secretory profile of the liver in obesity may be a strong 

contributor to the malfunction of the liver and other tissues. When the inflammation in 

the liver is continuous, cell death will be present, leading to the recruitment of leukocytes 

cells. Those areas are considered as steatohepatitis (Izaola et al., 2015; Machado and 

Cortez-Pinto).  

 

2.2.3 Peripheral blood mononuclear cell (PBMC) 

In addition to affecting adipose tissues and liver, alterations in peripheral 

leukocytes are also observed in obesity with chronic inflammation (Catalan et al., 2015). 

Accumulating evidence has shown that blood leukocytes from obese subjects often reside 

in a proinflammatory state. NF-kB pathway is highly elevated in peripheral blood 

mononuclear cells in obese subjects (Catalan et al., 2015; Ryder et al., 2015). 

Furthermore, obese subjects similarly exhibited increased mRNA expression of NF-kB 

target genes, including IL-6 and TNF-α. Additionally, upon 5% weight loss, 

proinflammatory peripheral blood mononuclear cell markers can be reduced (Lee and 

Lee, 2014). A study showed that peripheral CD4+ T cell numbers were two times higher 

than lean controls, with greater levels of anti-inflammatory Th2 and Treg cells observed 
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(Beccati et al., 2016). Interestingly, elevated proinflammatory T cell populations in the 

peripheral blood and adipose are also reported in other studies (Zhang et al., 2014). These 

findings may suggest that immune profiles can be differentially influenced by the varied 

conditions in obesity. This phenomenon can be partially explained by the fact that the 

number of T cell subsets is dependent on T cell proliferation conditions. Additionally, the 

T subsets profile is different among control groups as well. Notably, relatively healthy 

controls that did not have elevated levels of TNF-α or IL-6 could have lower 

proinflammatory T cell subsets (Dicker et al., 2013; Gomez-Hernandez et al., 2013; 

Lysaght et al., 2011). In summary, T cell profiles substantially change in obese 

conditions. The number of pro-inflammatory subsets is higher than the levels of anti-

inflammatory subsets. 
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Chapter 3   T cell Metabolism 

3.1 GENERATION OF T CELLS  

Mature T cells develop in the thymus, which is a significant lymphoid organ, 

consisting of two lobes, located behind the sternum and above the heart in the upper 

anterior chest cavity (Pearse, 2006) (Figure 5).  

 

                 Figure 5 Thymus lobs 

 Each lobe of the thymus is composed of the medullar, cortico-medullary junction, 

cortex, and subscapular zone. Cells in the thymus can be categorized into thymic stromal 

cells and hematopoietic cells, which are derived from bone marrow.  Epithelial cells of 

the thymic cortex and medulla, and dendritic cells are referred to as thymic stromal cells 
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(Takahama, 2006). Developing T-cells are named thymocytes and belong to 

hematopoietic cells. To be noted, the T-cell development process requires the developing 

thymocytes and thymic stromal cells to communicate with each other. This interaction 

between travelling thymocytes and architectural stromal cells is a bilateral coordination 

that is called crosstalk. The travelling thymocytes not only make efforts to be recognized 

by the stromal cells but also are delicate to change the thymic microenvironment for 

further progress. Chemokines are a key part of the crosstalk process. The ligands that are 

produced by the thymic stromal cells help guide the developing thymocytes to find their 

pathway by binding themselves to the corresponding ligand receptors expressed in 

developing thymocytes.  Chemokines such as CCR4, CCR7, CCR9, and CXCR4 are the 

most well documented chemotactic signals in regulating thymocytes maturation (Rezzani 

et al., 2008).  

             In general, the generation of T cells involves the following processes:  1) the 

entry of lymphoid progenitor cells into the thymus; 2) the production the CD4+CD8+ 

double-positive (DP) thymocytes; 3) the positive and negative selection of DP 

thymocytes; 4) the elimination of auto-reactive cells; 4) the export of mature T cells out 

of the thymus (Figure 6).  
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Figure 6 T cell generation pathway in the thymus. 

               Progenitor cells enter the thymus via the thymic parenchyma at the cortico-

medullary junction to start their developmental process. Upon recruitment, the 

progenitors expressed CD4-CD8-CD44+CD25- are categorized as double negative (DN) 

1 cells. DN1 cells move towards the outer cortical region by expressing chemokine 

receptor 4 (CXCR4) and CC-chemokine receptor 7 (CCR7). Following the migration 

pathway from the outer cortical region to the subscapular zone, the DN1 cells develop 

into relatively mature DN3 cells that express CD4-CD8-CD44-CD25+ (Xi and Kersh, 

2004). Concurrently, the maturation of DN thymocytes regulates the developmental of 

thymic epithelial cells (TEC) to cortical TECs (cTECs), which is a significant stromal 
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thymic cell.  Once DN cells reach the DN3 stage, they start to assemble TCRβ and pre-

TCRα (pTα) chains to form the cell-surface pre-TCR complex. Following the pre-TCR 

complex express, further TCRβ rearrangement is required for the development of 

thymocytes beyond the DN3 stage. T cell receptor (TCR) is a complex of integral 

membrane proteins expressed on the surface of T lymphocytes that is used for binding 

with peptides in the histocompatibility molecules (MHC). Almost 95% of the T cells 

express α and β chains; while the other 5% T cells express γ and δ chains. TCR chains 

work with CD3 (cluster of differentiation 3), consisting of four subunits (γ, δ, ε,ε), to 

recognize the ligand.  Notably, TCR’s α and β chain interacts with antigen-MHC 

complex, with CD3’s mediation to generate T-cell activation signals (Pearse, 2006; 

Takahama, 2006).  

              In the subcapsular region, DN cells begin to convert to double positive (DP) 

cells that have both CD4 and CD8 receptors expressed, and are prepared to enter the 

positive and negative selection stage. Those newly formed DP thymocytes present low 

levels of the TCRαβ receptors and are highly active. The active DP cells interact with 

cTECs and dendritic cells in the cortex via TCR binding with peptide MHC on stromal 

cells. The purpose of exposure DPs to those antigen-presenting cells is to select the 

potential T cells that are able to differentiate the self and foreign antigens. The DP cells 

that fail to recognize the self-antigen will start the apoptosis process and finally die at this 

point. This process of deletion of self-reactive T cells is known as negative selection, 

which is a significant process in preventing autoimmunity. On the other hand, the 

survivors of these selection activities are differentiated into two types of single positive 

(SP) cells that present only the CD4 molecule or CD8 molecules. The selection of DPs 

that are capable of recognizing self-antigens is known as positive selection. Along with 

positive selection, TCRs are rearranged as well. The TCR α chain is encoded on 
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chromosome 14 and consists of V (variable) and J (joining) genes.  The β chain genes are 

located on the 7 chromosome with V, J, and D (diversity) gene segments. The γ chain is 

on chromosome 7, and the δ chain on chromosome 14. The αβ is generated by gene 

rearrangement between exons of the variable domains of the V-J segments of α chain and 

V-D-J segments of β chain. In addition, random insertions/deletions at junction region 

produce V-D-J, V-N-D and D-N-J diversity (Di Santo et al., 1998; Pearse, 2006).  

  SP cells with CD4+ present are recognized as T helper cells; while SP cells with 

CD8 are known as cytotoxic cells.  Particularly, T helper (Th) cells interact with MHC 

class II molecules (MHCII) that express on antigen-presenting cells such as dendritic 

cells, mononuclear phagocytes, and thymic epithelia cells. T cytotoxic cells interact with 

MHC class I that is present on the cell surface of all nucleated cells. To be noted, only 

approximately 3-5% of the developing thymocytes turn into SP cells at the end of the 

cortical DP cells stage. The survivors of CD4 or CD8 SP cells then migrate from the 

cortex to the medulla. This cortex-to-medulla migration is driven by CCR7 receptors on 

SP thymocytes. The SP thymocytes present CCR7 can move towards the medulla 

because CCL19 and CCL21, the ligands of CCR7, are produced by medullary thymic 

epithelial cells (mTECs) (Takahama, 2006). 

The SP thymocytes are supposed to take 12 days for further maturation process in 

the medulla before leaving the thymus. In the beginning stage, the SP thymocytes convert 

into semi-mature cells that present a low level of CD62 ligand and a high level of the 

CD69 receptor. Those semi-mature cells go through further maturation to develop into 

mature SP thymocytes, which is characterized as high-level expression of CD62L and 

low-level expression of the CD69 receptor.  Following the CD62 L and CD69 receptor 

maturation development, deletion of self-reactive SP thymocytes that have escaped 

negative selection in the cortex will be conducted again in the medulla with the aid of 
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thymic dendritic cells (tDC) and medullary thymic epithelial cells (mTECs). It is the 

transcriptional factor autoimmune regulator (AIRE) that plays a critical role in regulating 

expression of tissue-specific antigens in mTECs.  Moreover, regulatory T cells are 

produced in the medulla as well. Chemokine receptor 4 (CCR4) is expressed on the semi-

mature SP CD4+ thymocytes in the medulla. Chemokine receptor ligand (CCL) 17 and 

CCL22 are both ligands for CCR4, expressing on the surface of medullary dendritic cells 

(mDCs) and outer walls of Hassall’s corpuscles, respectively. Hassall’s corpuscles are 

located in the medulla and composed of one or more granular cells that are encircled by a 

capsule that consists of epithelioid cells. Those receptor and ligands expression indicate 

medullary semi-mature SP CD4+ thymocytes might move towards Hassall’s corpuscles to 

conduct negative selection and generate FOXP3+CD4+CD25+ T cells, with the help of 

dendritic cells.  FOXP3+CD4+CD25+ T cells are known as natural T regulatory cells 

(nTreg cells). Consequently, the maturation development of SP thymocytes involves the 

re-deletion of self-reacted SP thymocytes and the production of natural T regulatory T 

cells (Pearse, 2006; Rezzani et al., 2008; Takahama, 2006).  

 The competent thymocytes that survive the selection process in the cortex and 

medulla, and complete all the maturation development are exported out of the thymus to 

circulation via the thymic parenchyma. Mature naïve CD4+ T cells reach secondary 

lymphoid organs, including the spleen, lymph nodes, and the mucosa-associated 

lymphoid tissue, where they start to recognize antigen by examining for MHCII 

molecules (Gerriets and Rathmell, 2012).  

             

3.2 IMMUNE ACTIVATION 
  T cells recognize antigens through a cell surface receptor called T-cell receptor 

(TCR)/CD3 complex. TCR/CD3 complex is a complex of integral membrane proteins 
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that can bind a peptide presented by the major histocompatibility complex (MHC) on 

antigen presenting cells (APCs) (Bergström et al., 2015). MHCI and MCH II combine 

with CD8+ and CD4+ cells respectively. It is composed of a TCR (αβ) heterodimer, a 

CD3 (ε γ) heterodimer, a CD3(ε δ) heterodimer.  The TCR (αβ) chains have a short 

cytoplasmic tail, so all the signaling pathways are mediated through the CD3 molecules 

(Ferjeni et al., 2015). Following T cell activation, the CD3ζ chain is phosphorylated at 

its immunoreceptor tyrosine-based activation (ITAM) motifs by the protein tyrosine 

kinase (PTK), Lck or Fyn.  This activation of ITAMs is followed by the phosphorylation 

of ZAP-70 (zeta-chain (TCR) associated protein kinase of 70 kDa) that binds to the 

phosphorylated ITAM motifs in the end of the CD3ζ chain. When ZAP-70 is 

phosphorylated, it stimulates a series of downstream polypeptides such as the liner of 

activated T cells (LAT), Src homology 2 (SH2) domain-containing leukocyte protein 

(SLP-76) and phospholipase C (PLC) (Ferjeni et al., 2015). LAT phosphorylation 

attracts SLP-76, Ras, Vav, or PLC to CD3ζ ITAMs resulting in the activation of the 

Ras/Raf-1/MEK (MAPK /ERK kinase) and the Rac pathways (Filipp et al., 2012). In the 

nucleus, the Ras pathway is associated with T cell proliferation. The Rac pathway assists 

in T cell differentiation, while the SLP-76 branch of the TCR-mediated signaling leads 

to allelic exclusion (Hussain et al., 2002). Activation of Ras leads to the promotion of 

mitogen-activated protein kinases (MAPKs) that are a group of serine/threonine protein 

kinases, consisting of three pathways: the extracellular-signal-regulated kinase (ERK) 

pathway, the JUN N-terminal kinase (JNK) pathway, and the p38 pathway. MAPKs play 

critical roles in cellular differentiation, proliferation, stress responses, apoptosis, and 
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immune defense by phosphorylating the transcription factors such as c-Jun, NF-kB and 

ATF2 (activation transcription factor -2) (Chen et al., 2015; Mahasongkram et al., 2015; 

Xue et al., 2015). Notably, NF-kB plays an important role in releasing IL-2 cytokine. 

Moreover, NF-kB regulates the expression of various genes involved in various immune 

responses including inflammatory response and apoptosis(Li et al., 2015b; Shoelson et 

al., 2003). 

            The signaling through the T-cell receptor complex is not sufficient to activate a 

naïve T cell. An additional co-stimulatory receptor, which is on the T cell surface, is 

required to transmit a signal (Lynch, 2014). CD28 is present on the surface as a 44-kDa 

glycosylated, disulfide-linked homodimer. In humans, CD28 is expressed in about 80% 

of CD4+ T cells and 50% of CD8+ T cells. It binds the co-stimulatory ligands B7-1 

(CD80) and B7-2 (CD86), which are expressed mainly on antigen-presenting cells such 

as dendritic cells, B cells and macrophages (Riha and Rudd, 2010). CD28 signaling could 

promote T cell proliferation, cytokine production, and cell survival. The cytoplasmic tail 

of CD28 containing proximal YMNM motifs and distal proline-rich PYAP motifs 

mediate all of these effects (Sansom and Walker, 2013). 

The immune synapse is a nanometer scale gap between T cell antigen receptors 

and major histocompatibility complex molecule (MHC)-peptide complexes of antigen-

presenting cells. It is composed of the central, peripheral and distal supra-molecular 

activation complexes (cSMAC, pSMAC, and dSMAC, respectively). In the cSMAC, 

CD28 forms microclusters with the TCR, and these microclusters initiate the recruitment 

of signaling molecules and T cell activation (Chen and Flies, 2013)  (figure 7).  
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Figure 7 T cell receptor signaling and the immune synapse 

             The proximal YMNM motif binds to phosphatidylinositol 3-kinase (PI3K) 

through p85 subunits. The PI3K is comprised of various p85 subunits and p110 catalytic 

chains. It is the src homology 2 (SH2) domain of the p85 chain phosphorylates the 

YMNM motif of CD28.  The YMNM-PI3K complexes are internalized in a clathrin-

dependent manner. Clathrin is specialized coat proteins that are utilized for various 

protein transporting. Endocytosis refers to importing proteins into a cell via the budding 

of a vesicle off the plasma membrane. Receptor internalization or trafficking is the 

endocytosis of a cell surface receptor. That is, the binding of CD80/CD86 o CD28 will 

result in degradation via the lysosome or a recycling back to the cell surface (Jung et al., 

2003; Vogel, 2014).  Additionally, CD28 internalization also recruits wiskott-aldrich 
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syndrome protein (WASP) and sorting nexin 9 (SNX9). WASP is a protein expressed in 

cells of the hematopoietic system. Sorting nexin-9 is a membrane protein that contains a 

phox (PX) domain, which is a phosphoinositide binding domain. It is involved in 

endocytosis, membrane trafficking and protein sorting. Regarding the CD28 pathway, 

SNX9 combines with WASP via its SH3 domain, while using its PX domain to interact 

with the p85 subunit of PI3K and its product PIP3. CD28 internalization is promoted by 

SNX9 overexpression. Thus, CD28 internalization requires PI3K, WASP and SNX9 

working together (Gardner et al., 2014).  When PI3K binds with YMNM, PI3K produces 

the lipids phosphatidylinositol (3,4)-biphosphate (PIP2) and phosphatidylinositol (3-5)-

triphosphate (PIP3) that bind to the inner leaflet of the plasma membrane. PIP2 and PIP3 

lipids could bind with phosphoinostitide-dependent protein 1 (PDK1), which in turn 

activate protein kinase B (PKB/Akt). PDK1 and PKB can then phosphorylate and 

regulate multiple pathways linked to protein synthesis, cellular metabolism, and cell 

survival. It is also worth noting that CD28 can enhance PIP3 production at the T-cell 

synapse independently of its YMNM –PI3K –recruitment motif as well (Boomer and 

Green, 2010; Gardner et al., 2014) (Figure 8). 
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Figure 8 Protein interactions with the cytoplasmic tail of CD28 

             The YMNM motif can also bind with growth factor receptor-bound protein 2 

(Grb2), which is an adaptor protein. One Grb2 consists of one SH2 domain and two SH3 

domains. Vav1 is the guanine nucleotide exchange factor. The CD28-Grb2 complexes 

will recruit Vav1 to activate nuclear factor of activated T cells (NFAT)/ activator protein 

1 (AP-1) transcription. CD28-Grb2 may act in a pathway where Vav1 activates Ras-

related C3 botulinum toxin substrate 1 (Rac1), which subsequently activates c-Jun N-

terminal protein kinases (JNK) (Chen and Flies, 2013; Rudd et al., 2009)(Figure 9). 
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Figure 9 Signaling molecules involved in CD28 and CTLA-4 function  

Edit from Rudd (2009) CD28 and CTLA-4 coreceptor expression and signal transduction 

 
             Further downstream of the YMNM motif, CD28 has two proline-rich regions 

PRRP and PYAP. PRRP binds to IL-2 inducible T cell kinase (Itk), resting lymphocyte 

kinase (Rlk) and tyrosine-protein kinase (Tec). While the PYAP motif has been found to 

bind to the tyrosine protein kinase p56lck, Grb 2 and filamin A (FLNA).  FLNA is an 

actin-binding protein that crosslinks actin filaments and links actin filaments to 

membrane glycoproteins. Grb2 binds to the SH3 domain at the distal PYAP motif. This 
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interaction could then recruit Vav, which could initiate two signaling complexes 

(Frauwirth et al., 2002). The Vav-Sos complex results in cdc42/Rac1 complex 

recruitment that could subsequently activate JNK that induces the formation of the AP1 

transcription factor (Chen et al., 2013). Val also approaches the SLP-76-LAT complex, 

which stimulates PLCγ1,	  a	  kinase	  that	  increases	  intracellular	  calcium	  influx,	  and	  

activates	  PKCθ	  via	  DAG.	  Thus,	  the	  calcium	  –dependent	  serine-‐threonine	  

phosphatase,	  calcineurin	  (CN),	  	  is	  stimulated	  to	  act	  on	  NFAT(Vogel,	  2014).	  Notably,	  

the	  other	  way	  to	  enhance	  the	  NFAT	  transcription	  factor	  is	  through	  inactivation	  of	  

GSK3β.	  	  The	  distal	  PYAP	  motif	  binds	  Lck,	  phosphorylating	  PDK1	  that	  could	  

phosphorylate	  and	  activates	  PKCθ.	  The	  activated	  PKCθ	  could	  then	  phosphorylate	  

GSK3	  β.	  PKCθ	  activation	  leads	  to	  the	  formation	  of	  Bcl10,	  MLAT1	  and	  CARMA-‐1	  

complex	  that	  could	  induce	  NF-‐kB	  activation	  (Boomer	  and	  Green,	  2010;	  Sansom	  and	  

Walker,	  2013)(Figure	  10).	  
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Figure 10 Adaptor proteins initiated signaling events	  

         CD28 co-stimulation will augment the production of IL-2, which can increase T cell 

proliferation and prevent the induction of anergy (a state of immune unresponsiveness) 

and cell death (Sansom and Walker, 2013).  
 

 

3.3 DISTINCT METABOLIC CHARACTER OF DIFFERENT IMMUNE CELL SUBSETS 

The activation of naïve T cells is an energy-demanding activity that requires 

metabolic reprogramming. Proliferating cells adapt to anabolic metabolism from 

catabolic metabolism because nutrient substrates will be utilized for biosynthesis for new 

daughter cells other than for maintenance and homeostasis in resting cells (Murray et al., 

2015) .  
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(Murray et al., 2015) Furthermore, evidence shows that each of the different 

lineage T cells has a distinct metabolic pathway. CD4+ effector Th1/Th2, Th17, and 

Tregs are the well-documented CD4+ T cell subsets. Studies revealed that rapamycin, 

which will suppress mTORC1, prevents T effector cells differentiation, while  promotes 

Treg production. The other studies also showed that mTOR is required selectively among 

T effector cells and Tregs (Macintyre and Rathmell, 2013). Moreover, genetically 

modified mTOR deficiency T cells can only generate Treg upon activation and have 

increased levels of AMPK activation (Waickman and Powell, 2012). mTOR and AMPK 

are necessary for glucose metabolism and fatty acid oxidation, respectively. Therefore, in 

general, differentiated T effector cells such as Th1/Th2, Th17, and Tregs display a more 

elevated rate of glycolysis than naïve T cells. Remarkably, Treg has the least glycolytic 

metabolism but an elevated rate of lipid oxidation (Dandapani and Hardie, 2013; Faubert 

et al., 2013).  

3.3.1 Metabolic Programing of Th1/Th2 Cells 

Th1 differentiation requires several transcription factors including T-box 

transcription factor (T-bet), STAT1, STAT4, Runx3 and Eomes. GATA3, uniquely 

expressed in Th2, is an inhibitory transcription factor for Th1. The major cytokines 

responsible for Th1 lineage differentiation consisting of IL-12 and IFNγ is released by 

Th1 itself and IFNγ acts as amplifying cytokines to robust Th1 differentiation (Hoyler et 

al., 2013). T-bet is the most significant transcription factor in regulating Th1 

differentiation via two sides: on one level, it stimulates the release of IFNγ; on the 

another level, it suppresses the differentiation of Th2 and Th17. T-bet downregulates the 

IL-4 gene, which is the major character in Th2, and interferes with GATA3 function, 
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which is a critical regulator of Th2. T-bet also suppresses the RORγτ expression that is 

necessary for Th17 differentiation (Zhang et al., 2014).  

Th2 differentiation requires several transcription factors including GATA3, 

STAT6, STAT5, STAT3, Gfi-1, c-Myc, IRF4. Two inhibitory transcription factors for 

Th2 lineage differentiation include T-bet and Runnx 3 that are uniquely expressed in Th1.  

The major cytokines responsible for Th2 lineage differentiation consist of IL-4 and IL-2. 

IL-4 can induce STAT6, which upregulates the expression of the principle transcription 

factor GATA3 (Hoyler et al., 2013). In addition, IL-4 is released by Th2 itself and IT-4 

acts as amplifying cytokines to robust Th2 differentiation.  As mentioned in the Th1 

differentiation process, GATA inhibits Th1 differentiation by interacting with Th1’s 

transcription factors such as T-bet and downregulating STAT4 (Bernink et al., 2013). 

         Th1/Th2 cells possess a high glycolytic rate, expressing a high surface level of 

Glut1. Signaling through mTORC1 versus mTORC2 selectively differentiates CD4 T 

cells into Th1 and TH2 lineages, respectively (Jacobs et al., 2008). Activation of 

mTORC1 is required for T cell exiting form quiescent to begin the transition into Th2 

cells. Notably, the glycolytic metabolism of Th1 cells influences the function of Th1. 

Inhibition of glycolysis suppresses the secretion of IFN-γ. Furthermore, glycolytic 

enzymes regulate Th1 cells in a non-metabolic way. For instance, the glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), which is an enzyme that catalyzes the sixth step of 

glycolysis, can block the IFN-γ cytokine, which is required for Th1 development by 

binding IFN-γ mRNA (Jung et al., 2003). Elevated glycolytic activity requires most of 

the GAPDH involved in glucose metabolism, preventing GAPDH binding with the IFN-

γ. Thus, engaging GAPDH in glycolysis will maximize the differentiation and 

development of Th1 cells (Gerriets et al., 2015).  
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3.3.2 Metabolic Programing Of Th17 Cells 

              Th17 differentiation requires several transcription factors including RORγτ, 

STAT3, RORα, Runx1, Batf, IRF4, and AHR. Inhibitory transcription factors for Th17 

lineage differentiation include T-bet+, Runx1, Smad3, Runx1+, and FOXP3. Notably, 

retinoic acid receptor-related orphan receptor γ-T (RORγτ) is the principle regulator. 

RORγτ expression induces the release of IL-17 A and IL-17F. RORγτ is induced by 

STAT3 binding to IL-17A and IL-17F promoters (Littman and Rudensky, 2010; Zou and 

Restifo, 2010). Moreover, STAT3 suppresses the expression of T-bet and FOXP3, which 

are involved in Th1 and Treg differentiation lineage, respectively. The major cytokines 

responsible for Th17 lineage differentiation contain IL-6, IL-21, IL-23, and TGF-β. IL-

21, which is released by Th17, cooperated with TGF-β to boost Th17 differentiation 

(Hoyler et al., 2013; Hruz et al., 2010; Solt et al., 2011).  

           Like Th1/Th2, Th17 cells are highly dependent on glycolysis for differentiation as 

well. Blocking glycolysis with 2-deoxy-D-glucose (2-DG), which is the inhibitor of the 

glycolysis, will inhibit Th17 cell differentiation. Notably, Th17 cell differentiation not 

only requires mTOR1, but HIF-α as well. HIF-α, which is characterized by a pro-

glycolytic effect, promotes the glycolysis pathway in Th17. In fact, deletion of HIF-α not 

only decreases glycolysis by four times in Th17 cells, but it also promotes Treg 

development (Barbi et al., 2013; Ramesh et al., 2014; Weaver and Hatton, 2009). 

 

3.3.3 Metabolic Programing Of Treg Cells 

   Tregs are CD4+CD25+FOXP3+, including natural Tregs (nTregs) and induced 

Tregs (iTregs). nTregs develop in the thymus, and iTregs are derived from peripheral 

CD4+ T cells. Forkhead transcription factor FOXP3 is specifically expressed in CD4+ 

CD25+ Treg cells and is the major lineage-specific transcription factor involved in iTreg 
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differentiation. Full differentiation of the iTreg cells requires several transcription factors 

such as FOXP3, Smad2, Smad3, STAT5, and NFAT and cytokines such as TGB-β and 

IL-2 (Littman and Rudensky, 2010; Noack and Miossec, 2014). Notably, Smad3 can 

promote iTreg development by upregulating FOXP3 expression and inhibit Th17 

differentiation by downregulating RORγτ. Equally important, STAT5 can promote iTreg 

development as well. STAT5 and STAT3 antagonize each other by reciprocally binding 

to a similar site in the Foxp3 and IL17a-Il17f loci. Thus, when STAT5 binds to the locus 

sites in the IL17 locus, the iTreg pathway is favored and STAT3 signaling is defective, 

which leads to depressed Th17 differentiation (Yang et al., 2011). 

Unlike Th1/Th2 and Th17 discussed above, Treg lineage cells display a mixed 

metabolism feature involving glycolysis, lipid oxidation and oxidative phosphorylation 

Notably, mitochondrial fatty acids oxidation and oxidative phosphorylation are regarded 

as primarily metabolic programs in Tregs (Murray et al., 2015). First, both suppression of 

mTOR with rapamycin and genetic deletion of mTOR in T cells show increased 

production of Tregs upon activation (Chi, 2012; Weaver and Hatton, 2009). Moreover, 

when T cells are treated with 2-DG, which inhibits glycolysis, Tregs are promoted as 

well. Consistent with mTOR and 2-DG studies, a growing number of research studies 

have shown that the deletion of HIF-α promotes Treg differentiation (Barbi et al., 2013). 

On the other hand, Tregs express high levels of phosphorylated AMP-activated protein 

kinase (AMPK), which plays a critical role in regulating fatty acid oxidation. AMPK can 

activate carnitine palmitoyl transferase1a (CPT1a) by inhibiting acetyl-CoA carboxylase 

(ACC) to increase the rate of fatty acid oxidation. Studies have shown that activating 

AMPK increases Treg differentiation both in vitro and in vivo. Thus, Tregs 

predominantly rely on fatty acid oxidation for differentiation development. In addition, 



 75 

Tregs produce ATP mainly via oxidative phosphorylation other than from the glycolysis 

process (Erfani et al., 2014; Roesner et al., 2015; Shi et al., 2011a).  

 

3.4 NAÏVE AND ACTIVATED T LYMPHOCYTES METABOLISM  

3.4.1 Naïve Cells 

  Once they exit from the thymus, mature T cells migrate through the peripheral 

secondary lymphoid organs to peripheral circulation for immune surveillance until they 

meet their specific cognate antigen. In the absence of stimulation, resting T cells favor an 

energy production metabolism over biosynthesis metabolism for the homeostasis 

processes. Naïve T cells utilize glucose and glutamine at a relatively low rate to maintain 

normal housekeeping functions, such as ion transport and membrane integrity (Farber et 

al., 1997; Johnson and Makowski, 2015; Mockler et al., 2014; Murray et al., 2015) 

(Figure 11). 
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Figure 11 The metabolism pathway inside mitochondrion. 

3.4.1.1 Glucose  

  Naïve Resting T cells generate 96% of ATP via oxidative phosphorylation, while 

the remaining 4% is from glycolysis, suggesting that resting T cells rely on oxidative 

phosphorylation for ATP production (Siska and Rathmell, 2015). In the glycolysis 

process, glucose is converted to pyruvate in the cytoplasm. Pyruvate is converted to 

acetyl-CoA in the mitochondria, generating reducing equivalents NADH and FADH2 

that can generate 32 more ATP via oxidative phosphorylation (Martínez-Reyes et al., 

2016). 
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3.4.1.2 Glutamine 

            Glutamine (Gln), with the chemical formula C5H10N2O3, is a conditionally 

essential amino acid in the human diet. Glutamine oxidation provides energy. The rate of 

glutamine utilization in resting lymphocytes is high. During T cell proliferation, the 

demand for glutamine is increased tremendously, causing glutamine to turn into essential 

amino acids (Wise et al., 2008) . Glutamine provides energy by oxidation metabolism and 

supports the biosynthetic processes by providing carbon and nitrogen precursors 

(DeBerardinis and Cheng, 2010). First, glutamine is converted to glutamate by the 

glutaminase (GLS). Ammonia, which is released from glutamine, is the byproduct of this 

reaction. Carr et al. pointed out that GLS has high levels of activity in rat lymphocytes 

(Carr et al., 2010). Glutamate is converted to α-ketoglutarate (AKG), which is an 

intermediate part of the TCA cycle in two ways. One is transamination by an 

aminotransferase and oxidative deamination by glutamate dehydrogenase (GLDH). 

Aminotransferase transfers the amino group from a glutamate to a ketoacid, resulting in 

AKG and an amino acid. It is the primary way for glutamate’s entry into the TCA cycle 

because aminotransferase is relatively higher active in T-lymphocytes (Brand et al., 1989; 

Carr et al., 2010; Mullen et al., 2012; Yang et al., 2014b). Moreover, the carbons in 

aspartate are mostly from glutamines, also confirming that aminotransferase is the major 

method for glutamate conversion. In the other, glutamate is deaminated by GLDH, 

resulting in ammonia and AKG without the help of a ketoacid (Yang et al., 2014b).  

3.4.2 Activated Cells 

  When naïve resting T cells encounter with the MHC-presented antigen, TCR and 

co-stimulation direct the metabolic reprogramming. TCR ligation promotes the 

expression of glucose and glutamine transporters, facilitating nutrient uptake for cytokine 

synthesis and secretion, and the proliferation of clonal expansion. In addition, the 
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transcription factor c-Myc and estrogen-related receptor α (ERR α) upregulate the 

expression of genes related to intermediary metabolism. The genes involved in aerobic 

glycolysis are promoted, while genes involved in the catabolic pathway such as β-

oxidation are downregulated (Wise et al., 2008). Furthermore, differentiated effector T 

cells produce various cytokines within hours. Enormous energy expenditure and different 

metabolic precursors for biomass synthesis are required for these tremendous 

transformation activities. Consequently, the primary metabolic phenotype of activated T 

cells converts to an anabolic pathway from catabolic pathways (Murray et al., 2015; 

Pearce and Pearce, 2013). 

3.4.2.1 Glucose and Glutamine  

Glucose is a key metabolic substrate for activating T cells. Increased glycolysis 

and metabolic reprograming are dependent in co-stimulation with CD28. Co-stimulation 

activates the PI3K/Akt/mTOR pathway (Figure 12), which regulates glucose metabolism 

and glycolysis (Beretta et al., 2015; Deberardinis et al., 2006; Wise et al., 2008; Zhu et 

al., 2013).  
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Figure 12 PI3K/Akt/mTOR pathway. 

 

Akt-dependent trafficking of Glut1 is highly promoted to the cell surface to 

maximize glucose uptake. In addition, growth signals from the TCR also stimulate 

expression of Glut1, contributing to the increased following glycolytic activities. Once 

glucose enters the TCA cycle as pyruvate-derived acetyl-CoA, it also acts as a precursor 

for macromolecule biosynthesis, such as lipids, proteins and nucleic acid (DeBerardinis 

et al., 2007b; Le et al., 2012; Yamasaki et al., 2011; Yang et al., 2014b). As a 

consequence, in activated T cells, TCA cycle serves as a center of biosynthesis other than 

providing maximal ATP from glucose in naïve T cells. For example, combining acetyl-
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coA with oxaloacetate can produce citrate, which can be utilized as a fatty acid precursor 

when it is transported from the mitochondria to the cytosol. As a result, intermediates 

continuously flow out of the TCA cycle, which is known as the cataplerosis condition. 

Glutamine provides an alternative source for most of the anaplerosis. This will be 

explained in the flowing glutamine part (Cheng et al., 2011; Martínez-Reyes et al., 2016; 

Mullen et al., 2014; Wise et al., 2008).  

    Moreover, glucose-6-phospahte, the derivative of glucose in the glycolysis 

pathway, can enter the pentose phosphate pathway for the production of 5-carbon sugars 

for nucleotide biosynthesis and NADPH. NADPH plays a critical role in the fatty acid 

synthesis and reduces glutathione regeneration (Greiner et al., 1994). Out of the 10 steps 

in glycolysis, NAD+ (nicotinamide adenine dinucleotide) is required to convert 

glyceraldehyde 3-phosphate (G3P) to 1,3-bisphosphoglycerate (PGP). The demand for 

NAD+ is increasing in proliferating T cells since the glycolysis pathway is upregulated. In 

order to provide enough NAD+ for the glycolysis pathway, pyruvate is converted to 

lactate to regenerate NAD+ other than entering the TCA cycle (Schell et al., 2014).  

  In addition to glucose metabolism, glutamine utilization is highly increased in 

activated T cells since glutamine meets the two requirements for bioenergetics and 

biosynthesis for proliferating T cells. On one level, glutamine provides an alternative 

source for most of the anaplerosis. Anaplerosis is known as replenishing TCA cycle 

intermediates that are used for macromolecule biosynthesis (cataplerosis). Similar to the 

glycolysis pathway of glucose, in proliferating activated T cells, the rate of glutamine 

biosynthesis utilization for building a protein block is elevated as well (DeBerardinis et 

al., 2007a; Deberardinis et al., 2008). Therefore, glutamine becomes essential amino 

acids in activated T cells when those biosynthesis demands exceeds de novo synthesis. 

Glutamine transporters (SNA1 and SNA2) and glutaminolysis enzyme (GLS, GLDH) are 
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upregulated, which is mediated by c-Myc, after T cell activation, similar to glycolysis 

genes (DeBerardinis et al., 2008; Yang et al., 2014a).  

 

3.4.2.2 Fatty Acids 

  Fatty acids are another significant nutrition substrate group in T cell metabolism 

as fatty acids serve the following roles in a cell: a necessary component of cell 

membrane, a high energy yielding source, and signaling ligand. Activated T cells have 

increased demand for fatty acids synthesis and a decreased rate of fatty acid oxidation. 

Wang et al. (2011) pointed out that those accumulated fatty acids are used for T cell 

membrane synthesis. Sterol regulatory element-binding proteins (SREBPs) are 

transcription factors that bind to the sterol regulatory element DAN sequence, inducing 

expression of genes involved in fatty acid synthesis and mevalonate pathways. These two 

pathways are responsible for de novo fatty acid production and cholesterol, respectively 

(Wang et al., 2011). Yang et al (2013) demonstrated that CD4+ T cells with SREBP1 and 

SREBP2 deficiency failed to synthesize fatty acids (Yang et al., 2013b) .  

 Citrate can be converted to acetyl-CoA via citrate lyase catalyzation. Acetyl-CoA 

carboxylase (ACC) then converts acetyl-CoA to malonyl-CoA that can be used for the 

synthesis of fatty acids, triglycerides, and cholesterol. Particularly, in cholesterol 

synthesis pathway, acetoacetyl-CoA transferase (ACAT) converts acetyl-CoA to 

acetoacetyl-CoA, which is the precursor for 3-hydroxyl-3-methylglutaryl-CoA (HMG-

CoA). HMG-CoA can be converted to mevalonate by HMG-CoA reductase (Boroughs 

and DeBerardinis, 2015; Ito et al., 2013). The mevalonate pathway is the key in 

cholesterol biosynthesis and HMG-CoA is a rate-limiting enzyme in the mevalonate 

pathway. Elevated expression of HMG-CoA reductase was reported in human T cells 
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stimulated with the anti-CD3 antibody with 24 hours post stimulation, indicating that 

fatty acid synthesis (FAS) is promoted in stimulated T cells (Zeng and Chi, 2015). 

Moreover, inhibition of FAS, either by blockade of ACC1 (ACC1 is used for fatty acid 

synthesis) using the ACC-specific inhibitor Soraphen A, or by using ACC1 deficient T 

cell, Th17 differentiation is down-regulated and Th1/Th2 development is interfered, 

suggesting that the development of CD4+ T effector cells rely on FAS (Barbi et al., 2013; 

Jiang et al., 2014; Ma et al., 2014) (Figure 13).  

 

Figure 13 A Fatty acid synthesis pathway. 

   In contrast to fatty acid synthesis, fatty acid oxidation (FAO) is downregulated 

in activated T cells as fatty acid synthesis and oxidation are reciprocal (Figure 14).  
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Figure 14 Fatty acid oxidation pathway. 

 

 Isotope-labeling of pyruvate showed that fatty acid oxidation was significantly 
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2014). Furthermore, effectors T lymphocytes (Th1/Th2 and T17) proliferation was 

inhibited when activated T cells were treated with etomoxir, an inhibitor of carnitine 

palmitoryl-transferase-1 (CPT1) that is involved in the first step of FAO (Hammond et 

al., 2005). Taken together, activated T effector cells do not utilize fatty acid oxidation to 

produce energy other than for fatty acid synthesis.  
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 However, in contrast to T effector cells, CD8+ memory cells and Tregs showed 

upregulated CPT1 expression and fatty acid β oxidation related mitochondrial respiratory 

capacity, suggesting that CD8+ memory cells and Tregs rely on fatty acids as metabolic 

fuel (Berod et al., 2014). Moreover, Michalek et al. (2011) revealed that Treg generation 

was suppressed by a blockade of carnitine palmitoyl-transferase-1 and lipid oxidation, 

suggesting a selective dependency of Treg on lipid metabolism. In the same study, Tregs 

was increased by the addition of exogenous FA. In addition, compared with T effectors 

cells, the differentiation, and development of Tregs were not affected by FAS inhibition 

in Soraphen treated T cells or ACC1-deficient T cells (Michalek et al., 2011). These 

findings are consistent with the data from the experiment conducted by Ryan et al. in 

2011: under a Treg-inducing cultural environment, expression of surface level GLUT1 

was low and at the same rate as glycolysis. Tregs took up exogenous fatty acids as fuel 

energy, displaying promoted activation of AMPK and high rates of FAO (Michalek et al., 

2011).  

To sum up, Teff and Treg display distinct fatty acid metabolic phenotypes. For 

differentiation and proliferation purposes, CD4+ T effectors utilize fatty acids to 

synthesize macromolecule as a building block whereas Tregs utilize fatty acids as a fuel 

source to produce energy.  

 

3.5 OBESITY INFLUENCE ON THE T CELL METABOLISM 

The major consequences of obesity including dyslipidemia and hyperglycemia 

expose T cells to elevated level of glucose and free fatty acids. The balance of glucose 

and fatty acid metabolism is important for metabolic regulation among activated T cells. 
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mTOR-dependent pathways enhance aerobic glycolysis and glutaminolysis; AMPK-

dependent pathways promote fatty acid oxidation and inhibit de novo fatty acid synthesis, 

with functions opposing those of mTOR (Lochner et al., 2015) (Figure 15). 

 

Figure 15 AMPK-activated protein kinase pathway. 

 Cobbold et al. (2009) demonstrated that disrupting mTORC1 signaling results in 

increased expression of Foxp3+ Tregs and diminished development of Teff cells 

(Cobbold et al., 2009) . Similarly, hypoxia-inducible factor 1α (HIF-1α) suppresses Th17 

differentiation, while increasing Treg development. HIF-1α is selectively expressed in 

differentiated Th17 cells by upregulating the activity of the Th17 determining 

transcription factor RORγτ at the IL-17 locus. HIF-1α interferes with Foxp3 expression 
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by binding to Foxp3. HIF-1α can be activated via PI3K/Akt/mTOR pathway (Dang et al., 

2011). When accumulated, HIF-1α works with HIF-1β to promote the expression of all 

glycolytic genes, such as GLUT1 (Sakamoto et al., 2014). Thus, Th17 relies heavily on 

glycolysis for energy and biosynthesis.  

Recent data has shown that Th17 is not only influenced by glycolysis pathway but 

is also under the control of the endogenous FAS pathway, exerting remarkable effects. 

ACC1 and ACC2 are key enzymes in the FAS and FAO pathway, respectively. Berod et 

al. (2014) found that interfering with the FAS pathway by blocking ACC1 results in 

suppression of Th17 cells, instead promoting Treg cell development (Berod et al., 2014). 

Moreover, the researchers found that development of Th17 cells are not abrogated when 

they cultured ACC2-deficient, naïve T cells under Th17-polarizing conditions (Lochner 

et al., 2015). Taken together, Th17 uses glucose for energy and biosynthesis, while fatty 

acids are solely utilized for biosynthesis. The glycolytic and de novo fatty acid synthesis 

pathways are critical for the differentiation and development of Th17 cells. Thus, under 

obese condition with elevated level of glucose and free fatty acids, T cell population will 

shift to the Th17 subset.  
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Appendix A T cell subsets cytokine profile  

Th1, Th2, Th17 and Treg secreted cytokine profile 
 
Th1:   IL-2, IL-10, IFN γ,  TNF α,  TNF β 
IL-2: stimulates growth, differentiation and survival of antigen-selected cytotoxic T  
           cells. 
IL-10:  Inhibit IL-2 production; inhibit cytokine production by macrophages, T cells  
                      and dendritic cells. Down regulates MHC class II on monocyte, impairing  
                      antigen presentation for activation of T cells.  
IFN γ: activates macrophages and inhibits Th2 lymphocyte proliferation         
                      Stimulates B cells to produce receptors that enhance the attachment of  
                      microbes to phagocytes. Increase MHC I expression . 
TNF α: A general immune activator and regulator of immune cell function  
TNF β:  activates neutrophils to enhance their microbial killing activity during  
                      phagocytosis  
 
Th2:  Amphiregulin ,  IL-3  ,  IL-4,    IL-5,   IL-6    
Amphiregulin : a member of the epidermal growth factor family. Antitumor effect.  
IL-3 :  assists in the recruitment and maintenance of basophils into lymphoid tissues  
            in response to infection. 
IL-4:  Inhibits the proliferation and differentiation of Th1 cells.  
           Stimulates B cell proliferation and maturation into plasma cells.  
           Regulates the class switching of antibodies 
           Increases IgE production  
IL-5: Attracts and activates eosinophil 
IL-6:  involved in the acute phase response, B cell maturation and macrophage  
            differentiation.  IL-6 promotes Th2 differentiation and inhibits Th1  
            polarization through two mechanisms: 1) promote IL-4 in Th2 and 2) depress  
            IFN γ in Th1 
 
 
Th17: IL-17 A, IL-17 F, IL-17AF heterodimer, IL-21,    IL-22,  IL- 
             26, GM- CSF,    MIP-3alfa ,  TNF α,   
 
IL-17A: Regulates local tissue inflammation through coordinated expression of  
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                   pro-inflammatory and neutrophil mobilizing cytokines and chemokines. IL-
17F:   involved in neutrophil recruitment and immunity to extracellular  
                   Pathogens 
IL-17AF:   overlaps in function with IL-17A and IL-17 F homodimer. 
IL-21:    unregulated early in differentiation by IL-6 
                    Enhances Th17 maintenance  
                    Helps promotes/sustain Th17 lineage commitment 
IL-22:   induces anti-microbial peptide and pro-inflammatory cytokine; expression  
                on keratinocytes and other non-hematopoietic cells. 
IL-26:   Enhances Th17 pro-inflammatory response on epithelial cells.  
GM-CSF: granulocyte-macrophage colony-stimulating factor: is critical fro the  
                proinflammatory function of Th17 cells.  Promotes M1 macrophage 
                differentiation. 
MIP-3alfa: Macrophage inflammatory protein (MIP)-3alfa: the ligand for CCR6 (CC  
                        Chemokine receptor protein)  
                        Blocking delays the onset of arthritis. 
TNF α:  immune cell activator. Enhance Th17 pathology.  
 
Treg:  IL-10, IL-35, TGF β  
IL-10:  Inhibit IL-2 production; inhibit cytokine production by macrophages, T  
                cells and dendritic cells. Down regulates MHC class II on monocyte,  
                impairing  antigen presentation for activation of T cells.  
IL-35:  Enhance Treg proliferation and IL-10 expression, while  
              suppressing the development of Th17 and Th1 activated T cells.   
TGF-β: Inhibits IL-1 and IL-2 dependent T cell proliferation. 
                      Inhibits activation of both T helper and cytotoxic T cells.  
                      Inhibits the secretion of IFNgama, TNF α. 
                      Downregualtes the expression of cytokine receptors on  
                      activated T cells.   
                      Inhibits the proliferation of macrophages and monocytes  
                      and limits their production of reactive oxygen and nitrogen  
                      species. 
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