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Approximately two-thirds of US adults are overweight or obese, and obesity is 

also becoming more prevalent in children and adolescents. Similar to adults, obese 

children are at a higher risk of developing health problems due in part to dysfunctional 

immune surveillance. Obesity has been shown reduce the generation of new T-cells by 

accelerating thymic aging in an adult mouse. This study therefore aimed at determining 

whether similar diet induced obesity (DIO) changes can be induced in a young mouse. 

Comparisons made between lean and DIO C57Bl/6 mice showed a significant increase in 

thymic weight, decrease in thymic cellularity and thymic output, and impaired T-cell 

development at the double negative stage. We associate these alterations with changes in 

thymic architecture and accumulation of lipid droplets within the thymic cortex and 
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medulla of the obese mice. The above observations indicate that DIO can induce fat 

accumulation and reduce thymic function at a young age. Resveratrol, a natural 

polyphenolic compound, was then used to regulate fat metabolism in an attempt to reduce 

these DIO changes we observed. Resveratrol induces fat oxidation via 5' adenosine 

monophosphate-activated protein kinase (AMPK), and its reciprocal regulation of 

glycerol-3-phosphate acyltransferase-1 (GPAT-1) and carnitine palmitoyltransferase-1 

(CPT-1), the rate-limiting enzymes required for glycerophospholipid biosynthesis and 

oxidation, respectively. Through resveratrol feeding, we were able to prevent the effects 

of DIO on thymic architecture and thymic T-cell proliferation. This was achieved by 

manipulating AMPK into inhibiting GPAT-1 and enhancing CPT-1 activity. Since the 

expression of GPAT-1 was upregulated in the obese mice, we investigated whether 

deleting GPAT-1 altogether might prevent the thymic involution, by inhibiting synthesis 

of glycerophospholipids and triacylglycerol. Instead, we found that GPAT-1 deletion 

slowed thymic growth and reduced cellularity in young mice, which we associated with 

impaired thymic T-cell function and development, suggesting that the deleterious effects 

of GPAT-1 deficiency may be due to perturbations in thymic T-cell activation and 

signaling. These data provide a novel link between lipid metabolism and T-cell 

development, and identify the use of the naturally-occurring resveratrol to reduce lipid 

accumulation within the involution-prone thymus, thus providing a useful approach to 

preventing a decline in thymic function in childhood.  
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Chapter 1 

Review of Literature 

 

OVERVIEW 

The prevalence of obesity is dramatically increasing in the United States, with 

rates having tripled since 1980. Obesity is linked to increased risk of chronic disease, 

including cardiovascular disease, Type II diabetes, fatty liver disease and cancer, and 

consequently elevated levels of morbidity and mortality across all ages. Obese 

individuals are also more susceptible to infections, suggesting that obesity may impair 

immune function.   

T-cells, an integral component of the adaptive immune system, are produced in 

the bone marrow and migrate to the thymus, where the thymic microenvironment plays a 

critical role in their differentiation and maturation. The thymus is most active, and 

reaches its largest size, during fetal development and the post-natal period. As the thymus 

ages, however, it atrophies and involutes. Although the basic structure is preserved, the 

core epithelial mass begins to gradually reduce in volume and is replaced by fat and 

connective tissue. This results in the decrease in the generation of recent thymic 

emigrants (RTE) from the thymus. Since the peripheral pool of T-cells is dependent upon 

the thymic output, the decrease in the naïve T-cell production coupled with the inherent 

proliferative rate of the memory T-cells brings about alterations in the diversity of the 

TCR repertoire diversity. Reduced thymopoiesis and the consequent diminution in 
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immune surveillance, therefore, may be responsible for the increased susceptibility of 

older humans to infection. 

In addition to aging, nutritional factors such as over nutrition and consequent 

nutrient imbalances can also alter immune responses and increase susceptibility to 

infections. Excess calorie intake particularly from a high fat diet can cause dysfunction in 

energy metabolism, thereby accelerating the accumulation of lipids in organs, such as the 

liver. While obesity has also been shown to augment this process fat accumulation within 

the thymus, how it causes the thymus to involute remains yet to be investigated. To 

determine the mechanism by which DIO-induced changes in the thymus alter its ability to 

produce T cells, we will examine the thymic active mass, proliferation, and production of 

mature T cells in C57BL/6 mice fed with a normal or high fat diet. 

Polyphenols, such as resveratrol, prevent obesity and diabetes from promoting 

adiposity in organs including the liver and the heart, via 5' adenosine monophosphate-

activated protein kinase (AMPK) and its reciprocal regulation of competing 

mitochondrial enzymes - glycerol 3-phosphate acyltranferase-1 (GPAT-1) - the rate 

limiting enzyme in the biosynthesis of membrane glycerophospholipids, and carnitine 

palmitoyltransferase-1 (CPT-1), the mitochondrial enzyme required for the transport of 

long chain fatty acids into the mitochondria for breakdown. By decreasing the activity of 

glycerol 3-phosphate acyltranferase-1 (GPAT-1), AMPK allows for CPT-1 to use acyl-

CoAs to transport fatty acids into the mitochondria for degradation. In order to attempt to 

block the obesity effect on the thymus, C57Bl/6 male mice will be fed a normal or high-
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fat diet in the presence or absence of resveratrol, and comparisons will be made in thymic 

architecture, thymic T-cell proliferation and thymic output. 

The direct suppression of GPAT-1 has also been observed to regulate lipid 

metabolism, as indicated by a decrease in body weight, lower fat mass levels, improved 

lipoprotein profiles, and reduced hepatic steatosis in female GPAT-1 knockout mice. We 

thus aim to determine if directly suppressing GPAT-1 activity might prove beneficial in 

terms of fat infiltration and thymic function. Specifically, we propose a decrease in the 

body weights and body fat in the GPAT-1 knockout mice, as well as reduced fat 

infiltration into the thymus thus preserving the total active mass of the thymus and thymic 

T-cell developmental process.  

 

OBJECTIVES 

The objectives of this project are: 

1. To establish if diet induced obesity induces fat accumulation within a young 

thymus, thereby altering T-cell output. 

Hypothesis: Excess fat consumption causes fat to infiltrate the thymus and replace 

thymic active mass. 

 

2. To test the ability of resveratrol to counteract the effects of DIO on thymic 

function in young mice. 
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Hypothesis: Resveratrol prevents fat from replacing thymic active mass and 

reducing T cell output.  

 

3. To examine the effect of glycerol 3-phosphate acyltranferase-1 (GPAT-1) gene 

deletion on the function and output of a young thymus 

Hypothesis: Deletion of the GPAT-1 gene allows for an increase in the rate of fat 

degradation by CPT-1. 

 

BACKGROUND 

Obesity is defined by the World Health Organization as the accumulation of 

excessive fat that can impair health. Clinically assessed on the Body Mass Index (BMI) 

scale (measured by dividing the weight of a person in kilograms by the square of his/her 

height in meters), an individual with a BMI of 30 kg/m
2
 is categorized as obese (Table 

1.1). Obesity is becoming increasingly prevalent worldwide, with more than 200 and 300 

million obese men and women, respectively, out of 1.5 billion overweight (BMI >25 

kg/m
2
) adults. Amongst children globally, more than 43 million overweight cases were 

recorded in 2010. In the United States, in particular, obesity rates have tripled to 33%-

35% of all US adults and 16% of US children and adolescents, since 1980. Childhood 

obesity surveys conducted between the years 1976-1980 and 2003-2006 indicate a 7.4%, 

10.5% and 12.6% increase in prevalence of obesity in children aged 2-5 years, 6-11 

years, and 12-19 years, respectively.[1-3]  
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Classification 
Body Mass Index (BMI) (kg/m

2
) 

Principal Cut Off Points Additional Cut Off Points 

Overweight ≥25.00 

          Pre Obese 
25.00 - 29.99 

25.00 - 27.49 

27.50 - 29.99 

Obese ≥30.00 

          Obese class I 
30.00 - 34.99 

30.00 - 32.49 

32.50 - 34.99 

          Obese class II 
35.00 - 39.99 

35.00 - 37.49 

37.50 - 39.99 

          Obese class III ≥40.00 ≥40.00 

Table 1.1: Overweight and Obese BMI Classification. Source: World Health 

Organization [4-8] 

 

Obesity is linked to increased risk of comorbidities, including chronic diseases 

like cardiovascular disease [9], Type II diabetes [10], fatty liver disease [11] and cancer 

[12-15], and consequently elevated levels of morbidity and mortality across all ages. In 

addition, obese individuals are also more susceptible to influenza  and bacterial 

infections, sepsis and systemic inflammation, thus suggesting that obesity is associated 

with dysfunctional immune responses[16-24]. Children who are obese are at a higher risk 

of becoming obese in adulthood, and are thus also at an increased risk of contracting the 

afore-mentioned co-morbidities due to decreased innate and adaptive responses of the 

immune system [25-30].  

The immune system which has both innate and adaptive responses is made up of 

specialized cells, tissues and organs that help protect the body against invading 

organisms. The body‟s first lines of defense are mucus and the skin. Mucosal surfaces 

lining the reproductive, digestive and respiratory tracts, cover approximately 200-300m
2
 

of the body‟s surface area and function to make the ectoderm impenetrable, and the 
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mucus-lined cavities and organs uninhabitable to most pathogens.[31] The skin has a top 

epidermal layer known as the stratum corneum, which contains sebum, microflora and 

sweat which promotes an acidic environment making colonization by invading 

microorganisms difficult.[31-33] In addition, the free fatty acids present in the stratum 

corneum, function as a permeability barrier.[34]  Pathogens that are able to penetrate 

these surface barriers and survive the hostile environments of the skin and mucus-lined 

cavities, or enter through breaks (i.e. cuts, scratches) in this line of defense, then face 

further specialized responses by the immune system.  The innate response is the natural 

response we are born with and is not antigen specific and therefore, is able to attack any 

invading organism initially. The innate immune response does not lead to the formation 

of memory cells meaning that the magnitude of the response is similar each time the 

same organism is encountered.  The adaptive or acquired immune response, on the other 

hand, unlike the innate response, is antigen specific, has an immunological memory and 

protects the body via cell-mediated and humoral immunity, involving T-cells and B-cells, 

respectively.  

Cell mediated immunity exerted by T-cells involves two subsets – The helper 

(Th) cells which are CD4 positive, whose main role is to produce cytokines, which in 

turn activate other immune components including macrophages, natural killer cells, as 

well as antibody production by B-cells. The CD8 positive cytotoxic (Tc) cells, on the 

other hand, are involved in inducing programmed cell death or apoptosis of cells that are 

dysfunctional, infected or dying. With specific reference to T-cells, obesity can alter the 

way the body responds to pathogenic invasion by impairing their function, reducing their 
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proliferative response[35], and lowering their frequency in circulation[36]. An increase in 

BMI has also been shown to alter the proportions of the sub populations of T-cells. 

Comparison between morbidly obese females with a BMI greater than 35 kg/m
2
 and lean 

controls with BMI below 25 kg/m
2
, and with no prior illnesses, demonstrated a positive 

correlation of the number of CD4+ cells with an increase in BMI, with a 11.9% increase 

in this subset in the obese subjects, On the other hand, obesity concurrently reduced the 

proportion of CD8+ cells by 9.4%.[37] While obesity has been shown to limit immune 

responses by impairing cell-mediated immunity, the big question here is whether these 

changes in the proportions of peripheral T-cells subsets and overall reduction in number 

actually stem from altered T-cell development within the thymus and consequently 

reduced T-cell generation.  

The T-cell progenitor is produced in the bone marrow and migrates to the thymus 

to differentiate and mature via thymic selection (Illustration 1.1).  The thymus is an 

important lymphoid organ located just behind the sternum and above the heart in the 

upper anterior chest cavity. It consists of two lobes, which are subdivided into the cortex, 

medulla and subcapsular region, each part playing a different role in the course of T cell 

development or thymopoiesis. When sections of the thymus are stained with hemotoxylin 

& eosin, the cortex appears as the „dark‟ area consisting of densely packed immature 

thymic T-cells, while the „lighter‟ medulla contains fewer, but mature thymic T-cells. 

The cortico-medullary junction, made up of blood vessels serves as the entry and export 

point of lymphoid progenitor cells and mature thymic T-cells, respectively.[38] The 

entire epithelial space (cortex and medulla) of the thymus is considered its active mass, 
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consisting of keratin positive epithelial cells. Keratin expression can also be used to 

distinguish between the two compartments since the cortex consists predominantly of 

K8
+
5

-
 cells and medulla of mainly K8

-
5

+
 cells with a few K8

+
5

-
 cells.[39]   

The course of T cell development involves multiple stages and begins with the 

entry of progenitor cells from the bloodstream into the thymus via the post-capillary 

venules at the cortico-medullary junction serving as the entry point.  However, the entry 

of thymic T-cells is regulated by factors which include the availability of thymic niches 

(i.e. openings in the various individual stages of T cell development), the presence and 

adhesive interaction of receptor ligand pairs, and chemokines. Unoccupied or vacant 

thymic niches are very important for thymic seeding/homing. The existence of vacant 

niches serves to provide a feedback signal to the thymic progenitors, indicating their 

availability, and thus open the „gates‟ for entry of these cells via chemotaxis.[40, 41] The 

feedback signal, which has yet to be elucidated, regulates receptors found on the thymic 

epithelium. The receptors possess the ability to sense the presence of unoccupied 

intrathymic niches and thus bind and recruit the early progenitors. An example of such 

interaction is that of the carbohydrate binding protein, P-selectin, found on the thymic 

epithelium, and its adherence to its ligand, P-selectin glycoprotein ligand-1 (PSGL-1), 

present on lymphoid progenitor cells [42]. The chemokines which are known to play a 

role in thymic seeding during fetal thymic development but not in the case of the adult 

thymus, include chemokine (C-X-C motif) ligand 12 (CXCL12), chemokine (C-C motif) 

ligand 21 (CCL21), and Chemokine (C-C motif) ligand 25 (CCL25). [43-45] The entry of 

progenitors occurs in waves rather than continuously.[41] Upon recruitment into the 
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thymus, the T-cell precursors then begin their developmental journey through the 

different thymic compartments into mature thymic T-cells.  

The earliest progenitors are recognized based on their expression of the 

heterotrimeric protein - CD25, and the cell-surface glycoprotein - CD44. On recruitment, 

the CD4
-
CD8

-
CD44

+
CD25

-
 cells found around the entry point – the thymic parenchyma 

at the cortico-medullary junction, are classified as double negative (DN) 1 cells. The 

DN1 cells then undergo stages of development while migrating towards the outer cortical 

region, in the presence of chemokine (C-X-C motif) Receptor 4 (CXCR4), chemokine 

(C-C motif) receptor 7 (CCR7) and chemokine (C-C motif) receptor 9 (CCR9) [43, 46-

48]. The DN1 cells first migrate to the cortex, and undergo slight maturation to become 

CD4
-
CD8

-
CD44

+
CD25

+ 
DN2 cells, which proliferate considerably and are found 

throughout the cortex.  Further maturation and migration of the DN2 cells yield the CD4
-

CD8
-
CD44

-
CD25

+ 
DN3 cells, and the CD4

-
CD8

-
CD44

-
CD25

-
 DN4 cells, both of which 

are found towards the outermost compartment of the thymus, i.e. just below the capsule. 

It is at the DN3 stage that the DN cells cease to proliferate and begin to assemble and 

express the pre-TCR complex, containing the TCR-β and pre-TCR-α chains, on their cell 

surface. This double negative stage serves as a developmental checkpoint, wherein only 

the thymic T-cells that are successful in forming this pre-TCR complex undergo further 

development [49].  

During this stage, the immature thymic T-cells also generate circular segments of 

episomal DNA known as signal joint T cell receptor excision circles (sjTRECs). These 

segments are formed when the immature thymic T-cells excise segments of DNA, during 
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the rearrangement of their T-cell receptor genes to generate TCRα/β antigen specific T 

cells, followed by the ligation of the ends of the excised DNA. With each new thymic T-

cell produced by the thymus containing this circular TREC, quantifying the number of 

TRECs isolated from peripheral blood allows for determining thymic output.[50]  

The newly formed immature α/β T cells have low levels of the pre-TCR complex, 

and express CD4 and CD8 molecules on their surface, which in association with CD3, are 

a part of the T cell receptor [51]. With the presence of both CD4 and CD8 receptors, the 

immature T cells are classified as „double positive‟ (DP) [52], and are subjected to 

positive and negative selection as maturation progresses. During positive selection, the 

TCRs of the immature DP cells are presented with peptide-MHC complexes, by dendritic 

cells [53] and the cortical thymic epithelial cells (cTEC), and those cells that are able to 

recognize these peptide-MHC complexes receive signals that lead to their survival and 

differentiation. As a result the DP cells down modulate either the CD4 or CD8 molecule, 

rendering them „single-positive‟ (SP). The single positive cells that now express only the 

CD4 molecule are capable of recognizing antigenic peptides found in association with 

MHC class II molecules on the surface of antigen presenting cells, and function as helper 

T cells. Those cells expressing CD8 recognize antigenic peptides in association with the 

MHC class I molecule, and play the role of cytotoxic T cells. These CD4
+
CD8

-
 and CD4

-

CD8
+
 single positive cells have the ability to differentiate between self and foreign 

antigens, reacting only when faced with a foreign one. The survivors of the positive 

selection process then migrate towards the cortico-medullary junction.  
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Negative selection occurs following the process of positive selection, wherein the 

SP cells are presented with self peptide-MHC complexes, by antigen presenting cells 

(APC) such as dendritic cells, and macrophages. The thymic T-cells that recognize and 

bind to the self-peptide-MHC complexes are filtered out and killed via apoptosis. This 

mechanism of eliminating self recognizing T cells is an important process required to 

prevent autoimmunity. The SP thymic T-cells that survive both positive and negative 

selection (approximately 5% of the thymic T-cells) then relocate to the thymic medulla 

via chemotaxis. This chemotaxis into the medulla is facilitated by the presence of CCR7 

expressed on the thymocyte, which is drawn towards the CCR7 ligands, chemokine (C-C 

motif) ligand 19 (CCL19), chemokine (C-C motif) ligand 21 (CCL21), produced by the 

mTECs in the medulla [45, 54]. These SP cells are classified as semi mature [55, 56] and 

undergo further selection to eliminate auto-reactive cells that have managed to avoid 

being negatively selected in the cortex, in order to prevent autoimmunity. This selection 

process occurs in the medulla and involves the thymic dendritic cells (tDC) and 

medullary thymic epithelial cells (mTECs). The mTEC expression of tissue-specific 

antigens is dependent upon the transcription factor autoimmune regulator (AIRE), which 

recognizes and either eliminates self-reactive thymic T-cells or differentiates them into 

regulatory T cells (Treg) (a subset of SP CD4 cells), and thus prevents autoimmunity.[57, 

58] Whether the self reactive cells are eliminated or differentiated into suppressor or 

natural regulatory T-cells (Treg) is dependent upon the direction in which the mTEC 

derived self antigens are routed. Elimination occurs when tDCs cross-present self 

antigenic peptides processed by the mTECs. [59] It can also occur, in part, when tDCs 
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with self antigenic peptides are imported into the thymus from the periphery [60]. On the 

other hand, the direct presentation of self antigens by the mTECs leads to the 

development of suppressor or natural regulatory T-cells (Treg), which then function to 

decrease or stop an immune response, in order to maintain self immunological tolerance 

and prevent auto-reactivity. Although they are similar to α/β CD4
+
CD8

-
 T cells the Tregs 

also express the transcription factor Foxp3 and CD25, by which they can be distinguished 

from the α/β T cells. Treg are produced in the Hassall‟s corpuscles in the medulla of the 

human thymus [61]. tDCs have been shown to cooperate with the mTECs, in order to 

direct the differentiation of Tregs. Here, the epithelial cells of the corpuscles produce the 

cytokine, thymic stromal lymphopoietin (TSLP), which induces both maturation of 

dendritic cells and the direct induction of Foxp3 expression in thymic T-cells [58, 62].  

These resulting mature dendritic cells have elevated expressions of CD80 and CD86, 

both of which act as costimulatory ligands. This enhanced expression promotes the 

conversion of naïve CD4
+
CD8

-
CD25

-
 cells into a FoxP3 regulatory T cell.[61].   

The mature, competent and apoptosis-resistant cells that survive all selection 

processes are then exported out of the thymus, and into the periphery via the cortico-

medullary junction. The mature thymic T-cells exiting the thymus are therefore termed 

recent thymic emigrants (RTE).  
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Illustration 1.1: T-cell Developmental Process in the Thymus 

 

The thymus is thus vital for the functioning and effectiveness of the adaptive 

immune response. It is most active, and reaches its largest size, during fetal development 

and the post-natal period, which is around 1 year of age in humans and 4-6 weeks of age 

in mice. However, after the thymus has reached its peak size and function, it gradually 

begins to atrophy, wherein although the basic structure is preserved, the core active 

epithelial mass begins to steadily reduce in volume and is replaced by fat and connective 
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tissue, thus resulting in inefficient thymopoiesis and consequently a decline in thymic 

output. In humans, the process of epithelial cell diminution begins at 1 year of age and 

continues into middle age at the rate of approximately 3% per year, after which it begins 

to involute at the rate of 1% per year.[63, 64] Most of the parenchyma has been replaced 

with only 10% of the initial thymic mass remaining by the age of 70. Extrapolation of 

this data suggests that a total loss of thymic mass will occur closer to age 105. [65, 66] In 

mice, the thymus continues to grow after birth with thymic T-cell differentiation capacity 

being highest at 4-6 weeks of age, followed by a gradual decline in size and functional 

capacity. Thus, age-related changes in the architectural of the thymus may be responsible 

for increased susceptibility of older humans to infection, autoimmunity, chronic diseases 

and cancer. 

In addition to aging, lifestyle factors, such as sedentary lifestyle coupled with 

variations in dietary intake, have also been associated with decreased 

immunocompetance. Diet induced obesity (DIO) is the consequence of sustained positive 

energy balance in the form of energy dense food, and causes the excess energy consumed 

to be stored as triglyceride in many tissues, thus compromising their normal functioning. 

Excess calorie intake from a high fat diet, in particular, can increase adiposity even more 

efficiently than a high carbohydrate diet and has been shown to cause dysfunction in 

energy metabolism at the mitochondrial level. [67] Obesity induced by over nutrition has 

been associated with hastening the process of thymic aging by affecting thymic T-cell 

development and output, as demonstrated in a study conducted by Yang, et al. [36] Here 

C57BL/6 mice were randomized into two groups and fed either a control standard chow 
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diet or a high fat diet (60% kCals fat) to induce obesity, from the age of 6 weeks to 13 

months, which resulted in increased body weights and reduced thymic cellularity in the 

obese mice. Examination of the thymi at the end of the diet period showed an 

accumulation of fat around the thymus which was not discernible from the gland itself, 

while analysis of thymic sections indicated a reduction in the cellularity of cortical and 

medullary epithelial compartments of the thymi, with both regions being altered to the 

extent that the cortico-medullary junctions were no longer distinct. Thymic T-cell subset 

analysis indicated a decrease in T-cells at the DP, SP CD4 and CD8 stages, with an 

increases level of apoptosis in both SP subsets. An overall decrease in thymic output was 

also observed in the DIO mice. Thus, the intake amount and source of energy plays a key 

role in modulating immune responses by augment this process of thymic fat accumulation 

and hastening thymic aging. [36]  

Examining the effects of obesity on the thymus is a fairly new line of 

investigation, and studies conducted so far have been mainly directed at exploring how 

increased BMI affects the aging process of the adult thymus. Childhood obesity is also 

associated with dysfunctional responses of the immune system [68]. However, the effects 

of high fat consumption on a young thymus during its peak size and function remain yet 

to be investigated. Therefore, objective 1 of this study is to establish if diet induced 

obesity induces fat accumulation within a young thymus, thereby altering T-cell output. 

 

In addition to effects on adiposity on dysfunction of organs as a whole, as seen in 

the thymus, the type of energy consumed can also affect T-cell function in a direct 
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manner. Activated T-cells, along with several other immune cells [69] [70] have high 

rates of metabolism and depend primarily upon glucose as a source of energy, and to a 

much lower extent on fatty acids and ketone bodies. [71] In addition, energy in the form 

of glucose is required for cell survival, recognition of antigens and activation of T-cells. 

[72] In order to bring about T-cell activation, the T-cells cells need to be presented with 

antigenic peptides, which are protein fragments loaded onto a cell‟s major 

histocompatibility complex (MHC) – class I or II molecules, where they are recognized 

by the TCR. MHC class I molecules are expressed on all nucleated cells, and present 

antigenic peptides derived from internal or endogenous cytosolic proteins. The MHC-I 

bound peptides are processed in the proteosome, present in the cytosol of the cell, 

transported to the endoplasmic reticulum (ER) in an ATP dependent manner (for which 

glucose serves as the primary substrate), and finally bound to the MHC-I molecule. [73] 

On the other hand, MHC class II molecules are only present on antigen presenting cells, 

and present peptide fragments from extracellular or exogenous protein sources. Here, the 

MHC-II destined peptides on the other hand are processed by the cell‟s endosomes, a 

more acidic compartment of the cell. [74] These peptides generated are then presented to 

the T-cells in a glycosylated form in order to maintain the stability of the protein fraction 

by protecting the peptides from the action of proteases. Additional sugars, in the form of 

oligosaccharides, attach to the glycopeptides and are instrumental in helping orient the 

immunological synapse (the interface between the T-cells and the MHC molecules on the 

APCs). [75] This orientation is achieved by aligning both the peptide loaded MHC 

molecules of the antigen presenting cells with low affinity cell adhesion molecule CD2 
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on the T-cell [76], and shifting the position of the peptide loaded MHC molecule into the 

center of the synapse, thus allowing for recruitment and internalization by the T-cell 

receptor-mediated endocytosis. [77] 

Increasing the fat content of the diet, however, can bring about a decrease in cell 

reactivity. Verwaerde, C. et al. [78] demonstrated that this can occur by bringing about a 

decrease in the expression of MHC molecules, particularly class II, which can affect the 

way T-cells recognize antigenic peptides presented by APCs, while studies by Calder 

P.C., et al [79] showed that  high fat feeding can also directly affect T-cell signaling by 

altering the composition and permeability of the cell membrane. In addition, fat 

consumption can lead to the reorganization of the membrane‟s lipid rafts, which are key 

membrane microdomains involved in regulating the cell‟s synaptic formation, activation 

and signaling. [80-82] For lipid rafts in the membrane to activate and signal the 

proliferation of T-cells in the thymus, they first need to be rearranged in the membrane to 

surround the TCR, a mechanism brought about by CD28-costimulation. However, this 

requires the presence of a mature TCR, therefore, the role of lipid rafts comes into play 

only in SP mature thymic T-cells, and not in the immature stages containing the pre-TCR 

complex. [83]  

Once activated activation, T-cells switch from a resting state to proliferative state, 

concomitant with an increase in the amount of energy required, and the ATP required for 

this process is produced via glycolysis. Stimulation of thymic T-cells increases their 

glucose requirement, for proliferation, by almost 20-fold. Double negative cells, 

particularly at the DN2 stage, are highly proliferative in nature. Thus, in order to obtain 
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this increase in glucose uptake, this subset expresses very high levels of glucose 

transporter 1 (GLUT1), which in turn can induce the activation of many glycolytic 

enzymes, thereby increasing the ATP production by glycolysis. [84] Mature T-cells, on 

the other hand, require the combined signals from the engagement of the T cell receptor 

and CD28, for activation and proliferation. [85] While fatty acids can also be broken 

down, via oxidation, the energy from their breakdown is partitioned towards fueling 

reactions in the cell cycle to promote growth rather than proliferation. However, while 

energy in the form of carbohydrate is preferred over fats for proliferation, oxidation of 

fats allows for the maintenance of a steady source of ATP in a glucose deficient 

environment. [86]  

In addition to the source of ATP, T-cell function may also depend upon its overall 

energy status, wherein low energy is indicated by an increase in its intracellular 

AMP:ATP ratio due to depletion in ATP produced. The higher levels of AMP can bring 

about the activation of 5' adenosine monophosphate-activated protein kinase (AMPK), a 

key regulator of energy homeostasis in the cell by inhibiting pathways that consume ATP 

and activating processes that generate ATP. [87] Existing as a heterotrimeric complex, 

the structure of AMPK consists of two regulatory domains - β and γ, and one catalytic α- 

domain. The conversion of AMPK into an active form (pAMPK) occurs when the AMP 

binds to its regulatory γ domain, thus allowing for the phosphorylation of the enzyme at 

threonine (Thr-172) on its catalytic α-domain by the upstream kinase LKB1.[88]  In order 

to ensure continued availability of cellular energy, the catalytically competent pAMPK 

then regulates the use of fatty acids by two competing mitochondrial enzymes - glycerol 
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3-phosphate acyltranferase-1 (GPAT-1) and carnitine palmitoyltransferase-1 (CPT-1). 

Fatty acids present in the cytosol are first activated to fatty-acyl-CoAs before being 

channeled towards the biosynthesis of glycerophospholipids by GPAT-1, or transported 

into the mitochondria by CPT-1 for fatty acid breakdown. pAMPK prevents the use of 

fatty acids for the synthesis of glycerophospholipids by inhibiting the use of acyl CoAs 

by GPAT-1 and diverting them into the mitochondria via CPT-1 and towards a 

degradative pathway. [89]   

In the biosynthesis of phosphatidic acid, GPAT-1 serves as the rate limiting 

enzyme, which catalyses the first step in the de novo synthesis of phospholipids (PL) and 

triacylglycerol (TAG). Here, the enzyme first acylates glcyerol-3-phosphate with acyl-

CoA to lysophosphatidic acid (LPA), which is then transported to the microsome. Here 

the LPA is further acylated by acylglycerolphosphate acyltransferase (AGPAT) to 

phosphatidic acid, which serves as a precursor for the biosynthesis of PL and TAG.  [90] 

The activity of GPAT-1 is found to be the highest in tissues where the occurrence of 

glycerophospholipid synthesis is most predominant, such as adipose tissue and liver.[91]  

Structurally, GPAT-1 is present on the outer membrane of the mitochondria and is 

composed of 828 amino acids (aa), wherein the amino acids 472-493 exist as a 

transmembrane domain, 494-575 as a loop facing the intermembrane space, and finally 

576-592 as another transmembrane domain. The two ends of the protein, comprise the 

catalytic N-and regulatory C- terminals, and face the cytosol of the cell. The N-terminal, 

containing an active site, folds to interact with the C terminal, and thereby increases the 

activity of the enzyme. The protein also possesses two consensus sites at the C-terminal, 
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which can be regulated by nutritional factors or hormones.[92] While the exact 

mechanism of AMPK is still unknown, it is suggested that in order to maintain 

homeostasis during energy deficiency, AMPK inhibits the activity of GPAT-1 by either 

phosphorylating the two consensus sites on the C-terminal directly or by phosphorylating 

an inhibitor of GPAT-1.[93] In either case, an acute down regulation of the enzyme thus 

diverts the fatty-acyl-CoAs away from the phosphatidic acid biosynthesis pathway.[94] 

Since GPAT-1 and CPT-1 compete for the same long-chain acyl-CoAs, inhibition of 

GPAT-1 activity by AMPK allows for CPT-1 to transport these long chain fatty acyl 

CoAs into the mitochondria for -oxidation.[95]  

 CPT-1 and CPT-2 are two enzymes present on the outer and inner mitochondrial 

membranes, respectively. CPT-1 is the rate limiting enzyme which binds the fatty acids 

in the cytosol to carnitine and transports them across the outer mitochondrial membrane, 

where they then bind to CPT-2 and are shuttled across the inner mitochondrial membrane 

and into the mitochondrial matrix for degradation. Similar to GPAT-1, CPT-1 activity 

and expression are also regulated by dietary factors such as fasting. Specifically, AMPK 

activation induced by an increase in cellular AMP concentration inhibits the production 

of malonyl CoA from the carboxylation of acetyl-CoA by acyl CoA carboxylase. 

Malonyl CoA is a potent inhibitor of CPT-1, and prevents the binding of the fatty acyl 

CoAs to carnitine, thereby not allowing for them to be transferred into the mitochondria. 

Rather, the fatty acyl CoAs are utilized by malonyl-CoA to make long-chain fatty acids 

in the cytosol. Therefore the AMPK mediated decrease in malonyl CoA production 

permits the amplification of CPT-1 and increases fatty acid breakdown.[96, 97]  
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In contrast to the effects of energy depletion on AMPK and its activity, high 

dietary fat intake has been shown to significantly decrease pAMPK levels. In order to 

demonstrate this effect of high fat feeding, Liu, Y. et al [98] assessed the effects of 

increased fat consumption on the levels of the AMPKa protein by measuring its 

catalytically active form pAMPK in the skeletal muscle of male Wistar rats. Here the rats 

were randomly divided into groups receiving either a control rat maintenance diet or an 

isocaloric rich-fat diet (22 kCals% fat) for a period of five months. At the end of the diet 

period, DIO was found to induce a 77% decrease of pAMPKa in the high fat fed rats.  

While high fat feeding can affect the expression and activity of AMPK, this effect 

can be prevented by the use of exercise, pharmacological drugs, and naturally occurring 

compounds. Exercise has been shown to promote energy production by β oxidation, to 

meet the body‟s increasing demand for ATP by AMPK induced inhibition of acyl CoA 

carboxylase [99], however, the magnitude of prevention is dependent upon the intensity 

[100] as well as the duration of exercise.[101]  

Pharmacological drugs have also been demonstrated to prevent the effects of DIO 

on lipid metabolism. Metformin, an anti-diabetic drug is one such example. Here, two 

groups of male Wistar rats were fed a high fat for five months, one of which received a 

daily 300 mg oral administration of the anti-diabetic drug Metformin in the last month of 

feeding, in order to prevent the high fat induced down regulation of AMPKa. Protein 

levels measured by Western blot indicated that while Metformin did not alter the AMPKa 

expression, it significantly increased pAMPKa levels by 162% compared to the group 

that did not receive the drug. This increase in pAMPK coincided with the 
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phosphorylation and subsequent inactivation of acyl coA carboxylase, thus confirming 

the role of Metformin in the amelioration of DIO changes on fatty acid metabolism.[98]   

Polyphenols have also been shown to regulate fatty acid metabolism to reduce the 

accumulation of lipids in organs, as well as lower serum lipids vi an AMPK-dependent 

mechanism.[102] For instance, the synthetic polyphenol S17834 has been shown to exert 

its effects on AMPK activity to prevent the diabetes-induced development of 

atherosclerosis.[103] Other polyphenolic compounds including resveratrol and apigenin 

also exert similar effects on AMPK activity in the liver, thus preventing hepatic lipid 

accumulation.[102] 

Resveratrol (3,5,4'-trihydroxystilbene) is a naturally occurring polyphenol termed  

a phytoalexin, which is produced by plants when faced with pathogenic infection. Found 

abundantly in the skin of grapes, resveratrol like other polyphenols, has also been shown 

to regulate fatty acid metabolism, in an attempt to reduce hepatic fat accumulation via    

AMPK activation, a sensor of cellular energy levels.[104] AMPK in turn plays a key role 

in lipid metabolism, via its regulation of CPT-1, the mitochondrial enzyme required for 

the transport of long chain fatty acids into the mitochondria, thus increasing fatty acid 

oxidation.[96, 97] While AMPK has the potential of being indirectly activated by 

upstream Sirtuin 1 (SIRT1) [104], resveratrol possesses the ability to induce direct acute 

activation of AMPKa, via  phosphorylation by LKB1.[105] The effects of resveratrol on 

liver pathology were demonstrated by Baur, J.A., et al [106], where resveratrol prevented 

the increase in hepatic size and weight, and histological staining of tissue section 
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indicated that resveratrol also prevented the accumulation of lipid within the organ, while 

preserving the integrity of the hepatic cellular structure.  

Given that AMPK is sensitive to depletion of energy stores in T cells and 

responds to maintain the supply of ATP[107], and that manipulating the activity of 

AMPK by resveratrol promotes a fatty acid catabolic state over an anabolic, the use of 

resveratrol, a naturally occurring compound, may serve to forestall lipid accumulation 

within the involution-prone thymus, thus providing a useful approach to preventing a 

decline in thymic function in childhood. Therefore, objective 2 of this study is to test the 

ability of resveratrol to counteract the effects of DIO on thymic function in young mice. 

 

 GPAT-1 catalyzes the initial and rate-limiting step in the glycerophospholipid 

and triacylglycerol biosynthesis pathway.[90] The competition for acyl CoAs between 

GPAT-1 and CPT-1 was confirmed by Igal, R.A. et al [108], who over expressed GPAT-

1 in Chinese hamster ovary cells, and found a 2.7 fold increase in cellular TAG compared 

to their controls. Lindén, D., et al [109] also demonstrated similar effects, wherein 

amplification of GPAT-1 expression coupled with fatty acid supplementation resulted in 

the augmentation of PL and TAG biosynthesis in the liver.  This increase in biosynthesis 

was accompanied by a sharp decline in fatty acid oxidation.  

The expression of GPAT-1 is found to be upregulated  in obesity, as seen in the 

case of obese Zucker rats, compared to lean controls[110]. This was also observed in the 

case of high calorie diet consumption [111], thus suggesting that the GPAT-1 activity is 

increased to promote TAG biosynthesis in the presence of excess availability of fatty acid 
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substrate. In addition, the activity of GPAT-1 is found to be the elevated in tissues with 

the most prominent occurrence of PL and TAG, such as adipose tissue and liver.[91] 

On the other hand, deletion of GPAT-1 altogether promotes the oxidation of fats 

and prevents the accumulation on fat in organs such as the liver.   Wildtype (WT) and 

GPAT-1 knockout (KO) mice were fed a diet with a high fat and sucrose content, 

intended to induce obesity and hepatic steatosis. In the absence of GPAT-1, TAG 

synthesis in the liver was found to be impaired, and the total TAG mass was 60% lower 

than their wild type counterparts. This in complete contrast to the overexpression of 

GPAT-1, resulted in the channeling of fatty acids into the mitochondria for breakdown by 

β-oxidation.[112] The direct suppression of GPAT-1 has been observed to thus regulate 

lipid metabolism, and is accompanied by a decrease in body weight owing to lower fat 

mass levels, improved lipoprotein profiles, and reduced hepatic steatosis in GPAT-1 

knockout mice.[112]  

Studies investigating the effect of GPAT-1 in other tissues are few. The thymus, 

similar to the liver, is prone to lipid accumulation, thus compromising its function and 

reducing its output [36]. In addition, our lab has previously shown that T-cells express 

only the GPAT-1 isoform, and that the activity of this enzyme positively correlates with 

proliferation of the T-cells.[113] Therefore, depletion of GPAT-1 will allow us to study 

the consequences of reduced glycerophospholipid biosynthesis on the different stages of 

T- cell development, as well as the effects on lipid accumulation into the thymus and its 

overall output. Therefore, objective 3 of this study is to examine the effect of glycerol 3-
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phosphate acyltranferase-1 (GPAT-1) gene deletion on the function and output of a 

young thymus.  

 

Overall, this study will help determine the effect of DIO on functioning of a 

young thymus, and provide a link between changes in lipid metabolism and thymic T-cell 

production, and may identify a dietary approach to reduce the deleterious effects of 

childhood obesity on adaptive immunity. 
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Chapter 2 

Diet Induced Obesity Alters Thymic Function in Young Mice 

 

ABSTRACT 

Childhood obesity is becoming increasingly prevalent in the United States, with 

rates having increased to 16% of US children and adolescents, since 1980. Obese 

children are at a higher risk of becoming obese in adulthood, and are also at an increased 

risk of developing health problems, such as influenza and bacterial infections, sepsis and 

systemic inflammation, due to dysfunctional responses of the immune system. With 

specific reference to cell mediated immunity, obesity can reduce the number of T-cells in 

the periphery, as well as alter the way T-cells respond to pathogenic invasion by 

impairing their function. An increase in BMI has also been shown to alter the proportions 

of the sub populations of T-cells by increasing CD4+ cells and reducing CD8+ cells in 

circulation. This study therefore aimed at determining whether DIO changes seen in the 

adult thymus can be induced in a young mouse. Comparisons for this purpose were made 

between C57Bl/6 male mice fed a standard or high-fat diet from age 5 weeks to 15 

weeks. Observations made in the obese group included significant increases in weight, 

percent body fat and thymic weight, accompanied by decreases in thymic cellularity and 

thymic output. Histological staining of tissue sections showed a decrease in the 

proportion of medullary compartment and obliteration of cortico-medullary junctions, 

which coincided with an increase in the most immature double negative subset, while the 
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percentage of all double positive and single positive subsets were reduced. In addition, 

increased lipid droplets within the thymic structure were observed in the high fat group 

compared to their controls. These data indicate that DIO leads to fat accumulation and 

reduction in thymic function at adolescence. 

 

INTRODUCTION 

The T-cell is a white blood cell known as a lymphocyte which protects the body 

against pathogenic invasion. Several subsets of T-cells exist, which differ in terms of 

their type and magnitude of response. The two main subsets include CD4
+
 Helper T-cells 

(TH) (which activate other immune cells like macrophages and B-cells); and CD8
+
 

Cytotoxic T-cells (TC) (involved in eliminating infected or dying cells). The T-cell is 

produced as a hematopoietic progenitor in the bone marrow and migrates to the thymus to 

differentiate and mature via thymic selection. This dynamic process of thymopoiesis 

involves multiple stages and begins with the entry of progenitor cells from the 

bloodstream into the thymus via the post-capillary venules at the cortico-medullary 

junction. The earliest progenitors are recognized based on their expression of the 

heterotrimeric protein - CD25, and the cell-surface glycoprotein - CD44. On recruitment, 

the CD44
+
CD25

-
 cells found around the entry point are classified as double negative 

(DN) 1 cells. The DN1 cells first migrate to the cortex, and undergo slight maturation to 

become CD44
+
CD25

+ 
DN2 cells, which proliferate considerably and are found 

throughout the cortex.  Further maturation and migration of the DN2 cells yield the  
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CD44
-
CD25

+ 
DN3 cells, and the  CD44

-
CD25

-
 DN4 cells, both of which are found 

towards the outermost compartment of the thymus, i.e. just below the capsule. At the 

DN3 stage the cells cease to proliferate and begin to assemble and express the pre-TCR 

complex. The newly formed immature α/β T cells have low levels of the pre-TCR 

complex, and express CD4 and CD8 molecules on their surface and are classified as 

„double positive‟ (DP) [52], The DP cells are then subject positive selection, wherein the 

TCRs of the immature DP cells are presented with peptide-MHC complexes, by dendritic 

cells [53] and the cortical thymic epithelial cells (cTEC), and only cells that are able to 

recognize these peptide-MHC complexes receive signals that lead to their survival and 

differentiation. As a result the DP cells down modulate either the CD4 or CD8 molecule 

and become single-positive‟ (SP). The SP CD4
+
 and CD8

+
 cells are capable of 

recognizing antigenic peptides found in association with MHC class II and MHC class I 

molecules, respectively. The survivors of the positive selection then undergo negative 

selection. Here the SP cells are presented with self peptide-MHC complexes, by antigen 

presenting cells (APC) such as dendritic cells, and macrophages. The cells that recognize 

and bind to the self-peptide-MHC complexes are filtered out and killed via apoptosis. 

This mechanism of eliminating self recognizing T cells an serves to prevent 

autoimmunity. The SP thymic T-cells that survive both selection processes 

(approximately 5% of the thymic T-cells) then relocate to the thymic medulla. These SP 

cells are classified as semi mature [55, 56] and undergo further selection to eliminate 

auto-reactive cells that have managed to avoid being negatively selected in the cortex. 

The cells involved in this process of selection include medullary thymic epithelial cells 
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(mTECs), whose expression of tissue-specific antigens is dependent upon the 

transcription factor autoimmune regulator (AIRE), which recognizes and eliminates self-

reactive T-cells and prevents tissue-specific reactivity.[57] The competent and apoptosis-

resistant cells that survive all selection processes then leave the thymus as recent thymic 

emigrants (RTE).  

The thymus is vital for the functioning and effectiveness of the adaptive immune 

response. However, with age it begins to atrophy, wherein the core active mass begins to 

gradually reduce in volume and is replaced by fat, thus resulting in inefficient 

thymopoiesis and a decline in T-cell generation. In humans, the process of epithelial cell 

diminution begins at 1 year of age and continues into middle age at the rate of 

approximately 3% per year, after which it begins to involute at the rate of 1% per 

year.[63, 64]  In mice, the thymus continues to grow after birth with thymic T-cell 

differentiation capacity being at its peak between 4-6 weeks of age, followed by a gradual 

decline in size and functional capacity. Thus, age-related changes in the architectural of 

the thymus may be responsible for increased susceptibility of older humans to infection, 

autoimmunity, chronic diseases and cancer.  

Obesity can alter the way the body responds to pathogenic invasion by impairing 

T cell activation, reducing their proliferative response[35], and lowering their frequency 

[36] in circulation. Obesity induced by dietary fat has also been associated with hastening 

the process of thymic aging by affecting the architecture of the thymus and impairing T-

cell development. [36]  
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Studies conducted so far have been mainly directed at exploring how increased 

BMI affects the aging process of the adult thymus. Childhood obesity is also associated 

with dysfunctional responses of the immune system. However, the effects of high fat 

consumption on a young thymus during its peak size and function remain yet to be 

investigated. This study was therefore conducted to establish whether diet induced 

obesity induces fat accumulation within a young thymus, thereby altering T-cell output. 

 

METHODS 

Animals and Study Design 

Twenty C57BL/6 mice of age 4 weeks were purchased from the Jackson 

Laboratory (Bar Harbor, Maine). The mice were housed singly on a 12 hour light/dark 

cycle and allowed to acclimatize for a week upon delivery. During the first week the mice 

were given unrestricted access to water and commercial rodent chow. Following the 

acclimatization period, the mice were randomly assigned to one of two diet groups:  low 

fat diet with 10 kcal% fat (LF), and high fat diet with 60 kcal% fat (HF) to induce 

obesity. The diets ((D12450B and D12492) were purchased from Research Diets (New 

Brunswick, NJ). The mice were continued on the experimental diets for a period of 10 

weeks. At the end of the experimental period, the mice were killed by CO2 asphyxiation 

followed by cervical dislocation to ensure euthanasia, following which fresh thymi were 

harvested and whole blood collected by cardiac puncture. All animal procedures followed 
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current regulations on animal experimentation approved by the University of Texas 

Animal Use and Care Committee. 

 

Caloric Intake, Body Weight and Percent Body Fat  

Body weights of the mice were recorded at baseline (0 weeks), and at the end of 

each week of the diet treatment period until the completion of the study. Fresh food was 

provided to the mice twice weekly, and the amount consumed per week was recorded and 

converted into kilocalories consumed based on the macronutrient content of the diet.   

At the termination of the study, percent body fat of the mice was determined by 

dual energy x-ray absorptiometry, using the Lunar PIXImus Densitometer (GE Medical 

Systems, Madison, WI). To prevent throwing off the scan data, the head – the densest 

part of the body- was excluded from the image area using the General Electric (GE)-

supplied software (version 1.46) was used. 

  

Thymus Weights 

One ml of media was aliquoted into 1.7ml microcentrifuge tubes and the weight 

of the tube+media was recorded. Freshly harvested thymi were collected in the pre-

weighed tubes, and then weighed again. The thymus weight was calculated by subtracting 

the weight of tube+media from that of the tube+media+thymus, and expressed in 

milligrams. 
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Thymic T-cell Isolation and Cellularity 

Freshly harvested thymi were homogenized in complete culture media containing 

10% heat-inactivated fetal bovine serum, 100U/ml penicillin, 100µg/ml streptomycin, 

10µM 2-mercaptoethanol, and 100nM L-glutamine. The homogenate was then passes 

through a 100µm cell strainer (BD Biosciences, Franklin Lakes, NJ) to obtain a single 

cell suspension. The cells were then pelleted by centrifuging 400 x g (1400 rpm) for 10 

minutes at room temp, resuspended in 3 ml media and carefully layered over 3ml of 

lymphocyte separation media (LSM) (VWR International, West Chester PA), thus 

creating a distinct cell suspension-LSM interphase. Centrifuging followed at 400 x g 

(1400 rpm) for 20 minutes at room temp to obtain a translucent lymphocyte layer at the 

suspension-LSM interface. The lymphocyte layer (approximately 2ml) was carefully 

aspirated and centrifuged at 160-260 x g (1000 rpm) for 10 minutes at 4ºC. The resulting 

pellet of purified thymic T-cells was resuspended in media and counted using the 

CellDyn 900 Hematology Analyzer (Sequoia-Turner Corp., Mountainview CA) and 

confirmed on a hemocytometer via trypan blue exclusion. Cell viability was determined 

as the number of cells with intact membranes and a clear cytoplasm which excluded the 

Trypan blue dye.  

 

Thymic T-cell Subset Analysis by Flow Cytometry 

The cell concentration of the isolated thymic T-cells was adjusted to 1x10
6
/ml 

with culture media. 1x10
6
 cells in 1ml media was transferred to falcon tubes and treated 

with 200µl 1x RBC lysis buffer for 2 minutes to lyse any red blood cells present. PBS 
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(5ml) was added, centrifuged at 250 xg, then resuspended in 990µl media and 10µl Fc 

block for 30 minutes, to block the cells’ Fc receptors and thus prevent false positive 

staining. To stain for markers of thymic development, 20μl of 10% monoclonal antibody, 

Allophycocyanin (APC)-conjugated Anti-Mouse CD4, Phycoerythrin (PE)-conjugated 

anti-mouse CD8a, APC-conjugated Anti-Mouse CD44, and PE-conjugated anti-mouse 

CD25 (BD Biosciences, San Diego, CA), diluted with PBS, was added and vortexed. The 

cells were then incubated in a covered ice bucket for 30 minutes. At the end of the 

incubation period, the excess antibodies were removed by washing three times with 1ml 

of PBS+azide, vortexed, and centrifuged. The cells were then resuspended in 1ml of 

PBS+5% FBS, and analyzed using the using the Accuri C6 flow cytometer (Accuri 

Cytometers Inc. Ann Arbor, MI).   

 

Thymic T-cell Stimulation and Proliferation 

The isolated T-cells were stimulated and measured for proliferation using the 

CellTrace CFSE Cell Proliferation Kit (Invitrogen Corporation, Carlsbad, CA). The cells 

were first resuspended in pre-warmed PBS with 0.1% BSA to obtain a final concentration 

of 1x10
6
 cells per ml, and then incubated with a 2µl/ml of a 5mM carboxyfluorescein 

diacetate, succinimidyl ester (CFSE) solution. To facilitate the passive diffusion of CFSE 

into the cells, they were incubated at 37°C for exactly 7 min, and then the stain was 

immediately washed by adding 5-7 times the volume of ice-cold media, and allowed to 

sit on ice for 5 minutes. Centrifugation and washing followed two more times, and the 

cells were finally stimulated by 10µg/ml plate-bound anti-CD3 and anti-CD28 for a 
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period of 48 hours. After the 48 hour incubation, the T-cells were analyzed for cell 

division using the FL1 filter on the Accuri C6 flow cytometer (Accuri Cytometers Inc. 

Ann Arbor, MI). 

 

Thymic Output - DNA Purification and TREC Analysis by Real Time PCR 

DNA was isolated from 0.3ml whole blood and purified using the Promega 

Genomic DNA Purification Kit (Promega Corporation, Madison, WI). Fresh whole blood 

was collected in 0.5M EDTA (IBC Scientific, Peosta, IA) in a 19:1 volume to prevent 

coagulation, added to 900µl cell lysis solution, and incubated for 10 minutes at room 

temperature to lyse all the red blood cells. The mixture was then centrifuged for 20 

seconds at 13,000 x g to obtain a pellet of white blood cells. The cells were resuspended 

in 300µl nuclei lysis solution, followed by the addition of 1.5µl of RNase solution for a 

15 minute RNase digestion step at 37
0
C. Cellular proteins were then separated by adding 

100µl protein precipitation solution and centrifuging as above. The supernatant obtained 

was transferred to a tube containing room temperature isopropanol, gently inverted until a 

visible thread-like precipitate of genomic DNA appeared, and then centrifuged at 2,000 x 

g for 1 minute to obtain a DNA pellet. The pellet was then washed with 70% ethanol, 

centrifuged as above and then allowed to air dry. The DNA was finally rehydrated by an 

overnight incubation of the pellet in 100µl DNA rehydration solution at 4
0
C and stored at 

-20
0
C until use. Prior to analysis, the amount of DNA (ng/µl) in the sample was measured 

using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Inc., 

Wilmington, DE).  
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sjTRECs in the purified DNA were detected by Real Time PCR, based on SYBR-

Green I fluorescence. The analysis was performed in a 96 well plate with 25µl reactions, 

containing 12.5 µl of Fast SYBR Green Master Mix, 0.4µM each of sjTREC forward 5’-

CCAAGCTGACGGCAGGTTT-3’ and sjTREC reverse 5’-AGCATGGCAAGCAG-

CACC-3’ custom primers, and 10.5 µl mixture of 0.1ng purified DNA and DEPC-treated 

Water. To compensate for variations in input DNA, GAPDH forward 5’-

GTGAGGCCGGTGCTGAGTAT-3’ and reverse 5’-TCATGAGCCCTTCCACAATG-3’ 

primers at a concentration of 0.4µM was used as internal control or housekeeping gene 

for normalization of the Real Time PCR data. All of the above reagents and custom 

primers were purchased from Applied Biosystems (Foster City, CA). The plate was 

briefly centrifuged, and the PCR reaction was run using the Eppendorf Mastercycler ep 

gradient S Thermocycler (Eppendorf North America, Inc. Hauppauge, NY). The thermo-

cycling conditions used were 95°C for 20 seconds for enzyme activation, followed by 40 

cycles
 
of denaturing at 95°C for 1 second and annealing/extension at 60°C for 20 

seconds. Each of the reactions was run in triplicate, and a minimum of three separate 

experiments were carried out for each sample.   

Relative quantification of PCR for different treatments was performed using the 

cycle threshold (Ct) values. First, the ΔCt value for each sample was obtained by 

subtracting the Ct of the gene of interest (sjTREC) from that of the housekeeping gene 

(GAPDH). The ΔΔCt values were finally calculated as the difference between the ΔCt 

values of treatment and control groups.  
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Thymic Architecture Analysis by H&E and Immunohistochemical Staining 

Processing of formalin fixed and frozen tissues, H&E staining and 

immunohistochemistry was performed by the Histology
 

Core at
 

the Science Park 

Research Division (University of Texas, M.D.
 
Anderson Cancer Center, Smithville, TX).   

Formalin fixed tissue was embedded in paraffin and cut into 4µm thick sections 

for hematoxlin and eosin (H&E) and immunohistochemical staining. The slides were 

deparaffinized in xylene and hydrated in 100% ethanol and 95% ethanol. Endogenous 

peroxidase activity was then blocked with 3% hydrogen peroxide for 10 minutes, 

followed by exposing of antigenic sites with 10mM Citrate Buffer pH 6.0 for 10 minutes 

and a 20 minute cool down. The slides were then blocked with casein in buffer for 10 

minutes, drained, and stained for with primary antibodies for differences in thymic cortex 

and medulla (Keratins 8 and 5), proliferation (Ki67) and apoptosis (TUNEL) for 30 

minutes. The slides were then washed with buffer and incubated anti-rabbit/ IgG HRP 

polymer for 30 minutes and then washed. The slides were then washed, counterstained 

and dehydrated.   

.    

RESULTS 

Thymic involution associated with obesity results in a reduction in the production 

of new T-cells. Since obesity also predisposes children to an increased risk of health 

problems, this study was targeted at determining whether high fat intake can affect T-cell 

function by altering development in young mice. During the diet treatment, body weight 
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was monitored once every week and the amount of food consumed, on a biweekly basis. 

The HF group consumed, on average, 0.46g (18.8%) less food that their LF counterparts 

(p<0.001) (Fig 2.1a). Energy intake was calculated based on the macronutrient content, 

wherein each gram of carbohydrate, protein and fat provided 4 kCals, 4 kCals, and 9 

kCals, respectively. Despite consuming a lower amount of food, the caloric intake of the 

HF group was significantly higher by 2 kCals (16.2%) per day (p<0.01) (Fig 2.1b). 

Body weights monitored weekly indicated a significant difference of 3g (13.9%) 

(p<0.05) from week 3 onwards, and the weights of the HF group increased rapidly as the 

diet treatment progressed. By the end of the 10 weeks, a difference of 7.4g (28.4%) 

(p<0.0001) was noted between the groups (Fig 2.2a-b). Coinciding with the change in 

body weight, DEXA scans performed demonstrated a 24.66% (p<0.001) increase in the 

percent body fat of the HF group, compared to LF (Fig 2.2c-d).  

Thymic weights from freshly harvested thymi were measured at the end of the 10 

week diet period, and the thymi weights of HF group recorded 28.9mg (32.7%) higher 

than the LF thymi (p<0.05) (Fig2.3a). The thymi were then homogenized and fresh 

thymic T-cells were isolated and counted. Thymic cellularity of the HF group was found 

to be diminished significantly by 36.2% (p<0.01), with a mean count of 5.2 x 10
7
 cells, 

while the count of the LF group cell count averaged at 8.7 x 10
7
 cells (Fig 2.3b).  

Measurement of the markers of thymic development demonstrated alterations in 

the development of the thymic T-cell. Observations made include a 7.32% increase in the 

number of DN T-cells in the HF group, along with a reduction of 6.4% of the total 

thymocytes in the subsequent DP stage (Fig 2.4a). Both measurements were found to be 
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significantly different (p<0.001) and suggest that the DN stage of T-cell development is 

partially blocked. Also observed was a significant decrease of 1.58% in the CD8 single 

positive (SP) cells, thus implying that the differentiation of DP thymocytes into SP CD8 

cells is markedly altered by high fat feeding (Fig 2.4a). To determine which of the four 

sub-stages within the DN stage is altered, CD44 and CD25 expression on DN thymocytes 

was measured, and expressed as percent of total thymic T-cells (Fig 2.4b). Both the DN1 

and DN2 stages shows similar proportions of total cells, suggesting that the number of 

progenitor cells entering the thymus and beginning their developmental journey within 

the organ may not be affected. However, a significant an increase of 106% was observed 

in the DN3 stage of the HF group compared to the LF controls (p<0.05). The difference 

between HF and LF treatment was most evident at the DN4 stage, where the difference 

was found to be 116.6% between groups (p<0.0001) (Fig 2.4b).   

T-cell proliferation is a commonly used measure of T-cell function ex vivo. 

Therefore, proliferation in response to 48 hours of anti-CD3 and anti-CD28 stimulation 

was measured in the isolated thymic T-cells from high fat fed mice and their lean controls 

(Fig2.5a-b). Prior to stimulation, the cells were incubated with carboxyfluorescein 

diacetate succinimidyl ester (CFSE), a reagent which binds to proteins within the cell and 

on the cell surface. Proliferating cells then distribute the CFSE reagent equally between 

the new generations of cells. The increase in proliferation in diet both groups was thus 

measured in terms of CFSE fluorescence of successive generations. Initial experiments 

were performed to determine the end point of the experiment and 48 hours was chosen to 

be the optimal time for assessment of proliferation (data not shown). At the end of the 48 
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hour incubation, the fluorescence of stimulated cells isolated from the LF and HF groups 

indicated a significant increase 85% in the proliferation between the two diet groups 

(p<0.001).  

Thymic output or the production of recent thymic emigrants can determined by 

measuring the level of generated circular segments of episomal DNA known as signal 

joint T cell receptor excision circles (sjTRECs) from peripheral blood. These segments 

are formed during the process of T-cell receptor genes‟ rearrangement, to generate 

TCRα/β antigen specific T cells, and each new thymic T-cell produced by the thymus 

contains this circular TREC.[50] The sjTRECs in the DNA isolated from whole blood 

were detected by Real Time PCR, based on SYBR-Green I fluorescence. Relative 

quantification performed on the results of the PCR showed a value .046 between HF and 

LF groups, denoting that the output of the HF thymus is 54% lower (p<0.001) than that 

of the LF thymus (Fig 2.6). Thus, high fat feeding reduced the generation of new T-cells 

by the thymus.  

Thymic tissue sections were analyzed for changes in the structure of the thymus 

by H&E staining (Fig 2.7). An increase in fat around the thymic capsule of the HF mice 

was accompanied by the shrinking of the medullary component, and the obliteration of 

the cortical and medullary distinctiveness seen in the LF thymi. 

The cortex and medulla of the thymus consists of cytokeratin positive epithelial 

cells. Keratin expression patterns can also be used to distinguish between the two 

compartments since the cortex consists predominantly of K8
+
5

-
 cells and medulla of 

mainly K8
-
5

+
 cells with a few K8

+
5

-
 cells.[39]  Changes in keratin profile expression 
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were analyzed using the Image Pro Plus Imaging Software (Bethesda, MD). The 

alterations in thymic architecture as observed in H&E stained sections were accompanied 

by significant decreases of 74.5%  (p<0.001) in the K8 density of the HF cortex (Fig 

2.8a-b) and 61.4% (p<0.05) in the K5 density of the HF medulla (Fig 2.9a-b). Frozen 

sections were also stained with Oil Red O to measure the fat accumulation as a result of 

high fat feeding (Fig 2.10). The HF group had a significantly higher density of Oil Red O 

stained lipid droplets within its active mass. Ki67, a nuclear antigen protein which is 

expressed in all phases of the cell cycle except G0, was used to stain for proliferating 

cells within the thymus (Fig 2.11a-b). The proliferation index was significantly higher by 

267% higher in the case of the HF group. In addition, TUNEL staining was done to 

measure apoptotic index, however, no differences were found between the two diet 

groups (Fig 2.12a-b). 

 

DISCUSSION 

Childhood obesity is becoming more prevalent globally; In the United States 

alone, the increase in cases was measured at 7.4%, 10.5% and 12.6% in children aged 2-5 

years, 6-11 years, and 12.6%, respectively, between 1980 and 2006.[1, 2] Even at a 

young age, obesity induces several health problems due to decreased innate and adaptive 

immune responses, and predisposes an individual to becoming obese in adulthood. 

Comparisons were thus made between standard diet and high fat feeding to determine 

whether dietary fat can alter T-cell development in young C57BL/6 mice. The diet study 
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was commenced at 5 weeks of age, since the thymus in mice is considered to reach its 

peak size and function between 4-6 weeks of age, and continued for 10 weeks (15 weeks 

of age).  This was done to assess the effect of diet induced obesity on a fully functioning 

thymus, and not one that had already „aged‟.  

Diet- induced effects in the thymus as a whole were assessed by thymic weight 

and changes in thymic architecture, while T-cell production was measured by examining 

markers of thymic development, proliferation, and apoptosis, and the modifications in 

both factors shown here may be associated with lowering the generation of new T-cells 

by the thymus, thus suggesting that diet-related adiposity can affect the cell-mediated 

immune response by affecting the development of its key player – the T-cell.  

One of the striking findings in this study was that despite a decrease in thymic 

output, there was an increase in function of the thymic T-cells of the HF group, as 

measured by proliferation. This increase may be due to the diminution of the medullary 

compartment of the HF thymus (H&E), and the increase in the number of inherently 

proliferative cells as measured by flow cytometry. The enhanced fat content of the dietary 

content may also play a role by providing proliferating cells with added energy. When 

thymic T-cells switch from a resting state to a proliferative state their energy requirement 

increases by almost 20-fold. Double negative cells, in particular, are highly proliferative 

in nature, and in order to meet this increase requirement, this subset expresses very high 

levels of glucose transporter 1 (GLUT1), which in turn can induce the activation of many 

glycolytic enzymes, thereby increasing the ATP production. [84] While fatty acids can 

also be broken down, via oxidation, the energy from their breakdown is partitioned 
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towards fueling reactions in the cell cycle to promote growth rather than proliferation. 

However, although carbohydrate is used as the main energy source during proliferation, 

higher fat levels in the diet can provide a steady source of energy when the carbohydrate 

content of the diet is lower. [86]  Thus, the increase in the percentage of DN cells, as well 

as increased dietary fat levels providing an energy source for cell division may be the 

reason for the increase in proliferation. 

The decrease in thymic output despite the higher proliferative response may also 

be due to alterations in thymic development beyond the DN stage. Several other factors 

can also affect the production of thymic development including the selection processes by 

antigen presenting cells (APCs) within the thymus. The role of APCs is to present 

antigenic peptides bound to MHC molecule to the T-cells in order to activate then and 

stimulate their proliferation. The peptides processed by the APCs are presented in a 

glycosylated form, to protect the peptides from the action of proteases, and 

oligosaccharides attached to the glycopeptides help orient the immunological synapse 

between the T-cells and the MHC molecules on the APCs [75, 76], thus allowing for 

recruitment and internalization of the peptides by the T-cell receptor-mediated 

endocytosis. [77] With reduced carbohydrate, and an amplified fat content of the diet, the 

T-cell‟s recognition of the antigenic peptides can be disrupted by preventing a proper 

immunological synapse. In addition fat consumption can also bring  about a decrease in 

the expression of MHC molecules, particularly class II.[78] These aspects are of 

particular importance with regard to thymic T-cell development, since APCs play a 

valuable role in removing cells that are unable to recognize foreign antigens (positive 
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selection), as well as eliminating those that react to self antigens (negative selection) 

within the thymus. Thus, DIO may reduce the number of cells progressing to the SP stage 

of development by disrupting the process of positive selection, which acts as a 

developmental checkpoint. 

In the more mature thymic T-cell subsets containing a mature TCR, the 

composition and permeability of the cell membrane plays a vital role in signaling 

proliferation. Reduced fluidity and impermeability caused by dietary saturated fat can 

lead to the reorganization of the membrane microdomains called lipid rafts, which are 

key involved in regulating the cell‟s synaptic formation, activation and signaling. [80-82] 

The decrease in the proportion of SP CD8 cells may be linked to alterations in T 

cell function in the periphery due to DIO. In addition to decreasing the production of 

memory cell precursors, the increase in adiposity can also alter the cell‟s intrinsic and 

environmental cues that direct a T-cell memory function and maintenance of memory 

cells which are antigen specific. However, despite the decrease in the proportion of SP 

CD8 cells we observed, the study by Yang, H., et al [36] indicated that proportions in 

peripheral naïve and memory cells remain unchanged at 3 months of age.  

In conclusion, we establish that high fat feeding can disrupt the normal 

functioning of the young thymus by bringing about changes in the thymic architecture 

and cause disruptions in the developmental process of the T-cell. However, interactions 

between the developing cells and the thymic microenvironment are yet to be investigated. 

These include, but are not limited to, the number of epithelial cells in the cortical and 

medullary mass, the interaction of antigen presenting cells with the T-cells with particular 
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focus on the formation of the synapse and migration of the developing cells within the 

various thymic compartments.  
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Figure 2.1: Food Consumption and Caloric Intake 

A.                                                                      B. 

      

 

Figure 2.1.  Differences in energy consumption by C57BL/6 mice fed a standard (LF) and 

high fat (HF) diet. Food consumed was measure biweekly (A), and converted into caloric 

intake (B) based on the macronutrient content of the diet.    

**p<0.01 ***p<0.001  

 

 

 

 

 

 

 

 

 

 

 



 46 

Figure 2.2: Body Weights and Percent Body Fat 

A.                                                                      B. 

     
 

C.                                                                       D.                 

     
 

 

 

Fig 2.2 Effect of low fat (LF) and high fat (HF) diet consumption on body weights. Body 

weights were measured weekly(A-B), and  percent body fat was measured by DEXA 

scan at the end of the 10 week diet treatment(C-D).  

*p<0.05 **p<0.01 ***p<0.001 ****p<0.0001    
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Figure 2.3: Thymus Weight and Cellularity 

A.                                                                      B. 

   
Figure 2.3. Effect of low fat (LF) vs high fat (HF) feeding on thymic weight and 

cellularity. Freshly harvested thymi were first weighed (A), and then homogenized. The 

isolated cells were counted (B) by differentiating viable cells from dead cells by their 

exclusion of the Trypan Blue dye. The measurement was done using a hemocytometer. 

 *p<0.05 ***p<0.001  
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Figure 2.4: Thymic T-cell Subsets 

 

A.                                                                      B. 

 

 

Figure 2.4. High fat feeding alters thymic T-cell development. Isolated thymocytes were 

stained with markers of thymic development – (A) anti-CD4 and anti-CD8 to 

differentiate between the major subsets- double negative (DN), double positive (DP, 

single positive (SP) CD4 and CD8 cells, and (B) anti-CD44 and CD25 to analyze the 

changes in the double negative stages DN1-4.  

*p<0.05 ***p<0.001 ****p<0.0001     
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Figure 2.5: Thymic T-cell Proliferation  

A. 

 

B. 

 
 

 

Figure 2.5. High fat consumption induces an increase in thymic T-cell proliferation. 

Isolated thymic T-cells from low fat (LF) and high fat (HF) fed mice were incubated with 

CFSE and then stimulated with 10µg/ml plate-bound anti-CD3 and anti-CD28 for a 

period of 48 hours, following which the T-cells were analyzed for cell division using 

flow cytometry.  

***p<0.001 
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Figure 2.6: Thymic Output 

 

 

Figure 2.6. High fat consumption decreases thymic output. DNA from low fat (LF) or 

high fat (HF) diet fed mice was purified from whole blood and analyzed for recent 

thymic emigrants by measuring the signal join T-cell receptor excision circles (SjTRECs) 

present were detected by Real Time PCR, based on SYBR-Green I fluorescence.  

***p<0.001  
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Figure 2.7: Thymic Architecture 

 

Figure 2.7. Changes in thymic architecture brought about by high fat feeding. Paraffin 

embedded sections of thymi from low fat (LF) and high fat (HF) fed mice were 

deparaffinized and stained with Hemotoxylin and Eosin, and analysed for changes in the 

architecture of the thymus. Arrows indicate the following: Green – Cortex; Red – 

Medulla; Yellow – Perithymic fat; White – Intrathymic fat. 
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Figure 2.8: Cortical Keratin 8 Expression Profile 

A.                                                            B. 

         
. 

Figure 2.8.  High fat feeding decreases the density of cortical epithelial cells in the 

thymus. Paraffin embedded sections of thymi from low fat (LF) or high fat (HF) diet fed 

mice were deparaffinized and stained with antibodies for Keratin 8 to assess changes in 

the cortical epithelial cells of the thymus. The density of the brown keratin-stained 

cytoplasms was measured using Image Pro Plus.  

***p<0.001 
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Figure 2.9:  Medullary Keratin 5 Expression Profile 

A.                                                           B. 

            
 

 

Figure 2.9.  High fat feeding decreases the density of medullary epithelial cells in the 

thymus. Paraffin embedded sections of thymi from low fat (LF) or high fat (HF) diet fed 

mice were deparaffinized and stained with antibodies for Keratin 5 to assess changes in 

the medullary epithelial cells of the thymus. The density of the brown keratin-stained 

cytoplasms was measured using Image Pro Plus.  

*p<0.05 
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Figure 2.10: Lipid Accumulation in the Thymus 

A.                                                              B. 

        
 

Figure 2.10. High fat feeding increases the lipid accumulation within the thymus. Frozen 

sections thymi from low fat (LF) or high fat (HF) diet fed mice were stained with Oil Red 

O to measure the amount of fat accumulation within the active mass of the thymus. The 

density of the red-stained lipid droplets was measured using Image Pro Plus. 

*p<0.05 

 

 

 

 

 

 

 

 

 

 

  



 55 

Figure 2.11: Thymic T-cell Proliferation by Ki67  

A.                                                              B. 

         
 

Figure 2.11. High fat intake causes an increase in the proliferative index of thymic T-

cells. Paraffin embedded sections of thymi from low fat (LF) or high fat (HF) diet fed 

mice were deparaffinized and stained with antibodies for Ki67, a nuclear antigen protein 

found expressed in all stages of the cell cycle except for G0, and analysed for changes in 

the proliferation index. The brown Ki67 stained proliferating cells were counted using 

Image Pro Plus 

*** p<0.001 
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Figure 2.12: Apoptosis by TUNEL  

A.                                                              B. 

         
Figure 2.12. High Fat feeding does not change the level of apoptosis in the young 

thymus. Paraffin embedded sections of thymi from low fat (LF) or high fat (HF) diet fed 

mice were deparaffinized and stained for the detection of apoptotic cells by dUTP nick 

end labeling (TUNEL), which labels the terminal end of nucleic acids, thereby allowing 

for detection of DNA fragmentation. The black/brown labeled cells were counted using 

Image Pro Plus. *** p<0.001 
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Chapter 3 

 Resveratrol prevents diet induces obesity changes in the function of a 

young thymus 

 

ABSTRACT 

The thymic microenvironment plays a critical role in the development T cells. Fat 

accumulates within the thymus and causes it to gradually involute as age progresses, thus 

resulting in a decline in thymic output. Obesity augments thymic fat accumulation and 

hastens the decline in thymic output. While other studies have demonstrated this 

phenomenon in aging, our previous results indicate that DIO can increase the adiposity of 

a young thymus as well. Resveratrol, a phytoalexin produced in plants, has also been 

shown to increase fat oxidation, via 5' adenosine monophosphate-activated protein kinase 

(AMPK), and its reciprocal regulation of two key mitochondrial enzymes– glycerol-3-

phosphate acyltransferase-1 (GPAT-1) and carnitine palmitoyltransferase-1 (CPT-1), in 

an attempt to reduce hepatic steatosis. The purpose of this study, therefore, was to 

determine if resveratrol, via AMPK activation, can decrease thymic involution caused by 

diet-induced obesity. C57Bl/6 male mice were fed a normal or high-fat diet in the 

presence or absence of resveratrol, and comparisons made in thymic fat accumulation and 

architecture, thymic T-cell proliferation, and thymic T cell output was assessed by 

TRECs analysis.  Although negligible change in weight was observed in the low fat 

groups, the high fat resveratrol fed groups weighed significantly less than the high fat 
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control group. This was also accompanied by a decrease in percent body fat and thymic 

weight. Resveratrol feeding prevented the effects of DIO on thymic architecture, T-cell 

proliferation, as well as the expression of pAMPK, GPAT-1 and CPT-1 in the high fat 

groups. In addition, an increase in thymic output in all resveratrol-fed groups was 

observed. The results reported provide a link between changes in lipid metabolism and T 

cell development, and identifies the use of the naturally occurring resveratrol to forestall 

lipid accumulation within the involution-prone thymus, thus providing a useful approach 

to preventing a decline in thymic function in childhood.  

 

INTRODUCTION 

The T-cell is a lymphocyte which protects the body against pathogenic invasion 

an integral part of the adaptive response. The T cell begins as a hematopoietic progenitor 

cell produced in the bone marrow, which migrates to the thymus to differentiate and 

mature via thymic selection. The course of T cell development involves multiple stages 

and begins with the entry of progenitor cells from the bloodstream into the thymus via the 

post-capillary venules at the cortico-medullary junction The earliest progenitors are found 

around the entry point and classified as double negative (DN) 1 cells. The DN1 cells first 

migrate to the cortex, and undergo slight maturation to become
 
DN2 cells, which 

proliferate considerably and are found throughout the cortex.  Further maturation yields 

the
 
DN3 cells, and finally the DN4 cells, At the DN3 stage, the DN cells cease to 

proliferate and begin to assemble and express the pre-TCR complex. Only the thymic T-
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cells that are successful in forming this pre-TCR complex undergo further development. 

The newly formed cells express CD4 and CD8 receptors and are classified as „double 

positive‟ (DP) [52], and are subjected to positive selection to eliminate cells that fail to 

recognize foreign pathogens. The DP cells then down modulate either the CD4 or CD8 

molecule, rendering them „single-positive‟ (SP). Negative selection follows, where the 

thymic T-cells that react to self peptides are killed via apoptosis, to prevent 

autoimmunity. The SP thymic T-cells that survive both positive and negative selection 

(approximately 5% of the thymic T-cells) then undergo further selection to eliminate 

auto-reactive cells that have managed to avoid being negatively selected in the cortex. 

The cells involved in this process of selection include medullary stromal cells and 

medullary thymic epithelial cells (mTECs), whose expression of tissue-specific antigens 

is dependent upon the transcription factor autoimmune regulator (AIRE), which 

recognizes and eliminates self-reactive thymic T-cells and thus prevents 

autoimmunity.[57] The mature, competent and apoptosis-resistant naïve cells that survive 

all selection processes are then exported out of the thymus, and into the periphery via the 

cortico-medullary junction. The mature thymic T-cells exiting the thymus are therefore 

termed recent thymic emigrants (RTE).  

Lifestyle factors, such as sedentary lifestyle and variations in dietary intake, have 

also been associated with decreased immunocompetance. Diet induced obesity (DIO) is 

the consequence of sustained positive energy balance in the form of energy dense food, 

and causes the excess energy consumed to be stored as triglyceride in many tissues, thus 

compromising their normal functioning. Excess calorie intake from a high fat diet, in 
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particular, can increase adiposity even more efficiently than a high carbohydrate diet and 

has been shown to cause dysfunction in energy metabolism at the mitochondrial level. 

[67]   The increase in BMI can also bring about fat accumulation within organs and 

impair their function. One such organ is the thymus, where DIO has been associated with 

hastening the process of thymic aging by affecting thymic T-cell development and 

output[36]  

In addition, the general effects of adiposity on organ dysfunction, can be affected 

in a direct manner by the amount, type and duration of energy consumption.  [69] [70] T-

cells have high rates of metabolism and depend primarily upon glucose as a source of 

energy when activated, and to a much lower extent on fatty acids and ketone bodies. [71] 

In addition, energy in the form of glucose is required for cell survival, recognition of 

antigens and activation of T-cells. [72] Therefore, regulating fat and glucose metabolism 

can dramatically impact T-cell function. 

T-cell function also depends upon its overall energy status, wherein low energy is 

indicated by an increase in its intracellular AMP:ATP ratio due to depletion in ATP 

produced. The higher levels of AMP can bring about the activation of 5' adenosine 

monophosphate-activated protein kinase (AMPK), a key regulator of energy homeostasis 

in the cell by inhibiting pathways that consume ATP and activating processes that 

generate ATP. [87] The catalytically competent form of AMPK, pAMPK, inhibits the use 

of fatty acids for the synthesis of glycerophospholipids and channels them towards a 

degradative pathway, in order to ensure continued availability of cellular energy. [89]  

Fatty acids present in the cytosol are first activated to fatty-acyl-CoAs before being 
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channeled towards the biosynthesis of phosphatidic acid (PA) by glycerol 3-phosphate 

acyltranferase-1 (GPAT-1) on the outer mitochondrial membrane, or transported into the 

mitochondria by its competing enzyme- carnitine palmitoyltransferase-1 (CPT-1), for 

fatty acid breakdown.  However, while glucose metabolism has been well studied in the 

context of T-cells, little is known about the impact of lipid metabolism on T-cell function. 

In the biosynthesis of phosphatidic acid, GPAT-1 serves as the rate limiting 

enzyme, which catalyses the first step in the de novo synthesis of glycerophospholipids, 

while CPT-1 is the rate limiting enzyme which binds the fatty acids in the cytosol to 

carnitine and transports them across the mitochondrial membrane into the mitochondrial 

matrix for degradation. Similar to GPAT-1, CPT-1 activity and expression are also 

regulated by dietary factors such as fasting. Specifically, AMPK activation induced by an 

increase in cellular AMP concentration inhibits the production of malonyl CoA from the 

carboxylation of acetyl-CoA by acyl coA carboxylase. Malonyl CoA is a potent inhibitor 

of CPT-1, and prevents the binding of the fatty acyl CoAs to carnitine, thereby not 

allowing for them to be transferred into the mitochondria. Rather, the fatty acyl CoAs are 

utilized by malonyl-CoA to yield long-chain fatty acids in the cytosol. Therefore the 

AMPK mediated decrease in malonyl CoA production permits the amplification of CPT-

1 and increases fatty acid breakdown.[96, 97]  

Resveratrol (3,5,4'-trihydroxystilbene) is a naturally occurring polyphenol termed  

a phytoalexin, which is produced by plants when faced with pathogenic infection. Found 

abundantly in the skin of grapes, resveratrol like other polyphenols, has also been shown 

to increase fatty acid metabolism, in an attempt to reduce hepatic fat accumulation via   
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the activation AMPK, a sensor of cellular energy levels.[104] AMPK in turn plays a key 

role in lipid metabolism, via its regulation of CPT-1, the mitochondrial enzyme required 

for the transport of long chain fatty acids into the mitochondria, thus increasing fatty acid 

oxidation.[96, 97] While AMPK has the potential of being indirectly activated by 

upstream Sirtuin 1 (SIRT1) [104], resveratrol possesses the ability to induce direct acute 

activation of AMPKa, via phosphorylation by an upstream kinase, LKB1 (also known as 

serine/threonine kinase 11).[105] The beneficial effects of resveratrol on the organ 

pathology were demonstrated by Baur, J.A., et al [106], who demonstrated that 

reseveratrol prevented the increase in hepatic size and weight, and histological staining of 

tissue section indicated that resveratrol also prevented the accumulation of lipid within 

the organ, while preserving the integrity of the hepatic cellular structure.  

AMPK is sensitive to depletion of energy stores in T cells and responds to 

maintain the supply of ATP [107] and manipulating the activity of AMPK by resveratrol 

promotes a fatty acid catabolic state over an anabolic one. Therefore, the of use 

resveratrol, a naturally occurring compound, may be able to blunt lipid accumulation 

within the involution-prone thymus, thus providing a useful approach to preventing a 

decline in thymic function in childhood.   
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METHODS 

Animals and Study Design 

Ninety male C57Bl/6 mice at age 4 weeks were purchased from Jackson 

Laboratories and housed singly in hanging polycarbonate cages in an environment of 23 

+/- 2
0
C, and on a 12-h light: 12-h dark cycle. The mice were allowed to acclimatize for 

one week, during which they were given ad libitum access to commercial chow diet and 

water. Following the acclimatization period, the mice were randomly divided into six 

groups of 15 mice each, to receive the following diets ad libitum for 10 weeks: Low fat 

diet with 10 kcal% fat (LF) or high fat diet with 60 kcal% fat (HF), to induce obesity;  

low fat or high fat + 200 mg/kg body weight resveratrol (LFLR and HFLR), and  low fat 

or high fat diet + 400 mg/kg body weight resveratrol (LFHR and HFHR) The diets 

(Control- D12450B and D12492, and the custom resveratrol diets D10052701, 

D10052702, D10052703 and D10052704) were purchased from Research Diets (New 

Brunswick, NJ). The mice were continued on the experimental diets for a period of 10 

weeks. At the end of the experimental period, the mice were killed by CO2 asphyxiation 

followed by a cervical dislocation to ensure euthanasia, following which fresh thymi 

were harvested and whole blood collected by cardiac puncture. All animal procedures 

followed current regulations on animal experimentation approved by the University of 

Texas Animal Use and Care Committee. 
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Caloric Intake, Body Weight and Percent Body Fat  

Body weights of the mice were first recorded at baseline (0 weeks), and once 

weekly throughout the diet treatment period until the completion of the study. Fresh food 

was provided twice weekly, and the amount consumed per week was recorded. 

Kilocalories consumed were calculated based on the macronutrient content of the diet.   

Percent body fat of the mice was determined by dual energy x-ray absorptiometry, 

using the Lunar PIXImus Densitometer (GE Medical Systems, Madison, WI). The head – 

the densest part of the body- was excluded from the image area, to avoid skewing of the 

data, using the General Electric (GE)-supplied software (version 1.46). 

 

Thymus Weights 

 One ml of media was aliquoted into 1.7ml microcentrifuge tubes and the weight 

of the tube+media was recorded. Freshly harvested thymi were collected in the pre-

weighed tubes, and then weighed again. The thymus weight was calculated by subtracting 

the weight of tube+media from that of the tube+media+thymus, and expressed in 

milligrams. 

 

Thymic T-cell Isolation and Cellularity 

Freshly thymi were homogenized in complete culture media with 10% heat-

inactivated fetal bovine serum, 100U/ml penicillin, 100µg/ml streptomycin, 10µM 2-

mercaptoethanol, and 100nM L-glutamine. A single cell suspension was obtained by 

passing through a 100µm cell strainer (BD Biosciences, Franklin Lakes, NJ). The cells 
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were then pelleted by centrifuging 400 x g (1400 rpm) for 10 minutes at room temp, 

resuspended in 3 ml media and carefully layered over 3ml of lymphocyte separation 

media (LSM) (VWR International, West Chester PA), thus creating a distinct cell 

suspension-LSM interphase. The cells were centrifuged as mentioned above for 20 

minutes at room temp to obtain a translucent lymphocyte layer at the suspension-LSM 

interface. Approximately 2ml of the lymphocyte layer was carefully aspirated and 

centrifuged for 10 minutes at 4ºC. The resulting pellet of purified thymic T-cells was 

resuspended in media and counted using the CellDyn 900 Hematology Analyzer 

(Sequoia-Turner Corp., Mountainview CA) and confirmed on a hemocytometer via 

trypan blue exclusion. Cell viability was determined as the number of cells with intact 

membranes and a clear cytoplasm which excluded the Trypan blue dye. 

 

Thymic T-cell Subset Analysis by Flow Cytometry 

The cell concentration of the isolated thymic T-cells was adjusted to 1x10
6
/ml 

with culture media or PBS. And 1ml each was transferred to falcon tubes and treated with 

200µl 1x RBC lysis buffer for 2 minutes. Lysis was ceased by adding 5ml PBS and 

centrifuging at 250 xg thereafter. Resulting pellets were incubated with 990µl media and 

10µl Fc block for 30 minutes, to block the cells’ Fc receptors and thus prevent false 

positive staining. The cells were stain for markers of thymic development by adding 20μl 

of 10% monoclonal antibody, Allophycocyanin (APC)-conjugated Anti-Mouse CD4, 

Phycoerythrin (PE)-conjugated anti-mouse CD8a, APC-conjugated Anti-Mouse CD44, 

and PE-conjugated anti-mouse CD25 (BD Biosciences, San Diego, CA), and then 
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incubated in a covered ice bucket for 30 minutes. At the end of the incubation period, the 

excess antibodies were removed by washing thrice with 1ml of PBS+azide, vortexed, and 

centrifuged. The cells were then resuspended in 1ml of PBS+5% FBS, and analyzed 

using the using the Accuri C6 flow cytometer (Accuri Cytometers Inc. Ann Arbor, MI).   

 

Thymic T-cell Stimulation and Proliferation 

The isolated T-cells were stimulated and measured for proliferation using the 

CellTrace CFSE Cell Proliferation Kit. The cells were first resuspended in prewarmed 

PBS with 0.1% BSA to obtain a final concentration of 10
6
 cells per ml, and then 

incubated with a 2µl/ml of a 5mM carboxyfluorescein diacetate, succinimidyl ester 

(CFSE) solution. To facilitate the passive diffusion of CFSE into the cells, they were 

incubated at 37°C for exactly 7 min, following which the stain was immediately 

quenched by adding 5-7 times the volume of ice-cold media, and allowed to sit on ice for 

5 minutes. Centrifugation and washing followed two more times, and the cells were 

finally stimulated by 10µg/ml plate-bound anti-CD3 and anti-CD28 for a period of 48 

hours. After the 48 hour incubation, the T-cells were analyzed for cell division using the 

Accuri C6 flow cytometer (Accuri Cytometers Inc. Ann Arbor, MI). 

 

Thymic Output - DNA Purification and TREC Analysis by Real Time PCR 

DNA was isolated from 300µl whole blood and purified using the Promega 

Genomic DNA Purification Kit (Promega Corporation, Madison, WI). Fresh whole blood 

was collected in 0.5M EDTA (IBC Scientific, Peosta, IA) in a 19:1 volume to prevent 
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coagulation. The blood was then added to 900µl cell lysis solution, and incubated for 10 

minutes at room temperature to lyse all the red blood cells. The mixture was then 

centrifuged for 20 seconds at 13,000 x g to obtain a pellet of white blood cells. The cells 

were resuspended in 300µl nuclei lysis solution, followed by the addition of 1.5µl of 

RNase solution for a 15 minute RNase digestion step at 37
0
C.  Cellular proteins were 

precipitated out with 100µl protein precipitation solution and the solution was centrifuged 

as above. The supernatant obtained was transferred to a tube containing room 

temperature isopropanol, gently inverted until a visible thread-like precipitate of genomic 

DNA appeared, and then centrifuged at 2,000 x g for 1 minute to obtain a DNA pellet. 

The pellet was then washed with 70% ethanol, centrifuged as above and air dried. The 

DNA was finally rehydrated by an overnight incubation of the pellet in 100µl DNA 

rehydration solution at 4
0
C and stored at -20

0
C until use. Prior to analysis, the amount of 

DNA (ng/µl) in the sample was measured using a NanoDrop ND-1000 

Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE).  

sjTRECs in the purified DNA were detected by Real Time PCR, based on SYBR-

Green I fluorescence. The analysis was performed in a 96 well plate with 25µl reactions, 

containing 12.5 µl of Fast SYBR Green Master Mix, 0.4µM each of sjTREC forward 5’-

CCAAGCTGACGGCAGGTTT-3’ and sjTREC reverse 5’-AGCATGGCAAGCAG-

CACC-3’ custom primers, and 10.5 µl mixture of 0.1ng purified DNA and DEPC-treated 

Water. To compensate for variations in input DNA, GAPDH forward 5’-

GTGAGGCCGGTGCTGAGTAT-3’ and reverse 5’-TCATGAGCCCTTCCACAATG-3’ 

primers at a concentration of 0.4µM was used as internal control or housekeeping gene 
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for normalization of the Real Time PCR data. All of the above reagents and custom 

primers were purchased from Applied Biosystems (Foster City, CA). The plate was 

briefly centrifuged, and the PCR reaction was run using the Eppendorf Mastercycler ep 

gradient S Thermocycler (Eppendorf North America, Inc. Hauppauge, NY). The thermo-

cycling conditions used were 95°C for 20 seconds for enzyme activation, followed by 40 

cycles
 
of denaturing at 95°C for 1 second and annealing/extension at 60°C for 20 

seconds. Each of the reactions was run in triplicate, and a minimum of three separate 

experiments were carried out for each sample.   

Relative quantification of PCR for different treatments was performed using the 

cycle threshold (Ct) values. First, the ΔCt value for each sample was obtained by 

subtracting the Ct of the gene of interest (sjTREC) from that of the housekeeping gene 

(GAPDH). The ΔΔCt values were finally calculated as the difference between the ΔCt 

values of treatment and control groups.  

 

Thymic Architecture Analysis by H&E and Immunohistochemical Staining 

Processing of formalin fixed and frozen tissues, H&E staining and 

immunohistochemistry was performed by the Histology
 

Core at
 

the Science Park 

Research Division (University of Texas, M.D.
 
Anderson Cancer Center, Smithville, TX). 

Formalin fixed tissue was embedded in paraffin and cut into 4µm thick sections for 

hematoxlin and eosin (H&E) and immunohistochemical staining. The slides were 

deparaffinized in xylene and hydrated in ethanol. Endogenous peroxidase activity was 

then blocked, followed by exposing of antigenic sites. The slides were then blocked with 
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casein in buffer for 10 minutes, drained, and stained for with primary antibodies for 

differences in thymic cortex and medulla (Keratins 8 and 5), proliferation (Ki67) and 

apoptosis (TUNEL) for 30 minutes. The slides were then washed with buffer and 

incubated anti-rabbit/ IgG HRP polymer for 30 minutes and then washed. The slides were 

then washed, counterstained and dehydrated.   

 

Protein extraction and quantification 

Prior to protein extraction, a lysis/extraction solution was prepared by mixing 

CellLytic Mammalian Tissue Lysis/Extraction reagent, Protease Inhibitor cocktail, and 

100mM of the serine protease and acetylcholinesterase inhibitor - Phenylmethanesulfonyl 

fluoride (PMSF). (Sigma-Aldrich Co., Saint Louis, MO). To extract proteins out of the 

thymic tissue, the thymus was first weighed and an appropriate amount (in a ratio of 1mg 

tissue to 200µl reagent) of the afore mentioned lysis/extraction solution was added. The 

tissue was then homogenized and the cells allowed to lyse on ice for 45 minutes to 1 

hour. The lysed samples were then centrifuged at 14000 x g for 10 minutes to pellet 

debris and obtain a supernatant containing the protein extract.  

The extracted protein was then quantified using the BCA assay kit (Thermo 

Scientific, Rockford, IL). First, a working solution mixture of the BCA reagents A and B 

(50:1) was prepared, and 200µl was pipette into each reaction well in a 96 well plate. A 

series of dilutions using Albumin Standard (BSA) at 2mg/ml was prepared to obtain BSA 

solutions with concentration of 0µg/ml (blank), and 200µg/ml, 500µg/ml, 1000µg/ml and 

2000µg/ml. Dilutions of each sample protein lysate at a concentration of 1:10 were also 
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prepared. Four replicates of 20 µl each of the diluted BSA standards and sample lysates 

were pipette into the microplate wells. The plate was mixed thoroughly for 30 seconds 

using a plate shaker and then incubated at 37ºC for 30 minutes. The plate was finally 

cooled to room temperature and the absorbance measured at 562nm on a plate reader. 

Blank corrected raw data of the albumin standard dilutions obtained was used to generate 

a standard curve, which was then used to determine the amount of protein in each of the 

unknown samples.  

 

GPAT-1, CPT-1 and pAMPK expression by Western Immunoblotting 

The sample lysates were diluted to yield a concentration of 3µg/µl with distilled 

water and sample buffer, and placed first on a heat block for 5 minutes, and then on ice 

for 5 minutes. 1µl of SuperSignal Molecular Weight Protein Ladder was added to the first 

and last wells of the gel.  In the remaining wells, approximately 50µg of the sample 

proteins were loaded. The gel chamber was filled with 0.1M Tris-0.1M HEPES-3mM 

SDS running buffer and placed in a bucket of ice, and the proteins separated at 100 Volts 

for approximately 45 minutes, until the marker dye was 1 cm from the bottom of the gel.  

A PolyScreen PVDF membrane (NEN Life Sciences, Boston, MA) was prepared 

for the following transfer process by soaking in methanol for 30 seconds, ddH2O for 2 

minutes and equilibrating in 25mM Tris-192mM glycine transfer buffer (pH 8.0) for 5 

minutes. The membrane was then placed in direct contact with the gel in a transfer 

apparatus, the chamber filled with the transfer buffer, and the separated proteins 

transferred onto the membrane at 45 Volts for 90 minutes. Following the transfer process, 
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the membrane was carefully peeled off the gel and placed protein side up in an incubating 

tray containing 5% Blotto and allowed to rock for 1 hour at room temperature. After the 1 

hour blocking period, the membrane was probed overnight with a diluted primary 

antibody (GPAT-1 (1:1000), CPT-1 (1:500), pAMPK (1:500), or β-actin (1:1000)) at 

4ºC. Following the overnight incubation, the membrane was washed thrice with a 

solution of 1xPBS-0.1% Tween (PBST), and probed with diluted Goat polyclonal 

Secondary Antibody to Rabbit IgG (Abcam, Cambridge, MA) (1:5000) for 90 minutes. 

The blot was then washed as mentioned above and incubated in 1-Step NBT/BCIP 

solution for approximately 15 to 20 minutes until desired color had developed. The 

membrane was finally rinsed with ddH2O and imaged using the Syngene. All above 

reagents and supplies were purchased from Thermo Scientific (Rockford, IL) unless 

otherwise specified. 

 

RESULTS 

During the diet treatment, the mice were weighed every week and their food 

intake was monitored twice weekly. Average caloric intakes were measured to insure that 

the mice within the LF groups and HF groups were consuming similar amounts (Fig 3.1a) 

and no changes in eating patterns due to palatability from the addition of resveratrol were 

observed.  

Body weights monitored weekly indicated a significant difference of 3g (13.9%) 

(p<0.05) between the LF and HF groups from week 3 onwards, and the weights of the HF 
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group increased as the diet treatment progressed (Fig 3.2a-b). By the end of the 10 weeks, 

a difference of 11.08 grams (28.4%) (p<0.0001) was noted between the groups. The 

weights within the LF groups did not differ significantly, however, within the HF groups. 

Difference in the low resveratrol and high resveratrol fed groups became evident from 

weeks 2 and 3 respectively (p<0.05) (Fig 3.2a-b)  Feeding of a low resveratrol dose 

caused the weight to be lower from the HF control by 5.64g (13.6%) (p<0.001), while the 

mean weight of the high resveratrol dose was lower by 8.22g (19.9%) (p<0.001). While 

the DEXA scans performed demonstrated no difference within the LF groups, a 

significant reduction of 12.94% (p<0.0001) in percent body fat was observed between HF 

and HFHR mice (Fig 3c-d). Although lower by 5.84%, the difference between HFLR and 

its group control was not significant. All three HF groups were significantly higher than 

the LF group.  

Changes in mean thymic weights from freshly harvested thymi followed similar 

patterns wherein the HFLR and HFHR groups were significant lower than their HF 

control by 16.5% and 23.9%, respectively, while no changes were observed in the three 

LF groups (Fig 3.3a). In addition, the thymic weight of the HFHR group was lowered to 

the extent where no significant difference existed between the HFHR and any of the three 

LF groups. Thymic cellularity of the HF and LF groups was found to be diminished, with 

a mean difference of 3.5 x 10
7
 cells (36.2%), while the HFHR group cell count differed 

significantly from its HF control by 1.6 x 10
7
 cells (30.9%) (Fig 3.3b) (p<0.05).     

Measurement of the markers of thymic development demonstrated alterations in 

the development of the thymic T-cell (Fig 3.4a). Observations made include a 136% 
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increase in the number of DN T-cells in the HF group, along with a 8.7% lowering of 

cells in the subsequent DP stage.(p<0.001), thus suggesting that the DN stage of T-cell 

development is partially inhibited. Also observed was a significant decrease of 49.3%  in 

the CD8 single positive (SP) cells, between these two groups thus implying that the 

differentiation of DP thymocytes into SP CD8 cells is markedly altered by high fat 

feeding. These differences were found to be ameliorated by resveratrol feeding in the 

high fat group, by significantly decreasing the percentages of the DN cells and increasing 

the level of DP cells. These results suggest that the block in transition from DN to DP by 

DIO is prevented by resveratrol.  

Proliferation in response to 48 hours of anti-CD3 and anti-CD28 stimulation was 

measured in the isolated thymic T-cells, as a measure of thymic function (Fig 3.5a-b). 

The cells were incubated with carboxyfluorescein diacetate succinimidyl ester (CFSE) 

prior to stimulation. CFSE is a reagent which binds to proteins within the cell and on the 

cell surface. Proliferating cells then distribute the CFSE reagent equally between the new 

generations of cells. The increase in proliferation in diet both groups was thus measured 

in terms of CFSE fluorescence of successive generations after 48 hours. At the end of the 

48 hour incubation, the fluorescence of stimulated cells isolated from the LF and HF 

groups indicated a significant increase 85% in the proliferation between the two diet 

groups (p<0.001). Resveratrol, at both low and high dose, was demonstrated to blunt this 

increase in proliferation, by 25.7% and 37.3%, respectively (p<0.001).  

Thymic output was determined by measuring the level of signal joint T cell 

receptor excision circles (sjTRECs) from peripheral blood. These segments are formed 
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during the process of T-cell receptor genes‟ rearrangement, to generate TCRα/β antigen 

specific T cells, and each new thymic T-cell produced by the thymus containing this 

circular TREC.[50] The sjTRECs in the DNA isolated from whole blood were detected 

by Real Time PCR, based on SYBR-Green I fluorescence. Relative quantification 

performed on the results of the PCR showed a 54% lowering of TRECs in the HF than 

that of the LF thymus (p<0.001) (Fig 3.6). Resveratrol was shown to increase the output 

within both LF and HF diet groups. However, the differences reached statistical 

significance only within the high fat group. The increase in values within the LF group, 

however, suggests a dose dependent increasing trend. 

Thymic tissue sections were analyzed for changes in the structure of the thymus 

by H&E staining (Fig 3.7). The increase in fat around the thymic capsule, shrinking of 

the medullary component and the obliteration of the cortical and medullary 

distinctiveness seen in the HF thymi was prevented by the feeding of resveratrol.  Keratin 

8 and 5 expression patterns were used to distinguish between the cortex and medulla, 

respectively (Fig 3.8a-b and 3.9a-b). Results indicated the alterations in thymic 

architecture as observed in H&E stained sections were accompanied by significant 

decreases of 74.5%  (p<0.001) in the K8 density of the HF cortex (Fig 3.8a-b) and 61.4% 

(p<0.05) in the K5 density of the HF medulla (Fig 3.9a-b). Resveratrol was found to 

prevent these alterations seen in the DIO group. This was determined by measuring the 

density of keratin staining, using the Image Pro Plus Imaging Software (Bethesda, MD). 

Frozen sections stained with Oil Red O to measure the fat accumulation as a result of 

high fat feeding. The 1280% increase in the presence of Oil Red O stained lipid droplets 
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within its active mass of the HF thymus was prevented by resveratrol (Fig 3.10a-b). Ki67, 

a nuclear antigen protein which is expressed in all phases of the cell cycle except G0, was 

used to stain for proliferating cells within the thymus (Fig 3.11a-b). The higher 

proliferation index of 267% higher in the case of the HF group was reduced by 

resveratrol consumption. TUNEL staining, done to measure apoptotic index, showed no 

differences were found between any of the diet groups (Fig 3.12a-b). 

Western Immunoblotting was performed to measure the changes in the 

expressions of three key protein enzymes involved in lipid metabolism (Fig 3.13a) – 

pAMPK (Fig 3.13b), GPAT-1 (Fig 3.13c) and CPT-1 (Fig 3.13d). AMPK acts as the 

cell‟s energy sensor and is upregulated in times of energy deficiency. It acts by 

reciprocally regulation GPAT-1 by inhibiting its activity, while allowing its competing 

enzyme - CPT-1 to channel fatty acids into the mitochondria for degradation. Therefore 

as predicted, in the presence of high fat as an energy source, the expression of the active 

form- pAMPK, was found to be decreased in the thymus of the HF mice. Corresponding 

with the lowering of pAMPK expression by 64% (p<0.001), GPAT-1 expression was 

found to be elevated by 192.7% (p<0.001), in order to facilitate the synthesis of PL and 

TAG in this high fat energy state. Also observed was a decrease of 59.4% (p<0.01) in 

CPT-1 expression, GPAT-1‟s competitor. AMPK is a known target of resveratrol, hence 

feeding of resveratrol increased the expression of its catalytically competent form. 

Subsequently, the expression of GPAT-1 was found to reduced by 31% (p<0.01) and 

62% (p<0.001) with the feeding of low and high resveratrol doses, respectively, owing to 

the inhibition of the enzyme by pAMPK.  These data thus suggest that resveratrol 
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possesses the ability to induce the fatty acid catabolic pathway over an anabolic one, even 

in the presence of high fat energy levels.     

 

DISCUSSION 

Similar to its effects in the liver, heart and skeletal muscle, high fat feeding can 

affect the expression and activity of AMPK, and now in the thymus as well, as 

demonstrated by this study. AMPK in turn plays a key role in lipid metabolism, via its 

regulation of CPT-1, the mitochondrial enzyme required for the transport of long chain 

fatty acids into the mitochondria, thus increasing fatty acid oxidation.[96, 97], while 

inhibiting the activity of its competing enzyme GPAT-1, the rate limiting enzyme in the 

biosynthesis of PL and TAG. This study also demonstrates that the level of expression of 

these 3 key enzymes in lipid metabolism are sensitive to the amount of energy that is 

available to the cell. Thus, decreases in pAMPK and subsequently CPT-1, along with the 

upregulation of GPAT-1 were observed in the thymi of high fat fed mice.  

The activity of GPAT-1 is found to be the highest in tissues where the occurrence 

of PL and TAG synthesis is most predominant, such as adipose tissue and liver.[91]    

Several investigators have delved into preventing similar effects of high fat 

feeding by increasing physical activity, as well as using pharmacological drugs. Exercise 

has been shown to promote energy production by β-oxidation, to cater to the body‟s 

increasing demand of ATP by AMPK induced inhibition of acyl CoA carboxylase [99], 
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however, the level of prevention is dependent upon the intensity [100] as well as the 

duration of exercise.[101] 

Pharmacological drugs have also been demonstrated to prevent the effects of DIO 

on lipid metabolism. Metformin, an anti-diabetic drug has been shown to significantly 

increased pAMPKa levels by 162% compared to the group that did not receive the drug. 

This increase in pAMPK coincided with the phosphorylation and subsequent inactivation 

of acyl coA carboxylase, thus confirming the role of Metformin in the amelioration of 

DIO changes on fatty acid metabolism.[98]   

Polyphenols have also been shown to regulate fatty acid metabolism to reduce the 

accumulation of lipids in organs, as well as lower serum lipids via an AMPK-dependent 

mechanism.[102] For instance, the synthetic polyphenol S17834 has been shown to exert 

its effects on AMPK activity to prevent the diabetes-induced development of 

atherosclerosis.[103]  

Since this study was targeted at preventing T-cell dysfunction brought about by 

high fat consumption at a young age, the goal here was to establish the use of resveratrol 

– a naturally occurring polyphenolic compound in preventing these effects in the thymus. 

Although known for its presence in red wine, resveratrol is also found abundantly in the 

skin of grapes, grape juice, peanuts – food consumed by children to a large extent, and 

since resveratrol also exert similar effects on AMPK activity in the liver, thus preventing 

hepatic lipid accumulation.[102] , it was hence chosen for the purpose of this study.   

Interestingly, while AMPK has the potential of being indirectly activated by 

upstream Sirtuin 1 (SIRT1) [104], resveratrol possesses the ability to induce direct acute 
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activation of AMPKa, via  phosphorylation by LKB1.[105] The effects of resveratrol on 

the organ pathology were demonstrated by Baur, J.A., et al [106], wherein reseveratrol 

prevented the increase in hepatic size and weight, and histological staining of tissue 

section indicated that resveratrol also prevented the accumulation of lipid within the 

organ, while preserving the integrity of the hepatic cellular structure.  

  AMPK is sensitive to the level of energy available to the T-cell [107] and by 

manipulating the activity of AMPK with resveratrol, we were able to promotes a fatty 

acid catabolic state over an anabolic one. Thus, the naturally occurring resveratrol was 

used to prevent lipid accumulation induced by DIO, within the involution-prone thymus, 

and may thus providing a useful approach to preventing a decline in thymic function in 

childhood.  

Additional studies, however, are required to confirm the effects of resveratrol on 

the specific interactions between the developing T-cell and the thymic microenvironment. 

Some aspects that can be altered by high fat intake include T-cell activation, due to 

erroneous synaptic formation leading to the inability of the T-cell to recognize the foreign 

antigens and receive signals to survive or escape a faulty negative selection process react 

to self antigens in the periphery. In addition, specific changes to the thymic epithelial 

cells in terms of size, number, chemokine production, etc will also need to be considered. 
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Figure 3.1: Food Consumption and Caloric Intake 

A.      

 

B. 

 

 

Figure 3.1.  Differences in energy consumption by C57BL/6 mice fed a standard low fat 

(LF) and high fat (HF) diet or a LF/HF diet with a low dose of resveratrol - 200mg/kg 

(LR) or  a high dose of resveratrol 400mg/kg of resveratrol (HR). Food consumed was 

measure biweekly and expressed in terms of the amount consumed per day(A). The 

amount was then converted into caloric intake (B) based on the macronutrient content of 

the diet.  

**p<0.01  
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Figure 3.2: Body Weights and Percent Body Fat 

A.                                                                      B. 

      
C.                                                                       D.                 

       
 

Figure 3.2.  Resveratrol prevents the increase in body weight and percent body fat 

brought about by high fat feeding. C57BL/6 mice were fed a low fat (LF) and high fat 

(HF) diet or a LF/HF diet with a low dose of resveratrol - 200mg/kg (LR) or a high dose 

of resveratrol 400mg/kg of resveratrol (HR). Body weights were recorded weekly (A), 

and the percent body fat was measured by DEXA at the end of the diet treatment period. 

*p<0.05 **p<0.01 ***p<0.001.  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.3: Thymus Weight and Cellularity 

 

A.                                                                      B.                                                                        

   

Figure 3.3.  Resveratrol prevents the increase in thymic weight and decrease in thymic 

cellularity caused by DIO. Comparisons were made in C57BL/6 mice that were fed a 

standard low fat (LF) and high fat (HF) diet or a LF/HF diet with a low dose of 

resveratrol - 200mg/kg (LR) or a high dose of resveratrol 400mg/kg of resveratrol (HR). 

Thymus weights were recorded at the end of the study (A), and the cellularity was 

obtained by counting isolated thymic T-cells on a hemocytometer, using Trypan Blue 

exclusion. 

*p<0.05 **p<0.01 ***p<0.001 
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.4: Thymic T-cell Subsets 

A.            

 
B. 

 
                       . 

Figure 3.4. Resveratrol prevents DIO induced changes in thymic development. 

Isolated thymocytes were stained with markers of thymic development –anti-CD4 and 

anti-CD8 to differentiate between the major subsets (A), and anti-CD44 and CD25 to 

identify changes in the double negative stages(B).. The T-cells were analyzed using a 

flow cytometer. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001     
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.5: Thymic T-cell Proliferation  

A. 

 
B. 

 
 

Figure 3.5. Resveratrol blunts the increase of thymic T-cell proliferation brought about by 

DIO.  Isolated T-cells were incubated with CFSE and then stimulated with 10µg/ml 

plate-bound anti-CD3 and anti-CD28 for a period of 48 hours, following which the T-

cells were analyzed for cell division using flow cytometry. Fig A is a representative 

histogram of the results in Fig B    **p<0.01 ***p<0.001  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.6: Thymic Output 

 

Figure 3.6. Resveratrol feeding increases thymic output. DNA from C57BL/6 mice that 

were fed a standard low fat (LF) and high fat (HF) diet or a LF/HF diet with a low dose 

of resveratrol - 200mg/kg (LR) or a high dose of resveratrol 400mg/kg of resveratrol 

(HR) was purified from whole blood and analyzed for recent thymic emigrants by 

measuring the signal join T-cell receptor excision circles (SjTRECs) present were 

detected by Real Time PCR, based on SYBR-Green I fluorescence.   

**p<0.01 ***p<0.001  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.7: Thymic Architecture 

 

 

Figure 3.7. Resveratrol prevents the changes in thymic architecture brought about by high 

fat feeding. Paraffin embedded sections of thymi from C57BL/6 mice that were fed a 

standard low fat (LF) and high fat (HF) diet or a LF/HF diet with a low dose of 

resveratrol - 200mg/kg (LR) or a high dose of resveratrol 400mg/kg of resveratrol (HR) 

were deparaffinized and stained with Hemotoxylin and Eosin, and analysed for changes 

in the architecture of the thymus.   
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Figure 3.8:  Cortical Keratin 8 Expression Profile 

A. 

 

B.   

 

 

Figure 3.8.  Resveratrol decreases effect of high fat feeding on the density of cortical 

epithelial cells in the thymus. Paraffin embedded sections of thymi from low fat (LF) or 

high fat (HF) diet fed mice with or without low (LR) and high doses (HR) of resveratrol 

were deparaffinized and stained with antibodies for Keratin 8 to assess changes in the 

cortical epithelial cells of the thymus. The density of the brown keratin-stained 

cytoplasms was measured using Image Pro Plus.  **p<0.01  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.9:  Medullary Keratin 5 Expression Profile 

A. 

 

B. 

 

 

Figure 3.9.  Resveratrol prevents the DIO induced decrease in the density of medullary 

epithelial cells in the thymus. Paraffin embedded sections of thymi from low fat (LF) or 

high fat (HF) diet fed mice with or without low (LR) and high doses (HR) of resveratrol 

were deparaffinized and stained with antibodies for Keratin 5 to assess changes in the 

cortical epithelial cells of the thymus. The density of the brown keratin-stained 

cytoplasms was measured using Image Pro Plus.  *p<0.05  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.10: Lipid Accumulation in the Thymus 

 

 

 

Figure 3.10. Resveratrol inhibited the accumulation of lipid droplets in high fat fed mice.  

Resveratrol decreases effect of high fat feeding on the density of cortical epithelial cells 

in the thymus. Frozen sections thymi from low fat (LF) or high fat (HF) diet fed mice 

with or without low (LR) and high doses (HR) of resveratrol were stained with Oil Red O 

to measure the amount of fat accumulation within the active mass of the thymus. The 

density of the red-stained lipid droplets was measured using Image Pro Plus. 

*p<0.05 **p<0.01  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure 3.11: Thymic T-cell Proliferation by Ki67  

 

 

 

Figure 3.11. Resveratrol blunted the increase in obesity induced increase in proliferative 

index of thymic T-cells.  Paraffin embedded section were deparaffinized and stained with 

Ki67, a nuclear antigen protein found expressed in all stages of the cell cycle except for 

G0. Comparisons were made in C57BL/6 mice that were fed a standard low fat (LF) and 

high fat (HF) diet or a LF/HF diet with a low dose of resveratrol - 200mg/kg (LR) or a 

high dose of resveratrol 400mg/kg of resveratrol (HR), and analysed for changes in the 

proliferation index using the Image Plus Pro Software.  ***p<0.001  
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Figure: 3.12: Analysis of Apoptosis by TUNEL staining 

A. 

 
B. 

 
 

Figure 3.12. Resveratrol has no effect on the level of apoptosis in the young thymus. 

Paraffin embedded sections of thymi from low fat (LF) or high fat (HF) diet fed mice 

with or without low (LR) or high (HR) doses of resveratrol were deparaffinized and 

stained for the detection of apoptotic cells by dUTP nick end labeling (TUNEL), which 

labels the terminal end of nucleic acids, thereby allowing for detection of DNA 

fragmentation. The black/brown labeled cells were counted using Image Pro Plus. 
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Figure: 3.13: pAMPK, GPAT-1 and CPT-1 Expression 

 

 
 

 
 

         
 

Figure 3.13.  Effects of resveratrol on lipid metabolism by western immunoblotting. 

Changes in lipid metabolism were analyzed by measuring the activity of pAMPK, 

GPAT-1 and CPT-1 in protein fractions purified from the thymus of mice that were fed a 

standard low fat (LF) and high fat (HF) diet or a LF/HF diet with a low - 200mg/kg (LR) 

or high dose of resveratrol - 400mg/kg of resveratrol (HR). β-actin was used as a loading 

control. Differences in band density were measured using the Syngene 

*p<0.05 **p<0.01 ***p<0.001 
@

, 
#
, * indicate differences within LF groups, between LF and HF groups, and within HF 

groups, respectively 
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Chapter 4 

Glycerol-3-phosphate acyltransferase-1 Alters Thymic Development in 

Mice 

 

ABSTRACT 

Glycerol 3-phosphate acyltranferase-1 (GPAT-1) catalyzes the initial and rate-

limiting step in the biosynthesis of glycerophospholipid and triacylglycerol (TAG) 

biosynthesis pathway. Expression of GPAT-1 is found to be upregulated  in obesity and 

high calorie diet consumption to promote TAG biosynthesis in the presence of excess 

availability of fatty acid substrate. In addition, the activity of GPAT-1 is found to be 

elevated in tissues with the most prominent occurrence of glycerophospholipids and 

TAG, such as adipose tissue and liver. Given that the thymus is prone to involution by 

accumulation of fat, this study aimed at determining whether deleting GPAT-1 altogether 

might prevent the involution of the thymus by promoting the breakdown of fats rather 

than synthesis of glycerophospholipids and TAG. Comparison between GPAT-1 

knockout (KO) mice and their wildtype (WT) controls demonstrated a lack of growth in 

thymic weight and thymic cellularity. Further, decreased proliferation levels were 

observed following anti-CD3 and anti-CD28 stimulation in the KO mice. Altered thymic 

development was also observed wherein an increase in the number of double negative 

thymocytes (DN), particularly those in the DN3 and DN4 sub-stages, and a significant 

decrease in the double positive cells, suggesting a developmental block at the DN stage.  

Also observed was an increase in the single positive CD4 cells. In addition, previous 
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studies conducted in our lab, have shown impaired glycerophospholipids mass in thymic 

T-cells membranes from KO mice. Since no changes were observed in the thymic cortex 

and medulla, these data thus suggesting that GPAT-1 deletion may be capable of 

impairing thymic T-cell development and function by altering membrane receptor 

function rather than by causing deleterious changes within the thymic active mass.  

 

INTRODUCTION 

Glycerol 3-phosphate acyltranferase-1 (GPAT-1) is the rate limiting enzyme in 

the first step of glycerophospholipid and triacylglycerol (TAG) biosynthesis, where it 

acylates glycerol-3-phosphate with acyl-CoA to lysophosphatidic acid (LPA). LPA is 

then transported to the microsome and further acylated by acylglycerolphosphate 

acyltransferase (AGPAT) to phosphatidic acid, which serves as a precursor for the 

biosynthesis of PL and TAG. [90] Thus, GPAT-1 diverts acyl CoAs away from oxidation 

by its competing enzyme, carnitine palmitoyl transferase-1 (CPT-1). CPT-1 is the rate 

limiting enzyme which binds the fatty acids in the cytosol to carnitine and transports 

them across the outer mitochondrial membrane, where they then bind to CPT-2 and are 

shuttled across the inner mitochondrial membrane and into the mitochondrial matrix for 

degradation. The activity of both GPAT-1 and CPT-1 are reciprocally regulated by 5' 

adenosine monophosphate-activated protein kinase (AMPK), a key controller of energy 

homeostasis in the cell.  
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Structurally, GPAT-1 is present on the outer membrane of the mitochondria and is 

composed of 828 amino acids (aa) with two transmembrane domains and a loop facing 

the intermembrane space. The two ends of the protein, comprise the catalytic N-and 

regulatory C- terminals, and face the cytosol of the cell. To activate the the enzyme, the 

N-terminal, containing an active site, folds to interact with the C terminal. The protein 

also possesses two consensus sites at the C-terminal, which can be regulated by 

nutritional factors or hormones.[92] In times of energy deficiency, or when activated 

through exercise, pharmacological drugs AMPK can inhibit the activity of GPAT-1 by 

either phosphorylating the two consensus sites on the C-terminal directly or by 

phosphorylating an inhibitor of GPAT-1.[93] In either case, an acute down regulation of 

the enzyme thus diverts the fatty-acyl-CoAs away from the phosphatidic acid 

biosynthesis pathway.[94] 

To induce a fatty acid catabolic pathway via CPT-1, AMPK inhibits the 

production of malonyl CoA from the carboxylation of acetyl-CoA by acyl coA 

carboxylase. Malonyl CoA is a potent inhibitor of CPT-1, and prevents the binding of the 

fatty acyl CoAs to carnitine, thereby preventing them from being transferred into the 

mitochondria. The diverted fatty acyl CoAs are utilized in addition to malonyl-CoA to 

make long-chain fatty acids in the cytosol. Therefore the AMPK mediated decrease in 

malonyl CoA production permits the amplification of CPT-1 activity and increases fatty 

acid breakdown.[96, 97].  Since GPAT-1 and CPT-1 compete for the same long-chain 

acyl-CoAs, inhibition of GPAT-1 activity by AMPK allows for CPT-1 to transport these 

long chain fatty acyl CoAs into the mitochondria for -oxidation.[95]  
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 The deletion of GPAT-1 altogether has been shown to promote the oxidation of 

fats and prevents the accumulation on fat in organs such as the liver.   For instance, 

wildtype (WT) and GPAT-1 knockout (KO) mice were fed a diet with a high fat and 

sucrose content, intended to induce obesity and hepatic steatosis. In the absence of 

GPAT-1, total TAG mass in the liver was 60% lower than their wild type counterparts, 

due to impaired TAG synthesis, and this  resulted in the channeling of fatty acids into the 

mitochondria for breakdown by β-oxidation.[112] The direct suppression of GPAT-1 has 

been observed to thus regulate lipid metabolism, and is accompanied by a decrease in 

body weight owing to lower fat mass levels, improved lipoprotein profiles, and reduced 

hepatic steatosis in GPAT-1 knockout mice.[112]  

The thymus, similar to the liver, is prone to lipid accumulation, thus 

compromising its function and reducing its output [36]. In addition, our lab has 

previously shown that T-cells express only the GPAT-1 isoform in the mitochondria, and 

that the activity of this enzyme positively correlates with proliferation of the T-cells.[113] 

Here, we studied the consequences of reduced glycerophospholipid biosynthesis in 

GPAT-1 knockout (KO mice) on the different stages of T- cell development, as well as 

the effects on its overall output.  
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METHODS 

 Animals and Study Design 

C57BL/6 mtGPAT1 knockout mice were kindly provided by Dr. Rosalind 

Coleman (University of North Carolina at Chapel Hill). The mice were housed on a 12 

hour light/dark cycle and given unrestricted access to water and commercial rodent chow. 

The mice were bred to obtain GPAT-1 Wildtype (WT) and Knockout (KO) strains of 3 

age groups – 3 weeks, 6 weeks and 16 weeks. At the appropriate age, the mice were 

killed by CO2 asphyxiation followed by cervical dislocation to ensure euthanasia, 

following which fresh thymii were harvested and whole blood collected by cardiac 

puncture. All animal procedures followed current regulations on animal experimentation 

approved by the University of Texas Animal Use and Care Committee. 

 

Thymus weights 

 One ml of media was aliquoted into 1.7ml microcentrifuge tubes and the weight 

of the tube+media was recorded. Freshly harvested thymii from GPAT-1 WT and KO 

mice bred in the University of Texas Animal Resource Center were collected in the 

weighed tubes. The tubes now containing the thymus were then weighed and the thymus 

weight in milligrams was calculated by subtracting the weight of tube+media from that of 

the tube+media+thymus. 
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Thymic T-cell Isolation and Cellularity 

The freshly harvested thymi were placed in complete culture media, containing 

10% heat-inactivated fetal bovine serum, 100U/ml penicillin, 100µg/ml streptomycin, 

10µM 2-mercaptoethanol, and 100nM L-glutamine, and homogenized. A single cell 

suspension was obtained by passing the homogenate through a 100µm cell strainer (BD 

Biosciences, Franklin Lakes, NJ) centrifuged to obtain a pellet of cells, and then 

resuspended in 3 ml media. The cell suspension was then carefully layered over 3ml of 

lymphocyte separation media (LSM) (VWR International, West Chester PA), thus 

creating a distinct cell suspension-LSM interphase. Centrifuging followed at 400 x g 

(1400 rpm) for 20 minutes at room temp, and the resulting translucent lymphocyte layer 

(at the suspension-LSM interface) was carefully aspirated and centrifuged at 160-260 x g 

(1000 rpm) for 10 minutes at 4ºC. The resulting pellet of purified thymic lymphocytes 

was resuspended in media and counted using the CellDyn 900 Hematology Analyzer 

(Sequoia-Turner Corp., Mountainview CA) and on a hemocytometer via trypan blue 

exclusion as previously described. 

 

Thymic T-cell Stimulation and Proliferation 

Plastic 96-well plates were pre-coated with 10µg/ml plate-bound anti-CD3 and 

anti-CD28 in NaHCO3 or NaHCO3 alone and were allowed to incubate at overnight at 

4ºC, to allow for binding of the antibody to the wells. Following the incubation period, 

and prior to the addition of cells, the plates were washed with sterile PBS and 2x10
5
cells 

in 200µl complete media (containing fetal bovine serum, penicillin/streptomycin and L-
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glutamine, but not 2-mercaptoethanol) were added to their corresponding wells. The 

thymic T-cells were then cultured at 37°C for a period of 48 hours and were measured for 

proliferation using the MTT Cell Proliferation Assay kit (American Type Cell Culture, 

Manassas, VA). After the 48 hour period, 10µl of MTT reagent was added to each well, 

and incubated for 24 hours, following which the cells were permeabilized with 100µl of 

detergent and incubated in the dark and at room temperature for 4 hours. The plate was 

read at an absorbance of 570nm and values were corrected for background absorbance 

with values from wells containing media but no cells. 

 

Thymic T-cell Subset Analysis by Flow Cytometry 

The cell concentration of the isolated thymic T-cells was adjusted to 1x10
6
/ml 

with culture media or PBS. 1x10
6
 cells in 1ml media was transferred to falcon tubes and 

treated with 200µl 1x RBC lysis buffer for 2 minutes to lyse any red blood cells present. 

Additional of 5ml PBS and centrifugation at 250 xg thereafter helped cease the lysis. 

Resulting pellets were incubated with Fc block for 10 minutes, to block the cells’ Fc 

receptors and thus prevent false positive staining, and stained for markers of thymic 

development. -   Allophycocyanin (APC)-conjugated Anti-Mouse CD4, Phycoerythrin 

(PE)-conjugated anti-mouse CD8a, APC-conjugated Anti-Mouse CD44, and PE-

conjugated anti-mouse CD25 (BD Biosciences, San Diego, CA),.  PBS with NaN3 was 

then added to remove the excess antibodies, and the cells were fixed in 0.5% 

paraformaldehyde in PBS. Acquisition of cell events and analysis were done using a BD 
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FACSCalibur flow cytometer with CellQuest Pro software (BD Pharmingen, San Diego, 

CA). 

 

Thymic Output - DNA Purification and TREC Analysis by Real Time PCR 

DNA was isolated from whole blood and purified using the Promega Genomic 

DNA Purification Kit (Promega Corporation, Madison, WI), according to manufacturer‟s 

instructions. Fresh whole blood was collected in EDTA (IBC Scientific, Peosta, IA,cell 

lysis solution (1:3 v/v) was added and incubated for 10 minutes at room temperature to 

lyse all the red blood cells. The mixture was then centrifuged for 20 seconds at 13,000 x 

g to obtain a pellet of white blood cells. Nuclei were then lysed, followed by an RNase 

digestion step for 15 minute at 37
0
C. Cellular proteins were precipitated out and the 

solution was centrifuged as above. The supernatant obtained was transferred to a tube 

containing room temperature isopropanol, gently inverted until a visible thread-like 

precipitate of DNA appeared, and then centrifuged at 2,000 x g for 1 minute to obtain a 

DNA pellet. The pellet was then washed down with 70% ethanol, centrifuged as above, 

air dried, and finally rehydrated by an overnight incubation of the pellet in DNA 

rehydration solution at 4
0
C. Prior to analysis, the NanoDrop ND-1000 Spectrophotometer 

(NanoDrop Technologies, Inc., Wilmington, DE) was used to measure the amount of 

DNA (ng/µl) in the sample. 

sjTRECs in the purified DNA were detected by Real Time PCR, based on SYBR-

Green I fluorescence. The analysis was performed in a 96 well plate with 25µl reactions, 

containing Fast SYBR Green Master Mix, 0.4µM each of sjTREC forward 5’-
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CCAAGCTGACGGCAGGTTT-3’ and sjTREC reverse 5’-AGCATGGCAAGCAG-

CACC-3’ custom primers, and purified DNA. To compensate for variations in input 

DNA, GAPDH forward 5’-GTGAGGCCGGTGCTGAGTAT-3’ and reverse 5’-

TCATGAGCCCTTCCACAATG-3’ primers at a concentration of 0.4µM was used as 

internal control for normalization of the Real Time PCR data. All of the above reagents 

and custom primers were purchased from Applied Biosystems (Foster City, CA). The 

plate was briefly centrifuged, and the PCR reaction was run using the Eppendorf 

Mastercycler ep gradient S Thermocycler (Eppendorf North America, Inc. Hauppauge, 

NY). The thermo-cycling conditions used were 95°C for 20 seconds for enzyme 

activation, followed by 40 cycles
 

of denaturing at 95°C for 1 second and 

annealing/extension at 60°C for 20 seconds. Each of the reactions was run in triplicate, 

and a minimum of three separate experiments were carried out for each sample.   

Relative quantification of PCR for different treatments was performed using the 

cycle threshold (Ct) values. First, the ΔCt value for each sample was obtained by 

subtracting the Ct of the gene of interest (sjTREC) from that of the housekeeping gene 

(GAPDH). The ΔΔCt values were finally calculated as the difference between the ΔCt 

values of the KO and WT groups.  

 

Thymic Architecture Analysis by H&E and Immunohistochemical Staining 

Processing of formalin fixed and frozen tissues, H&E staining and 

immunohistochemistry was performed by the Histology
 

Core at
 

the Science Park 

Research Division (University of Texas, M.D.
 
Anderson Cancer Center, Smithville, TX).   
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Formalin fixed tissue was embedded in paraffin and cut into 4µm thick sections 

for hematoxlin and eosin (H&E) and immunohistochemical staining. The slides were 

deparaffinized in xylene and hydrated in 100% ethanol and 95% ethanol. Endogenous 

peroxidase activity was then blocked with 3% hydrogen peroxide for 10 minutes, 

followed by exposing of antigenic sites with 10mM Citrate Buffer pH 6.0 for 10 minutes 

and a 20 minute cool down. The slides were then blocked with casein in buffer for 10 

minutes, drained, and stained for with primary antibodies for differences in thymic cortex 

and medulla (Keratins 8 and 5) for 30 minutes. The slides were then washed with buffer 

and incubated anti-rabbit/ IgG HRP polymer for 30 minutes and then washed. The slides 

were then washed, counterstained and dehydrated.   

 

Protein extraction and quantification 

Protein was extracted using CellLytic Mammalian Tissue Lysis/Extraction 

reagent, Protease Inhibitor cocktail, and 100mM of the serine protease and 

acetylcholinesterase inhibitor - Phenylmethanesulfonyl fluoride (PMSF). (Sigma-Aldrich 

Co., Saint Louis, MO) (1mg tissue : 200µl reagent mix). The tissue was then 

homogenized and the cells allowed to lyse on ice for 45 minutes to 1 hour. The lysed 

samples were then centrifuged at 14000 x g for 10 minutes to pellet debris and obtain a 

supernatant containing the protein extract. The extracted protein was then quantified 

using the BCA assay kit (Thermo Scientific, Rockford, IL), according to manufacturer‟s 

instructions. Blank corrected raw data of the albumin standard dilutions obtained was 
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used to generate a standard curve, which was then used to determine the amount of 

protein in each of the unknown samples.  

 

GPAT-1, CPT-1 and pAMPK expression by Western Immunoblotting 

One µl of SuperSignal Molecular Weight Protein Ladder and 50µg of the sample 

proteins were loaded into the wells of Precise Protein 8% precast polyacrylamide gels. 

The gel chamber was filled with 0.1M Tris-0.1M HEPES-3mM SDS running buffer and 

placed in a bucket of ice, and the proteins separated at 100 Volts for approximately 45 

minutes, until the marker dye was 1 cm from the bottom of the gel.  

A PolyScreen PVDF membrane (NEN Life Sciences, Boston, MA) was prepared 

by soaking in methanol for 30 seconds, ddH2O for 2 minutes and equilibrating in 25mM 

Tris-192mM glycine transfer buffer (pH 8.0) for 5 minutes. The membrane was then 

placed in direct contact with the gel in a transfer apparatus submerged in transfer buffer, 

and the separated proteins were transferred onto the membrane at 45 Volts for 90 

minutes. Following the transfer process, the membrane blocked with 5% Blotto for 1 

hour on a rocker and at room temperature. The membrane was probed overnight with a 

diluted primary antibody (GPAT-1 (1:1000), CPT-1 (1:500), pAMPK (1:500), or β-actin 

(1:1000)) at 4ºC. Following the overnight incubation, the membrane was washed thrice 

with a solution of 1xPBS-0.1% Tween (PBST), and probed with diluted Goat polyclonal 

Secondary Antibody to Rabbit IgG (Abcam, Cambridge, MA) (1:5000) for 90 minutes. 

The blot was then washed as mentioned above and incubated in 1-Step NBT/BCIP 

solution for approximately 15 to 20 minutes until desired color had developed. The 
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membrane was finally rinsed with ddH2O and imaged using the Syngene (Syngene, 

Frederick, MD). All above reagents and supplies were purchased from Thermo Scientific 

(Rockford, IL), unless otherwise specified. 

 

RESULTS 

Thymic involution is associated with fat accumulation and may be an important event in 

the reduced production of new T-cells. Fat accumulation within the thymus can occur due 

to aging as well as due to the increase in dietary fat intake. In order to determine if 

GPAT-1 KO can prevent fat accumulation in the organ in which T-cells are generated, 

the thymus, organ weight and cellularity were measured. Thymus weights were recorded 

at age 3 weeks, 6 weeks and 16 weeks to examine the effect of GPAT-1 deletion on 

thymus weight as the mice grew (Fig 4.1a-c). Thymic weights at 3 weeks showed no 

difference, thus indicating that the GPAT-1 deficiency may not be evident at birth. At 6 

weeks however, the WT thymi weighed 13mg (16.7%) more than the KO (p<0.05), and 

this difference widened further by 16 weeks of age, where the WT group thymi were 

50.8% larger (p<0.001). Since no change in thymic weight was observed at 3 weeks, all 

subsequent analyses were only performed in mice of 6 and 16 weeks of age. 

Corresponding to the decrease in the weight of the thymi of the KO group, a decrease in 

thymic cellularity was also observed (Fig 4.2a-b). However while a difference of 1.9x10
7
 

(39.6%) cells existed in the 6 week old group (p<0.0001), this disparity was reduced in 

the older 16 week old mice, where the difference was 1.36x10
7
cells (40.5%) (p<0.0001).  
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T-cell proliferation is a common indicator of T-cell function ex vivo. Therefore, 

proliferation in response to anti-CD3 and anti-CD28 stimulation for 48 hours was 

measured in thymic T-cells from WT and KO mice (Fig 4.3a-b). At the end of the 

stimulation period, the absence of GPAT-1 significantly inhibited proliferation in both 6 

week and 16 week old mice, suggesting that altering fat metabolism may play in T cell 

activation and signaling. 

Measurement of the markers of thymic development in both 6 week old mice as 

well as the 16 week old group demonstrated an increase in the number of thymic 

lymphocytes (79% in 6 week old and 54% in 16 week old mice) in the double negative 

(DN) stage (CD4-/CD8-) of development (Fig 4.4a). Subsequently, fewer thymocytes 

were seen in the following double positive (DP) stage (CD4+/CD8+) of development at 6 

weeks (15.5%) and at 16 weeks (8.8%), thus indicating an inhibition of development at 

this point. Also observed was a significant increase in the CD4 single positive (SP) cells 

at both ages (200% at 6 weeks and 45% at 16 weeks), and a 58.4% increase in SP CD8 

cells at 16 weeks of age, thus implying that the differentiation of DP thymocytes into 

either SP CD4 or SP CD8 cells is markedly altered in GPAT-1 deficient mice. The data 

presented thus far reveals that the DN stage of T lymphocyte development in the thymus 

is partially inhibited. Therefore, to determine which of the four sub-stages within the DN 

stage is affected in the KO mice, CD44 and CD25 expression on DN thymocytes was 

measured (Fig 4.4b). Here, changes were observed in the latter DN stages, wherein both 

KO age groups showed similar increases in the DN3 (115% at 6 weeks and 37% at 16 

weeks) and DN4 (245% at 6 weeks and 55% at 16 weeks) stages.  
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Signal joint T cell receptor excision circles (sjTRECs) from peripheral blood 

DNA were detected by Real Time PCR, based on SYBR-Green I fluorescence to 

determine thymic output. (Fig 4.5a-b) These segments are formed during the process of 

T-cell receptor genes‟ rearrangement, to generate TCRα/β antigen specific T cells, and 

each new thymic T-cell produced by the thymus containing this circular TREC.[50] 

Relative quantification showed no significant differences were observed in the T-cell 

production of the 6 week old age group, despite alterations in the thymic weight, 

cellularity and T-cell development. However, a 32% significant decrease in output was 

observed at 16 weeks (p<0.05) 

Thymic tissue sections were analyzed for changes in the structure of the thymus 

by H&E staining (Fig 4.5). No alterations were found in the cortical and medullary mass 

between WT and KO mice of either age group, which were assessed by keratin 8 and 

keratin 5 expression, respectively (Fig 4.6a-b, 4.7a-b) by Image Pro Plus software. Oil 

Red O staining of frozen sections, on the other hand, showed a 69% decrease in the 

density of lipid droplets in the thymus of the KO mouse (Fig 4.8a-b). 

Western Immunoblotting was performed to analyze the changes in the activity of 

two key enzymes involved in lipid metabolism – CPT-1 and pAMPK (Fig 4.9a-c). CPT-1 

was measured since it competes with GPAT-1 for acyl-CoAs, while pAMPK was 

measured since it acts as the cell‟s energy sensor and plays a key role in the regulation of 

GPAT-1 by inhibiting its activity, while allowing CPT-1 to channel fatty acids into the 

mitochondria for degradation. In the KO mice, CPT-1 activity was upregulated by 130% 
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(p<0.01). However, pAMPK was found reduced by 58.7% (p<0.0001) in the KO mice, 

compared to WT controls.  

 

DISCUSSION 

Identical thymus weights of GPAT-1 KO and WT control at 3 weeks shows no 

alterations around birth and in the post natal period of up to 3 weeks. The thymic weights 

in the KO mice, compared to WT groups, were found to be reduced in the later age 

groups. Since the 6 week age group is when the mouse thymus is at its peak size and 

function, the lower weights seen in the KO group at this age could be due to impaired 

growth of the thymus organ. While the 16 week old thymi of KO and WT groups also 

differed, the difference wasn‟t as dramatic as in the 6 week age group. In addition to the 

suggested impairment of growth in the KO group, the natural age-related involution of 

the WT thymus could account for the lowered difference observed at 16 weeks. The 

lowered weight and size of the KO thymus may also play a role in the decreased 

cellularity 

 A significant decrease was also seen in proliferation of thymic T-cells in 

response to CD3/CD28 stimulation. Studies previously conducted in our lab, using 

splenic T cells from a GPAT-1 knockout mouse model, have indicated that GPAT-1 

deficiency causes similar defects in splenic T cells functions as we have observed in the 

thymic T-cells. This diminution in proliferative response may stem from impaired 

activation and signaling. One of the possible mechanisms may involve impaired signaling 



 107 

owing to altered lipid rafts, which are microdomains in the membrane of the T-cells. 

Phospholipids and saturated fatty acids are required for the packing together of fatty acids 

in the cell membrane‟s lipid rafts, which are key membrane microdomains involved in 

regulating the cell‟s synaptic formation, activation and signaling. Thus, altered 

glycerophospholipids and triacylglycerol biosynthesis in GPAT-1 may also lead to the 

reorganization of the membrane‟s lipid rafts, thus eventually affecting proliferation of the 

T-cell.[80-82] Studies conducted in our lab analyzing the total and individual 

glycerophospholipids mass in thymic T-cells membranes from KO mice and their WT 

counterparts support this view by demonstrating that that impaired glycerophospholipid 

and TAG synthesis resulted in  an increased cholesterol to glycerophospholipid ratio, 

which is capable of altering membrane receptor function and reducing thymic T-cells 

proliferation. 

With the deletion of GPAT-1, an elevation in the CPT-1 protein was observed. It 

is likely that without the competition for acyl-CoAs from GPAT-1, most fatty acids are 

transported into the mitochondria for degradation. While the breakdown of fats can 

provide energy, it may be difficult to sustain the requirement of proliferating thymic T-

cells, which are known to have a 20-fold increase in energy requirement during cell 

division. Measurement of pAMPK, the cell‟s energy sensor, however, was found to be 

decreased. One plausible explanation could be that AMPK is only upregulated when the 

need for energy arises, wherein it plays a key role in inhibiting the activity of GPAT-1 in 

order to prevent biosynthesis of glycerophospholipids and TAG. However, since the 

deletion of GPAT-1 caused higher CPT-1 expression in the KO thymus, it is suggested 
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that fatty acids breakdown could be occurring continually, thus providing the cell with a 

steady source of energy. Thus, with no increase in cellular AMP levels to indicate ATP 

depletion, no requirement may exist for the activation of AMPK to pAMPK, hence the 

observed decrease in pAMPK.  

 Investigation of the thymic T-cells developmental process indicates a block in the 

DN3 and DN4 stages, the stages when the DN cells cease to proliferate and begin to 

assemble and express the pre-TCR complex, containing the TCR-β and pre-TCR-α 

chains, on their cell surface. This double negative stage serves as a developmental 

checkpoint, wherein only the thymic T-cells that are successful in forming this pre-TCR 

complex undergo further development to DP cells. Interestingly, loss of β chain diversity 

is also seen in thymic development of aged mice. The DN to DP transition stage is the 

developmental point where thymic T-cells are subjected to positive and negative 

selection. Here, TCRs of the immature double positive cells that are able to recognize 

peptide-MHC complexes receive signals that lead to their survival and differentiation, 

following which the thymic T-cells that recognize and bind to the self-peptide-MHC 

complexes are filtered out and killed via apoptosis. These observed numbers of CD4+ 

and CD8+ in GPAT-1 mice may due to changes in the membrane lipid levels that affect 

the immunological synapse between the thymic T-cells and the antigen presenting cells. 

Our results thus support the view that lipid metabolism plays a key role in thymic 

development and thymic T-cells function, and that GPAT-1 – the rate limiting step in 

glycerophospholipid biosynthesis- is responsible for altered thymic development. 

Reasons for this impairment observed may include the increase in lipid accumulation 
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within the thymic cortex and medulla, and consequently the loss of proliferative capacity 

in thymic T-cells, very similar to observations made in an aging or even an obese thymus. 

This study thus suggests that the GPAT-1 play a vital role in T-cell activation and 

signaling, and the effects of deletion of the enzyme on T-cell function may takes 

precedence over its effect on the thymus as a whole.  
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Figure 4.1: Thymic Weights 

 

A.                                                                     B. 

 

     
C. 

 
 

Figure 4.1. Effect of GPAT-1 deletion on thymic weights from GPAT-1 wildtype (WT)  

and knockout (KO) mice at ages 3 weeks, 6 weeks and 16 weeks. Weights were obtained 

from freshly harvested thymi. 

*p<0.05 **p<0.01  
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Figure 4.2: Thymic Cellularity 

A.                                                                   B. 

   
Figure 4.2: GPAT-1 knockout reduces thymic cellularity at 6 weeks and 16 weeks 

Freshly harvested thymi from GPAT-1 wildtype (WT) and knockout (KO) mice were 

homogenized, and thymic T-cells were isolated using lymphocyte separation media and 

counted with a CellDyn cell counter. The cellularity was also measured by identifying 

and counting viable cells by their exclusion of the Trypan Blue dye. The measurement 

was performed using a hemocytometer. 

 ***p<0.001  
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Figure 4.3: Thymic T-cell Proliferation 

A.                                                                      B. 

   
 

Figure 4.3. Effect of GPAT-1 deficiency on thymic T-lymphocyte proliferation. 

Thymocytes were isolated from GPAT-1 WT and KO mice and incubated unstimulated 

or stimulated with anti-CD3 and anti-CD28 for 48 hours. Proliferation was measured 

using the MTT assay.   

**p<0.01  
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Figure 4.4: Thymic T-cell Development 

A.                                                                       B.  

   
C.                                                                       D. 

 
 

Figure 4.4: Alteration in the development of thymic lymphocytes due to GPAT 

deficiency-1 at 3 weeks and 16 weeks of age. Thymic T-lymphocytes isolated from 

GPAT-1 WT and KO mice were stained with anti-CD4 and anti-CD8 to analyze the 

double negative (DN), double positive (DP) and single positive (SP) cells by flow 

cytometry (A), The cells were also stained with anti-CD44, and anti-CD25 to 

differentiate between the double negative (DN) 1, 2, 3, and 4 stages.  

*p<0.05  ***p<0.001  
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Figure 4.5: Thymic Output 

A.                                                                     B. 

       

Figure 4.5: GPAT-1 deletion decreases thymic output T-cells. DNA from GPAT-1 WT 

and KO mice was purified from whole blood and analyzed for recent thymic emigrants 

by measuring the signal join T-cell receptor excision circles (SjTRECs) present were 

detected by Real Time PCR, based on SYBR-Green I fluorescence.   

*p<0.05 
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Figure 4.6: Thymic Architecture 

 
 

 

Figure 4.6. GPAT-1 deletion does not alter thymic architecture. Paraffin embedded 

sections of thymi from GPAT-1 WT and KO mice were deparaffinized and stained with 

Hemotoxylin and Eosin, and analysed for changes in the architecture of the thymus. 
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Figure 4.7: Cortical Keratin 8 Expression Profile 

A.                                                                     B. 

         
 

 

Figure 4.7: GPAT-1 deletion does not affect the density of cortical epithelial cells in the 

thymus. Paraffin embedded sections of thymi from GPAT-1 WT and KO mice were 

deparaffinized and stained with antibodies for Keratin 8 to assess changes in the cortical 

epithelial cells of the thymus. The density of the brown keratin-stained cytoplasms was 

measured using Image Pro Plus.  
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Figure 4.8: Cortical Keratin 8 Expression Profile 

A.                                                                     B. 

          
 

 

Figure 4.8.  GPAT-1 deletion does not alter the medullary epithelial mass in the thymus. 

Paraffin embedded sections of thymi from GPAT-1 WT and KO mice were 

deparaffinized and stained with antibodies for Keratin 5 to assess changes in the 

medullary epithelial cells of the thymus. The density of the brown keratin-stained 

cytoplasms was measured using Image Pro Plus. 
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Figure 4.9: Lipid Accumulation 

A.                                                                     B. 

          
 

 

Figure 4.9. GPAT-1 knockout decreases lipid accumulation within the thymus. Frozen 

sections thymi from low GPAT-1 WT and KO  mice were stained with Oil Red O to 

measure the amount of fat accumulation within the active mass of the thymus. The 

density of the red-stained lipid droplets was measured using Image Pro Plus. 

*p<0.05 

 

 

 

 

 

 

 

 

 

 



 119 

Figure 4.10: pAMPK and CPT-1 activity 

A. 

 

B.                                                                   C. 

    
 

Figure 4.10: Effect of GPAT-1 deletion on lipid metabolism. Changes in lipid 

metabolism were analyzed by measuring the activity of pAMPK (B) and CPT-1 (C), 

protein fractions purified from the thymus of lean and obese mice that were fed diets with 

or without resveratrol, by western immunoblotting. 
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Chapter 5 

Discussion 

 

Obesity in children induces several health problems due to decreased innate and 

adaptive responses of the immune system, and predisposes an individual to becoming 

obese in adulthood. This raises the question of whether the reduced number of T-cells 

and their dysfunctional responses we see in the periphery are indeed due to alterations in 

their development process in the thymus.  Thus, comparisons were thus made between 

standard diet and high fat feeding to determine whether dietary fat can alter T-cell 

development in young C57BL/6 mice. In order to truly assess the effect of diet induced 

obesity on a fully functioning thymus, and not one that had already „aged‟, the study was 

commenced when the mice were 5 weeks of age. This is the age when the thymus is 

considered to be at its peak in terms of size and function, and continued for only 10 

weeks, up to 15 weeks of age.  

Diet- induced effects were assessed in terms of changes within the thymus organ, 

as well as alterations in the functioning of the developing T-cells. By examining both 

aspects, the modifications demonstrated here were found to be instrumental in lowering 

the generation of new T-cells by the thymus, thus leading us to believe that diet-related 

adiposity can affect the cell-mediated immune response by affecting the development of 

its key player – the T-cell.  

The increase in thymic T-cell proliferation was an interesting observation, 

considering that thymic output was decreased in response to high fat consumption, there 
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was an increased in function of the thymic T-cells of the HF group, as measured by 

proliferation. This inconsistency may be due to the diminution of the medullary 

compartment of the HF thymus (H&E), the compartment of the thymus where single 

positive (SP) cells undergo selection process to evolve into competent and apoptosis 

resistant cells. This is in addition to the increase in the number of inherently proliferative 

cells as measured by flow cytometry. When thymic T-cells switch from a resting to a 

proliferative state their energy requirement increases by almost 20-fold. Double negative 

cells, in particular, are inherently highly proliferative in nature, and their high levels of 

glucose transporter 1 can induce the activation of many glycolytic enzymes, thereby 

increasing the ATP production. [84]. However, although carbohydrate is used as the main 

source of this nourishment during proliferation, higher fat levels in the diet can provide a 

steady source of energy when the carbohydrate content of the diet is lowered. [86]  Thus, 

the increase in the percentage of DN cells, as well as increased the enhanced fat content 

of the dietary content may play a role by providing proliferating cells with sustained 

added energy. 

The decrease in thymic output despite higher proliferative response may also be 

due to alterations in thymic development beyond the DN stage, especially in the positive 

and negative selection processes. The role of APCs is to present antigenic peptides bound 

to MHC molecule to the T-cells in order to activate then and stimulate their proliferation. 

In addition to protecting the peptides from the action of proteases, carbohydrates, n the 

form of oligosaccharides are attached to the glycopeptides to help orient the 

immunological synapse between the T-cells and the MHC molecules on the APCs [75].  
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With reduced carbohydrate, and an amplified fat content of the diet, the T-cell‟s 

recognition of the antigenic peptides can be impaired. Also, fat consumption can also 

bring  about a decrease in the expression of MHC molecules, particularly class II [78] 

These aspects are of particular importance with regard to thymic T-cell development, 

since APCs play a valuable role in filtering out cells that are unable to recognize foreign 

antigens (positive selection), as well as eliminate those that react to self antigens 

(negative selection) within the thymus. Thus, DIO may reduce the number of cells 

progressing to the SP stage of development by disrupting the process of positive 

selection, which acts as a developmental checkpoint. With regards to self reactivity, and 

maintaining central tolerance, tt would also be interesting to study the DIO effects on 

Regulatory T-cells (Tregs).  

We, thus establish that high fat feeding can disrupt the normal functioning of the 

young thymus by bringing about changes in the thymic architecture and cause disruptions 

in the developmental process of the T-cell. However, interactions between the developing 

cells and the thymic microenvironment are yet to be investigated. These include, but may 

not be limited to, the number of epithelial cells in the cortical and medullary mass, the 

interaction of antigen presenting cells with the T-cells with particular focus on the 

formation of the synapse and migration of the developing cells within the various thymic 

compartments.  

The next question that arose was about how these DIO changes could be 

prevented. AMPK in turn plays a key role in lipid metabolism, via its regulation of CPT-

1, the mitochondrial enzyme required for the transport of long chain fatty acids into the 
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mitochondria, thus increasing fatty acid oxidation.[96, 97], while inhibiting the activity of 

its competing enzyme GPAT-1, the rate limiting enzyme in the biosynthesis of PL and 

TAG. Since high fat feeding can affect the expression and activity of these 3 key 

enzymes in lipid metabolism due to their sensitivity to cellular energy. Our aim was to 

thus activate AMPK in the high fat fed mice, and thus promote a fatty acid catabolic and 

inhibit the anabolic state, via its reciprocal regulation of CPT-1 and GPAT-1, 

respectively.  

Studies focusing on lipid metabolism via AMPK, have demonstrated an increase 

in β-oxidation by increasing physical activity [99] [100] [101] or  using pharmacological 

drugs, such as Metformin [98]  Polyphenols have also been shown to regulate fatty acid 

metabolism to reduce the accumulation of lipids in organs, as well as lower serum lipids 

via an AMPK-dependent mechanism.[102] [103]  

Since this study was targeted at preventing T-cell dysfunction brought about by 

high fat consumption at a young age, the goal here was to establish the use of resveratrol, 

a naturally occurring polyphenolic compound in preventing these effects in the thymus. 

Although known for its presence in red wine, resveratrol is also found abundantly in the 

skin of grapes, grape juice, peanuts – food consumed by children to a large extent. And, 

since resveratrol also exerts similar effects on AMPK activity in the liver to prevent 

steatosis[102], it was hence chosen for the purpose of this study.   

 AMPK is sensitive to the level of energy available to the T-cell [107] and by 

manipulating the activity of AMPK with resveratrol, we were able to promotes a fatty 

acid catabolic state over an anabolic one. Thus, the naturally occurring resveratrol was 
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used to prevent lipid accumulation induced by DIO, within the involution-prone thymus, 

and may thus provide a useful approach to preventing a decline in thymic function in 

childhood.  

Additional studies, however, are required to confirm the effects of resveratrol on 

the specific interactions between the developing T-cell and the thymic microenvironment. 

Some aspects that can be altered by high fat intake include T-cell activation, due to 

erroneous synaptic formation leading to the inability of the T-cell to recognize the foreign 

antigens and receive signals to survive or escape a faulty negative selection process react 

to self antigens in the periphery. In addition, specific changes to the thymic epithelial 

cells in terms of size, number, chemokine production, etc will also need to be considered. 

Since the amelioration of DIO effects by resveratrol involved inhibiting GPAT-1, 

the key rate limiting enzyme in the biosynthesis of PL and TAG, we used a C57Bl/6 

mouse model with a GPAT-1 deletion, to explore the effects of inhibited PL and TAG 

synthesis on the thymus and on the T-cell. Our major findings in this case in this study 

included a decrease in thymic weight, which is speculated to be due to impaired growth 

of the thymus organ. In addition, the lowered weight and size of the KO thymus may also 

play a role in the decreased cellularity 

 A significant decrease was also seen in proliferation of thymic T-cells in 

response to CD3/CD28 stimulation. Studies previously conducted in our lab, using 

splenic T cells from a GPAT-1 knockout mouse model, have indicated that GPAT-1 

deficiency also causes defects in splenic T cells function, similar to what we have 

observed here in the thymic T-cells. This diminution in proliferative response may stem 
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from impaired activation and signaling. Phospholipids and saturated fatty acids are 

required for the packing together of fatty acids in the cell membrane‟s lipid rafts. Thus, 

altered glycerophospholipids and triacylglycerol biosynthesis in GPAT-1 may also lead 

to the reorganization of the membrane‟s lipid rafts, which are key membrane 

microdomains involved in regulating the cell‟s synaptic formation, activation and 

signaling [80-82, 114], thus eventually affecting proliferation of the T-cell.   

Analysis of the total and individual glycerophospholipids mass in thymic T-cells 

membranes from KO mice and their WT counterparts, previously conducted by our lab, 

show that impaired PL and TAG synthesis resulted in  an increased cholesterol to 

glycerophospholipid ratio, which is capable of altering membrane receptor function and 

reducing thymic T-cells proliferation. 

In addition, with the deletion of GPAT-1, an elevation in the CPT-1 protein was 

observed, and this was accompanied by a decrease in pAMPK. It is likely that in the 

event of no competition, for acyl-CoAs, from GPAT-1, most fatty acid are transported 

into the mitochondria for degradation. And, CPT-1 levels may thus be elevated to 

account for the increased availability of fatty acyl-CoAs. Measurement of pAMPK, 

however, was found to be decreased. AMPK is only activated to yield pAMPK when the 

need for energy arises, wherein it plays a key role in inhibiting the activity of GPAT-1 in 

order to prevent biosynthesis of PL and TAG. However, with the deletion of GPAT-1, 

accompanied by higher CPT-1 expression in the KO thymus, fatty acids breakdown 

could, therefore, be occurring continually, thus providing the cell with a steady source of 

energy. Thus, without an increase in cellular AMP to indicate ATP depletion, no 
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requirement may exist for the activation of AMPK to pAMPK, hence the decrease in 

expression.  

 Investigation of the thymic T-cells developmental process indicates a block in the 

DN3 and DN4 stages, the stages when the DN cells cease to proliferate and begin to 

assemble and express the pre-TCR complex, containing the TCR-β and pre-TCR-α 

chains, on their cell surface. This double negative stage serves as a developmental 

checkpoint, wherein only the thymic T-cells that are successful in forming this pre-TCR 

complex undergo further development to DP cells. Alterations were also seen in the SP 

percentages, where an increase in SP CD4 cells was accompanied by  

In addition to the defects in the DN stage, a significantly greater number of CD4+ 

and significantly lower CD8+ thymic T-cells are generated. This is the developmental 

point where the thymic T-cells are subjected to positive and negative selection, wherein 

the TCRs of the immature double positive cells that are able to recognize peptide-MHC 

complexes receive signals that lead to their survival and differentiation, following which 

the thymic T-cells that recognize and bind to the self-peptide-MHC complexes are 

filtered out and killed via apoptosis. These observed numbers of SP CD4 and CD8 in 

GPAT-1 mice could due to changes in the membrane lipid levels that affect the 

immunological synapse between the thymic T-cells and the antigen presenting cells. 

Additional experiments visualizing the synaptic formation in these GPAT-1 KO mice are 

suggested. 

Our results thus support the view that lipid metabolism plays a key role in thymic 

development and thymic T-cells function, and that GPAT-1 – the rate limiting step in 
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glycerophospholipid biosynthesis- is responsible for altered thymic development and 

consequently the loss of proliferative capacity in thymic T-cells.  
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