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Summary

Obesity gives rise to a state o f  chronic, low-grade inflammation characterised by inflamed 

white adipose tissue (W AT) with increased infiltration o f  macrophages termed adipose 

tissue macrophages (ATM). These ATM  produce pro-inflammatory cytokines, which are 

proposed to alter the endocrine function o f  the W AT and disrupt insulin signalling. High 

intakes o f  long chain (LC) n-3 polyunsaturated fatty acids (PUFA) such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are known to modulate 

immune cell function and may exert therapeutic effects on obesity induced insulin 

resistance and type 2 diabetes mellitus (T2DM). The objective o f  this thesis was to 

investigate the molecular mechanisms, which mediate the interaction between 

macrophages and adipocytes. An in vivo lL-1 type 1 receptor knock out ( IL - IR T ’) mouse 

model followed by a series o f  in vitro experiments, including a co-culture o f  adipocytes 

and macrophages were examined. The effects o f  LC n-3 PUFA treatment were assessed in 

adipocytes and macrophages both independently and in the co-culture system.

In chapter 3, an in vivo time-course experiment was established to study the 

molecular mechanism involved in the development o f  obesity-induced insulin resistance 

within immune compromised IL-IRF^'. We hypothesized that IL -lR l " mice will not only 

have a general reduction in inflammation but also a specific reduction in ATM  due to a 

lack in lL-1 signalling. We speculated that this reduction in ATM  would lead to increased 

insulin sensitivity within the WAT. After 16 weeks on a high-fat diet (HFD) the IL-lRi'^" 

mice cleared glucose more efficiently as determined by glucose tolerance tests (GTT) with 

significantly lower plasma insulin, triacylglycerol (TAG) and leptin levels relative to the 

WT. Importantly, pro-inflammatory cytokine and chemokine concentrations in the plasma, 

specifically interleukin (IL )- ip  and CC Chemokine ligand (CCL)-5, were reduced. In 

addition, tumour necrosis factor (T N F)-a  and monocyte chemotactic protein (M CP)-l gene 

expression levels within the epididymal adipose tissue (EAT) o f  the IL-lRl'^' mice were 

also reduced. IL-IRT^' mice exhibited significantly higher levels o f  insulin sensitive target 

genes such as glucose transporter (GLUT)-4 and insulin receptor substrate (IRS)-l within 

the EAT, also signifying that these mice are more insulin sensitive. Additionally, IL -lR l '^ ’ 

mice exhibited a leaner phenotype with smaller EAT adipocyte size.

In chapter 4 the effects o f  IL -lp  treatment on inflammatory and insulin signalling 

in vitro within 3T3-L1 adipocytes were determined to verify the findings o f  the in vivo  

time-course experiment, f’his study demonstrated that I L- i p  treatment induced a pro- 

inflammatory state within the adipocytes, which up-regulated mitogen-activated protein



kinase (M A PK ) and nuclear factor (NF)-kB signalling and significantly induced IL-6 

secretion. I 'his was accompanied by reduced insulin sensitivity via a reduction in IRS-1 

and GLUT4 expression. lRS-1 Serine phosphorylation was induced by IL -ip  via the 

mammalian target o f  rapamycin (mTOR) pathways effectively inhibiting insulin signaling. 

This data correlated with observations in IL - lR l ' '  mice, which exhibited increased insulin 

sensitivity and reduced inflammation.

In chapter 5 the effects o f  EPA and DHA on 3T3-L1 adipocytes and J774.2 

macrophages in vilro  were assessed. Chronic EPA treatment within 3T3-L1 adipocytes 

increased leptin and adiponectin secretion levels and improved insulin induced glucose 

uptake, suggesting EPA may have insulin sensitising effects. Conversely, DHA reduced 

GLUT4, inducing lipolysis and reducing the differentiation state o f  the 3T3-L1 adipocytes, 

indicating that DHA may have negative effects on adipocyte insulin sensitivity. However, 

DHA may induce anti-obesity effects by preventing further growth o f  WAT. The effects o f  

LC n-3 PUFA on .1774.2 macrophages were more consistent, with EPA and DHA reducing 

infiammatory' cytokine production while down-regulating M APK and NF-kB signalling 

pathways. In the last chapters, co-culture o f  adipocytes and .1774.2 macrophages was 

developed to study components o f  obesity induced insulin resistance. Furthermore, 

conditioned medium from the treated macrophages was incubated with the adipocytes, 

fhese models examined the effects o f  macrophages acutely (24 hour) and chronically (5 

day) treated with EPA. DHA or DM SO vehicle control on adipocytes. Overall the data 

suggests that macrophage-derived soluble factors such as T N F-a . lL-6 and IL -ip  promote 

a pro-inflammatory environment within the adipocytes in which inflammatory pathways 

such as NF-kB. E R K l/2  and p38 M APK become up-regulated. These pro-inflammatory 

pathways cross-talk with the insulin signalling pathways leading to a reduction in 

adipocyte insulin signalling molecules such as GLUT4 and IRS-1, coinciding with reduced 

insulin induced glucose uptake and GLUT4 translocation to the cell membrane, indicative 

o f  insulin resistance. Furthermore, this work determined that pre-culturing macrophages 

with EPA and DHA attenuated the intlammatory effect while increasing insulin signalling 

markers and insulin sensitivity within the co-cultured adipocytes.

In conclusion, these results imply that obesity is associated with the generation o f  

macrophage-derived soluble factors that promote a pro-inflammatory environment in 

which intlammatory pathways such as NF-k B and M APK signalling become up-regulated, 

fhis leads to down-regulation in insulin sensitive markers such as GLUT4 and IRS-1 

causing insulin-resistant adipocyte function, an effect attenuated by EPA and DHA.
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Chapter I 

General Introduction

1.1 Obesity

Obesity can simply be defmed as a condition o f  excessive fat accumulation in adipose 

tissue which causes or exacerbates many health problems, both independently and in 

association with other diseases (Kopelman, 2000). H alf  o f  all adults and one in five 

children in Europe are now overweight; one third o f  these are obese (W HO, 2006). More 

than one million deaths in Europe annually are due to diseases related to excess body 

weight (W HO, 2006). This global epidemic o f  obesity results from a combination o f  

genetic susceptibility, increased availability o f  high energy foods and decreased 

requirement for physical activity in modern society (Kopelman, 2000). Obesity is now 

considered a major contributor to the global burden o f  chronic disease and disability. This 

review will therefore firstly examine the role o f  obesity in the metabolic syndrome (MetS) 

and type 2 diabetes mellitus (T2DM). Secondly, this review will focus on the role o f  

inilammation within obesity, exploring the molecular mechanisms that mediate the pro- 

intlammatory interaction between immune cells, predominantly the macrophages, and 

adipocytes in obesity and finally discuss how long chain (LC) n-3 polyunsaturated fatty 

acids (PUPA) may attenuate this pro-intlammatory phenotype.

1.1.1 Obesit\', the metabolic syndrom e and t>pe 2 diabetes mellitus

Obesity plays a central role in the metabolic syndrome (MetS). which includes 

hyperinsulinemia. hypertension, hyperlipidemia with an increased risk o f  cardiovascular 

disease (CVD) and T2DM. I 'he adverse metabolic changes associated with obesity are 

mostly related to a reduction in sensitivity o f  the body 's  tissues to insulin, the state known 

as insulin resistance (Steinberger and Daniels. 2003). The risk o f  T2DM  increases with 

greater body mass index (BMl; Table 1.1). The Nurses' Health Study Cohort found that 

after adjustment for age, BMI was the dominant predictor o f  risk for T2DM. The risk o f  

diabetes increased t'lve fold for wom en with a BMl o f  25, 28 fold for those with a BMI o f  

30 and 93 fold for those women with BMI o f  35 or greater, compared with women with a 

BMl o f  less than 21 (Colditz el al., 1995). A strong positive association between overall 

obesity as measured by BMI and risk o f  T2DM  was also found in men (Chan et al.. 1994). 

Men with a BMI o f  equal to or greater than 35 had a 42 fold increased risk o f  T2DM  

compared with men with a BMI less than 23. The association o f  obesity with the MetS and 

C V D  risk is not only related to BMI but seems critically dependent on body fat



distribution. Individuals with greater degrees o f  central adiposity or visceral adipose tissue 

(VAT) develop MetS more frequently than individuals with a peripheral body fat 

distribution (Kissebah et al., 1982).

Table 1.1 Classification o f  obesity based on BMI as determined by W HO

BMI
(kg/m^)

O besity class

Underweight < 18.5
Healthy 18.5 to 24.9

Overweight 25.0 to 29.9 Grade 1
Obesity 30.0 to 39.9 Grade 2

Extreme obese > 4 0 Grade 3

T2DM is characterized by peripheral insulin resistance, increased hepatic glucose 

production and impaired insulin secretion (Kahn and Rossetti, 1998). T2D M , once seen as 

a relatively mild ailment associated with ageing and the elderly, is now considered a 

chronic and debilitating disease. T2DM  is ranked am ong the leading causes o f  blindness, 

renal failure, lower limb amputation and through its effects on CVD. it is also now 

considered one o f  the leading causes o f  death (IDF, 2009). The life expectancy o f  

individuals with T2DM  can be shortened by as much as 15 years, with up to 75% dying o f  

CVD (Davies, 2005). Insulin is an essential hormone secreted by the pancreas; it affects a 

wide range o f  biological processes including glucose transport, glucose and lipid 

metabolism, cell growth, protein synthesis and gene expression in many different cell types 

and multiple organs including the liver, muscle and adipose tissue. Fundamentally, insulin 

resistance is a disordered state in which insulin inadequately stimulates glucose transport 

and in skeletal muscle and white apipose tissue (W A T) while inadequately suppressing 

hepatic glucose production (F-leaven. 1995).

1.2 Insulin and glucose homeostasis

Blood glucose levels must be maintained within a precise range throughout the day. 

independently o f  dietary nutrient ingestion, in a process termed blood glucose homeostasis. 

This homeostasis involves a complex communication between different tissues, including 

the liver, skeletal muscle, adiposde tissue, brain and the endocrine pancreas (Fritsche et al.. 

2008; Herman and Kahn. 2006; Rosen and Spiegelman. 2006). During the fasting state, 

insulin remains at low levels because plasma glucose concentrations are low. In this state, 

the levels o f  the counter-regulatory hormones, glucagon, adrenaline and corticosteroids are



increased to promote hepatic glucose production. In contrast, during the fed state insulin is 

increased. Insulin decreases blood glucose by promoting adipocyte and muscle glucose 

uptake, while suppressing glycogenolysis (conversion o f  glycogen to glucose) and 

gluconeogenesis (synthesis o f  glucose from non-carbohydrate precursor) preventing 

glucose production by the liver (Fritsche et a l .  2008).

I'he endocrine cells of the pancreas are grouped in the islets o f  Langerhans. which 

constitute approximately 1 -  2% of the pancreas mass. Islets are distributed throughout the 

organ in healthy human adults (Nadal et al., 2009). The cells in the islets can be divided 

into a  cells, which secrete glucagon, p cells, which secrete insulin. § cells which secrete 

somatostatin and PP cells, which produce pancreatic polypeptide (Brissova et al., 2005; 

Cabrera et al., 2006). Furthermore, a small population o f  ghrelin-producing cells, s cells, 

have also been identified (Prado et al., 2004). The p cells are the most common and 

account for approximately 65 - 75% of  the cell within the islets. The P cells are generally 

located in the centre of each islet, surrounded by the a .  5 and PP cells (Ganon. 2005). 

However, the percentage o f  the different cell subpopulations and the islet cytoarchitecture 

vaiy between species. In rodent islets, p cells are the most abundant. 60 -  80% of the total 

number o f  cells; a  cells account for 15 -  20%, while S cells are less than 10% and PP-cells 

about 1%. In human islets, the proportion of 8 and PP cells is similar to rodent islets, but 

the percentage o f  a  cells is higher (35 -  45%) and the p cell percentage is lower (55 -  

65%). Moreover, a  and p cells are distributed evenly throughout the islet, suggesting that 

paracrine interactions between both types o f  cells may be more important in humans than 

in rodents (Brissova et al., 2005; Cabrera et a i ,  2006).

i'he main function of pancreatic P cells is the biosynthesis and release of insulin. 

The rate o f  insulin biosynthesis is controlled by many signaling molecules including 

neurotransmitters, hormones and nutrients, among which glucose is the most important 

(Nadal et a i .  2009). In response to short glucose stimulation, insulin biosynthesis is 

regulated by the increased translation of the pre- and pro-insulin transcript. However, after 

prolonged glucose exposure it is regulated via gene transcription (Permutt and Rotwein, 

1983; Poitout et al., 2006). Both transcriptional and translational regulation o f  insulin 

biosynthesis is essential to maintain the intracellular stores o f  insulin on a long-term basis 

(Nadal et a i ,  2009). Glucose-induced insulin secretion is coupled to the metabolic state of 

the P cell. After transport into the cell, glucose is phosphorylated and shunted into 

glycolysis, which increases metabolic flux. This altered metabolic state leads to an increase 

in the ATP/ADP ratio that closes the plasma membrane-associated ATP-sensitive
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potass ium  ( K a h >) channel. C losure  o f  this channel d epo la r izes  the m em b ran e ,  leading to 

the ac tiva tion  o f  vo ltage-sensitive calc ium  (Ca^^) channels ,  Ca^^ influx and  insulin 

secretion  (N ew gard  and M cG arry , 1995) as described  in F igure 1.1. Insulin resistance o f  

skeletal m uscle,  liver and adipose  in addition  to dysfunc tion  o f  pancrea tic  P cells are 

central abnorm alit ies  o f  T 2D M .

Glucose

p cell channelG L IT 2

Metaboli.sni

Nucleu: VDCC

Endoplasmic 
reticuhmi

Golai

Pro-ui.sulni

Inunatui e 
a a im le

Secietoi>
a a n u leInsu 111

Insulin secretion

F igure 1.1 Insulin is synthesised in the rough endop lasm ic  re ticu lum  (ER ) o f  the P cells. It 
is then transported  to the Golgi apparatus, w here  it is packaged  in m em b ran e-b o u n d  
granules. R ising levels o f  p lasm a glucose cause  transport  o f  g lucose into the cell via 
g lucose transporters  such as G LU T 2. T he increased  levels o f  g lucose  increase g lucose 
m etabo lism  within the P cells causing  an increase in the A T P /A D P  ratio. T he  increase in 
A T P  c loses  the A T P-sensit ive  po tassium  ( K a t p ) channels ,  depo lar iz ing  the P cell 
m em b ran e  (v|;). This  depolarization opens  the v o l tage-dependen t  ca lc ium  channels  
(V D C C ),  a llow ing  ca lc ium  influx. The rise in the in tracellu lar  ca lc ium  concen tra tion  in the 
P cell then triggers insulin granule exocytosis  and  insulin  is passed  into the blood. A dapted  
from M iki t ' /a / .  1999

1.3 Quantifying insulin sensitivity

I he ability  to d ispose  o f  g lucose depends on the responsiveness  o f  the pancrea tic  P cells to 

g lucose  and  the sensitivity  o f  the glucose u tiliz ing t issues to the secreted  insulin  (B ergm an  

et uL.  1981). U nders tand ing  the etiology o f  the various  fo rm s o f  im paired  glucose
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tolerance requires techniques for measuring both pancreatic responsiveness and insulin 

sensitivity, with a means to evaluate their relative contributions to overall glucose 

tolerance (Bergman e! a l ,  1981).

1.3.1 Homeostasis model assessment and quantitative insulin sensitivity' check index

Mathematical handling o f  the fasting levels o f  glucose and insulin concentration has been 

used for the calculation o f  insulin sensitivity and secretion by introducing various indices, 

such as HOM A (homeostasis model assessment; fasting glucose [niMol/L] x fasting 

insulin [|.iU/mL])/22.5) and QUICKI (quantitative insulin sensitivity check index; l/(log 

fasting glucose [mg/dL] + log fasting insulin [|iU/mL]). Low' H O M A values indicate high 

insulin sensitivity, whereas high HOM A values indicate low insulin sensitivity. 

Conversely, low QIJICKI index values indicate low insulin sensitivity, whereas high 

QUlCKl index values indicate high insulin sensitivity (Antuna-Puente el al.. 2008; Katz et 

al.. 2000; Matthews el al.. 1985). However, these simplistic approaches do not elucidate 

the dynamic state o f  the relationship between insulin sensitivity and secretion.

1.3.2 Hyperinsulinemic euglycemic glucose clamp

fhe  glucose clamp technique, originally developed by DeFronzo el al. (1979), is widely 

accepted as the reference standard for directly determining metabolic insulin sensitivity in 

humans (DeFronzo et a l .  1979). Hyperinsulinemic euglycemic glucose clamp is conducted 

after an overnight fast in humans as described by M uniyappa e! al. (2008). Insulin is 

infused intravenously at a constant rate. This constant insulin infusion results in a new 

steady-state insulin level that is above the fasting level or hyperinsulinemic (Muniyappa el 

al.. 2008). As a consequence, glucose disposal in skeletal muscle and W AT is increased, 

whereas hepatic glucose production (HGP) is suppressed. Under these conditions, a 

bedside glucose analyzer is used to frequently monitor blood glucose levels while 20% 

dextrose is given intravenously at a variable rate to “clam p” blood glucose concentrations 

in the normal range (euglycemic). An infusion o f  potassium phosphate is also given to 

prevent hypokalemia resulting from hyperinsulinemia and increased glucose disposal. 

After several hours o f  constant insulin infusion, steady-state conditions can typically be 

achieved for plasma insulin, blood glucose and the glucose infusion rate (GIR). Assuming 

that the hyperinsulinemic state is sufficient to completely suppress HGP, and since there is 

no net change in blood glucose concentrations under steady-state clamp conditions, the 

GIR must be equal to the glucose disposal rate (M). Therefore, whole body glucose 

disposal at a given level o f  hyperinsulinemia can be determined directly. M is typically



normalized to body weight or fat-free mass to generate an estimate o f  insulin sensitivity. 

Alternatively, an insulin sensitivity index (SI) derived from clamp data can be defined 

(Katz el al., 2000).

In rodents, which have no true physiological fasting state, imposing a non- 

physiological fasting period leads to a significant decrease in body weight, depletion o f  

hepatic glycogen content and improved insulin sensitivity (Muniyappa et al., 2008). 

Therefore, under these non-physiological fasting conditions, plasma glucose and insulin 

levels may not attain steady-state conditions. Furthermore, it is likely that the glucose 

clamp technique in rodents is not as accurate and reliable as in humans due to small blood 

volumes (2 ml in mice) and limited sampling ability. Additionally, the glucose clamp is 

stressful in mice even with the use o f  anesthetics (Muniyappa el al., 2008).

1.3.3 Glucose tolerance test (GTT)

I'he minimal model, developed by Bergman el al. (1979), provides an indirect 

measurement o f  metabolic insulin sensitivity and resistance on the basis o f  glucose and 

insulin data obtained during a frequently sampled intravenous glucose tolerance test 

(FSIVGTT) (Bergman el a i .  1979). After an overnight fast, an IV bolus o f  glucose is 

infused over 2 minutes starting at time 0. Blood samples are taken for plasma glucose and 

insulin measurements. These measurements are then subjected to minimal model analysis 

using the computer program M INM OD to generate an index o f  insulin sensitivity (SI) 

(Muniyappa el al.. 2008). The oral glucose tolerance test (OGTT) is a simple test widely 

used in clinical practice to diagnose glucose intolerance and T2DM. After overnight fast, 

blood samples for determinations o f  glucose and insulin concentrations are taken following 

a standard oral glucose load or a standard meal (Dalla Man el a l ,  2005). The OGTT 

mimics the glucose and insulin dynamics o f  physiological conditions more closely than 

conditions o f  the glucose clamp or FSIVGTT. However, while the O G TT provides useful 

information about glucose tolerance, it provides little information about insulin sensitivity 

or resistance (Muniyappa el al.. 2008). In normal non-diabetic patients, blood glucose 

levels peak within 30 minutes to 1 hour following glucose ingestion. The peak in glucose 

levels triggers the release o f  insulin, which brings glucose levels back down to fasting 

levels within about 2 hours. In diabetics, the glucose peak is higher and they show a slower 

return to fasting levels (McCall and Tankersley, 2008). Furthermore, impaired glucose 

tolerance is reflected in a larger incremental area under the curve (AUC) o f  the plasma 

glucose disappearance curve.
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In rodents GTTs can be conducted with more ease than the glucose clamp.

I lowever, unlike the clamp, these methods do not provide precise estimates of insulin 

sensitivity or tissue specific glucose disposal. The intraperitoneal (IP) GTT has an 

advantage over the OGTT in that it excludes incretin effects. An insulin tolerance test 

(ITT) can also be conducted in fasted animals, in which insulin is administered. Blood 

samples are taken for measurement o f  plasma glucose and insulin concentrations. For the 

I'fT, the rate and magnitude o f  decline o f  plasma glucose concentration in response to an 

injection of insulin provide an estimate o f  insulin sensitivity. However, these tests can be 

stressful to the animals. In addition, imposing a non-physiological fasting state in rodents 

may complicate interpretation of results (Muniyappa et a i,  2008).

1.4 White adipose tissue: biology and function

I'he main role of WAT is the storage of triacylglycerol (TAG) during energy consumption 

and non-esterified fatty acid (NEFA) release when energy expenditure exceeds energy 

intake (Vazquez-Vela el a i,  2008). However, adipose tissue is increasingly viewed as an 

active endocrine organ with high metabolic activity. Adipose tissue produces a number of 

cytokines and bioactive molecules together termed as adipokines (Trayhurn and Wood, 

2004). Some act in an autocrine or paracrine manner within the adipose tissue, while others 

are released into the systemic circulation and act as signalling molecules in other tissues 

such as the brain, liver, muscle and pancreas. Adipokines play an essential role not only in 

energy intake and regulation but also in metabolic processes such as angiogenesis, 

adipogenesis, extracellular matrix dissolution and reformation, steroid metabolism, 

immune response and hemostasis (Bays et al., 2008).

1.4.1 Subcutaneous and visceral adipose tissue

WAT is composed o f  several subcutaneous and visceral adipose tissue (SAT and VAT) 

depots. In basic terms SAT is found just underneath the skin while VAT is found within 

the abdominal cavity and vital organs. Similarly, rodents have two main SAT depots; one 

anterior and one posterior lying in discrete anatomical locations while the VAT depots are 

located in the thorax and abdomen cavities (Figure 1.2; Cinti, 2005). The anterior SAT 

depot lies at the base o f  the forelimbs and extends into the base o f  the neck. The posterior 

SAT depot is located at the base o f  the hind legs. The thorax VAT lies around the heart and 

the aorta, while the abdominal VAT depots can be retro- or intraperitoneal. The omental 

depot is small in rodents, whereas the perigonadal depot or the epididymal adipose tissue 

(EAT) is well circumscribed, enveloped and bound to the epididymis by the peritoneal



leaflets in males, while in females, it surrounds the ovaries, uterus and bladder (Cinti, 

2005).

D eep  cervical

A nterior subcutaneous (interscapular, 
subscapular, ax illo -toracic , superficial 
cervical)

*  V iscera l m ediastin ic

V iscera l m esenteric

V iscera l retroperitoneal

V iscera l perirenal, periovaric, param etrial 
and p erivescica l

P osterior subcutaneous (dorso-lum bar, 
inguinal and gluteal)

Figure 1.2 Subcutaneous and visceral adipose tissue (SAT and VAT) depot locations 
within rodents. Adapted from Cinti. 2005.

interestingly, patterns o f  fat distribution within humans may confer additional risk for 

MetS (Despres et a i ,  1989; Goodpaster e! u l ,  1997; Kelley et a i ,  2000). In the health, 

aging and body composition (Health ABC) study, abdominal W AT comprising both VAT 

and SAT depots, in addition to muscle-associated VAT, were related to insulin resistance 

in older subjects, particularly in those who were o f  normal weight. Furthermore, 

accumulation o f  these regional W AT depots is characteristic o f  older people with T2DM 

and impaired glucose tolerance (Goodpaster et al., 2003). Furthermore, numerous studies 

have indicated that abdominal WAT. particularly VAT. is a strong independent predictor 

o f  the MetS including symptoms such as hyperglycemia, dyslipidemia and hypertension 

(DeFronzo and Ferrannini. 1991; Despres el al.. 1990; Fujioka e! a i ,  1987; Kissebah et al.. 

1982). fhe abdominal VAT is thought to be more metabolically active while acting as a
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major source o f  adipokines, such as tumor necrosis factor (TN F)-a. interleukin (IL)-6 and 

monocyte chemoattractant protein (M CP)-l (Tilg and Moschen, 2006). Importantly, SAT 

is also thought to play a major role in insulin resistance, fhe  elevated insulin and glucose 

concentrations, in addition to T2DM, are significantly associated with hypertrophied SAT 

adipocytes o f  the abdomen in obese men and wom en (Berchtold et a l ,  1972; Bjorntorp, 

1971; Bjorntorp et al., 1972; Imbeault el al., 1999; Kissebah et a l .  1982; Morin et a l ,  

1998; Weyer et al., 2000). These hypertrophied SAT adipocytes predict the development 

o f  T2D1V1, independent o f  obesity and insulin resistance (Weyer et al., 2000). Additionally, 

obese pre-menopausal wom en with large SAT abdominal adipocytes are also more 

hyperinsulinemic and glucose intolerant than obese individuals with relatively smaller SAT 

abdominal adipocytes (Kissebah et al., 1982).

1.4.2 Lipid absorption and storage

Lipids fulfill many roles in eukaryotes. Apart from being the main building blocks o f  cell 

membranes, they also carry' out transport, signaling and storage functions. The most 

important compounds for energy storage in m am mals are TAG (Schittmayer and Birner- 

(iruenberger, 2009). TAG are non-polar. water insoluble fatty acid trimesters o f  glycerol. 

Although most lipids are taken up in the form o f  TAG they must be degraded to NEFA and 

glycerol prior to absorption across the intestinal epithelium. This initial step is catalyzed by 

digestive lipases, pancreatic lipase, gastric lipase and aided by bile acids (Bodmer et al., 

1987; Canaan et al., 1999; Chahinian et al., 2006; Kleeberg, 1971; Semeriva and 

Desnuelle, 1976). The N EFA  form mixed micelles with other lipids, e.g.

monoacylglycerols and diacylglycerols, cholesterol, fat-soluble vitamins and

lysophospholipids created by phospholipase A2 (Huggins et al., 2002). These mixed 

micelles are absorbed by enterocytes located at the microvilli o f  the small intestine; TAG 

are reassembled into chylomicrons and then pass into the bloodstream via the lymphatic 

system. The chylomicrons are transported to other locations in the body by a highly 

complex lipid transport system, composed o f  five main classes o f  lipoproteins, i.e.

chylomicrons, very low density lipoproteins (VLDL), intermediate density lipoproteins

(IDE), low density lipoproteins (EDL) and high density lipoproteins (HDE) (Alonzi et al., 

2008).

Chylomicrons are broken down by lipoprotein lipase (LPE) in the capillaries o f  

muscle and adipose tissue to NEFA. which then enter the cells. The chylomicron remnants, 

which have lost much o f  their TAG content, are taken up by the liver for disposal. 

Furthermore, the liver synthesizes TAG and cholesterol, and packages them as VEDEs
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before releasing them into the blood. When VLDLs reach muscle and adipose blood 

vessels, the TAG are hydrolyzed by LPL to NEFA and taken up by surrounding muscle 

and adipose cells. During this process, the VLDLs become progressively denser and form 

LDLs. While most o f  the resulting LDLs are taken up by the liver for disposal, some 

circulate and distribute cholesterol to the rest o f  the body tissues. HDLs, which are also 

secreted from the liver and intestine, have the task o f  preventing lipid accumulation by 

removing surplus cholesterol from the tissues and transferring it to the LDLs. The dietary 

intake o f  both fat and carbohydrate, in excess o f  the needs o f  the body, leads to their 

conversion into TAG in the liver. These TAG are packaged into VLDLs and released into 

the circulation for delivery to the various tissues (primarily muscle and adipose tissue) for 

storage. Within the cell, NEFAs are either introduced to the P-oxidation cycle for energy 

supply (Berg, 2002), incorporated into phospholipids as basic building blocks for 

membranes (Loewen et al.. 2004) or reassembled to TA G for energy storage as lipid 

droplets (LD) (Bartz et al., 2007). While in most cell types one o f  the main functions o f  

LD is the removal o f  toxic concentrations o f  NEFA (Listenberger et al., 2003), their major 

role in adipocytes is lipid storage. Therefore, adipocyte LD differ from those in other 

tissues in size and composition (Bartz et al., 2007; Murphy and Vance. 1999; Zweytick et 

al., 2000).

1.4.3 T riacylg lycerol synthesis  and lipolysis

In mammals, there are two main biochemical pathways for TAG biosynthesis: the 

monoacylglycerol pathway, which plays an important role in nutrient absorption in the 

small intestine and the glycerol-3-phosphate pathway, which is responsible for the majority 

o f  de novo TAG synthesis (Figure 1.3). Acyl-coenzyme A (Acyl-CoA) glycerol-3- 

phosphate acyl-transferase (GPAT) catalyzes the initial step o f  de novo  TAG synthesis by 

converting glycerol-3-phosphate to lysophosphatidic acid. Lysophosphatidic acid is then 

acylated to form phosphatidic acid, followed by dephosphorylation to diacylglycerol 

(DAG). DAG is then converted to TAG, in acylation step catalyzed by acyl-CoA DAG 

acyl-transferase (DGAT). Fhis pathway was largely identified by Kennedy and his 

coworkers in the 1950s (Kennedy. 1961; Weiss et al., 1960). Lysophosphatidic acid can 

also be formed by the acylation o f  dihydroxyacetone-phosphate (DHAP) by CoA DHAP 

acyl-transferase and the subsequent reduction o f  1 -acyl-DHAP by DHAP oxido-reductase. 

However, the contribution o f  the DHAP pathway to TAG synthesis remains unclear 

(Coleman and Lee. 2004). The enzymes o f  TAG synthesis are integral m embrane proteins 

o f  the peroxisomal. ER and mitochondria. Interestingly, during the development and
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maintenance o f  obesity, over nutrition promotes TAG synthesis from increased substrate 

supplies while TAG biosynthetic enzymes are themselves up-regulated (Coleman et al., 

2000). For example, acetyl-coenzyme A synthetase (ACS)-l m RN A  is increased in 

adipose tissue from leptin deficient obese oh/oh  mice compared with control littermates 

(M em on el al., 1999). Importantly, in obesity, TAG accumulation in both adipose and non­

adipose tissues is closely associated with several metabolic co-morbidities. TAG 

accumulation in muscle and pancreas occurs with insulin resistance (Goodpaster and 

Kelley, 1998; Koyama et al.. 1997) and islet cell dysfunction (Unger el al., 1999), 

respectively, in T2DM  both hepatic TAG synthesis in liver and VLDL secretion increase 

(Lewis, 1997). This data indicates that intracellular lipid accumulation might be causally 

linked to the pathogenesis o f  disordered energy homeostasis (Unger el al., 1999).

While TAG synthesis occurs in multiple tissues, lipolysis is quantitatively the most 

predominant in W AT (Ahmadian el al., 2007). During times o f  energy deprivation. W AT 

undergoes a shift toward greater net rates o f  lipolysis, which can be defined as the 

hydrolysis o f  TAG to generate NEFAs and glycerol (Figure 1.3) that are released into the 

vasculature for use as energy substrates by other organs. TAG are hydrolyzed to form 

DA(i. then monoacylglycerol (MAG), with the liberation o f  a NEFA at each step; M AG is 

hydrolyzed to release the final fatty acid and glycerol. In times o f  energy need, such as 

tasting and exercise, adipocyte lipolysis is markedly increased by catecholamines that 

activate Gs-coupled receptors (Ahmadian el al., 2007). I ’hese receptors, in turn, activate 

adenylyl cyclase to generate cyclic (c) AMP. Rising cellular concentrations o f  cAM P 

activate protein kinase A (PKA) that phosphorylates hormone-sensitive lipase (HSL). 

Interestingly, insulin is a potent inhibitor o f  lipolysis and acts primarily through its effect 

on phosphodiesterase and subsequent suppression o f  the formation o f  cAMP. 

Phosphorylation o f  HSL results in increased hydrolytic activity (Fredrikson et al., 1981), 

translocation o f  HSL from the cytosol to the LD surface and enhanced TA G breakdown in 

the cell (Holm, 2003). Importantly, perilipin is an abundant adipocyte protein that exists in 

three isoforms (A, B and C), which are the products o f  differentially spliced transcripts 

from a single gene. It has been postulated that in the basal state, perilipin coats the lipid 

droplet and somehow interferes with HSL gaining access to the droplet (Londos et a l ,  

1995; Londos et a l ,  1999; Souza et al., 1998). Lipolytic activation o f  adipocytes is 

associated with polyphosphorylation o f  perilipin mediated by protein kinase A, which 

induces a change in the lipid droplet surface and the appearance o f  lipid microdroplets, 

a llowing HSL access to core lipids (Clifford et al., 2000; Londos el al., 1999; Souza et al., 

1998). Martinez-Botas el al. (2000) observed that Perilipin’ ’ mice consumed more food



than control mice, but have normal body weight. I'hese mice had smaller white adipocytes 

with elevated basal lipolysis. Perilipin'^' mice were also resistant to diet-induced obesity 

(Martinez-Botas el ciL, 2000). Breeding the Perilipin'^' alleles into dh/dh mice reversed the 

obese phenotype by increasing the metabolic rate o f  the mice (Martinez-Botas el a i ,  2000). 

These data demonstrate a clear role for perilipin in regulating lipolysis and energy balance.

Notably, Villena el al. 2004 identified and characterized a novel adipocyte TAG 

lipase called desnutrin (ATGL/desnutrin). In cells that contain fat stores, such as 

differentiated 3T3-L1 cells (Zimmermann et a l ,  2004) and HeLa cells grown in oleic acid- 

rich medium (Smirnova et al., 2006), desnutrin/ATGL is found tightly associated with the 

LD, as well as throughout the cytoplasm (Smirnova el a!., 2006; Villena el al., 2004; 

Zimmermann et a l ,  2004). Desnutrin/ATGL is regulated by nutritional and hormonal 

signals. In mice, desnutrin/ATGL expression is induced by fasting due to glucocorticoids, 

which are elevated during fasting and suppressed by re-feeding due to insulin (Kershaw el 

a l ,  2006; Villena el a l ,  2004). Furthermore, Villena et a l  (2004) also observed that 

desnutrin/ATGL is down-regulated in oh/oh and dh/dh mice, further supporting a role for 

the enzyme in fat breakdown and contribution in the development o f  obesity (Villena et a l ,  

2004). Additionally, studies have shown that lipolysis is stimulated by adipokines such as 

leptin (Fruhbeck et al. 2001), TNF-cx and lL-6 (Lyngso et al. 2002) indicating that 

inllammation can also contribute to metabolic disregulation.
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acylglycerol-3-phosphate acyltransferase; ATGL, adipose triacylgiycerol lipase; CoA: 
coenzyme A; DGAT. diacylglycerol acyltransferase; DHAP. dihydroxyacetonephosphate; 
DIIAPAT, acyl-CoA dihydroxyacetone-phosphate acyltransferase; DHAP-OR, 
dihydroxyacetone-phosphate oxido-reductase; FA, fatty acid; GPAT, glycerol-3-phosphate 
acyltransferase; HSL, hormone-sensitive lipase; MGL, monoglyceride lipase; PAP. 
phosphatidic acid phosphatase). Adapted from Ahmadian el al. 2007.

1.5 Adipokines: obesity and T2DM

Compared with W AT o f  lean individuals, adipose tissue o f  obese subjects expresses 

increased amounts o f  pro-intlammatory proteins such as T N F-a .  lL-6, inducible nitric 

oxide synthase (iNOS), transforming growth factor (T G F )-p i ,  C-reactive protein, soluble 

inter-cellular adhesion molecule (ICAM), MCP-1, plasminogen activator inhibitor type 1 

(PAI-1) tissue factor and factor Vll (Fried et al., 1998; Hotamisligil el al., 1993; Perreault 

and Marette. 2001; Samad et al., 1996; Samad el al., 1997; Sartipy and Loskutoff, 2003; 

Visser el al., 1999). Additionally, adiposity is negatively correlated with production o f  

adiponectin, an insulin sensitising hormone that decreases hepatic gluconeogenesis and 

increases lipid oxidation in muscle (Arita et al., 1999; Tomas el al.. 2002). Importantly, 

recent data suggests that in W AT, pro-inflammatory molecules are produced by stromal
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vascular cells (SVC). The SVC fraction includes pre-adipocytes, vascular cells, such as 

endothelial cells and immune cells.

1.5.1 A diponectin

Adiponectin is one o f  the most abundant adipose tissue specific factors; it exists most 

commonly in the plasma as a full-length protein although smaller, globular fragments also 

exist. Serum adiponectin levels are low in obese subjects and increase after weight loss. 

Importantly, adiponectin appears to improve insulin sensitivity (Lyon et al., 2003; Scherer 

el al., 1995) and hypoadiponectinemia may contribute to insulin resistance associated with 

obesity (Ouchi et al., 1999). Recent studies also suggest that adiponectin has anti­

inflammatory effects (Ouchi and Walsh, 2007). Interestingly, pre-treatment with 

adiponectin reduces lipopolysaccharide (LPS)-stimulated T N F-a  production in human and 

porcine macrophages (Wulster-Radcliffe et al., 2004; Yokota et a l ,  2000). Adiponectin 

treatment also inhibits Toll-like receptor (TLR) mediated NF-kB activation in mouse 

macrophages (Yamaguchi et al., 2005). Furthermore, adiponectin stimulates production o f  

lL-10. an anti-intlammator\ cytokine in porcine macrophages (Wulster-Radcliffe et al., 

2004). Importantly, pro-intlammator>' cytokines have been shown to suppress adiponectin 

expression in adipocytes. TNF-cx treatment suppresses adiponectin expression at the level 

o f  transcription in cultured 3T3-L1 adipocytes (Maeda et al., 2001) and reduces the 

expression and secretion o f  adiponectin protein in primary human adipocytes (Kappes and 

Loffler. 2000). While treatment with insulin-sensitizing agents, thiazolidinediones (TZDs), 

that activate peroxisome proliferator-activated receptor-y (PPAR-y) is reported to increase 

expression and secretion o f  adiponectin in 3T3-L1 adipocytes while increasing plasma 

adiponectin levels in humans and obese mice (Combs et a l ,  2002; M aeda et al., 2001; 

Yang et al.. 2002; Yu et al., 2002).

In addition, adiponectin can decrease insulin resistance by stimulating fatty acid 

oxidation and reducing TAG content in muscle and liver (Yamauchi et a i ,  2001). 

Furthermore, studies indicate that adiponectin exerts its effects on energy homeostasis and 

glucose and lipid metabolism through phosphorylation and activation o f  adenosine 

monophosphate-activated protein kinase (AM PK), an enzyme typically activated by 

cellular stress (Hardie, 2003). Both globular and full-length adiponectin stimulate A M PK  

in skeletal muscle but only full-length adiponectin activates A M PK  in liver (Yamauchi et 

a i ,  2002). Activation o f  AM PK in liver reduces enzymes involved in gluconeogenesis 

leading to reduction o f  glucose levels (Berg et a i ,  2001). It is also proposed that 

adiponectin could activate PPA R-a; this hypothesis is based on the observation that
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treatment o f  lipoatrophic or obese diabetic mice with adiponectin or over expression o f  

adiponectin in oh/oh  mice resulted in increased expression levels o f  P P A R -a  target genes 

such as CD36, acyl-coenzyme A (CoA) oxidase and uncoupling protein-2 (Yamauchi et 

a i .  2001). This could suggest that adiponectin increases fatty-acid combustion and energy 

consumption via P P A R -a  activation, leading to decreased TAG content in the liver and 

skeletal muscle, hnportantly, adipoRl and R2 serve as receptors for globular and full- 

length adiponectin. mediating increased A M PK  and P P A R -a  ligand activities therefore 

leading to increased fatty-acid oxidation and glucose uptake (Combs et al., 2003)

1.5.2 Leptin

Leptin is the product o f  the obese (oh) gene and is synthesized mainly in WAT. Leptin has 

been implicated in the regulation o f  food intake, energy expenditure and whole-body 

energy balance in rodents and humans (Houseknecht el ciL, 1998). Importantly, leptin has 

been shown to act on a receptor site in the ventromedial nucleus o f  the hypothalamus to 

curb appetite and increase energy expenditure as body fat stores increase (Flier. 1997; 

Friedman and lialaas. 1998; Jequier and Tappy. 1999). hi the fed. steady state, leptin 

expression and secretion reflect body fat mass in rodents and humans (Considine el u l ,  

1996; Frederich e! al.. 1995; Maffei el a l .  1995) and are highly correlated with adipocyte 

size in lean and obese mice (Houseknecht el al.. 1996). Leptin concentrations decrease in 

response to short-term fasting and increase after re-feeding (Kolaczynski el al., 1996a). 

Importantly, leptin concentrations are greatly elevated in obese subjects (Friedman and 

I lalaas, 1998).

Patients with a complete deficiency o f  leptin due to mutations in the leptin gene 

express a phenotype o f  congenital obesity and show numerous endocrinological 

abnormalities, including insulin resistance and hypogonadotropic hypogonadism akin to 

the leptin deficient oh/oh  mouse model (Montague el al., 1997). Leptin administration has 

a potent effect on lipid metabolism, leading to a substantial reduction o f  fat mass within 

several days o f  administration (Halaas el al., 1995; Pelleymounter el al., 1995). Leptin 

treatment o f  animals has been shown to cause a dose-dependent decrease in food intake, 

loss o f  body weight, loss o f  fat depots, and an increase in energy metabolism (Levin el a l ,  

1996; Pelleymounter el a l ,  1995). Flowever, the vast majority o f  obese humans have high 

circulating leptin concentrations indicating that obesity is a leptin resistant state in humans 

(Ahima et al., 2000; Friedman and Halaas, 1998; Mantzoros, 1999). Furthermore, 

endogenous leptin treatment is largely ineffective in reducing the body weight o f  obese
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patients due to this state o f  leptin resistance, which develops rapidly in obese patients 

(Heymsfield <;//., 1999).

Although there are five different isoforms o f  its receptor, leptin exerts most o f  its 

physiologic functions by binding to the long form o f  its receptor, ObRb. Its signal 

transduction involves activation o f  the Janus kinase (JAK) and signal transducer and 

activator o f  transcription (STAT) pathway (Juge-Aubry e! al., 2005; Seufert, 2004). It is 

also likely that leptin activates mitogen-activated protein kinase (M A PK ) pathways 

(Watowich e/ al., 1996). A portion o f  circulating serum leptin is bound to a soluble Ob 

receptor (sOb-R), which in humans is generated by proteolytic cleavage o f  membrane 

bound leptin receptor. Leptin has been observed to inhibit insulin synthesis and secretion 

within the pancreatic p cells through several m echanisms including activation o f  ATP- 

dependent potassium channels, JAK/STAT signaling, interference with cA M P pathway, 

activation o f  phosphatidylinositol-3 kinase (P13K) and inhibition o f  protein phosphatase-1 

activity (Kieffer and Habener, 2000; Seufert, 2004; Siegrist-Kaiser et al., 1997). 

Furthermore, in a bidirectional hormonal feedback loop (adipoinsular axis), in vivo  and in 

vitro  insulin has been shown in vivo to stimulate leptin secretion (Cusin et a l ,  1995; 

Kieffer and Flabener, 2000; Malmstrom ct al.. 1996; Saladin et al.. 1995; Slieker et al.. 

1996; Utriainen et al.. 1996; Vidal et al.. 1996).

Importantly, leptin has direct effects on W AT. including activation o f  the 

JAK /STAT pathway resulting in increased glucose utilization and lipolysis (Siegrist-Kaiser 

et al., 1997). Leptin like adiponectin may also reduce excess lipid stores in organs such as 

the skeletal muscle and liver, which disrupts energy metabolism, impairing glucose 

oxidation and insulin response. Induction o f  leptin signaling in skeletal muscle activates 

AM PK, which phosphorylates and inactivates the enzyme acetyl-CoA carboxylase (ACC). 

ACC catalyzes the production o f  nialonyl-CoA from acetyl-CoA. Malonyl-CoA inhibits 

carnitine palmitoyltransferases (C PT)-l,  which transport long-chain fatty acyl-CoAs 

(LCFA-CoA) into the mitochondria prior to oxidation. Therefore, a reduction in Malonyl- 

CoA allows C PTl levels to increase, resulting in increased mitochondrial lipid oxidation 

which in turn reduces the lipid content o f  cells and improves insulin sensitivity (Figure 1.4) 

(Moran and Phillip, 2003; Muoio et a l .  1997). Leptin like adiponectin may also stimulate 

fatty acid oxidation by activation o f  PPAR-a (Lee et al., 2002). These protective effects o f  

leptin may be lost in leptin resistant states such as obesity.
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Figure 1.4 Activation o f  the leptin receptor ObRb activates adenosine monophosphate- 
activated protein kinase (AM PK), which phosphorylates and inactivates the enzyme acetyl- 
CoA carboxylase (ACC). ACC catalyzes the production o f  malonyl-CoA from acetyl-CoA. 
Malonyl-CoA inhibits carnitine palmitoyltransferases (C P T )- l,  which transport long-chain 
fatty acyl-CoAs (LCFA-CoA) into the mitochondria prior to oxidation. A reduction in 
Malonyl-CoA allows C PTl levels to increase resulting in increased mitochondrial lipid 
oxidation, which in turn reduces the lipid content o f  cells.

1.5.3 Resistin

Although murine and human resistin share more than 50% identity at the amino acid level, 

their expression patterns are different (Koerner et al.. 2005). In mice, resistin is almost 

exclusively expressed in W AT in proportion to adipocyte differentiation and the amount o f  

adipose tissue (Steppan et al., 2001). In humans, resistin is highly expressed in the bone 

marrow (Patel et al., 2003). In contrast to mice, only a low level o f  expression o f  resistin 

has been found in mature human adipocytes (Janke el al.. 2002; McTernan el al., 2002a; 

M cl'ernan el al.. 2002b; Savage el al.. 2001). Interestingly, the particular cells that express 

resistin in WA T appear to be within the non-fat SVC (Bo el al.. 2005; Janke el al.. 2002; 

Patel el al.. 2003).
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Resistin appears to share several features with pro-inflammatory cytokines and can 

play a role in the regulation o f  inflammation and immunity (Tilg and M oschen, 2006). The 

expression o f  resistin is up-regulated during m onocyte-m acrophage differentiation, 

indicating a role for resistin in monocyte-m acrophage function (Patel et al., 2003; Savage 

el uL, 2001). Furthermore, it has been demonstrated that pro-inflammatory mediators such 

as TNF-a, IL-I(3. IL-6 or lipopolysaccharide (LPS) can strongly increase the expression o f  

resistin in peripheral blood mononuclear cells (PBMCs), suggesting a role for resistin in 

the process o f  inflammation (Anderson et al., 2007; Bokarewa et al., 2005; Kaser el al., 

2003; Lehrke el al., 2004). While. Nagaev el al. (2006) demonstrated in vilro that resistin 

can induce the expression o f  pro-inflammatory cytokines IL-6, IL-8, and T N F-a  within 

W AT (Nagaev el al., 2006). Silswal el al. (2005) observed that incubation o f  both human 

and mouse macrophages with human recombinant resistin can increase the production o f  

the pro-inflammatory cytokines through the induction o f  NF-kB (Silswal el al., 2005). 

Additionally, resistin has been found to activate the M APK s ERK and p38 in addition to 

PKB/Akt in several cell lines (Bertolani el al., 2006; Calabro el al., 2004; Kushiyama el 

a/.. 2005; M\x el al., 2006).

Interestingly, resistin has been shown to be increased in the m ouse models o f  

genetic and diet-induced obesity. The administration o f  resistin to healthy mice impaired 

glucose tolerance and insulin action while antibodies against resistin improve insulin 

action (Steppan el al., 2001). Resistin has been shown to induce p cell apoptosis (Gao el 

al., 2009) while in 3T3-L1 adipocytes, resistin attenuates the insulin-signaling pathway 

(Steppan el al., 2005). In rat skeletal muscles, resistin inhibits insulin-stimulated glycogen 

synthesis and glucose uptake (Moon el al.. 2003; Pravenec el al., 2003) perhaps due to a 

reduction in the intrinsic activity o f  glucose transporters (Pravenec el al., 2003). Resistin 

also exerts its glucoregulatory effect by stimulating hepatic glucose output (Banerjee el al., 

2004; Muse el al., 2004; Rajala el al., 2003; Yang el al., 2009). Resistin decreased insulin 

receptor and glycogen synthase activity while increasing the activity o f  glycogen 

phosphorylase; resulting in attenuation o f  glycogenesis and enhanced glycogenolysis 

leading to reduced glycogen content within the liver (Yang el al., 2009).

Nevertheless, there are no differences in serum resistin levels among non-obese, 

obese and obese diabetic groups, despite wide variations in insulin sensitivity. 

Furthermore, resistin is not a significant predictor o f  insulin resistance when adjusted for 

adiposity (Degawa-Yamauchi el al., 2003; Heilbronn el al., 2004). However, resistin 

clearly plays a role in obesity-related sub-clinical inflammation.
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1.5.4 TN F-a

T N F -a  is a pieiotropic factor that exerts a variety o f  effects such as growth promotion, 

growth inhibition, angiogenesis, cytotoxicity, infammation and imniunomodulation 

(Aggarwal and Natarajan, 1996). This cytokine is synthesized mainly by macrophages in 

response to invasive stimuli (.lue et ctL, 1990). T N F -a  is recognized by two different 

receptors, T N FR l and TNFR2. Although the exact biological functions o f  the two 

receptors are still not fully understood, it has been suggested that TN FRl plays an 

important role in both the pro-inflammatory and cytotoxic responses, while the other 

receptor may act to modulate the response generated by T N FR l (Peschon et uL, 1998). 

fN F -a  can either act in an autocrine or paracrine way at low concentrations or in an 

endocrine fashion when it is released in high concentrations.

In obese individuals and rodent models o f  obesity. T N F -a  is over-expressed in 

W AT and muscle tissue (Hotamisligil e( al., 1995; Hotamisligil et al.. 1993; Saghizadeh el 

al.. 1996) at both the m R N A  and protein level consistent with reports that circulating levels 

o f  T N F -a  are increased in individuals with T2DM  (Katsuki el al., 1998; Pfeiffer et al., 

1997). Interestingly, Hotamisligil et al. (1997) showed that TNFF^2 is over expressed in 

WA f o f  obese humans, with a strong correlation with BMl. hyperinsulinaemia and TNF 

mRNA levels in adipose tissue, while soluble receptors (sTNFR2) arc elevated six fold in 

the obese subjects as compared with the healthy controls suggesting that TNFR2 may play 

a role in obesity by modulating the actions o f  T N F -a  (Hotamisligil et al., 1997). 

Furthermore, Uysal et al. (1997) generated obese mice with a targeted null mutation in the 

gene encoding T N F -a  and also those encoding for the two TNF receptors (Uysal et al., 

1997). Interestingly, TNF deficient mice show a lower body weight and fat accumulation 

as compared to wild-type (W T) controls. The absence o f  TNF also resulted in significantly 

improved insulin sensitivity in both diet-induced obese mice and the oh/oh  model o f  

obesity. These results clearly indicate that TNF is an important mediator o f  insulin 

resistance through its effects on several important sites o f  insulin action.

1.5.5 IL-6

Several cell types are reported to produce lL-6; these include most cells o f  the immune 

system, endothelial cells, skeletal and smooth muscle cells, adipocytes, islet (3 cells, 

hepatocytes. microglial cells, astrocytes and a num ber o f  other cell types (Kam im ura et al., 

2003). lL-6 was initially thought to be a pro-inflammatory cytokine mainly with effects 

within the immune system, however this understanding o f  lL-6 was simplistic (Kamim ura
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et al., 2003). In the adaptive and innate immune systems, IL-6 is involved in both 

amplification o f  and protection against inflammation (Jones et al., 2001; Kam im ura et a l ,  

2003). Therefore, inappropriate regulation o f  IL-6 may play a direct protective or 

deleterious role in both antigen-specific immune-mediated diseases and in diseases where 

lL-6 or other inflammatory factors cause a low-grade inflammation such as obesity 

induced T2DM  (Jones et al., 2001; Kamimura et al., 2003; Pickup, 2004). IL-6 induces 

activation o f  the JAK/STAT pathway and M APK pathways in both immune and n o n -  

immune-related cell types leading to increased expression o f  suppressors o f  cytokine 

signaling (SOCS) proteins and in particular SOCS-3, which exerts negative feedback on 

JA K /STA T signaling. Importantly, human adipose tissue is a major site o f  IL-6 secretion 

(Fried et al., 1998; Mohamed-Ali et al., 1997) accounting for 15 -  35% o f  the circulating 

levels (Mohamed-Ali et al., 1997).

1.5.6 IL-1

I 'he IL-1 family o f  molecules consists o f  two agonists, I L - l a  and IL -ip ,  an IL-1 receptor 

antagonist (IL-lRa), IL-1 receptors, type 1 and type II (IL-IRI and IL-IRII) and the IL-1 

receptor accessor)’ protein (IL-lRA cP) (Rock el al., 1998). IL-1 signaling involves binding 

o f  either o f  the two ligands I l . - l a  or IL -ip  to a common membrane-bound IL-IRI. Upon 

binding, the IL -l/IL -lR I signals through the transducing subunit. IL -IRA cP (Greenfeder et 

at.. 1995; Schreuder et al.. 1997; Vigers et al.. 1997). Activation o f  this complex involves 

the association o f  the adapter protein MyD88 to the cytoplasmic portions o f  the receptor 

subunits and activation o f  the IL-1 receptor associated protein kinase (IRAK) (Adachi et 

al., 1998; Muzio et al., 1997; Wesche et al.. 1997). These events ultimately lead to the 

activation and nuclear translocation o f  NF-kB. which is a crucial transcription factor for 

many lL-1 inducible genes. In addition, activation o f  PI3K, M APKs and protein kinase C, 

as well as the generation o f  second messengers such as cyclic AMP, intracellular calcium 

and ceramide has been described (Arora et al., 1995; Auron, 1998; Dinareilo, 1996; Luo et 

al.. 1997).

IL -ip  is a major pro-inflammatory cytokine that is primarily produced by blood 

monocytes, tissue macrophages and dendritic cells. B lymphocytes and natural killer (NK) 

cells also produce IL-ip  (Dinareilo. 2009; Martin and Wesche, 2002). Furthermore, an 

important pro-intlammatory property o f  IL -ip  is its ability to increase the expression o f  

adhesion molecules such as ICAM in mesenchymal cells and vascular cell adhesion 

molecule-1 (VCAM ) in endothelial cells (Dinareilo, 2009). Together with the induction o f
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chemokines, these properties o f  IL -ip  promote the infiltration o f  inflammatory and 

immunocompetent cells from the circulation into the extravascular space and then into 

tissues, where tissue remodeling is the end result o f  chronic IL-I-induced inflammation 

(Dinarello. 2009).

Interestingly, expression o f  IL -lp  is increased in W AT o f  both obese rodents and 

humans and its expression is correlated with the MetS (Salmenniemi et a l ,  2004). 

Additionally, serum levels o f  IL -lR a  are significantly higher in obese compared with non- 

obese subjects, are highly correlated with insulin resistance and upon weight loss, the 

serum IL -lR a  levels decrease (Meier et al., 2002). However, in contrast to this, in a human 

trial conducted by Larsen et al. (2007) treatment with IL-1 Ra was demonstrated to improve 

glycemic control in patients with T2DM , which correlated with improved measures o f  P- 

cell secretory capacity. Similarly. Sauter et al. (2008) found that IL -lR a  treatment 

prevented diabetes in vivo in C57BL/6J mice fed a HFD for 12 weeks (Sauter et al., 2008). 

Conversely, Matsuki et al. (2003) reported that a gene knockout o f  the IL -lR a  in mice 

caused leanness and resistance to diet-induced obesity, without any overt signs o f  illness 

(Matsuki et al.. 2003). While mature obese 1L-1RF^~ mice were found to be insulin 

resistant, as evident by hyperinsulinemia. decreased glucose tolerance and decreased 

insulin sensitivity.

1.6 Transcription factors: inflammation and insulin sensitivity

Disregulation o f  transcription factors such as nuclear transcription factor (NF)-kB can lead 

to the constitutive over production o f  pro-inflammatory cytokines, which is associated with 

a number o f  chronic inflammatory disorders such as obesity induced T2DM  (Beinke and 

Ley, 2004). Furthermore, insulin action in adipocytes also involves changes in gene 

transcription. Sterol regulatory element binding protein (SR E B P)-lc  plays a critical role in 

the actions o f  insulin to regulate adipocyte gene expression (Foretz et a l ,  1999a; Kim et 

al., 1998a; Shimomura et a l ,  1999), by inducing genes involved in lipogenesis and 

repressing those involved in fatty acid oxidation. Additionally, peroxisome proliferator- 

activated receptor (PPAR)-y also plays a crucial role in adipocyte differentiation, glucose 

metabolism and other physiological processes. Other transcription factors, including those 

o f  the forkhead family, may also play a major role in transducing insulin signals to the 

nucleus (Kops and Burgering. 1999).
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1.6.1 N uclear factor-KB

NF-kB is a multi-protein transcription factor whose regulatory targets include secreted 

inflammatory proteins such as cytokines and chemokines. Inflammatory stimuli including 

activation o f  Toll-like receptors (TLR), reactive oxygen species (ROS), ultraviolet 

radiation (UV) and pro-intlammatory cytokines promote N F-kB  activation, hi an 

unstimulated state, NF-kB resides in the cytoplasm, complexed with IkB. W hen activated, 

IKK directly phosphorylates IkB allowing NF-kB to be translocated to the nucleus, where 

it interacts with its DNA recognition sites to mediate gene transcription (Figure 1.4) 

(Devary et ciL, 1993; Israel el al., 1989; Medzhitov et al., 1997; Schneider et ciL, 1999). 

Importantly, obesity increases active, nuclear-localized NF-kB in liver and skeletal muscle 

and transcription o f  NF-kB target genes (Cai et al., 2005; Yuan et al., 2001). Additionally, 

during obesity enlarged adipocytes release increased levels o f  saturated fats which have 

been shown to activate 11.R4 resulting in N F-kB activation, ultimately leading to 

augmented cytokine production (Suganami et al.. 2005; Suganami et al., 2007b).

Interestingly, non-steroidal anti-intlammator>' drugs (NSAlDs) increase insulin 

sensitivity within human patients (Arena et al., 1978) and in rodent models such as Zucker 

fa/fa  rats and oh/oh  mice (Kim et al.. 2001a). These drugs are cyclooxygenase (COX) 

inhibitors, which are though to act as non-specific NF-kB and IKK-^ inhibitors (Karin et 

al., 2004). Additionally, high doses o f  salicylates, including sodium salicylate and aspirin, 

have been used to treat intlammatory conditions such as rheumatic fever and rheumatoid 

arthritis. These high doses are thought to inhibit NF-kB (Kopp and Ghosh. 1994) and its 

upstream activator IKK-P (Yin et al., 1998). as opposed to working through COX. the 

classical targets o f  nonsteroidal anti-intlammatory drugs (NSAlDs). Interestingly, high 

doses o f  salicylates lower blood glucose concentrations (Baron, 1982; Reid et a l ,  1957). 

although their potential for treating diabetes has been all but forgotten by modern 

biomedical science (Yuan et al.. 2001). Yuan and colleagues observed that high doses o f  

salicylates reverse hyperglycemia, hyperinsulinemia and dyslipidemia in obese rodents by 

sensitizing insulin signaling (Yuan et al., 2001). Activation or overexpression o f  the IkB 

attenuated insulin signaling in 3T3-L1 adipocytes, whereas IKK-P inhibition reversed 

insulin resistance. Furthermore, heterozygous deletion lK K -p i/2  protected against the 

development o f  insulin resistance during high-fat feeding and in obese oh/oh  mice (Yuan 

et al.. 2001). in accord, targeted deletion o f  lKK-(3 in hepatocytes reduces obesity-induced 

hepatic inflammation and circulating inflammatory cytokines IL -ip  and IL-6 (Arkan et al., 

2005; Cai et al., 2005). Importantly, mice lacking IKK-P in hepatocytes retain liver insulin
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responsiveness, while developing insulin resistance in muscle and fat in response to a high 

fat diet (MFD), obesity or aging (Arkan el ciL, 2005). However, mice lacking IKK-P in 

myeloid cells retain global insulin sensitivity and are protected from insulin resistance 

(Arkan el al., 2005). Therefore, these data indicate that IKK-(3 acts locally in liver and 

systemically in myeloid cells, where NF-kB activation induces inflammatory mediators 

that cause insulin resistance (Arkan el al., 2005).
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Figure 1.5 Model o f  the generic NF-kB activation pathway. The binding o f  ligand to a 
receptor leads to the recruitment and activation o f  an IK.K complex comprising IK K -a 
and/or IKK-P catalytic subunits and two molecules o f  NEM O . The IKK complex then 
phosphorylates IkB leading to its degradation by the proteasome. Associated NF-kB 
dimmers are then released and translocate into the nucleus, where they bind to the 
promoter regions o f  NF-kB responsive genes to modulate their expression. Adapted from 
Beinke and Ley. 2004.
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1.6.2 Peroxisome proliferator-activated receptors

PPARs are nuclear hormone receptors, initially described as molecular targets for 

compounds, which induce peroxisomal proliferation (Berger and Moller. 2002; Desvergne 

and Wahli, 1999). Three different isotypes o f  PPARs have been identified in various 

species: PPA R -a , -P and -y (Berger and Moller, 2002; Desvergne and Wahli, 1999). 

PPAR-y is mainly expressed in WAT and to a lesser extent in other tissues and cells 

throughout the body. PPAR-y plays a central role in the process o f  adipocyte 

differentiation, peripheral glucose utilization and insulin sensitization (Braissant et al., 

1996; Chawla et al., 1994; Jain el al., 1998; Kliewer et al., 1994). PPA Rs and the 

transcription factor CCAAT/enhancer-binding proteins (C/EBPs) transcriptionally 

transactivate adipose-specific genes, including adipocyte specific fatty acid binding protein 

(FABP)-4, fatty acid synthase (FAS), leptin. resistin and adiponectin (Combs et al., 2002; 

Iwaki el al., 2003; Mandrup and Lane. 1997). .lones and colleagues (2005) generated 

adipose specific PPAR-y knockout mice (.lones et al., 2005). These animals exhibited 

marked abnormalities in the formation and function o f  W AT and when fed a HFD these 

mice displayed diminished weight gain despite hyperphagia. diminished serum leptin 

concentrations and did not develop glucose intolerance or insulin resistance. Furthermore, 

PP.A.R-Y expression appears to be enhanced during the differentiation o f  monocytes into 

macrophages in response to pro-inllammator\' mediators (Sacre el al., 2005).

PPAR-y is a ligand-activated transcription factor that binds to specific DNA 

sequences, known as peroxisome proliferator response elements (PPREs), in the promoter 

regions o f  the target genes only as an heterodimer with the retinoid X receptor (RXR) 

(Berger and Moller, 2002; Desvergne and Wahli, 1999; Feige et al., 2006; Gearing et al., 

1993; Nolte et al., 1998). In addition. PPAR-y can regulate gene expression independently 

o f  PPRE, either by suppressing growth hormone protein-1 (GHP-1), a transcription factor 

involved in pituitary specific gene expression, or by interfering with the function o f  

activator protein (A P )-l ,  signal transducer and activator o f  transcription (STAT)-l and NF- 

kB (Feige et al., 2006; Feinstein el al., 2005; Ricote et al., 1998b; Tolon el al., 1998). 

Although no molecule has been demonstrated to serve as an endogenous ligand o f  PPAR-y 

in vivo, several biological ligands or activators o f  PPAR-y and other PPA Rs have been 

identified. Circumstantial evidence suggests that an endogenous PPARy activator is 

produced during adipogenesis (Tzameli el al., 2004), but efforts to purify such a ligand 

biochemically have proven problematic ( fontonoz and Spiegelman, 2008).



The long chain polyunsaturated fatty acids (LC n-3 PUFA) and their oxidized 

derivatives, such as eicosanoid 8 -S-hydroxyeicosatetraenoic acid (8 S-HETE) and 

leukotriene B4 (LTB4 ) selectively bind to and activate all three PPARs (Feige et a i ,  2006; 

Willson el u i .  2000). PPAR-y can be selectively activated by several prostanoids, such as 

15-deoxy-A12, 14-prostaglandin J2 (15d-PGJ2) and 15-hydroxy-eicosatetraenoic acid (15- 

HETE), which are derivatives o f  arachidonic acid (AA) synthesized through the 

lipoxygenase pathway, as well as by nitrolinoleic acid derivatives (Feige et al., 2006; 

Schopfer el al.. 2005; Willson et al., 2000). Thiazolidinediones (TZDs) and tyrosine 

derivatives constitute the most well known synthetic ligands (Henke el al., 1998; Lehmann 

et a l ,  1995), while PPAR-y affinity for some NSAID has also been reported (Lehmann et 

al., 1997). TZDs are an established class o f  oral anti-diabetic agents and include 

pioglitazone and rosiglitazone.

L6.3 Sterol regulatory element binding proteins

SREBPs are a family of transcription factors that have been associated with lipogenesis, 

adipocyte development (Kim and Spiegelnian, 1996) and cholesterol homeostasis 

(Yokoyama et a l .  1993). When cells are in a sterol-depleted state, SREBP transcription 

factors are released from an ER membrane-bound precursor by a two-step proteolytic 

cleavage (Sakai et al., 1996). After cleavage, SREBPs are translocated to the nucleus, 

where they bind to sterol regulatory elements (SREs) and/or E-boxes in the promoter 

region o f  target genes activating their transcription (Brown and Goldstein, 1997; Horton 

and Shimomura, 1999; Kim et a l ,  1998a).

SREBP-Ic is expressed in most human and mouse tissues with especially high

levels in the liver, WAT, adrenal gland and brain (Shimomura et a l ,  1997). Furthermore,

SREBP-Ic is expressed in cultured adipocyte cell lines (Shimomura et a l ,  1997). In mouse

WA'f, SREBP-Ic mRNA expression was dramatically reduced by fasting and elevated on

re-feeding (Kim et a l ,  1998a). Importantly, in cultured cells, SREBP-lc expression and

activity are regulated by insulin (Azzout-Marniche et a l ,  2000; Kim et a l ,  1998a), leading

to the hypothesis that it may be a major component o f  the transcriptional effects o f  insulin

in target cells (Flier and Hollenberg, 1999; Osborne, 2000). Regulation o f  the expression of

fatty acid synthase (FAS), lipoprotein lipase and leptin genes have been demonstrated to be

mediated, partially by SREBP-lc (Boizard et a l ,  1998; Foretz et a l ,  1999b; Kim et a l ,

1998a; Latasa et a l ,  2000). Additionally, SREBP-lc has been shown to activate PPAR-y

by stimulating the production o f  its ligands (Kim et a l ,  1998b) or by increasing its

expression in adipocyte cell lines (Fajas et a l ,  1999). In obese mice it has been shown that
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the mRNA expression of SREBP-lc was decreased in WAT (Nadler et a i ,  2000; Soukas ct 

al., 2000). Similarly, in obese humans the expression o f  SREBP-lc is significantly lower 

than in normal weight subjects (Kolehmainen et al ,  2001). Interestingly, weight reduction 

was associated with increased mRNA levels of SREBP-lc in obese subjects and could be 

ascribed to lowered action or concentration of insulin (Kolehmainen et ai ,  2001).

1.6.4 Transcriptional regulation of adipokines by cytokines

Preliminary work suggests human inflammation may modulate individual adipokine levels 

(Anderson et al., 2007). In a study by Anderson and colleagues (2007) lipopolysaccharide 

(EPS) treatment in human volunteers was found to not only increase blood and adipose 

cytokine levels but in adition increased plasma leptin, whole blood resistin and plasma 

resistin (Anderson et a i ,  2007). Similarly, in mice, the administration o f  pro-intlammatory 

molecules such as EPS, TNF-a and IE-1, produced a prompt and dose-dependent increase 

in serum leptin levels and leptin mRNA expression in adipose tissue. Interetingly, anti­

inflammatory cytokines such as lE-10 and lE-4 had no effect on leptin gene expression or 

serum leptin levels (Sarraf et a i ,  1997). Furthermore, in a study by Kaser et a i  (2003) 

resistin mRNA expression in human peripheral blood mononuclear cells (PBMC) was 

strongly increased by the pro-intlammator\' cytokines lE-1, lE-6, TNF-a, and also by EPS 

(Kaser et ai ,  2003).

Importantly, transcription factors SPl. EPl and CCAAT/enhancer-binding protein 

(C7EBP) are thought to play a key role in the transcriptional activation of the leptin gene 

promoter (Mason et a i ,  1998). These regulatory motifs are important for leptin gene 

expression because, in each case, point mutations resulted in two- to threefold reductions 

in leptin promoter activity (Mason et ai ,  1998). Additionally, when multiple regulatory 

motifs were mutated there was an additive effect on inhibiting leptin promoter activity, 

indicating that each promoter regulator) site contributes independently to leptin gene 

transcription (Mason et a i ,  1998). Transcriptional regulation of the leptin gene also seems 

to be controlled by PPARy. Thiazolidinediones (TZD), pharmacological ligands for 

PPARy, down-regulate leptin mRNA abundance in adipocytes (Eehmann et a i ,  1995; 

Saltiel and Olefsky, 1996). Furthermore. Zhou et ai  (2006) observed that C/EBPa 

activated resistin expression both in 293T cells and 3T3-E1 preadipocytes (Zhou et a i ,  

2006). Transcription factors C/EBP and PPAR work sequentially and cooperatively to 

stimulate the genetic events that result in differentiation (Cornelius et a i ,  1994). However, 

some studies indicate that NF-kB p50 activation by inflammatory cytokines induces 

C/EBPa (Wang et a i ,  2009). Furthermore. EPS has been shown to induce SPl activation
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via p38 MAPK. causing up-regulation in IL-10 expression (Ma el al., 2001). This indicates 

that inflammatory stimulus can induce transcription factors such as C/EBP and SPl, which 

may in turn up-regulate leptin and resistin expression in vivo.

1.7 Obesity: a chronic pro-inflammatory state

A major conceptual advance in the field o f  obesity-induced inflammation and insulin 

resistance was made by the discovery that obesity gives rise to a state o f  chronic, low- 

grade systemic inflammation with evidence of increased infiltration o f  macrophages into 

the adipose tissue. Weisberg et al. (2003) performed microarray analyses comparing WAT 

RNA profiles o f  various mouse models of obesity and identified a subset o f  genes 

consistently expressed in obese mice. Further analyses determined that this gene set, not 

typically expressed in adipocytes, was macrophage-derived (Weisberg el al., 2003). In 

2003 Weisberg and colleagues used immunohistochemical analysis of perigonadal, 

perirenal, mesenteric and SAT to show that the percentage o f  cells expressing the 

macrophage marker F4/80 (F4/80+) was significant and positively correlated with both 

adipocyte size and body mass. They observed that the F4/80+ cells are CSF-1 dependent, 

bone marrow-derived adipose tissue macrophages (ATM) (Weisberg et al.. 2003). Xu and 

colleagues (2003) reported similar findings and also showed that TZD treatment could 

repress the expression o f  macrophage-specific genes, providing an additional mechanism 

by which TZD treatment improves insulin sensitivity (Xu et al., 2003). The ATM were 

shown to produce many of the pro-inflammatory molecules released by the WAT including 

TNF-a, nitric oxide synthase (N0S)-2 and lL-6 gene expression (Weisberg et a l ,  2003). 

As discussed previously, pro-inflammatory cytokines such as TNF-a, IL-ip and lL-6 have 

been implicated in the development o f  insulin resistance and the pathophysiology of 

T2DM and obesity. In both humans and rodents, ATM accumulate in WAT with 

increasing body weight and their quantity correlates with measures o f  insulin resistance 

(Cancello et al., 2005; Weisberg et a l ,  2003; Xu et a l ,  2003). In obese subjects ATM 

content is higher in VAT rather than SAT, consistent with the hypothesis that VAT plays a 

more prominent role in insulin resistance (Cancello et a l ,  2006).

1.7.1 Imm une cell recruitment into adipose tissue

Both adipocyte hyperplasia and hypertrophy can contribute to adipose tissue expansion;

however, in adults, hypertrophy appears to predominate. Some o f  the consequences of

hypertrophy include a reduction in vascularization, hypoxia and adipocyte cell death

(Surmi and Hasty, 2008). These effects all combine to cause macrophage recruitment into

27



adipose tissue (Figure 1.6). Additionally, other immune cells such as neutrophils and T 

cells may enter W AT first and contribute to macrophage recruitment.

Weisberg et al. (2007) observed that cytotoxic T cells were present in large 

numbers within the adipose o f  both diet-induced obesity (DIO) and oh/oh  obese mice 

relative to lean controls (Rausch el al.. 2008). in a recent study T regulatory (Treg) cells 

were found to be highly enriched in the abdominal fat o f  normal mice, but their numbers 

were strikingly and specifically reduced at this site in insulin-resistant models o f  obesity 

(Feuerer et al., 2009). Interestingly, a depletion o f  Treg cells in 10 week old male mice was 

shown to induce a substantial decrease in insulin-stimulated insulin receptor tyrosine 

phosphorylation in epididymal adipose tissue (EAT) and liver (Feuerer et a l ,  2009). 

Furthermore, insulin concentrations were significantly higher in Treg cell-depleted mice, 

indicative o f  insulin resistance (Feuerer et a l ,  2009).

Lynch and colleagues (2008) observed that obese patients have significantly less 

circulating natural killer (NK) and cytotoxic T lymphocytes (CTL) compared to lean 

controls (Lynch et al., 2009). Within this study patients were classified into metabolically 

“healthy obese” or “unhealthy obese" groups, based upon standard cutoff points for blood 

pressure, lipid profile and fasting glucose. There were significantly higher levels o f  NK 

cells and CTL in the healthy obese group compared to the unhealthy obese group, 

independent o f  age and 13MI. Interestingly, the NK cells were less activated in the healthy 

compared to the unhealthy group. They hypothesize that the significantly higher levels o f  

CTL and NK cells, which express fewer inhibitory molecules, could protect against 

malignancy, infection and metabolic disease seen in obesity (Lynch et al., 2009). 

Furthermore, Lynch and colleagues (2009) described an accumulation o f  functional 

invariant NK cells (iNKT) in human omentum. iNKT cells recognize lipid antigens 

presented by C D ld  and respond rapidly by killing tumor cells and release cytokines that 

regulate adaptive immune responses. Importantly, omental iNKT-cell frequencies were 

lower in patients with severe obesity suggesting a novel role for the omentum in immune 

regulation (Lynch et al.. 2009).

Studies also indicate that neutrophil infiltration into W AT may precede 

macrophage infiltration. Neutrophil activation is a fundamental process in the innate 

immune response. Elgazar-Carmon et al. (2008) demonstrated neutrophils transiently 

infiltrate adipose tissue as early as 3 days after initiating a high-fat diet in mice (Elgazar- 

Carmon et al., 2008).



1.7.2 Vascularization and hypoxia

Obese mouse models such as diet induced obese (DIO) mice and leptin deficient oh/oh 

mice have been used to demonstrate that hypoxia occurs in obese WAT (Hosogai et al., 

2007; Ye el a l ,  2007). Decreased vascular density, which has been observed in obese 

mice (Voros e! al., 2005), may contribute to hypoxia. Importantly, it has been suggested 

that the ATM may act to stimulate angiogenesis in the adipose tissue (Pang el al., 2008) 

and this could be a rationale for why the macrophages infiltrate into adipose tissue. 

Furthermore. mRNA and protein levels o f  hypoxia-inducible factor (HIF)-la are elevated 

in adipose tissue o f  obese mice and obese humans, as are mRNA and protein levels for 

other hypoxia inducible genes (Hosogai et a l ,  2007; Wang et a l ,  2007; Wang and Zhang, 

2008; Ye et al., 2007). Ye and colleagues (2007) demonstrated in vitro that hypoxia may 

contribute to adipose tissue inflammation by showing that exposure o f  primary adipocytes 

and macrophages to hypoxia increases their expression o f  multiple inflammatory genes 

(Y ee/ a i ,  2007).

1.7.3 Necrotic adipocyte death

Cinti and colleagues (2005) demonstrated that more than 90% of  all macrophages in WAT 

are localized to dead adipocytes, where they fuse to form syncytia that sequester and 

scavenge the residua! “ free” adipocyte lipid droplets and ultimately form multinucleated 

giant cells, a hallmark o f  chronic inflammation. Adipocyte death increases in obese leptin 

deficient oh/oh mice 30 fold and obese humans exhibit ultra-structural features o f  necrosis 

(Cinti et al., 2005). Necrotic like adipocyte cell death is a pathological hallmark o f  obesity 

and suggests that scavenging o f  adipocyte debris is an important function o f  the ATM in 

obese individuals (Cinti et al., 2005).

1.7.4 Cheniokines

Chemokines are small, chemotactic cytokines play a role in macrophage mobilization out 

of bone marrow and into many different tissues during the inflammatory process (Surmi 

and Hasty, 2008). Although they can be secreted by adipocytes, studies in which 

adipocytes were separated from the SVC have demonstrated that the majority of 

chemokine secretion in adipose tissue is from the SVC (Xu et a l .  2003). Therefore, 

expression o f  chemokines from ATM likely promote macrophage accumulation in the 

adipose tissue (Surmi and Hasty. 2008). Circulating concentrations o f  the chemokine 

monocyte chemotactic protein (MCP)-l are increased in obesity subjects (Bruun et a l ,  

2005) and T2DM patients compared to non-diabetics (Christiansen et a l ,  2005). Weisberg
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and co lleagues (2006) dem onstra ted  that in obese  m ice  m atched  for ad iposity ,  MCP-1 

receptor def ic iency  (CCR2'^‘) reduces A TM  content, reduced  the in f lam m ato ry  profile  o f  

the ad ipose  t issue , increased adiponectin  expression ,  am elio ra ted  hepatic  steatosis, 

im proved  system ic  g lucose  hom eostasis  and enhanced  insulin  sensitiv ity  (W eisberg  et tiL, 

2006).
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Figure 1.6 Increase in adipocyte size and poor vascu la riza tion  o f  the ad ipose  tissue  leads 
to ad ipocyte  cell death  and  hypoxia causing the re lease o f  p ro -in f lam m ato ry  cy tokines  and 
chem okines  such  as T N F - a .  leptin and MCP-1 from  the ad ipocy tes  and SV C . T hese  pro- 
in flam m atory  m o d u la to rs  cause recruitment o f  m acro p h ag es  and o ther  im m u n e  cells  into 
the ad ipose  tissue  exacerba ting  the inflammatory state.

1.8 Pro- and anti-inflammatory adipose tissue macrophages

The ability o f  m acro p h ag es  to secrete both pro- and  an ti- in f lam m ato ry  cy tokines 

contribu tes  to their dual role, furthermore ingestion o f  apop to tic  ce lls  has been  show n  to 

reprogram  m acro p h ag es  to become anti- in flam m atory  (Savill et ciL, 2002). Different
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stimuli activate macrophages to express distinct patterns o f  chemokines, surface markers 

and metabolic enzymes that ultimately generate the diversity of macrophage function seen 

in pro-inflammatory and anti-inflammatory settings (Lumeng et al.. 2007a). Macrophage 

activation has been defined across two separate polarization states. Ml and M2 (Gordon 

and Taylor. 2005; Mantovani el a l ,  2004).

Ml or “classically activated” macrophages are induced by pro-inflammatory 

mediators such as LPS and interferon (IFN)-y. Ml macrophages have enhanced pro- 

inflammatory cytokine production (TNF-a. IL-6 and lL-12) and generate reactive oxygen 

species such as nitric oxide (NO) via activation o f  iNOS. M2 or “alternatively activated” 

macrophages are generated in vitro by exposure to lL-4 and IL-13, they have low pro- 

inflammatory cytokine expression and generate high levels o f  anti-inflammatory cytokines 

lL-10 and IL-1 decoy receptor (Gordon and Taylor, 2005). Lumeng et al (2007) identified 

F4/80+CD11 c+ populations o f  ATM or M 1 macrophages in adipose tissue o f  obese mice 

that were not found in lean mice. ATM from lean mice expressed many genes 

characteristic o f  M2 macrophages, including lL-10. Interestingly, diet induced obesity 

decreased expression of these characteristic M2 genes in ATM and increased expression of 

genes such as those encoding TNF-a and iNOS which are characteristic o f  Ml 

macrophages. Lumeng and colleagues (2007) observed that ATM from obese CCR2‘ ‘ 

knockout mice, which have reduced macrophage infiltration into the adipose tissue, 

express M2 markers at levels similar to those from lean mice (laimeng et al., 2007b) 

suggesting MCP-1 and its receptor may be an important factor in regulating macrophage 

activation.

Interestingly, macrophage specific deficiency o f  PPAR-y prevets the development 

o f  alternatively activated M2 phenotype (Odegaard et al., 2007a). Macrophage PPAR-y 

specific knockout mice showed a predisposition to diet induced weight gain, glucose 

intolerance and insulin resistance. Despite the increased adipose tissue mass, total ATM 

were reduced in the macrophage PPAR-y specific knockout mice and this appeared to be 

due to a reduction in M2 macrophages. This suggests that M2 macrophages provide 

protection against diet induced insulin resistance and that PPARy is fundamental to 

macrophages becoming the M2 phenotype. Human macrophage populations cannot always 

be classified simply as Ml or M2. However, it has been demonstrated that human ATM 

have both Ml and M2 characteristics, as evidenced by their secretion o f  both pro- and anti­

inflammatory cytokines (Bourlier et a l ,  2008; Zeyda et al., 2007).
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1.9 Insulin signalling

In insulin-resistant states, signal transduction via the insulin recep to r is im paired  with 

decreased  ac tivation  o f  dow nstream  intermediates, such as lRS-1 and  Akt, resulting in 

reduced  translocation o f  G L U T 4 protein to the cell surface (N guyen  et al., 2005). This  

results in a decrease in insulin-stim ulated glucose transport and m etabo lism  in adipocytes  

and skeletal m uscle  w ith  im paired suppression o f  hepatic g lucose  o u tpu t  (R eaven , 1995). 

H ow ever, insulin  has m any  m ore effects at both a cell s ignalling and gene  exp ress ion  level 

including its effects on carbohydrate ,  lipid and protein  m etabo lism  and therefore  a decrease 

in insulin sensitivity  undoubtedly  has many serious and  w idespread  con seq u en ces  w ith in  

the body.

1.9.1 Insulin receptor

fh e  insulin receptor is necessary  and sufficient to m ediate  insulin action. H u m an s  and 

m ice  lacking insulin receptors  are born at term, but do not survive long, suggesting  that 

insulin receptors are essential for postnatal g row th  and fuel m etabo lism , but are not 

required for fetal m etabolism  (Accili el al.. 1999; Taylor. 1999). T he  com ple te  insulin 

receptor is com posed  o f  two a -  and two P-subunits , linked together by d isulfide bonds. 

Insulin b inds to the recep to r 's  extracellular a -su b u n it ,  bring ing  the tw o  a - s u b u n i ts  c loser 

together. This  conform ational change enables ATF’ b inding  to the p -su b u n i t 's  in tracellu lar 

dom ain . A T P  b inding ac tivates receptor au tophosphory la tion  (H ubbard , 1997; H ubbard  el 

al.. 1994), w hich  enab les  the receptor 's  kinase activity tow ard  in tracellu lar  protein 

substrates. T here are num erous  autophosphorylation  sites in the P -su b u n i t ’s in tracellu lar 

dom ain . In addition to b inding  insulin, the insulin receptor can bind insu lin- like  g row th  

factors (lGF-1 and IGF-Il). The affinity o f  lGF-1 b ind ing  to the insulin  recep to r is 

approx im ate ly  100- to 1000-fold lower than in su lin ’s affinity  (D e M eyts  el a l ,  1995). 

How ever, as c irculating lGF-1 levels are approx im ate ly  100-fold h igher  than those  o f  

insulin, the potential ex ists  for lGF-1 binding and ac ting  through the insulin  receptor.

1.9.2 Insulin receptor substrates

Insulin receptor substra tes  (IRSs) represent key e lem ents  in insulin  and IGF ac tions  (W hite  

el al., 1985). Insulin, lGF-1 and certain cy tokine  receptors  phosphory la te  IRSs. 

Phosphorylation o f  their tyrosine residues increases the affinity  w ith w h ich  IRS pro te ins  

bind o ther s ignaling m olecules.  Each tyrosine-phosphory la ted  m o t i f  b inds to a specific 

signaling m olecule. In th is  way. protein com plexes  are form ed, and  various s ignaling

pathw ays are engaged, provid ing  a potential exp lana tion  for the diversity  o f  insulin
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signaling (White and Yenush. 1998). The IRS family is composed of four closely related 

members (lRS-1 to -4) (Lavan el a i ,  1997a; Lavan el al.. 1997b; Sun el a i ,  1991; Sun el 

uL, 1995) and a more distantly related honiolog. Gab-1 (Holgado-Madruga el al., 1996). 

Ablation o f  lRS-1 causes severe growth retardation with mild insulin resistance (Araki el 

ai ,  1994; Tamemoto el a l ,  1994), suggesting an important role o f  lRS-1 in both insulin 

and IGF actions. In contrast, ablation o f  lRS-2 causes combined insulin resistance in 

peripheral tissues and impaired growth of pancreatic P-cells (Withers el a l ,  1998). 

Ablation o f  lRS-3 is devoid o f  a clear phenotype (Liu el a l ,  1999), whereas ablation of 

lRS-4 is associated with modest growth retardation and insulin resistance (Fantin et a l ,  

2000). Finally, inactivation o f  Gab-1 has an embryonic lethal phenotype that suggests a 

role in hepatic growth factor, rather than insulin, signaling (Itoh el a i ,  2 0 0 0 ).

fhe phosphorylation state o f  lRS-1 appears to predict the ability o f  IRS-1 to 

mediate the insulin response (Aguirre el a i ,  2000). Tyrosine phosphorylation o f  IRS-1 via 

the active insulin receptor leads to insulin signalling. Whereas, serine phosphorylation of 

IRS-1 via serine/threonine kinases results in an impaired ability of insulin to tyrosine 

phosphorylate IRS-1. Furthermore, activation o f  c-Jun N-terminal kinase (.INK) by pro- 

intlammatory cytokines inhibits insulin signaling, at least in part, by stimulating serine 

phosphoiylation of lRS-1 (Aguirre el al., 2000; Aguirre el a l ,  2002).

1.9.3 Phosphatidylinositol 3-kinase and protein kinase B/Akt

Tyrosine phosphorylated lRSl/2 recruits the heterodimeric p85/pllO  phosphatidylinositol 

3-kinase (P13K) at the plasma membrane, where it produces the lipid second messenger 

PIP3 , which in turn activates a serine/threonine phosphorylation cascade of PH-domain 

containing proteins (Alessi and Downes. 1998). PIP3 targets include PD K l, the 

serine/threonine protein kinase B (PKB)/Akt, and the protein kinases C ^ and X, isoforms 

(Beeson el a l ,  2003; Vanhaesebroeck and Alessi, 2000). Mechanistically, PD K l, PKB and 

PKCs, which all contain a PH-domain, are recruited at the plasma membrane by binding to 

PIP3 . PDKl phosphorylates PKB and PKCs on a threonine residue located in the activation 

loop o f  the catalytic domain, causing their activation (Le Good el a l ,  1998; Pullen el al ,  

1998; Stephens el a l ,  1998). PKB and PKC phosphorylate multiple down-stream effectors 

that promote diverse biological responses including glucose transporter (GLUT) 4 

translocation at the plasma membrane (Khan and Pessin, 2002), glycogen synthesis via 

PKB mediated inhibitory phosphorylation of glycogen synthase kinase (GSK)-3, which 

negatively regulates glycogen synthase (Cross el a i ,  1995), lipogenesis via up-regulation
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o f  the expression o f  the fatty acid synthase (FAS) gene (Bourlier el a l ,  2008), as well as a 

more general control o f  gene expression patterns (O'Brien et ciL, 2001).

1.9.4 Glucose transporter

The facilitative glucose transporters (GLUT) are an energy-independent system that can 

only transport substrate down a concentration gradient. The primary function o f  the 

facilitative glucose carriers is to mediate the exchange o f  glucose between the blood and 

the cytoplasm o f  the cell. The class 1 facilitative transporters contain G L U T l ^ ,  and these 

have been comprehensively characterized in terms o f  structure, function and tissue 

distribution. The class II facilitative transporters include GLUTS, GLUT7, GLUT9 and 

G L U T l;  while the class 111 facilitative transporters comprise GLUT6, GLUTS, GLUTIO, 

G L U T 12and  HMIT.

GLUTl is widely expressed, but it is most abundant in fibroblasts, erythrocytes and 

endothelial cells with low levels o f  expression in muscle, liver and adipose tissue 

(Birnbaum et a l ,  1986; Fukumoto et al.. 1988; Pardridge et a i ,  1990). The GLUT2 is 

found in the liver, pancreatic P cells, small intestine and kidney (Thorens et u i ,  1988). 

GLUT3 is found at highest levels in neuronal tissue and is considered the major GLUT 

responsible for transporting glucose into the brain and peripheral nerves (Kayano et al.. 

1988; Nagamatsu et al., 1992). In contrast. GLUT4 is predominantly expressed in adipose 

tissue and muscle (Furtado et a l .  2002). The GLUTl and GLUT3 isoforms are thought to 

be responsible for basal or constitutive glucose uptake, while the GLUT2 isoform plays an 

important role in glucose homeostasis. Importantly. GLUT4 is primarily responsible for 

enhanced glucose uptake in response to insulin (Furtado et a l .  2002).

The intracellular movement o f  GLUT4 is complex and involves many organelles. 

Fundamentally, in the absence o f  insulin. GLUT4 is trapped in an intracellular circuit 

between endosomes and the /ram -G olgi network (TGN). In the absence o f  insulin 

stimulation, GLUT4 is almost completely excluded from the plasma membrane. However, 

the addition o f  insulin, or exercise in the case o f  muscle cells, causes GLUT4 to shift from 

its intracellular location to the plasma membrane. Interestingly, disruption o f  GLUT4 

expression in mice results in insulin resistance (Stenbit et a l ,  1997) while over expression 

o f  GLUT4 ameliorates diabetes in the dh'dh  mouse model (Brozinick et al., 2001). 

Furthermore, insulin resistance is known to be associated with reduced glucose uptake and 

utilization by these tissues, and this has been related with reduced GLUT4 gene expression 

(Klip et al.. 1994). Conversely, several reports have found preserved or even increased 

glucose utilization in W AT and muscles at the beginning o f  the obesity syndrome (Krief et
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uL. 1988; Le Marchand el ul., 1978; Marangoii el al., 1986; Penicaud el a i ,  1987; 

Stauftacher and Renold, 1969). It is possible that reduced GLUT4 content could be 

compensated for by increased insulin-induced translocation to the plasma membrane.

1.9.5 Insulin signaling and mitogen-activated protein kinase

On a parallel pathway, activated IRS 1/2 recruit Grb2, which associates to SOS and 

activates the extracellular signal-regulated kinases (E R K )l/2  mitogen-activated protein 

kinase (M APK) pathway (Van Obberghen el al., 2001). The p38 and c-Jun N H 2-terminal 

kinase (.INK) stress-activated kinases have been shown to be phosphorylated/activated in 

response to insulin (Mussig el al., 2005; Som war el al., 2000). The E R K l/2  do not seem to 

play a major role in mediating insulin 's  metabolic responses, however increased basal 

M APK activity appears to contribute to the development o f  insulin resistance. Conversely, 

p38 M APK activity has been proposed as a positive regulator o f  insulin action because o f  

its capability to increase the uptake o f  glucose via GLUT4 (Somwar el al., 2002).
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Figure 1.7 Activation o f  tlie insulin receptor evokes increased transcription o f  sterol 
regulator}' element binding proteins (SREBP) and peroxisome proliferator-activated 
receptors (PPAR). Tyrosine phosphorylation o f  insulin receptor substrates (IRS)-l and 
recruitment o f  Grb2 on the insulin receptor activate phosphatidylinositol 3-kinase (P13K) 
and mitogen-activated protein kinase (MAPK) signalling. Combined these pathways 
regulate glucose, lipid and protein metabolism.

1.10 Interactions between macrophages and adipocytes

Lumeng et al (2007) examined how macrophages and adipocytes interact in vitro and

whether macrophages can modify insulin responsiveness and glucose metabolism in

adipocytes. Macrophage-secreted factors reduced insulin-stimulated glucose uptake in

adipocytes via down-regulation o f  GLUT4 and lRS-1 (Lumeng et al., 2007b).

Furthermore, insulin-stimulated GLUT4 plasma membrane translocation was attenuated by

macrophage-secreted factors. Treatment o f  macrophage-conditioned medium with T N F -a

blocking antibodies partially reversed this insulin resistant state (Lumeng et a l ,  2007b).

T N F -a  induces the expression o f  a variety o f  inflammatory cytokines in adipocytes,

including lL-6, PAI-1, MCP-1 and T N F-a  itself (Uysal et a l ,  1997). Therefore, the

induction o f  insulin inhibitory effects o f  T N F -a  may not be direct. However, Lumeng et al

(2007) showed that pro-intlammatory cytokines, such as IL-6. MIP-2 and MCP-1 were
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induced in macrophages within a co-culture o f  adipocytes and macrophages (Lumeng et 

al., 2007b).

1.10.1 Pro-inflammatory' cytokines and adipocyte insulin signalling

TNF-a reduces insulin-stimulated receptor tyrosine kinase activity at low concentrations 

and can also decrease the expression of the insulin receptor, IRS-1 and GLUT-4 at higher 

concentrations as well as increase the phosphorylation o f  serine 307 of IRS-1, thus 

impairing its ability to bind to the insulin receptor and initiate downstream signaling (Rui 

et al.. 2001). IL-6, like TNF-a, exerted long term inhibitory effects on the gene 

transcription of IRS-1, GLUT-4 and PPAR-y in adipocytes (Rotter et a i ,  2003). This effect 

of IL-6 was accompanied by a marked reduction in IRS-1 protein expression and reduction 

in insulin-stimulated IRS-I tyrosine phosphorylation coincident with impaired insulin 

stimulated glucose transport (Rotter et uL, 2003). Additionally, chronic in vitro treatment 

with IL-ip in 3T3-L1 adipocytes has been shown to decrease insulin induced glucose 

uptake by reducing the expression of GLUT4 and inhibiting its translocation to the plasma 

membrane (Jager et uL. 2007). This inhibitory effect was due to a decrease in the amount 

of lRS-1 and a decrease in tyrosine phosphorylation o f  lRS-1 (Jager et u i ,  2007).

I 'NF-aand lL-6 also enhance the expression o f  suppressors o f  cytokine signalling 

(SOCS) molecules 1 and 3 that can attenuate insulin signalling by sterically hindering 

coupling of insulin receptor with IRS-1 (Ueki et al., 2004b). SOCS proteins can also bind 

directly to IRS-1 facilitating its ubiquitation and subsequent degradation by the proteasome 

(Shi et ciL, 2006a). Interestingly, the addition o f  the chemokine MCP-I to differentiated 

adipocytes in vitro decreases insulin-stimulated glucose uptake and the expression of 

several adipogenic genes including GLUT4 and PPAR-y. This may suggest that elevated 

MCP-1 may induce adipocyte dedifferentiation, which would contribute to a reduction in 

insulin sensitivity (Sartipy and Loskutoff, 2003). Several kinases including .INK (Aguirre 

et a i ,  2000). niTOR and ERK (Gual et a i ,  2003) have been implicated in the serine 

phosphorylation or deactivation o f  iRS-1 (Jager et a i ,  2007). Many o f  these MAPK 

including JNK. ERK and p38 are activated by pro-inflammatory cytokines.

Additionally, TNF-a is also a potent inhibitor o f  adipocyte differentiation and can 

suppress the expression o f  some adipocyte-specific genes, such as PPAR-y, in fully 

differentiated adipocytes (Xing et a i ,  1997). Similarly, IL-I has also been shown to inhibit 

adipocyte differentiation and induce lipolysis (Feingold et a i ,  1992; Fried et a i ,  1993; 

Gregoire et a i ,  1992; Price et a i ,  1986; Suzawa et a i ,  2003); while a preliminary study
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suggests that IL-6 may also increase lipolysis in human fat cells maintained in culture for 

48 hours (Rotter el a i ,  2003).

The transcription factor. NF-kB. plays a major role in inducing a range of 

inflammatory genes including COX-2, ICAM-I, VCAM-1, E-selectin, TNF-a, IL-ip, IL- 

6. iNOS, acute-phase proteins and matrix metalloproteinases in response to inflammatory 

stimuli (Chen et a i ,  1999; Christman et a i ,  1998). As discussed previously, NF-kB has an 

essential role in acute as well as chronic inflammation, which is activated by pro- 

inflammatory cytokines. Macrophage derived cytokines may therefore induce NF-kB 

activation within the adipocytes of the adipose tissue, exacerbating the pro-inflammatory 

environment. It is likely that TNF-a, IL-6 and lL-1 p participate in concert with many other 

cytokines, chemokines and adipokines in the development o f  obesity induced T2DM.

/. /  /  Dietary fatty acids

Fatty acids are the basic structural components o f  TAG and are also found in phospholipids 

and cholesterol esters (Arab. 2003). TACi undergo hydrolysis to glycerol and non-esterifies 

fatty acid (NEFA) by lipases as described in section 1.4.3. Fatty acids are simple in 

structure, w ith a carboxyl group at one end and a methyl group at the other end o f  a carbon 

backbone. This backbone usually ranges between 6 and 24 carbons in length and is 

generally even-numbered (Arab. 2003). Fatty acids can be divided into three categories 

based on the presence o f  double bonds:

• Saturated fatty acids (SFA) have no double bonds and include palmitic acid (PA, 

16:0).

• Monosaturated (MUFA) have a single double bond and include oleic acid (OA, 

18:1).

• Polyunsaturated fats (PUFA) contain more than one double and include linoleic 

acid (LA, 18:2 n-6).

Many but not all fatty acids can be synthesized, lengthened or desaturated endogenously. 

Synthesis o f  fatty acids takes place in the cytosol. Synthesis starts with the carboxylation 

of acetyl CoA to manonyl CoA by acetyl CoA carboxylase. SFA are then synthesized from 

acetyl CoA and malonyl CoA via fatty acid synthase (FAS). Elongation by the FAS 

complex stops upon formation of palmitate ( C l6:0) (Stryer, 2000).

However, longer fatty acids are formed by elongation reactions catalyzed by 

enzymes on the cytosolic face of the ER membrane. Two-carbon units are sequentially 

added to the carboxyl end of both saturated and unsaturated fatty acids. Malonyl CoA is
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the two-carbon donor in the elongation o f  fatty acyl CoA while the reaction is driven by 

the decarboxylation of malonyl CoA (Stryer, 2000). Fatty acids are also desaturated by 

enzyme systems in the ER membrane. Desaturation results in the formulation o f  a double 

bond. However, mammals lack the enzyme A-12-desaturase to introduce double bonds 

beyond C-9 and therefore require linoleic acid and a-linolenic acid (ALA, 18:3 n-3\ Figure 

1.8) in the diet.
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Figure 1.8 Nomenclature schematic for polyunsaturated fatty acids (PUFA).

fhe n-6 and n-3 long chain (LC) PUFA are either obtained directly from the diet or derived 

from the metabolism of dietary LA and ALA (Leonard ct uL, 2000). in animal tissues, A-6- 

desaturase converts LA into y-linolenic acid (GLA, 19:3 n-6), to which an elongase system 

adds two carbon atoms to synthesize dihomo-y-linolenic acid (DGLA, 20:3 n-6). In the n-3 

pathway. A-6-desaturase converts ALA into stearidonic acid (STA, 18:4 n-3), to which an 

elongase system adds two carbons to synthesize eicosatetraenoic acid (ETA, 18:4 n-3). A 

D-5-desaturase converts DGLA and ETA into AA and eicosapentaenoic acid (EPA, 20:5 

n-3) respectively (Figure 1.8). Further elongation o f  EPA by two carbons results in the 

synthesis o f  docosapentaenoic acid (DPA, C22:5 n-3). It has generally been agreed that 

docosahexaenoic acid (DHA, 22:6 n-3) is synthesized through conversion of DPA by a A- 

4-desaturase (Figure 1.8). However, recent studies indicate that DHA can also be produced 

through an alternative pathway. DHA also has the potential to undergo some reverse 

metabolism known as retroconversion back to EPA. Overall, formation o f  n-6 and n-3 LC 

PUFA from their precursors LA and ALA requires at least three elongation steps and three 

or more different desaturases capable o f  utilizing LC PUFA as substrates (Leonard el u l .
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2000). LA and ALA and their LC derivatives are important components o f  animal and 

plant cell membranes.
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Figure 1.9 The common pathway for the synthesis o f  arachidonic acid (AA), 
eicosapentaenoic acid (EPA. 20:5 n-3) and docosahexaenoic acid (DHA, 22:5 n-3) from 
linoleic acid (LA, 18:2 n-6) and a-linolenic acid (ALA, 18:3 n-3) respectively. Retro- 
conversion is shown with broken arrows. Schematics for EPA and DHA are shown. 
Adapted from Leonard el al. 2000.

I.l l.I Long chain polyunsaturated fatt> acids and eicosanoid production

The n-6 and n-3 fatty acids are converted into oxygen containing metabolites known as 

eicosanoids. Arachidonic acid (AA) is the dominant precursor; it is stored in cell 

membranes and can be mobilized by phospholipids and released in response to injury. 

Dietary sources rich in preformed AA include eggs and lean meats, such as poultry and 

fish. Importantly, when humans ingest fish or fish oil, the ingested EPA and DHA partially
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replace the n-6 fatty acids, particularly AA. in the cell membranes. Furthermore, EPA is a 

competitive substrate for the enzymes and products o f  AA metabolism. Therefore, the 

PUFA composition o f  cell membranes and subsequent eicosanoid metabolism is, to a great 

extent, dependent on dietary intake.

Eicosanoids include prostaglandins (PGs), thromboxanes (TXs) and leukotrienes 

(LTs). They are involved in modulating the intensity and duration o f  inflammatory 

responses (Calder, 2006). They are fast-acting, high-potency hormones that are produced 

locally and serve as second messengers. In general, eicosanoids formed from EPA via 

cyclooxygenase-2 and 5-lipoxygenase are anti-inflammatory, whereas those formed from 

AA are pro-inflammatory or show other disease-propagating effects (Bagga el al., 2003). 

For example, prostaglandin-2 (PGE2 ) produced by AA induces fever, pain, vasodilation 

and vascular permeability, while LTB4  also produced by AA is chemotactic for leucocytes 

and induces the release of reactive oxygen species by neutrophils and inflammatory 

cytokines (TNF-a, IL-ip, lL-6 ) by macrophages (Lewis el a l .  1990; Tilley et al.. 2001). 

Furthermore, the eicosanoid metabolic products from AA are formed in larger quantities 

than those formed from LC n-3 PUFA. Increased rates o f  AA metabolism lead to elevated 

levels o f  AA derived eicosanoids in both the blood and tissues o f  patients with a variety o f  

intlammatory disorders (Kinsella el al.. 1990; Lewis et a l .  1990). The recognition that 

EPA and DHA have anti-inflammatory properties suggests that increasing their intake 

corrects the LC n-6 and n-3 PUFA balance and so may act to reduce the risk of 

inflammatory conditions and be of benefit to patients with inflammatory diseases (Calder, 

2006; Sijben and Calder. 2007). Interestingly, recent studies have identified E-series 

resolvins, formed from EPA by a series o f  reactions involving cyclooxygenase-2 and 5- 

lipoxygenase. In addition, D-series resolvins and protectin are produced by a similar series 

of reactions involving DHA (Serhan el al.. 2008). These mediators appear to enable 

inflamed tissue to return to a state o f  homeostasis and have been shown to exert potent 

anti-inflammatory actions in many inflammatory cell types including neutrophils, 

macrophages, dendritic cells and T cells (Serhan el a l ,  2008). However, their role is 

somewhat speculative particularly as their relevance in vivo remains to be fully established.

Additionally, Isoprostanes (iPs) are a class o f  natural products generated by the 

action o f  free radicals on PUFA (Morrow el a l .  1990; Pratico el a l ,  1998). They are 

isomers o f  enzymatically formed prostaglandins, leukotrienes and epoxyeicosatrienoic 

acids (Lawson el a l .  1999; Morrow and Roberts, 1996). Unlike the enzymatic products of 

PUFA. they are formed initially in .situ in the phospholipid domain o f  cell membranes, 

from which they are cleaved by phospholipases (Morrow et a l .  1992), circulated in
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esterified and unesterified forms, and are excreted in urine. Although, iPs can be formed 

from many PUFA, research to date has focused ahnost exclusively on F2-iPs derived from 

AA. Several prostaglandin isomers isoprostanes (iPs) express biological activities in vitro  

(Elmhurst el al., 1997; Takahashi el al., 1992) and may act as incidental ligands at 

membrane receptors for prostanoids and at peroxisome proliferator-activated receptors 

(PPAR) in the nucleus (Kunapuli et al., 1998; Pratico et a i ,  1996). It is therefore important 

to be able to assess the extent o f  peroxidation o f  PUFA such as EPA and DHA.
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Figure 1.10 Mechanism o f  LC n-3 PUFA anti-intlammatory action. Eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DMA) decrease the amounts o f  arachidonic acid (AA) 
available as a substrate for eicosanoid synthesis and inhibit their metabolism. EPA and 
DHA are also precursors to potent new families o f  mediators termed resolvins and 
protectins.

1.11.2 M embrane lipid composition and its impacts on cell signalling

M ammalian cell membranes consist o f  a lipid bilayer composed primarily o f  phospholipids 

and cholesterol. The cellular membrane is formed by polar lipids, which consist o f  a 

hydrophobic and a hydrophilic portion. The propensity o f  the hydrophobic moieties to self 

associate and the tendency o f  the hydrophilic moieties to interact with aqueous 

environments and with each other, is the physical basis o f  the spontaneous formation o f  

membranes. This fundamental principle o f  amphipathic lipids is a chemical property that
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enabled the first cells to segregate their internal constituents from the external environment 

(van Meer et al., 2008). This same principle is recapitulated within the cell to produce 

discrete organelles (van Meer et al., 2008). The major structural lipids in eukaryotic 

membranes are glycerophospholipids. Their hydrophobic portion is a diacylglycerol 

(DAG), which contains saturated or c/.v-unsaturated fatty acyl chains o f  varying lengths 

(van Meer et uL, 2008). The sphingolipids constitute another class o f  structural lipids, the 

hydrophobic backbone o f  which is ceraniide (van Meer and Lisman, 2002).

Cell signalling induced hydrolysis o f  glycerolipids and sphingolipids produces a 

variety o f  lipid messengers. Some lipid messengers carry only one aliphatic chain and 

readily leave membranes; they signal through related membrane receptors (Meyer zu 

Heringdorf and Jakobs, 2007). In contrast, lipid messengers such as DAG and ceramide 

remain in the membrane and can recruit cytosolic proteins (Fernandis and Wenk, 2007). 

Lipid mediators are considered important in a wide range o f  processes involving cell-cell 

communication including host defense, inflammation, ischemia reperfusion, hemostasis 

and other vascular events. The activation o f  specific phospholipases is a critical early step 

in the biosynthesis o f  several structurally diverse lipid messengers. These phospholipases 

(PL) include PLAi. PLD. PLC. and sphingomyelinase (Serhan el al., 1996). Activation of 

these enzymes can be accomplished by either specific cell-surface receptors or by 

membrane perturbations such as in trauma or reperfusion injury. The lipid mediators 

produced include free fatty acids and their oxygenated products (e.g., eicosanoids), 

lysophospholipids, platelet activating factor (PAF). DAG, phosphatidic acid (PtdOH) and 

ceramide. These individual classes, some o f which have extensive molecular diversity, are 

each implicated as essential mediators in a variety o f  tissue and cell functions (Serhan et 

al., 1996).

Importantly, cytokines influence the production and actions o f  lipid messengers at 

several broad levels. They can 1) stimulate de novo biosynthesis o f  lipid messengers, 2) 

induce the enzymes that regulate lipid messenger biosynthesis and 3) act synergistically 

with a given lipid messenger to exert bioactions (Serhan et a l ,  1996). Although less well 

documented, individual or groups o f  certain lipid messengers can likewise display a similar 

multilevel effect in the biosynthesis and actions o f  cytokines (Serhan et a l ,  1996). For 

example several agonists induce sphingomyelin breakdown including TNF-a, lL-1 and 

interferon (INF)-y. Functional consequences o f  sphingomyelin degradation include growth 

arrest, cell differentiation, apoptosis, decreased protein secretion, prostaglandin 

endoperoxide H synthase (PGHS)-Il gene expression and production o f  prostaglandin (PG)
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(Ballou et al., 1996). Furthermore, ceramide is also implicated in mediating the actions of 

IL-1 p, such as increased expression o f  lL-6 (Ballou et al., 1996; Hannun and Obeid, 1995).

However, it is also expected that alteration in membrane lipid composition may 

lead to changes in lipid messenger production. Interestingly, Marignani and Sebaldt (1995) 

demonstrated that dietary enrichment with LC n-3 PUFA induces marked changes in DAG 

metabolism in murine peritoneal macrophages. Within this study C57BL/6 mice were 

randomly assigned to either a corn oil (control diet) or LC n-3 PUFA enriched diet. After 

four weeks macrophages were harvested and assayed for DAG. They observed that diet- 

induced LC n-3 PUFA enrichment o f  membrane phospholipids resulted in decreased DAG 

formation. These changes may have significant implications for the normal second 

messenger function o f  DAG, namely the activation o f  PKC early in the receptor-mediated 

signal transduction cascade of many important intercellular agonists (Marignani and 

Sebaldt, 1995). Concurrent with this, Schley et al. (2007) determined that an EPA and 

DHA treatment in MDA-MB-231 human breast cancer cells decreased lipid raft 

sphingomyelin, cholesterol and DAG content and, in the absence o f  linoleic acid (LA), 

EPA and DHA increased raft ceramide levels (Schley et a l ,  2007). It therefore seems 

likely that changes in lipid mediator formation may contribute to the anti-intlammator>' 

mechanisms associated with dietary LC n-3 PUFA supplementation.

Additionally, proteins that have important cellular functions, such as receptors, 

transporters, and enzymes are embedded in the lipid bilayer (Spector and Yorek, 1985). 

Consequently, modifications within the membrane lipid composition can affect many 

cellular functions and responses through regulation of the membrane proteins. 

Interestingly, an increase in the unsaturated fatty acid content of the membrane 

phospholipids affects the binding properties of the insulin receptor in Friend 

erythroleukemia and Ehrlich ascites cells (Ginsberg et al., 1981; Ginsberg et a l ,  1982). In 

both cases the cells enriched in unsaturated fatty acids contained an increased number of 

insulin receptors and exhibited a decrease in receptor binding affinity. The receptor 

number more than doubled when the cells were enriched with linoleic acid (18:2) (Spector 

and Yorek, 1985). In accord with this, insulin sensitizers such as bezafibrate (Matsui et al., 

1997) are known to increase the unsaturation of membrane lipids, and part o f  their 

beneficial action may be a membrane lipid mediated effect on the insulin receptor (Hulbert 

et al., 2005). The activity and properties of a number o f  membrane bound enzymes has 

also been examined following lipid modifications in cultured cells. For example the 

activity of adenylate cyclase, a membrane bound enzyme that synthesizes the secondary 

messenger cAMP. is affected by changes in the composition o f  the phospholipid fatty acyl
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chains and polar head groups. Its activity is also affected by changes in the cholesterol 

content o f  the plasma membrane.

I he effects o f  lipid modification on cellular function are very complex. It is 

therefore not yet possible to make any generalizations or to predict how a given system 

will respond to a particular type o f  lipid modification. Many o f  the functional responses are 

probably caused directly by the membrane lipid structural changes, which affect either 

lipid fluidity or specific lipid domains. The conformation or quaternary structures o f  

certain transporters, receptors and enzymes are most likely sensitive to changes in the 

structure o f  their lipid microenvironment, leading to changes in activity (Spector and 

Yorek, 1985). Changes in lipid membrane composition such as enrichment o f  LC n-3 

PUFA may have the potential to significantly alter second lipid messenger production and 

therefore alter intracellular signal transduction. These effects combined may therefore 

account, at least in part, for some of the less well understood actions o f  LC n-3 PUFA.

1.11.3 Long chain polyunsaturated fatt>' acids and gene expression

The composition o f  LC n-6 and n-3 PUFA also affects gene expression and intercellular 

cell-to-cell communication, fhe balance o\'n-3  and n-6 PUFA is important for homeostasis 

and normal development within cells. PUFA rapidly modulate gene expression in different 

systems, by regulating transcription factors such as PPAR. liver X receptors (LXRs) and 

SREBP-lc (Jump, 2002; Schmitz and Ecker, 2008). These nuclear receptors play crucial 

roles in the regulation o f  the fatty acid metabolism. PUFA are potent PPAR activators, 

leading to the increased expression o f  genes responsible for fatty acid P-oxidation, such as 

acyl-CoA oxidase, fatty acyl-CoA synthetase and hydroxymethylglutaryl-CoA synthase 

(Benatti el al.. 2004; Jump and Clarke, 1999). Activators o f  PPAR have been shown to 

inhibit the activation o f  inflammatory genes, including TNF-a, IL-ip, IL-6, IL-8, 

cyclooxygenase (COX)-2, VCAM-1, iNOS, matrix metalloproteinases and acute-phase 

proteins (Jackson el al., 1999; Jiang el al., 1998; Marx el al., 1999; Poynter and Daynes, 

1998; Ricote el a l ,  1998b; Takano el a l ,  2000; Wang el al., 2001; Xu el al.. 2001). Two 

mechanisms for the anti-inflammatory actions o f  PPAR have been proposed (Chinetti el 

al., 2000; Delerive el a l ,  2001). The first mechanism is that PPAR might stimulate the 

breakdown o f  inflammatory eicosanoids through induction o f  peroxisomal P-oxidation. 

The second mechanism is that PPAR might interfere with or antagonise the activation of 

other transcription factors, including NF-kB.

LC n-3 PUFA can also down regulate the activity o f  NF-kB directly, which may

provide an explanation o f  how LC n-3 PUFA reduces infiammatory cytokine production
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(Xu et al.. 2001). Xu el al reported that feeding mice fish oil resulted in a lower level o f  

NF-kB in the nucleus o f  LPS stimulated spleen lymphocytes compared with feeding maize 

oil. Our group showed that in cell culture, pre-treatment o f  EPA and DHA significantly 

decreased LPS stimulated THP-1 macrophage T N F-a , IL -ip  and IL-6 production 

compared to control cells (Weldon et al., 2007). Furthermore, EPA and D H A down- 

regulated LPS-induced NF-kB/DNA binding in THP-1 macrophages by approximately 

13%. DHA significantly decreased macrophage nuclear p65 expression and increased 

cytoplasmic IxB -a  expression. This capacity for LC n-3 PUFA to reduce pro- 

inflammatory cytokine production from inflammatory cells, such as macrophages, may 

have important potential to reduce the inflammation induced by the ATM  in obesity, 

improving insulin resistance. Furthermore, we hypothesise that lL-1 has a strong 

involvment in ATM  infiltration through its induction o f  chemokines. Therefore, a 

reduction in IL-1 expression caused by LC n-3 PUFA incorportion into the membrane as 

discussed above could potentially reduce ATM accumulation during obesity.

1.11.4 T he anti-inflam m atorv effects o f  LC n -3  P U F A

Many human LC n-3 PUFA intervention studies have shown anti-inflammatory effects in 

patients with chronic inflammatory conditions such as rheumatoid arthritis (Geusens el al., 

1994). asthma (Broughton el al.. 1997), C rohn 's  disease (Belluzzi el al.. 1996) and 

psoriasis (Mayser el al., 1998); LC n-3 PUFA have been shown to alleviate symptoms o f  

each disease. The evidence for the beneficial effects o f  LC n-3 PUFA within clinical trials 

is often conflicting and this may be due to factors such as the medical condition under 

analysis, the size o f  the study, the specific cytokines examined within the study, the study 

endpoints and the LC n-3 PUFA dose. Many o f  these concepts are reviewed by Sijben and 

Calder (Sijben and Calder, 2007). On the basis o f  estimates from studies on Paleolithic 

nutrition and modern-day hunter-gatherer populations, it appears that humans have evolved 

while consuming a diet that was much lower in saturated fatty acids than the current 

Western diet (Eaton and Konner, 1985). Furthermore, the Paleolithic diet contained small 

and roughly equal amounts o f  n-6  and n-3 PUFA and much lower amounts o f  irans  fatty 

acids compared to the current Western (Eaton and Konner, 1985; Simopoulos et al., 1995). 

The current Western diet is ver>' high in n-6  fatty acids and this is thought to have 

detrimental health consequences.
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1.11.5 Fatty acids and ad ip ose  tissue m a cro p h a g es  infiltration

I'odoric et al (2006) demonstrated that many genes involved in intlammatory alterations 

were up-regulated in dh/dh mice fed a HFD rich in SFAs and MUFAs (HFD/S) compared 

with a low fat diet (LFD) (Todoric et al., 2006). Adipose tissue infiltration with 

macrophages was markedly enhanced by HFD/S. Interestingly, inclusion o f  LC n-3 PUFA 

in the diet (HFD/^-J) completely prevented macrophage infiltration induced by a HFD and 

altered intlammatory gene expression while reducing .INK phosphorylation in diabetic 

mice despite unreduced body weight. Furthermore, the HFD/S and HFD with LC n-6 

PUFA down-regulated expression and reduced serum concentrations o f  adiponectin, 

however this was not the case with LC n-3 PUFA (Todoric et al., 2006). These data 

suggest that beneficial effects of LC n-3 PUFA on diabetes development could be 

mediated by their affect on ATM infiltration and subsequent inflammation. TI.R4 may be 

an important regulator o f  this effect as observed by fodoric and colleagues as it has been 

shown to be a receptor for saturated fatty acids (SFA) and can mediate inflammatory 

cytokine production in macrophages exposed to PUFA (Lee et al., 2001; Shi et a l ,  2006b). 

IX" n-3 PUFA protect against SFA 'fLR4 induced inflammatory cytokine production (Lee 

et al.. 2003). Shi and colleagues (2006) showed female C57BL/6 mice lacking TLR4 have 

increased obesity but are partially protected against HFD induced insulin resistance (Shi et 

al., 2006b). However, with a macrophage specific TLR4 knockout M0TLR4~^~ there were 

no differences in macrophage accumulation in WAT or insulin sensitivity between 

M 0TLR4'" and M0TLR4“'“ mice fed a HFD (Coenen et al., 2009).

1.11.6 Insulin  sen sit is in g  L C  n -3  PU F A

Epidemiologic studies have reported a low prevalence o f  impaired glucose tolerance and 

T2DM in populations consuming large amounts o f  LC n-3 PUFA such as the Greenland 

Inuit and Alaskan natives (Adler et a l ,  1994; Kromann and Green, 1980; Schraer et al., 

1999). However, much of the clinical evidence for the positive effects o f  LC n-3 PUFA on 

insulin sensitivity are conflicting and as discussed previously this could be due to variable 

factors within study design, such as study endpoints and LC n-3 PUFA dose or dietary 

advice given. Interestingly, Hu and colleagues (2003) examined prospectively the 

association between intake o f  fish and LC n-3 PUFA on risk of CVD and total mortality 

among 5.103 female nurses with diagnosed T2DM (Hu et al., 2003). Between 1980 and 

1996. they documented 362 incident cases o f  CVD. Those who consumed fish at least one 

to three times a month had a 40% lower risk o f  developing CVD compared to women with
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T2DM who ate tlsh less than once a month. I'hose who ate fish tlve or more times a week 

experienced a 64% reduction in CVD compared to those who ate fish less than once a 

month (Hu et al., 2003). In contrast, a population study monitoring 36,000 non-diabetic 

Iowa women (between 55-69 years of age) over 11 years showed development o f  T2DM 

was positively associated with LC n-3 PUFA (Meyer el al., 2001). However, after 

adjustment for other dietary fat, only vegetable fat was related to T2DM risk and appeared 

protective. LC n-3 PUFA have been shown to lower triacylglycerol (TAG) levels in 

subjects with T2DM or hypertriglyceridemia. Kesavulu and colleagues (2002) reported 

that supplementation o f  1.8 g/day LC n-S PUFA for 2 months in 34 T2DM patients being 

treated with anti-diabetic drugs significantly reduced TAG levels however, 

supplementation increased HDL cholesterol levels (Kesavulu et al., 2002).

Certain animal studies seem to suggest that LC n-3 PUFA may affect muscle, liver 

and WAT differentially within the insulin resistant environment and this may reflect some 

of the inconsistent data observed. However, there is also some conflict o f  the positive 

effects o f  LC n-3 PUFA in animal models of insulin resistance. Storlien and colleagues 

(1991) demonstrated that the substitution of fish oil for saturated or monounsaturated or 

LC n-6 PUFA HFD (60% fat) in rats over 3 weeks completely prevented liver and muscle 

insulin resistance induced by the diets (Storlien et al., 1991). 1'aouis et al (2002) showed 

that a HFD containing LC n-3 or LC n-6 PUFA given to Wistar rats induced 

hyperglycemia and hyperinsulinemia. signs of insulin resistance. A HFD enriched with LC 

n-3 PUFA maintained GLUT4 content, insulin receptor. lRS-1 tyrosine phosphorylation 

and PI3-kinase activity in muscle, however not in the liver (Taouis et al., 2002). A HFD 

enriched in LC n-3 PUFA showed no change in GLUT4 and leptin mRNA within adipose 

tissue whereas GLUT4 and leptin mRNA expression was decreased in rats on a HFD 

enriched in LC n-6 PUFA (Taouis et a l ,  2002). Arguilera and colleagues (2004) induced a 

model of the metabolic syndrome in rats which showed increased body weights, systolic 

blood pressure, serum insulin, total lipids, triacylglcerol, cholesterol, non esterified fatty 

acids (NEFA), LDL, total proteins, albumin and serum TN F-a (Aguilera et al., 2004). 

After tlsh oil administration, metabolic syndrome rats had significantly reduced blood 

pressure, serum insulin. TAG. cholesterol and NEFA (Aguilera et al., 2004). However, 

there was no change in TNF-a concentration or tat accumulation, which seems 

counterintuitive. The exact composition of the HFD and the amount o f  LC n-3 PUFA, 

specifically EPA and DHA. within the diet as well as the ratio o f  LC n-6 to LC n-3 PUFA 

may be a relevant factor in some of the conflicting information observed in these studies.

48



L I 2 Project Rationale

Obesity produces a state o f  chronic, low-grade inflammation with increased infiltration o f  

macrophages into the adipose tissue. These ATM  have been shown both in vivo and in 

vitro  to produce pro-inflammatory cytokines such as T N F -a .  11 -̂6, IL - ip  and MCP-1. 

These cytokines and chemokines most likely induce and enhance the activation o f  the 

M APK (ERK. p38 and JNK) and transcription factors such as N F-kB in both the 

macrophages and adipocytes o f  the WAT. This inflammation causes down-regulation and 

decreased activation o f  insulin signaling proteins (GLUT4 and lRS-1). therefore blocking 

insulin action within the adipocytes and inducing a state o f  insulin resistance.

Interestingly, If^-l signalling induces the production o f  many adhesion molecules 

and chemokines. lL-1 is also produced primarily by monocytes and macrophages 

(Dinarello. 2009; Martin and Wesche, 2002). These properties are thought to promote the 

infiltration o f  inflammatory and immunocompetent cells, from the circulation into WAT, 

leading to chronic lL-1-induced inflammation (Dinarello, 2009). lL-1 signalling may 

therefore pay a key role in the infiltration o f  ATM  during obesity, leading to inflammation 

and insulin resistance.

LC n-3 PUPA have been shown to influence gene expression (PPAR-y and NF-kB) 

and eicosanoid production, reducing pro-inflammatory cytokine production from many 

different cell types, including macrophages. LC n-3  PUFA may therefore offer a useful 

anti-inflammatory strategy to decrease obesity induced insulin resistance. However, the 

exact mechanisms between macrophages and adipocytes, both in vivo  and in vitro, in 

addition to the effects o f  LC n-3 PUFA on both cell types singularly and in combination, 

needs to be explored.

1.12.1 P ro ject H ypothesis

We hypothesise that as macrophages infiltrate into the adipose tissue during obesity they 

secret pro-inflammatory molecules, which induce a pro-inflammatory state within 

adipocytes. W e propose that this hightened state o f  inflammation inhibits insulin signalling 

in adipocytes leading to a state o f  insulin resistance. We further hypothesise that the IL- 

1 R L ' mice will have reduced ATM  accumulation and will remain more insulin sensitive. 

Finally, we hypothesis that the incorporation o f  anti-inflmmatory LC n-3 PUFA into the 

plasma membrane o f  the macrophages can attenuate the pro-inflmmatory state induced by 

the macrophages and improve insulin sensitivity within adipocytes.
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1.12.2 Project Aims

Chapter 3: The Effects o f  High Fat Diet Induced Obesity on Molecular Mechanisms

Associated with Insulin Resistance In Vivo within lL-1 Receptor 1 Knockout Mice

General aim:

• To establish an in vivo time-course experiment to study the molecular mechanism 

involved in the development o f  obesity-induced insulin resistance within immune 

compromised lL-1 type 1 receptor knock out mice ( IL - lR l ’̂ ’).

Specific aims:

1. To establish if lack o f  lL-1 signalling can protect against diet induced insulin 

resistance.

2. To determine if  IL - lR l”' mice have improved insulin sensitivity and a reduced pro- 

inflammatory state in the EAT throughout the 16 week HFD.

Chapter 4: The Effects o f  IL-ip  Treatment on Inflammatory and Insulin Signalling In

Vitro within 3T3-L1 Adipocytes

Ceneral aim:

•  To determine the effects o f  IL -ip  treatment on inflammatory and insulin signalling 

in vitro within 3T3-L1 adipocytes in order to verify the findings o f  the in vivo time- 

course experiment.

Specific aims:

1. To ascertain if  an IL -ip  treatment can induce inflammation and cellular stress in 

adipocytes.

2. To elucidate if  insulin sensitivity is reduced in IL -ip  treated adipocytes.
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Chapter 5: The Effects o f  EPA and DHA Treatment on Inflammatory and hisulin

Signalling In Vitro within 3T3-L1 Adipocytes and J774.2 Macrophages

Ceneral aims:

• To examine the effects o f  chronic EPA and DHA treatment on inflammatory and 

insulin signalling in vitro within 3T3-L1 adipocytes and J774.2 macrophages.

• To examine whether acute LC n-3 PUFA pre-treatment o f  the i l l  A.2 macrophages 

can attenuate the pro-inflammatory phenotype and improve insulin action within 

the 3T3-L1 adipocytes o f  the co-culture system.

Specific aims:

1. To deflne if chronic EPA and DHA treatment can improve insulin sensitivity in 

unstimulated 3T3-L1 adipocytes.

2. To establish if long term chronic EPA and DHA treatment has any potential pro- 

inflammatory or anti-inflammatory effects on unstimulated 3T3-L1 adipocytes.

3. fo deflne the effects of chronic EPA and DHA treatment during differentiation, on 

insulin sensitivity and cell morphology.

4. To ascertain if chronic EPA and DHA treatment can reduce inflammation and 

cellular stress in LPS stimulated macrophages.

5. To elucidate if  unstimulated or LPS stimulated macrophages can reduce insulin 

sensitivity and induce inflammation in adipocytes of a co-culture system.

6. To define if macrophages exert their effects on adipocytes via cellular contact or 

via secreted soluble molecules.

7. To deflne the anti-inflammatory and insuin sensitising effects elicited by an acute 

24 hour EPA and DHA treament of the macrophages prior to co-culture with the 

adipocytes.

Chapter 6: The Effects o f  LPS Stimulated Macrophages Pre-treated with EPA and DHA

on Inflammatory and Insulin Signalling within 3T3-L1 Adipocytes o f  a Co-culture System

General aims:

• I'o investigate the molecular mechanisms that mediate the interaction between 

.1774.2 macrophages and 3T3-L1 adipocytes using an in vitro co-culture system.
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• To examine whether chronic LC n-3 PUFA pre-treatment o f  the .1774.2

macrophages can attenuate the pro-inflammatory phenotype and improve insuhn

action within the 3T3-L1 adipocytes of the co-cuhure system.

Specific aims:

1. To verify the incorporation o f  LC n-3 PUFA into the macrophages chronically pre­

treated with EPA and DHA.

2. To confirm that the EPA and DHA is not present within the adipocytes o f  the co­

culture and to assess any changes in their fatty acid composition.

3. To ascertain if  chronic EPA and DHA treatment of the LPS stimulated

macrophages can reduce inflammation in the co-culture system.

4. To discover if chronic EPA and DHA treatment o f  the LPS stimulated macrophages 

can reduce inflammation and cellular stress while up-regulating insulin signaling 

within the adipocytes co-cultured with the LPS stimulated macrophages.

5. To establish if chronic EPA and DHA treatment of the LPS stimulated

macrophages can increase insulin induced glucose uptake within the adipocytes co­

cultured with the LPS stimulated macrophages.

6. To elucidate if LPS stimulated macrophages can induce dedifferentiation and 

lipolysis within adipocyte of a co-culture system and to define if chronic EPA and 

DHA treatment o f  the LPS stimulated macrophages can attenuate these effects.

52



Chapter 2 

M aterial and  M ethods

2.1 Animal study

2.1.1 Animals and  diets

riie targeting strategy for IL-IRI gene disruption has been previously described in detail 

(Glaccum el u l ,  1997). IL -lR I ’̂ ' (C57BL/6 background sourced from Jackson 

Laboratories, ME, USA) and C57BL/6 wild type (W T) control (purchased from Harlan 

Laboratories, IN, USA) 6 week old male mice were held at the BioResources Unit o f  

Trinity College Dublin under specific pathogen-free conditions. Ethical approval was 

obtained from the Trinity College Dublin Ethics Com m ittee and the mice were maintained 

according to the regulations o f  the European Union and the Irish Department o f  Health, 

who govern the use o f  animals in research. IL-IRL'' and C57BL/6 control mice were each 

fed a high-fat diet (HFD, 45%  Kcal from fat; Research Diets Inc, NJ, USA; Table 2.1) for 

up to 16 weeks. Body weights were recorded every 2 weeks. Food intake was recorded as 

the difference between the weight o f  the food remaining in the food bin and the amount o f  

pre-weighed food added every two weeks.
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T a b le  2.1 The com posit ion  o f  the standard chow  and high fat diets.

Diet C h ow H igh Fat
% g kcal g kcal

Protein 19.2 20 23.7 20
Carbohydrate 67.3 70 41.4 35.1

Fat 4.3 10 23.6 44.9
Total 90.8 100 88.7 100

kcal/gram 3.85 4.73
Ingred ient g kcal g kcal

Casein , 80 mesh 200 800 200 800
L-cystine 3 12 3 12

C orn  starch 315 1260 72.8 291.2
M altodex trin  10 35 140 100 400

Sucrose 350 1400 172.8 691.2
C ellu lose , B W 200 50 0 50 0

Soybean oil 25 225 25 225
Lard 20 180 - -

Palm oil - - 177.5 1597.5
M ineral m ix S I 0026 10 0 10 0

D iC alcium  phosphate 13 0 13 0
C alcium  carbonate 5.5 0 5.5 0

Potassium  citrate. 1 1120 16.5 0 16.5 0
V itam in  m ix V I 0001 10 40 10 40

C holine  bitartrate 2 0 2 0
Total 1055 4057 858.1 4057

2.1.2 G lucose  to lerance test

G lucose  to lerance tests (G T T) were performed on C 57 B L /6  control m ice  and  IL-lRl'^ ' 

m ice  at w eeks  0, 4, 6, 12 and 16 o f  the HFD. M ice were fasted for 6 hours prior to the 

G T T . A 25 %  w /v g lucose load (Sigm a-Aldrich , Dorset. UK; 1.2 g/kg body w eigh t)  w as 

adm in is te red  with  an intraperitoneal (IP) injection. B lood w as  sam pled  by tail b leed  at t im e 

points  0, 15. 30. 60. 90 and 120 minutes after the g lucose  IP injection. G lu co se  w as 

m easured  in m M ol/L  immediately  with a g lucose m eter from  A ccu -C h ek  (R oche  Ltd. 

Dublin . Ireland). B lood w as collected in e thy lenediam inete traacetic  acid (E D T A ) coated  

capillary  tube and spun at 15.000 rpm for 5 m inutes; insulin levels w ere  m easu red  at t im e 

points  0, 30 and 60 m inutes  using a com m ercia lly  ava ilab le  EL ISA  kit pu rchased  from  

M ercod ia  (U ppsa la.  Sweden).

2.1 .3  T issu e  and p lasm a collection

A nim als  w ere  fasted for 4 hours and culled by C O 2 inhalation  at w eeks  0, 6, 8. 12 and 16 

o f  the HFD. Epididym al adipose tissue (EAT), visceral ad ipose  tissue (V A T ) from  w hite 

ad ipose  tissue (W A T ), brown adipose tissue (B A T ),  skeletal m uscle  from  the hind leg,
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liver, k idney  and pancreas  sam ples  w ere  harvested . All t issue a liquo ts  ( - 1 0 0  m g) for R N A  

and p ro te in  analysis  w ere  im m edia te ly  snap  frozen  in liquid n itrogen and transferred  to a 

freezer for s torage at -80°C. A proportion  o f  the E A T  w as p repared  for ad ipocyte  isolation 

and a second  portion  w as  p laced in 10% neutral buffered  form alin  for histology. A fasting 

b lood  sam p le  w as taken  from the heart us ing  a need le  and syringe. T he syringe w as  coated  

w ith  a layer o f  E D T A  to preven t the blood from  clotting. T he  b lood  w as transferred  into an 

e p p e n d o r f  and  centr ifuged  at 15,000 rpm  for 5 m inutes. T he  p lasm a w as  extracted, 

a l iquo ted  and  frozen at -80°C. P lasm a ad ipok ine  and cy tokine profiles  w ere  determ ined  

using  a M illip lex  m ulti-ana ly te  profiling  (M ill ipore , M A , U SA ). P lasm a triacylglycerol 

(T A G ) and  non-esterif ied  fatty acids (N E F A ) w ere  m easured  using  com m erc ia l ly  available  

en zy m e assay  kits (R an d o x , C o  A ntrim , N orthe rn  Ireland).

2.1.4 Adipocyte isolation

A portion  o f  the fresh ad ipose  tissue w as  sliced into small sec tions and  transferred  into 

37^'C 155 m M o l/L  N aC l (S igm a-A ld rich )  in distilled  water. N aC l w as then rem oved  using 

a needle  and  syringe and  the ad ipose  w as incubated  with  co llagenase  buffer  for 70 m inutes  

in a shak ing  w ater  bath at 37‘’C. T he co llagenase  buffer consis ted  o f  K rebs R inger 

b icarbonate  buffer w ith  4 %  bovine serum  a lbum in  (B SA ) and 2 m g/m l co llagenase  type 11 

(S igm a-A ldrich).  K rebs R inger b icarbonate  buffer consis ts  o f  118 m M o l/L  N aC l,  24.8 

m M o l/L  N a H C 0 3  (S igm a-A ldrich).  1.2 m M o l/L  K H 2PO 4 (S igm a-A ldrich) ,  4.8 m M ol/L  

KCI (S igm a-A ld rich ) ,  1.25 m M ol/L  C aC li  (S igm a-A ldrich),  1.2 m M o l/L  M g S 0 4  (S igm a- 

A ldrich) and  10 m M o l 4 -(2 -hy d ro x y e th y l)- l-p ip e raz in ee th an esu lfo n ic  acid (H E PE S , 

S igm a-A ld rich )  at pH 7.35 - 7.45. C o llagenases  are enzym es that break the pep tide  bonds 

in collagen; type 11 co llagenase  is suitable for the d igestion  and release o f  ad ipocy tes  (Fain, 

1975; Rodbell ,  1964). T he ad ipose  tissue w as  then  flushed through  a po lypropy lene filter 

(500  )am, Sch le icher &  Schuell M icroScience ,  Dassel, G erm any) to separate  the cells. The 

cells w ere  then spun at 1,000 rpm  for 5 m inu tes  to  separate  the m ature  ad ipocy tes  from  the 

strom al vascu la r  fraction  (SVF). T he m atu re  ad ipocy tes  float due to their high lipid content 

and there fo re  could  be collected  from  the surface  o f  the buffer. T he  ad ipocy tes  were 

w ashed  with  K rebs R inger  phosphate  buffer  (pFl 7.4) w ith  1% B SA  and spun at 1,000 rpm 

for 2 m inutes .  A d ipocy tes  w ere  collected  and frozen  in liquid n itrogen prior to storage at -  

80"C.
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2.1.5 Determination o f  multiple cytokines using multi-analyte profiling

Multi-analyte profiling (MAP) allows simultaneous detection o f  multiple analytes within a 

small sample size. Adiponectin, granulocyte macrophage colony-stimulating factor (GM- 

CSF), interferon (IFN)-y, interleukin (IL)-IO. 1L-I2(p70), lL-13, IL -ip ,  lL-2, lL-4, lL-5, 

lL-6, lL-9, Insulin, keratinocyte-derived chemokine (KC), Leptin, monocyte chemotactic 

protein (M C P )-l ,  macrophage inflammatory protein (M lP ) - la ,  regulated upon activation, 

normal T cell expressed and secreted (RANTES) also known as chemokine (C-C motif) 

ligand (CCL)5, resistin and tumour necrosis factor (T N F)-a  concentrations were 

determined in pg/ml. Plasma aliquots w'ere prepared and shipped to Milipore for analysis 

(Millipore UK Ltd, Dundee, UK).

The Miliplex plate consists o f  wells containing polystyrene 5.6 jiM microspheres. 

The microspheres are dyed with red and infra-red fluorophores in different ratios. Each 

ratio is used to uniquely identify each microsphere set. Each microsphere (or bead) set is 

coated with capture antibody specific to an antigen. A mixture o f  microspheres for specific 

antigens (capture bead stock) can be assessed within one analysis using 50 )j.l o f  plasma 

sample. The assay was performed in a 96-well filter plate. 25 |.il o f  IX capture bead stock 

was added to each well and washed twice in 200 ml IX wash solution. Standards were 

reconstituted to working concentrations by serial 1:3 dilutions in assay diluent. 50 (.U 

incubation buffer was added to each well followed by 100 )al standard into designated 

wells. 50 |il assay diluent followed by 50 )j1 samples was added to designated wells. The 

plate was covered and incubated for 2 hours at room temperature on an orbital plate shaker 

(500 - 600 rpm). During the incubation, the antigens from the plasma and standards 

became immobilized by the capture antibody on to the beads. The wells were washed twice 

and 100 }il o f  IX biotinylated detection antibody was added to each well. The plate was 

covered and incubated for 1 hour on the plate shaker. The biotinylated detection antibody 

bound to the immobilised antigen. The wells were washed twice and 100 )il o f  IX 

streptavidin-phycoerythrin (S-PE) was added to each well. The plate was covered and 

incubated for 30 minutes on the plate shaker. Finally, S-PE bound to the immobilized 

detection antibody completing the complex (Figure 2.1). The wells were washed three 

times with 200 ).il working wash solution and then 100 |.il working wash solution was 

added to each well and placed on the plate shaker for three minutes. The samples were 

subsequently analysed using the Luminex® 200™  analyzer (Luminex Corporation, TX, 

USA) and the data was assessed with xPonent Software (Luminex Corporation, TX, USA). 

The lA im inex®  200^''^ analyzer is a dual laser, flow-based sorting and detection platform.
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T he beads  are passed  individually  th rough  a detec tion  cham ber;  a 635 nm  red laser exc ites  

the internal red/infra-red  dyes and c lassifies  the m icrosphere  a l low ing  identification o f  the 

antigen, w hile  a 532 nm  green laser exc ites  the o range f luorophore  o f  S -PE  a llow ing  

quan tif ica tion  o f  the antigen. A  standard  curve  w as  generated  for each  cy tokine  and 

ch em o k in e  and sam ple  concen tra t ions  w ere  ca lcu la ted  through the equa tion  o f  the s tandard  

curve.

Bead / \ f

Cytokiiie-specific Cytokiiie-specific
Monoclonal biotinylated Stieptavidin-PE

antibody | repoiter antibody
CVtokine

F igure 2.1 M icrospheres  (or beads) are dyed with d iffe ring  concen tra tions  o f  two 
tlu o ro p h o res  to generate  d istinct bead  sets. E ach  bead set is coa ted  with  a cytokine-specific  
m onoc lona l  an t ibody  or cap ture  an tibody specific for one analyte  or antigen. C aptured  
an tigen  is detec ted  using a b iotinylated  detec tion  an tibody and  s trep tav id in-phycoery thrin  
(S-PE). A dual laser, t low -based  sorting  and  detec tion  p la tform  a llow ed  identification  o f  
and quan tif ica tion  o f  the antigen.

2.1.6 D eterm ination  o f  p lasm a tr iacy lg lycero l and non-ester if ied  fatty acids

P lasm a T A G  and N E F A  w ere  m easu red  using  com m ercia l ly  ava ilab le  enzym e assay  kits 

from Randox. P lasm a T A G  levels were m easured  using a co lourim etric  m ethod  (Tietz, 

1990) as show n  in Figure 2 .2. in w hich  T A G  w ere  hydro lized  by lipopro te in lipase  to 

p roduce  glycerol and  free fatty acids. T he glycerol then partic ipates in a series o f  coupled  

enzym atic  reactions, in w h ich  glycerol k inase (G K ) and glycerol phosphate  ox idase  (G PO ) 

generate  h y d rogen-perox ide  (H 2 O 2 ). H 2 O 2 reacts w ith  4 -ch lo ropheno l and  4- 

am in o an tip y rin e  in the p resence o f  perox idase  (P O D ) to form a qu in o n e im in e  dye (Jacobs 

and V an d em ark ,  1960; K oditschek  and U m bre it .  1969; Trinder, 1969). T he intensity  o f  

co lou r  form ed is p roportional to the T A G  concen tra tion  and can be m easured  

pho tom etr ica l ly  betw een  480 nm  and  520 nm.
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lipases

Triacylglycerol + 1120-------- ^  glycerol + fatty acids

(IK

Glycerol + A T P  -------- ^  g lycero l-3 -phosphate  + A D P

(iPO

G lycero l-3 -phospha te  + O 2 -------- ► d ihydroxyacetone  + phosphate  + H 2O 2

POD

2 H 2O 2 + 4 -am in o p h en azo n e  + 4 -c h lo ro p h e n o l  ► qu in o n e im in e  + HCl + 4 H 2O

Figure 2.2 Triacylglycerol (TA G ) w as hydrolized by lipases to produce glycerol and  free 
fatty acids. T he glycerol then partic ipates in a series o f  coupled  enzym atic  reactions, in 
w h ich  glycerol kinase (G K ) and glycerol phosphate  ox idase  (G P O ) generate  hydrogen- 
perox ide (H 2O 2). H 2O 2 reacts with 4-ch lorophenol and  4 -am inoan tipy rine  in the presence 
o f  perox idase  (P O D ) to form a qu inoneim ine dye.

To m easure  T A G , the enzym e reagent contain ing  0.5 n iM ol/L  4 -am in o p h en azo n e ,  1.0 

m M o l/L  A T P . lipases <  150 IJ/ml. G K  < 0.4 U/m l. G P O  < 1.5 U/ml and P O D  <  0.5 U/ml 

w as reconstitu ted  in 40 m M ol/L  (pH 7.6) Pipes Buffer con ta in ing  5.5 m M o l/L  4- 

ch lo ropheno l and 17.5 m M ol/L  M agnesium -ions. 3.5 (il o f  p lasm a sam ple  or s tandard  w as 

incubated with  350 |al enzym e reagent in a 96-well plate for 5 m inu tes  at 37"C. The 

absorbance  o f  the sam ples  and standards were m easured  at 500 nm against the reagent 

b lank within 60 m inutes  using a S P E C T R A n iax ® M 2  m icrop la te  reader and S oftM ax  Pro® 

software (M D S  Analytical Technologies. CA, U SA ). T A G  concen tra tion  w as calcu la ted  as 

m M ol/L . H ypertr ig lyceridaem ia is suspected from ap prox im a te ly  1.71 m M ol/L .

P lasm a N E F A  levels were also m easured  using  a co lorim etric  m ethod  as show n in 

F igure 2.3. This  enzym atic  m ethod relies upon the acy la tion  o f  co en zy m e A  (C oA ) by 

N E F A  in the presence o f  added acyl-CoA  synthetase  (A C S). T he acy l-C oA  p roduced  is 

o x id ized  by added  acyl-C oA  oxidase (A C O D ) w ith  genera tion  o f  H 2O 2 . H 2O 2 in the 

presence o f  perox idase  (P O D ) permits the ox idative  condensa t ion  o f  N -e thy l-N -(2hydroxy- 

3 -su lphopropy l)m -to lu id ine  (T O O S) with 4 -am inoan tipyrine ,  w hich  form s a purple 

co loured  adduc t w hich  can be m easured co lorim etrica lly  at 550 nm  (M a tsu b a ra  el a i ,  

1983; M ulder  et al., 1983; Shim izu e/ c//., 1980).
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ACS

N E F A  + A T P  + C o A  -------- ^  Acyl C oA  + A M P  + PPi

ACOD

Acyl C o A  + O2 --------- ► 2 ,3 -trans-E noy l-C oA  + H 2O2

!>()[)

2 H 2O2 + T O O S  + 4 -a m in o a n t ip y r in e --------- ► Purple adduc t + 4 H 2O

F igure 2.3 A cylation o f  co en zy m e A (C o A ) by non-esterif ied  fatty acids (N E F A ) in the 
p resence o f  added acy l-C oA  synthetase (A C S ) p roduces  acy l-C oA . A cyl-C oA  is ox id ized  
by added  acyl-C oA  ox idase  (A C O D ) with  genera tion  o f  H 2O 2 . H 2O 2 in the p resence  o f  
p erox idase  (P O D ) a llow s oxidative  condensa t ion  o f  N -e thy l-N -(2hydroxy-3-  
su lphopropy l)m -to lu id ine  (T O O S ) with  4 -am inoan tipy rine ,  w h ich  fo rm s a purp le co loured  
adduct.

E nzym e reagent 1 ( Rl )  con ta in ing  A C S  > 0.3 U /m l, A scorbate  ox idase  > 1.5 U /m l. 0.9

m M o l/L  C oA . 5.0 m M ol/L  A T P  and 1.5 m M o l/L  4 -am inoan tipy rine  w as  reconstitu ted  in

phosphate  buffer 0.04 m ol/L  (pH 6.9) w ith 3 m M o l/L  m ag n es iu m  chloride  and surfactant. 

E nzym e reagent 2 (R 2) con ta in ing  0 .3%  (w7v) phenoxye thano l  and surfactant w as  m ixed  

with 10.6 m M ol/L  m aleim ide. A C O D  > 10  U /m l.  P O D  7.5 U /m l and  1.2 m M o l/L  T O O S. 

To m easu re  N E F A , 5 |.il o f  p lasm a sam ple  or s tandard  w as incubated  with  100 (,il R l and  

200 ).il R2 for 10 m inu tes  at 37"C in a 96-well plate. T he abso rbance  o f  the sam ples  and 

s tandards  w as m easured  against the reagent b lank after 10 m inu tes  using  a 

S P E C l ’R A m ax ® M 2  m icrop la te  reader and SoftM ax  P ro®  software. N E F A  concen tra tion  

w as calcu la ted  as m M ol/L . N orm al fasting  p lasm a N E F A  levels are betw een  0.1 - 0.9 

m M ol/L . R andox A ssayed  M ulti-sera. Level 2 and Level 3 w ere  used for quality  control.

2.1.7 D eterm ination  o f  ad ip ocyte  size

A proportion  o f  the E A T  w as  p laced in 10% neutral buffered  formalin . W ate r  w as  later

rem oved  from the tissue using progressively  m ore  concen tra ted  e thanol (G P R  R ectapur,

V W R  International. Belfast. N orthern  Ireland) fo llow ed  by xylene (G P R  R ectapur. V W R

International) to rem ove  the alcohol in a p rocess  k now n  as dehydration  in an au tom atic

tissue p rocessor (Leica fP  1020, Leica M icrosys tem s, A shbourne ,  Ireland). T he sam ples

w ere  then em bedded  and placed in m olten  paraffm  w ax to replace the xy lene using  a L eica

E G l 150c (Leica). Sections o f  the tissue w ere  cut on  a R eichert-Jung  2030  (Leica) at 5 |^m

and placed on slides. The slides w ere  then de-para ffin ized  and hydra ted  th rough  so lu tions

o f  xy lene fo llow ed by m ethanol and then  s tained using  an A uto  S ta iner X L  (Leica). S lides

w ere stained with hem atoxylin  (S igm a-A ld rich )  and w ashed  with  water. T he slides w ere
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counterstained with eosin (Signia-Aldrich). Hematoxylin stains the nuclei blue and eosin 

stains the cytoplasm pink. The stained slides were placed in ethanol and xylene to 

dehydrate the samples. Lastly, the slides were mounted in permount mounting media 

(Fisher Scientific, Dublin. Ireland) and covered with a coverslip. Images were taken on an 

Eclipse LV-Universal design microscope (Nikon Corporation, Tokyo, Japan) and the 

adipocyte area was measured in |.im  ̂ using the NlS-Elements software (Nikon Corporation, 

Tokyo, Japan).

2.2 Cell culture

2.2.1 3T3-L1 cell line

The 3T3-L1 cell line was purchased from the European Collection of Animal Cell Cultures 

(ECACC, Salisbury, UK). Green and Kehinde derived the 3T3-L1 cell line from 3T3 

mouse fibroblasts through clonal isolation. 3T3-L1 convert to adipocytes under defined 

culture conditions (Green and Kehinde. 1975). This conversion is a type o f  cellular 

differentiation, which occurs after the cells stop growing, at which time there is an 

increased incorporation of fatty acid precursors into triglycerides (Russell and Ho, 1976). 

The conversion involves the formation of numerous fat vacuoles, which coalesce into one 

large fat vacuole with time (Russell and Ho. 1976). 3T3-L1 cells are well characterised 

and are morphologically similar to fibroblastic pre-adipose cells found in adipose tissue 

and once differentiated, they exhibit virtually all the characteristics associated with mouse 

and human adipocytes present within adipose tissue (Cowherd el at., 1999; Novikoff e/ a l ,  

1980). 3T3-L1 also express many of the same genes as adipocytes in vivo (Cowherd el a i ,  

1999). Furthermore, when injected into mice, 3T3-L1 pre-adipocytes differentiate and 

form fat pads, which are indistinguishable from normal adipose tissue (Green and Kehinde, 

1979). 3T3-L1 cells are also sensitive to lipogenic and lipolytic hormones and drugs 

including insulin, which stimulates the uptake of glucose. 3T3-L1 cells offer an excellent 

model system for studying adipocytes.

2.2.2 3T3-L1 sub-culture

3T3-L1 cells were grown in dulbecco's modified eagle medium containing 4.5 g/L 

Glucose and 2 niMol L-glutamine (DMEM. Lonza Walkersville Inc, MD, USA) 

supplemented with 10% Foetal Bovine Serum (FBS. Gibco®, Invitrogen, Paisely, UK), 

100 mg/ml streptomycin Sulfate and 100 |.ig/ml Potassium penicillin (Lonza Walkersville 

Inc). DMEM is rich in nutrients such as inorganic salts, amino acids, vitamins, D-Glucose, 

Sodium Pyruvate and the pH indicator Phenol Red. FBS is the portion o f  plasma remaining
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after coagulation o f  blood. FBS is low in antibodies and rich in growth factors. The 

globular protein, bovine serum albumin (BSA), is a major component o f  FBS. Since 

commercial serum may vary between batches with regards to levels o f  antioxidants and 

growth factors, serum from the same batch was used throughout the course o f  the in vitro 

work. Penicillin-streptomycin is a broad spectrum bacteriostatic and bacteriocidal, with 

activity against gram negative and gram positive organisms. 3T3-L1 cells were grown in 

tissue culture treated, filter-vented cap 75 cm^ flasks (Iwaki Seiyaku Co, Ltd, Tokyo, 

Japan) at 37°C and 5% CO 2 with 95% air in a humidified incubator (Thermo Elecron 

Corporation. OH. USA), until 70% sub-confiuent. Sub-contluent cultured 3T3-L1 cells 

were split 1:10. once a week; cells were washed in phosphate-buffered saline (PBS, 

Gibco®. Invitrogen) and trypsinised to lift the adherent cells using 0.25%  trypsin with 

EDTA (Lonza Walkersville Inc) in phosphate-buffered saline (PBS, Gibco®, Invitrogen). 

Once the cells began to lift trypsin activity was halted by the addition o f  the growth media; 

cells were centrifuged at 1,200 rpm for 5 minutes and transferred to new flasks.

2.2.3 Cyropreserv ation and revival o f cells

l o maintain healthy viable stocks, 3T3-L1 cells were grown until 70% sub-confluent, 

washed in PBS, trypsinised, centrifuged at 1,200 rpm for 5 minutes and the pellets re­

suspended in 1 ml o f  cryopreservation media [90% FIBS and 10% dimethyl sulfoxide 

(DM SO. Sigma-Aldrich)]. The suspension was immediately transferred into sterile 

cryovials (Nunc Plasticware. Life Technologies. Roskilde, Denmark). Cryovials were 

cooled to -80"C  at - l°C /m inu te  using a "Mr. Frosty” Freezing Container (Nalgene® 

Labware, Thermo Fisher Scientific, Roskilde, Denmark). The cryovials were then 

transferred to liquid nitrogen for long-term storage. Rapid thawing and dilution o f  the 

DM SO with growth media was ensured when re-establishing the vial stock.

2.2.4 Differentiation of 3T3-L1

3T3-L1 cells were grown until 70% sub-confluent, washed in PBS, trypsinised, centrifuged 

at 1,200 rpm for 5 minutes and re-suspended in 6 or 12-well plates (BD Biosciences, NJ, 

USA), fo  initiate differentiation, cells were grown to 100% confluency and then left for a 

further 2 days (Figure 2.4a). Differentiation was induced by adding 0.5 mMol 3-isobutyl-1- 

methylxanthine (IBMX. Sigma-Aldrich), 0.25 )aMol dexamethoasone (Sigma-Aldrich) and 

1 |ig/ml insulin (Sigma-Aldrich) to the DM EM  supplemented with 10% FBS and 

Penicillin-Streptomycin for 6 days (Figure2.4b). Differentiation media was then removed
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and replaced with DMEM supplemented with 10% FBS and penicillin-streptomycin for 24 

hours in preparation for experimental analysis.

i
w

Figure 2.4 Confluent 3T3-L1 cells prior 
differentiation (b).

to differentiation (a) and 6 days post

2.2.5 ,1774.2 m acrophages

The .1774.2 line was purchased from ECACC. J774.2 cells are a mouse BALB/c monocyte 

macrophage originally cloned from the ascites and solid tumour .1774.1. J774.2 

macrophages are well characterised and exhibit the cytologic, adherence and phagocytic 

properties o f  macrophages as well as expressing virtually all the characteristic genes 

associated with human macrophages (Ralph and Nakoinz. 1975).

2.2.6 Sub-culturing .1774.2 macrophages

.1774.2 cells were grown in DMEM containing 4.5 g/L Glucose and 2 mM L-glutamine 

supplemented with 10% FBS 100 mg/ml streptomycin sulfate and 100 |^ig/ml potassium 

penicillin. .1774.2 cells are semi-adherent; some cells grew in suspension, some loosely 

attached to the surface while others flattened out and attached to the flask. .1774.2 cells 

were grown in tissue culture treated, filter-vented cap 75 cm^ flasks at 37°C and 5% C O 2 

with 95% air in a humidified incubator, until 70% sub-contluent. Sub-confluent cultured 

.1774.2 cells were split 1:4, two - three times a week by washing the cells and tapping the 

sides o f  the flasks to dislodge the cells. Cells were centrifuged at 1,200 rpm for 5 minutes 

and transferred to new flasks in preparation for experimental analysis.

2.2.7 C yropreservation and revival o f cells

To maintain healthy viable stocks .1774.2 cells were grown until 70%> sub-confluent, 

dislodged from the flask, centrifuged at 12,00 rpm for 5 minutes and the pellets re­

suspended in 1 ml o f  cryopreservation media (90% FBS and 10% DMSO). The suspension
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was immediately transferred into sterile cryovials. Cryovials were cooled to -80"C  at - 

l°C /m inute  using a freezing container. The cryovials were then transferred to liquid 

nitrogen for long-term storage. Rapid thawing and dilution o f  the DM SO with growth 

media was ensured when re-establishing the vial stock.

2.2.8 Cell enumeration and viability assessment

Cell viability and yield were assessed prior to experiment set-up using Trypan blue 

solution (Sigma-Aldrich). Cells were stained with Trypan blue and counted on a 

haemocytometer under a light microscope using the protocol o f  Phillips and Terryberry 

(Phillips and Terryberry, 1957). Trypan blue assay is used to estimate the proportion o f  

viable cells in a population. In a viable cell Trypan blue is not absorbed; however, it 

traverses the membrane in a dead cell. Hence, dead cells are shown as a distinctive blue 

colour under a light microscope. Since live cells are excluded from staining, this staining 

method is also described as a dye exclusion method.

2.2.9 Preparation o f  fatt>' acids

For the purpose o f  this in vitro study, stocks o f  fatty acids were prepared in DMSO. 

liicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) were obtained from 

Sigma-Aldrich. 100 mMol o f  EPA and DHA was prepared, aliquoted and stored at -20°C. 

3T3-L1 and .1774.2 cells were treated with 50 |imol/L EPA or DHA while DM SO was used 

as a vehicle control. For all treatments, the final concentration o f  DM SO in culture medium 

was < 0.1 %.

2.2.10 Cell stimulation

Lipopolysaccaride (LPS) is a potent bacterial endotoxin and a specific activator o f  toll like 

receptor ( FLR)-4, which induces inflammation within J774.2 macrophages. 1 mg/ml LPS 

from Escherichia coli dissolved in sterile pyrogen-free double distilled water was 

purchased from Alexis Biochemicals (Nottingham, UK) and stored at 4°C. IL - ip ,  a pro- 

inflammatory cytokine and activator o f  lL-1 receptor 1 (IL-IRI), was used to induce 

inflammation within the 3T3-L1 adipocytes. 5 |ig o f  recombinant m ouse IL -ip  was 

purchased from R& D Systems (Abington, UK). The lL-113 was reconstituted in sterile PBS 

with 0.1% BSA and stored as 10 |ig/ml 50 |.il aliquots at -20"C .
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2.2.11 Experim ental design

In the first series o f  experiments, 3T3-L1 fibroblasts were differentiated into mature 

adipocytes as described in section 2.2.4. The cells were treated with 10 ng/ml IL-ip in 

serum free DMEM supplemented with antibiotics and 0.2% BSA for 5 minutes, 15 

minutes, 30 minutes, 1 hour, 2 hours, 24 hours and 48 hours.

In the second series of experiments the effects o f  EPA and DHA on 3T3-L1 

adipocytes and J774.2 macrophages were determined. 3T3-L1 fibroblasts were 

differentiated to mature adipocytes as described in section 2.2.4 and then treated with 50 

fimol/L EPA, DHA or DMSO vehicle control in DMEM supplemented with 10% FBS and 

antibiotics for five days. Additionally. 3T3-L1 fibroblasts were differentiated as described 

in section 2.2.4 in the presence of 50 (iMol/L EPA, DHA or DMSO vehicle control. 

Furthermore, J774.2 macrophages were treated with 50 )liMo1/L EPA, DHA or DMSO 

vehicle control in DMEM supplemented with 10% FBS and antibiotics for 5 days in 75 

cm^ tlasks. 1 x 1 0 ^  macrophages were then incubated with or without 100 ng/ml LPS in 

DMEM supplemented with 1% FCS and antibiotics for 15 minutes.

Finally, a series of co-culture and conditioned media (CM) experiments were 

conducted to examine the effects of J774.2 macrophages on 3T3-L1 adipocytes. In an 

acute LC n-3 PUFA treatment co-culture system as depicted in Figure 2.5a. J774.2 

macrophages were LPS stimulated (100 ng/ml) or unstimulated for 48 hours in DMEM 

supplemented with 10% FBS and antibiotics, after 24 hours LPS stimulation 50 |iMol/L 

EPA. DHA or vehicle control was added. 3T3-L1 fibroblasts were differentiated into 

mature adipocytes as described in section 2.2.4. The media from the adipocytes and 

macrophages was removed and replaced with DMEM supplemented with 10% FBS and 

antibiotics. In a contact co-culture, mature fully differentiated 3T3-L1 adipocytes were 

incubated directly with the pre-treated macrophages; while in the transwell system pre­

treated J774.2 macrophages were placed in permeable inserts above the fully differentiated 

3T3-L1 adipocytes. Inserts allowed soluble molecules to circulate between cells however, 

direct cell contact was prevented.

In a chronic LC n-3 PUFA treatment system as shown in Figure 2.5b, J774.2 

macrophages were incubated with 50 |.iMol/L EPA, DHA or vehicle control for five days 

in DMEM supplemented with 10% FBS and antibiotics. In addition, during the final 48 

hours o f  the LC n-3 PUFA treatment macrophages were stimulated with 100 ng/ml o f  LPS. 

3T3-L1 fibroblasts were differentiated into mature adipocytes as described in section 2.2.4. 

The media from the adipocytes and macrophages was removed and replaced with DMEM
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supplemented with 10% FBS and antibiotics, hi this transwell system pre-treated J774.2 

macrophages were placed in permeable inserts above the fully differentiated 3T3-L1 

adipocytes for 24 hours.

Additionally, a series o f  J774.2 m acrophage conditioned media experiments were 

conducted as outlined in Figure 2.5c. J774.2 macrophages were pre-treated with 50 

|.iMol/L EPA. DHA or vehicle control in DM EM  supplemented with 10% FBS and 

antibiotics for three days. Subsequently, macrophages were then stimulated with 100 

ng/ml LPS for 30 minutes, LPS stimulated m acrophages were washed twice with sterile 

PBS after which the 50 |aMol/L EPA, DHA or vehicle control in DM EM  with supplements 

was replaced for a further 48 hours. M acrophage CM  was collected and incubated with the 

mature differentiated 3T3-L1 adipocytes for 24 hours. Furthermore, macrophages were 

pre-treated with 50 |.iMol/L EPA. DHA or vehicle control in DM EM  with 10% FBS and 

antibiotics for four days. M acrophages were then stimulated with 100 ng/ml LPS for 30 

minutes, LPS stimulated macrophages were washed twice with sterile PBS after which 50 

|.iMol/L EPA. DHA or vehicle control in DM EM  with supplements was replaced for 24 

hours. Macrophage CM was collected and incubated with mature differentiated 3T3-L1 

adipocytes for 48 hours.

65



6

T u n c(d ay s)

\ i  14 15 16

lo "0*0 
coiilliienc«

-L P S

3T.5-L1 
Fibioblasit.s 

a  own to 
90-100* 0 

conllueiice

Tim e(days)

b )  0 6 10 l.t 14 15 16

+ EPA 50 piHol L

DMSO

DjflVreiitiation of fibrobla.sts lo mafme atlipocytes

J""4 .2  a  o u n  
to "O** 

continence

^T.<-L1
Eibi oblasts 

a o u i i  lo 
90-100*0 

conlliience

Tiiiie (dayj^)

0 6 10 13 11 1? 1 6 1 "

J " " 4  :  rc - 
p la te d  foi

+ DM SO

W ashed x2

+ EPA 50 jimol I

+ DHA 50 |u n o l L

Figures 2.5 In the acute co-culture system (a), macrophages were stimulated with LPS 
(100 ng/ml for 48 hours) and treated with EPA/DHA (50 ).iMol/L for 24 hours) prior to co­
culture for 24 hours. In the chronic system (b). macrophages were treated with EPA/DHA 
for 5 days and stimulated with LPS for 48 hours prior to co-culture for 24 hours. In the 
conditioned media (CM) experiments (c). macrophages were pre-treated with EPA/DHA 
for a total o f  5 days and LPS stimulated for 30 minutes. CM  was collected and incubated 
with the adipocytes for 24 or 48 hours.
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2.3 M TT viability assay

I he viability o f  3T3-L1 adipocytes that receive media alone, 1 ng/ml IL -ip . 10 ng/ml IL- 

ip  or 100 ng/ml IL -ip  and J774.2 macrophages that receive media alone, 10 ng/ml LPS, 

100 ng/ml LPS. 1 mg/ml LPS, 0.05% DM SO, 50 j.iMol/L EPA or 50 i^Mol/L DHA were 

quantified spectrophotometrically by an MTT-based in vitro  toxicology assay kit (Sigma- 

Aldrich). The M TT system measures the activity o f  living cells via mitrochondrial 

dehydrogenases. M TT (3-[4,5-dimethylthiazol-2-yl]-2.5-dephenyltetrazolium bromide) is a 

tetrazolium salt that is incorporated into the mitochondria o f  living cells. Solutions o f  M TT 

dissolved in phenol red free balanced salt solutions are yellowish. In the presence o f  viable 

cells, mitochondrial dehydrogenases cleave tetrazolium rings yielding purple formazan 

crystals, which are soluble in acidified isopropanol. The amount o f  viable cell is directly 

proportional to the quantity o f  formazan formed.

1.5 X 10  ̂ adipocytes per well were differentiated in 96-well plates. The adipocytes 

were then incubated with I L - i p f o r  24 hours. 1.5 x 10^ macrophages per well were 

cultured in 96-well plates and incubated with LPS for 48 hours. In addition, macrophages 

were cultured and incubated with DM SO. EPA or DHA in 75 m P llasks for 3 days prior to 

transferral o f  1.5 x 10'  ̂ macrophages per well to 96-well plates for a further DM SO. EPA 

and DHA treatment for 48 hours. Control cells were left untreated. Wells containing 

medium alone were included as blanks. After a 4-hour incubation with 10 ^1 MTT, the 

formazan crystals were dissolved in 100 |.d M TT solubilisation solution by repetitive 

pipetting. Absorbance was measured at 490 nm with a wavelength correction o f  570 nm 

using a SPECTR A m ax® M 2 microplate reader and SoftMax Pro® software. The 

absorbance reading was obtained by subtracting the blanks from the sample value. Results 

are expressed as a percentage o f  untreated control cells. The treatment was rejected if  the 

viability o f  the cells was lower than 95% o f  the control; the results are detailed in Table 

2.2. However, it is o f  note that cell metabolism assays may produce misleading results if  

treatments alter the cellular metabolism by impairing energy metabolism or mitochondria 

function without killing the cell.
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Table 2.2 The effects of IL-1(5, LPS, DM SO and fatty acids on cellular viability.
A dipocytes  and m acrophages  were stimulated with  I L - ip  and LPS or treated w ith  vehicle 
control and LC n -3  P U F A  as described. Results are exp ressed  as percentage o f  untreated  
control cells (100% ) and values represent m ean and S E M , n = 3 - 16.

Cell tj'pe/Treatment Cell viability SEM

3T3-L1 1 ng/ml IL - lp 99 .86 5.66

3T3-L1 10 ng/ml IL - ip 99 .50 6.47

3T3-L1 100 ng/ml IL-1 p 89.26 6.013

.1774.2 10 ng/ml LPS 109.51 2.12
.1774.2 100 ng/ml LPS 97.07 2.47

J774.2  1 |ag/ml 85.13 2.82

.1774.2 D M S O  0 .05% 100.32 0.99
J774 .2  50 fiMol EPA 95.81 0.65

J774 .2  50 laMol D H A 95.03 1.00

2.4 Macrophage and adipocyte fatty acid composition analysis 

2.4.1 Total lipid extraction

.1774.2 cells were g row n in 75 cm^ tlasks and treated with  E PA  and D H A  for five days. 

Subsequently , the fatty acid treated m acrophages w ere  d is lodged  from the flask and 

centrifuged as described  in 2.2.6. The pelleted cells  w ere  re -suspended  in 1 ml o f  PBS and 

stored at - 8 0 “C for analysis. A proportion o f  the fatty acid  treated m acro p h ag es  were 

incubated with  fully d ifferentiated adipocytes in a transw ell co-cu lture  for 24 hours. 

Consequently , the m acrophage  treated adipocytes w ere  w ashed  tw ice  with  PBS then 1 ml 

o f  PBS w as added  to each well and the cells w ere  qu ick ly  scraped using a cell scraper 

(Nunc Plasticware) and transferred to eppendorfs  for s torage at -8 0 "C .

Lipid w as  isolated from  cells in accordance with  the Bligh and D yer m ethod  (Bligh 

and Dyer, 1959). 400  |.il o f  cell suspension was transferred  into a  16 ml borosil ica te  glass 

test tube and 400  )̂ 1 highly  purified and deionized  w ater,  k n o w n  as milHQ (M iUipore, M A , 

U SA ) w as added. 2 ml m ethanol (S igm a-A ldrich),  1 ml ch lo ro fo rm  (S igm a-A ldrich) ,  40  |al 

5m M ol butylated hydroxy toluene (B H T) in e thanol (S igm a-A ld rich )  and 100 |il 2 m g/m l 

solution o f  hep tadecanoic  acid ( C l 7) was added to the solution. H ep tadecano ic  acid is used 

as an internal control to determ ine the quality o f  fatty acid  extraction. T he  tubes  were 

closed and vortexed  for 1 m inute. 1 ml milHQ w ate r  and  1 ml ch lo roform  w as  im m edia te ly  

added and the solution w as vortexed for 30 seconds. T he tubes  w ere  cen tr ifuged  at 3,000 

rpm for 15 m inutes  at 2(V'C to separate aqueous ( lower) and  organic (upper) phases, fh e
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organic phase w as transferred  into a separate  b o ro s ih ca te  tube using  a glass pasteur pipette. 

2 ml ch loroform  w as added  to the rem ain ing  aq ueous  phase  and vortexed  for 30 seconds. 

T h is  w as again centrifuged for 15 m inu tes  at 3 .000  rpm. T he organic phase  w as  rem oved  

and pooled with the prev ious isolate. T he  poo led  organic  phase  w as  dried  under nitrogen.

2.4.2 Transmethylation of macrophage and adipocyte lipid extracts

T he lipid extract w as treated  with  I ml m ethano l and I ml boron  tr i t luoride  (B F3; 14% in 

m ethanol,  S igm a-A ldrich).  T he  sam ples  w ere  vo rtexed  for 30 seconds and placed in a 

w a te r  bath at lOÔ ’C for 40 m inutes. T ube  caps m ust be secure with  no leaks and  the 

sam ples  m ust be repeatedly  vortexed  until co m p le te  d isso lu tion  o f  the lipid droplet. A fter 

40  m inutes  the sam ples  w ere  cooled  to room  tem peratu re . Subsequen tly , the resulting 

m ethyl esters were then ex tracted  by ad d in g  2 ml hexane  (S igm a-A ld rich )  and  2 ml m illiQ  

w ater. The sam ples are vortexed  for 10 seconds  and  the tubes  w ere  cen tr ifuged  at 2 ,000 

rpm  for 5 m inutes at IO“C. Superna tan ts  in the upper hexane  phase w ere  transferred  to a 

n ew  tube. 2 ml o f  hexane  w as added  to the low er phase , vortexed  for 30 seconds and  

centr ifuged  for 5 m inu tes  at 2 ,000  rpm. T he  upper hexane  phase  w as  rem oved  and pooled 

w ith  the first supernatant. This  a im ed  to op tim ise  the m ethyl es ter  ex traction . T he pooled 

supernatan t w as dried  under n itrogen and  stored at -2 0 " C  until analysis  by gas 

chrom atog raphy  (GC).

2.4.3 (ilas chromatographic analysis of macrophage and adipocyte lipids

The fatty acid methyl ester (F A M E ) co m p o s i t io n  o f  the J774 .2  m acrophage  and 3T3-1.I 

adipocyte  total lipids w as ana lysed  us ing  a S h im ad zu  G C  2010  gas liquid chrom atog raph  

equ ipped  with a t lam e ionisation detector, G C  so lu tions  softw are  (M aso n  Techno log ies ,  

Dublin , Ireland) and a fused silica cap il lary  co lu m n  (O m eg aw ax ,  30 m  x 0.25 m m  inner 

d iam eter .  0.2 |.im film; Supelco  Inc. PA . U SA ). T he  in jector and the de tec to r w ere  kept at 

250°C . I'he co lum n oven  tem pera tu re  w as  held at 2 1 5 °C  for 45 m inu tes  during  the analysis  

and  1 ml o f  sam ple w as injected into the G C; the carrier  gas used w as N 2. For each  batch  o f  

sam ples  a blank was prepared  and  run to  act as a re ference area value  o f  the stock so lu tion  

o f  heptadecanoic  acid. Fatty ac ids  w e re  identified  acco rd ing  to their  re tention t im es  in 

com parison  to tw o F A M E  standards (Supelco  Inc). T he fatty acid  com posit ion  w as  

represented as a relative percentage o f  the total quan tif ied  fatty acids.
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2.5 Oil red O staining in 3T3-LI adipocytes

Oil red O (C 2 6 H 2 4 N 4 O) is a lysochrome (fat-soluble dye) d iazo  dye used for s ta in ing  o f  

neutral triglycerides and lipids. A stock solution o f  oil red O  w as prepared by resuspend ing  

0.5 g o f  oil red O po w d er (dye content > 75%; S igm a-A ldrich)  into 100 m l o f  100% 

isopropanol (S igm a-A ldrich).  The solution was left to stir over  night, aw ay from  light in a 

glass container. A  fresh w orking solution w as p repared  by add ing  6  ml o f  the stock 

solution  to 4 ml o f  distilled w ater and then filtered. 3T3-L1 adipocytes  w ere  w ash ed  in 

PBS once and fixed in 10%> neutral buffered formalin (S igm a-A ldrich).  C ells  w ere  w ashed  

tw ice  and the w ork ing  solution o f  oil red O was added  for 1 hour on an orbital shake r  at 

low  speed. Subsequently , cells were w ashed three t im es w ith  w ater and  observed  under 

m icroscope  (N ikon Corporation, Tokyo. Japan); im ages  w ere  taken using  M atrox  

Intellicam (M atrox  Electronic  Systems Ltd. Q uebec, Canada),  in chap te r  4 im ages  were 

assessed  using ImageJ, a public dom ain. Java-based, im age p rocessing  p rogram  deve loped  

at the National Institutes o f  Health (Collins, 2007). Im ages w ere  converted  to 8 -bit 

g reyscale and a th resholded  binary image w as created to h ighlight the red sta ined  regions, 

w hich  w ere  then m easured  as pixels and converted to percen tage  fold change. In chap te r  6  

oil red O stained adipocytes  were w ashed  and left to dry for 2 hours. C onsequen tly ,  oil red 

0  w as extracted  from  the adipocytes with 100% isopropanol.  Isopropanol w as  used as a 

blank and absorbance  w as m easured at 500 nm using  a S P E C T R A m a x ® M 2  m icrop la te  

reader and SoftM ax  P ro®  software. Values were expressed  as percentage change  relative 

to adipocytes.

2.6 Glucose uptake analysis in 3T3-LI adipocytes

3T3-L1 ad ipocytes w ere  incubated in serum free m ed ia  with  0 .2%  B SA  (fraction  V, 

C alb iochem ® , M erck  C hem icals  Ltd., N ottingham , U K ) for 4 hours. C ells  w ere  then 

incubated in PBS with  0 .2%  BSA (fraction V) for 30 m inu tes  prior to addition  o f  100 nM ol 

o f  Insulin (S igm a-A ldrich) in PBS tor 15 m inutes,  after w h ich  5 )j.Ci/ml o f  deoxy-D - 

glucose, 2-[^H(N)] (Perk in-E lm er, M A. USA) in 1 m M o l g lucose  (S igm a-A ld rich )  w as 

added to the cells and  incubated  for 10 minutes. C ells  w ere  then  w ashed  tw ice  and  lysed in 

rad io im m unoprec ip ita tion  assay (RIPA) buffer con ta in ing  protease inh ib itor cockta il  

(S igm a-A ldrich).  T he  sam ples  were added to scintilla tion fluid (National D iagnostics  Inc, 

G A, U SA ) and assayed for uptake as counts per m inu te  (T ri-C arb  29 0 0 T R  low  activity  

liquid scintilla tion analyzer. Perkin-Elmer). The rem ain ing  lysates w ere  stored at - 8 0 “C for 

w estern  blot analysis. Values were expressed as either coun ts  per m inu te  or percen tage  

change relative to insulin induced glucose uptake w ithin  3T3-L1 adipocytes  (100% ).
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2.7 RNA extraction and analysis 

2.7.1 RNA extraction

Total RNA was extracted from EAT, adipocytes were isolated from EAT and 3T3-L1 

adipocytes. In the acute co-culture model, total RNA was extracted from the adipocytes 

and macrophages in the contact system and adipocytes alone in the transwell system. In the 

acute co-culture total RNA was isolated using TRI Reagent® (Sigma-Aldrich). TRI 

Reagent is a mixture o f  phenol and guanidine thiocyanate and represents an improved 

version o f  the single-step method o f  Chomczynski and Sacchi (1987) (Chomczynski and 

Sacchi. 1987). It effectively disrupts and dissolves cell contents and maintains the integrity 

o f  RNA by inhibiting ribonuclease activity. Cells were washed to remove any non­

adherent cells and lysed directly in the culture plates by adding 1 ml TRI Reagent®. 

Samples were incubated at room temperature for 5 minutes to allow complete dissociation 

o f  nucleoprotein complexes. The RNA homogenates were transferred to RNase-free 

microfuge tubes and 0.2 ml chloroform (Sigma-Aldrich) was added. The tubes were 

shaken vigorously for 15 seconds, incubated at room temperature for 15 minutes and 

centrifuged for 15 minutes at 12.000 rpm at 4°C to separate organic (lower) and aqueous 

(upper) phases. RNA was precipitated from the aqueous phase by incubating with 0.5 ml

100 % isopropanol (Sigma-Aldrich) for 10 minutes at room temperature. Samples were

then centrifuged at 12.000 rpm for 10 minutes at 4°C. The resulting pellet was then washed 

with 1 ml 75% ethanol in RNase free water (Sigma-Aldrich). The RNA was air-dried for 

10 minutes, resuspended in 20 ).U RNase free water and stored at -80°C until further 

analysis.

I'otal RNA was also extracted from EA T and EAT isolated adipocytes using the

RNeasy lipid tissue mini kit from Qiagen (West Sussex, UK), in the chronic EPA and

DHA pre-treatment models total RNA was extracted from the 3T3-L1 adipocytes using the

RNeasy mini kit from Qiagen. Adipose tissue samples were removed from - 8 0 “C storage.

100 mg was immediately placed directly into 1 ml QIAzol Lysis Reagent (Qiagen), in a

flat based 7 ml tube with lid. The tissue was immediately homogenised using a rotor-stator

homogeniser (Ultra Turray®, IKA, Staufen, Germany) until the sample was uniformly

homogeneous (usually taking between 20 and 40 seconds). The homogenate was incubated

at room temperature for 5 minutes to promote dissociation o f  nucleoprotein complexes.

Adipocytes isolated from the EAT as described in section 2.1.4 were removed from - 8 0 “C

storage and 1 ml QIAzol Lysis Reagent was added. The cells were homogenised using a

needle and syringe. 200 |al o f  chloroform was added to the QIAzol Lysis and shake

vigorously for 15 seconds. The homogenate was incubated at room temperature for 3
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minutes and centrifuged at 10,000 rpni for 15 minutes at 4°C. The upper aqueous phase 

was transferred to a new collection tube. 600 |il o f  70% ethanol (in RNase free water; 

Sigma-Aldrich) was added and mixed thoroughly by vortexing. 700 | Î o f  the sample was 

transferred into an RNeasy mini spin column in a 2 ml collection tube (Qiagen) and 

centrifuged at 10,000 rpm for 15 seconds at room temperature. The flow through was 

discarded and the remaining sample was centrifuged within the same column. 3T3-L1 

adipocytes were not treated with QlAzol but homogenised in 350 ml o f  RLT buffer using a 

needle and syringe, then transferred to a RNeasy column and spun at 10,000 rpm for 15 

seconds.

700 1̂1 R W l buffer was added to the RNeasy columns from the EAT, EAT 

adipocytes or 3T3-L1 extraction process and centrifuged for 15 seconds at 10,000 rpm to 

wash the column. 500 |il RPE buffer was added onto the RNeasy spin column and 

centrifuged for 15 seconds at 10,000 rpm to wash the column further. 500 |il Buffer RPE 

was added again to the RNeasy spin column and centrifuge for 2 minutes at 10,000 rpm to 

dry the RNeasy silica-gel membrane. Finally, the RNeasy Spin Column was placed into a 

new 2 ml collection tube and centrifuged at full speed for 1 minute to completely dry the 

membrane. To elute the RNA from the column, the RNeasy column was transferred to a 

new 1.5 ml collection tube, 30 |.il o f  RNase-frce water was added directly onto the RNeasy 

silica-gel membrane and centrifuged for 1 minute at 10,000 rpm.

2.7.2 Quantitation o f  RNA

The concentration and purity o f  RNA within 3T3-L1 adipocytes was determined using a 

Nano-Drop(S) spectrophotometer (NanoDrop® UV-vis ND-1000, NanoD rop Technologies 

inc., DE, USA). The “ RNA-40" program was selected and 1 |il o f  blank (RNase free 

water) or sample was pipetted onto the measurement pedestal, the sampling arm was 

closed and the spectral measurements were made. When a measurement o f  a sample is 

taken, the intensity o f  light that has transmitted through the sample was recorded. The 

sample intensities along with the blank intensities were used to calculate the sample 

absorbance. The absorbance is measured at 260 nm and 280 nm. A 260/280 ratio o f  sample 

absorbance was used to assess the purity o f  RNA. A ratio o f  -2 .0  is generally accepted as 

“pure” for RNA. if  the ratio is appreciably lower, it may indicate the presence o f  protein, 

phenol or other contaminants that absorb strongly at or near 280 nm. Sample concentration 

in ng/|.il is calculated from the absorbance at 260 nm using the the Beer-Lambert equation.

fhe  concentration and quality o f  RNA within the EAT and adipocytes isolated 

from EAT were assessed using an Agilent 2100 bioanalyzer (Agilent Technologies,
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Cheshire. UK) and associated RNA 6000 Nano LabChip kits (Agilent Technologies). 550 

|.d o f  RNA nano gel matrix was prepared by centrifuging in a spin filter at 4,000 rpm for 10 

minutes. RNA 6000 nano dye concentrate was vortexed for 10 seconds and spun down. 1 

|.il o f  dye was added to 65 |al o f  the filtered gel and centrifuged at 14000 rpm for 10 

minutes. A new RNA Nano chip was placed on the chip priming station and 9 )j.l o f  the 

gel-dye mix was pipetted into the well marked. The chip priming station was locked and 

the plunger was pressed down slowly, after 30 seconds the plunger was released. An 

additional 9 |al o f  the gel-dye mix was added to two wells marked. 5 |il o f  the RNA 6000 

nano marker was added to the rest o f  the wells. A ladder was heated to 70“C for 2 minutes 

and allowed to cool. 1 |il o f  the ladder was added to a specific well. 12 RNA samples were 

then loaded on to the chip and the chip was vortexed. The chip was inserted into the 

bioanalyser and a “eukarote total RNA nano series 11" assay selected. Data is displayed as 

an electropherogram, the electropherogram o f  the ladder should contain 7 well-resolved 

peaks as shown in Figure 2.6a. The electropherogram o f  the RNA isolated from an EAT 

sample is shown in Figure 2.6b. The Agilent Expert software assigns a RIN num ber to 

each trace. The RIN number is assigned according to the strength o f  signal found between 

the 5S and 18S band, between the 18S and 28S bands, and after the 28S band. A RIN 

number o f  10 is a perfect score and interpreted as excellent RNA. In these experiments a 

RIN o f  > 5 was considered suitable for RT-PCR analysis.
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Figure 2.6 The electropherogram o f the ladder (a) and the RNA isolated from an EAT (b). 

2.7.3 Real-Time RT-Taqman® PCR; methodology

Real-time reverse transcriptase polymerase chain reaction (RT-PCR) is a rapid and 

sensitive method for the detection and quantification o f PCR amplification while the 

reaction is occurring (i.e. in real time). Data is collected throughout the PCR process and 

reactions are characterised by the time when amplification o f a target is first detected rather 

than the amount o f target accumulated after a fixed number o f cycles. TaqMan® chemistry 

uses a flurogenic probe to enable the detection o f a specific PCR target product. 

Glyceralderhyde-3-phosphate (GAPDH) or 18S was used as the reference for all 

experiments, fhe use o f such an endogenous control compensates for differences in the 

amount o f starting material added to each reaction.
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I aqM an probes are oligonucleotides that have a fluorescent reporter dye attached 

to the 5' end and a quencher moeity coupled to the 3' end. These probes are designed to 

hybridize to an internal region o f  a PCR product. In the unhybridized state, the proximity 

o f  the fluorescent reporter dye and the quench molecules prevents the detection o f  

fluorescent signal from the probe. During PCR, when the polymerase replicates a template 

on which a TaqM an probe is bound, the 5'- nuclease activity o f  the polymerase cleaves the 

probe. This decouples the fluorescent and quenching dyes. Therefore, fluorescence 

increases in each cycle, proportional to the amount o f  probe cleavage. Both primer and 

probe must hybridize to the target for amplification and cleavage to occur which ensures 

non-specific amplification is not detected. The Ct is defined as the fractional cycle number 

at which the fluorescence generated by cleavage o f  the probe crosses a fixed threshold in 

the exponential phase o f  amplification. An inverse relationship is therefore observed 

between the amount o f  template present and the Ct. Samples that contain fewer copies o f  

the target gene require a greater number o f  cycles (maximum is 40) to generate a 

detectable signal. Samples were quantified using either the standard curve method or the 

comparative Ct method as described in 2.7.6.

2.7.4 Preparation o f  RNA prior to cDNA synthesis

I'o eliminate any possible contamination o f  the RNA by genomic DNA, the samples were 

treated with a furbo DNA-free^''^ kit (Perkin-Elmer Applied Biosystems, Warrington, 

UK). 1.5 |.ig o f  fW A  was added to an RNase-free eppendorf, 1 ml o f  TU RBO  DNase and 

0.1 times the RNA sample volume o f  TU RBO  DNase buffer was added to the RNA sample 

and mixed gently. The samples were incubated at 37°C for 20 minutes followed by the 

addition o f  0.1 times the RNA volume o f  resuspended DNase inactivation reagent. The 

samples were then incubated for 2 minutes at room temperature and centrifuged at 15,000 

rpm for 90 seconds and transferred to a new RNase-free eppendorf

2.7.5 cDNA synthesis

1.5 |j.g DNase-treated RNA was reverse transcribed using a SuperScript® VILO’’''  ̂ cDNA 

synthesis kit (Invitrogen Corporation, NV Leek, Netherland) in a 26 |.d reaction containing 

4 (.il o f  5X VIL.O^''^ reaction mix containing random primers, M gC h and deoxynucleotides 

(dNTPs). 2 |al lOX Superscript® enzyme mix containing reverse transcriptase and 

recombinant ribonuclease inhibitors and 1.5 m g RNA in 20 ml deionized, 

diethylpyrocarbonate (I^EPC) treated water (Sigma-Aldrich). The reaction was carried out
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at 42°C for 60 minutes and terminated by heating at 85°C for 5 minutes; samples were 

stored at -20°C. Reactions in which the reverse transcriptase was omitted served as 

negative controls.

2.7.6 Real-time TaqM an®  PCR: reaction and analysis

RNA expression was quantified by real time PCR (RT-PCR) on an ABI 7700 or ABI 

7700HT Sequence Detection System (Perkin-Elmer Applied Biosystems). For the early 

acute co-culture experiments an ABI PRISM 7700 sequence detection system was used 

with a 96-well plate. For all other experiments RNA was quantified using an ABI PRISM 

7900HT sequence detection system and a 384-well plate. Each 10 |il o f  reaction contained 

0.5 |al o f  cDNA, 5 |al TaqM an® 2 X Master mix, 0.5 |al TaqM an® pre-developed target 

primer probe kits with forward and reverse primers and 4 |il DEPC treated water. Insulin 

receptor substrate (IRS)-1, insulin receptor, glucose transporters (GLUT)-4, peroxisome 

proliferator-activated receptors (PPAR)-y. sterol regulatory e lem ent-binding protein 

(SR EB P)-lc , resistin, adiponectin, adiponectin receptor 1 and 2 (AdipoRI and 2), TN F-a , 

IL-6, IL-IRI, IL-IRII, IL -ip . IL-I receptor antagonist (Ra), M I P - l a a n d  macrophage 

migration inhibitory factor (MIF) were investigated using pre-developed primer probe kits. 

All reagents necessary for running a I'aqMan® RT-PCR assay were purchased from 

Perkin-Elmer Applied Biosystems. All reactions were performed in duplicate using the 

following conditions, 50°C for 2 minutes and 95°C for 10 minutes followed by 40 cycles 

o f  95"C for 15 seconds and 60°C for I minute.

In chapter 5, for the analysis o f  the acute co-culture model, standard curves were 

constructed from the standard reactions for target genes and the enogenous control 

GAPDH by plotting values for Ct versus log cD N A  input (ng). For each sample, results 

were normalised by dividing the amount o f  target gene by the amount o f  G A PD H  and 

expressed relative to the appropriate control. In chapter 4, 5 and 6, the comparative Ct 

method or AACt method was used to calculate gene expression levels. This involves 

comparing the Ct values o f  the samples o f  interest with the control. The Ct values o f  both 

the calibrator and the samples o f  interest were normalized to IBS an internal control and 

expressed relative to the appropriate control group.

A A Ct — A Ct sample ~ A Ct refercncc 

A Ct sample is the Ct value for any sample normalized to the internal control and A Ct reference 

is the Ct value for the calibrator also normalized to the internal control.
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2.8 Preparation o f protein extracts and Western blotting

2.8.1 Isolation o f total protein

3T3-LI adipocytes treated with fatty acids and 3T3-L1 adipocytes treated with J774.2 

macrophages in a co-culture system as described in section 2.2.10. were prepared for 

protein extraction and analysis. After treatment cells were washed with sterile PBS and 1 

ml o f  RIPA buffer with protease inhibitor cocktail (Sigma-Aldrich) was added to each well 

and incubated for 30 minutes at 4"C. Cells were then collected using a cell scraper, 

transferred to a sterile eppendorf and stored at -80°C until analysis. Prior to use these cells 

were centrifuged for 10 minutes at 1.500 rpm at 4“C to pellet cell debris. Supernatant 

containing the protein was then ready for analysis.

2.8.2 Determ ination o f protein concentration

Concentrations of total protein were determined by Bradford assay using the Bio-Rad 

protein assay (Bio-Rad Laboratories Inc., CA, USA). The Bio-Rad protein assay is a dye- 

binding assay in which a differential colour change o f  a dye occurs in response to various 

concentrations of protein (Bradford, 1976). The absorbance maximum for an acidic 

solution of Coomassie® Brilliant Blue G-250 dye shifts from 465 nm to 595 nm when 

binding to protein occurs (Compton and Jones, 1985; Reisner el al ,  1975). 20 ml of 

reagent S per 1 ml o f  reagent A was prepared. 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml and 0.65 

mg/ml BSA standards were prepared in RIPA buffer. 5 |al o f  the standards and samples 

were placed in duplicate into a 96-well plate, 25 )al of working solution A and 200 ^1 of 

solution B were added to each well. After 15 minutes the absorbance was measured at 590 

nm using a SPECTRAmax®M2 microplate reader and SoftMax Pro® software. The 

concentration of protein was determined using the BSA standard curve.

2.8.3 Preparation o f  sam ples for gel electrophoresis and W estern blotting

10 fig o f  total protein and 1:6 6X loading buffer (420 mMol Tris-HCl pH 6.8, 30% v/v 

glycerol, 10% w/v SDS, 600 w/v mMol DTT, 0.012% w/v bromophenol blue; all 

purchased from Sigma-Aldrich) were boiled at 100"C for 5 minutes to denature proteins. 

The samples were immediately used for SDS polyacr>'lamide electrophoresis (PAGE).
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2.8.4 Sodium dodecyl sulphate polyacniam ide gel electrophoresis (SDS-PAGE)

Proteins were separated using 10% acrylamide resolving gel.

•  Resolving gel: 4.66 ml 30% acrylamide, bisacrylamide mix (Sigma-Aldrich), 3.5 

ml 1.5 Mol Tris pH 8.8, 5.84 ml distilled water, 84 )al 10% amm onium  persulphate 

and 8 |il TEM ED.

•  Stacking gel: 1.2 ml 30% acrylamide, bisacrylamide mix (Sigma-Aldrich), 1.9 ml 

0.5 Mol Tris (pH 6.8), 4.5 ml distilled water, 54 |il 10% amm onium  persulphate 

and 7.5 ^l TEMED.

Acrylamide gels were cast between two glass plates. The glass plates were placed in a 

electrophoresis unit (Atto Corporation, Tokyo, Japan). Electrode running buffer (25 mM 

Tris Base, 192 mM glycine and 0.1% w/v SDS) was added to the unit. Samples and a dual 

colour standard from Bio-rad Laboratories Inc. were loaded and electrophoresis was 

carried out at 25 niA per gel for ~1 hour until the migration dye front had begun to run o ff  

the gel.

2.8.5 Western blotting

The semi-dry method for transfer o f  electrophoresed proteins to immobilizing membranes 

as described by Towbin e( al. (Towbin et a/., 1979). was preformed using a Sammy semi­

dry blot system (Schleicher and Schuell. Germany). Nitrocellulose transfer membrane 

(0.45 |im; Pall Corporation, NY, USA) and filter paper (Pierce Biotechnology Inc, IL, 

USA) were soaked in transfer buffer (25 mM Tris Base, 192 mMol glycine and 20%  v/v 

methanol). The blot sandwich was prepared as follows: 6 sheets o f  filter paper pre-soaked 

in transfer buffer, nitrocellulose membrane pre-soaked in transfer buffer, gel and a further 

6 sheets filter paper pre-soaked in transfer buffer. Care was taken to ensure the absence o f  

air bubbles. Electrophoresis transfer was performed at 189 niA for 45 minutes.

2.8.6 Detection of antigens

Blots were incubated with a solution o f  13 mMol TBS and 150 mMol NaCl with 0.01% 

v/v Tween 20 (Sigma Adrich) containing 5 % BSA for 1 hour. Blots were incubated with 

the primary antibody at a dilution o f  1:1000 in TBS-Tween 20 containing 5% BSA 

overnight at 4°C. Rabbit monoclonal or polyclonal antibodies specific to phosphorylated 

insulin receptor (T y r l l5 8 ,  ' f y r l l6 2 .  T y r l l6 3 ) ,  GLUT4 (Millipore) protein kinase (PK)- 

B/Akt, phosphorylated Akt (Thr308). lRS-1. phosphorylated lRS-1 (ser636/639), inhibitor 

o f  k B  ( i K B ) - a ,  phosphorylated-lKB-cx (Ser32), phosphorylated c-Jun N-terminal kinase
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(JN K )l/2  p54/46 (T h r l8 3 /T y r l85), p38 mitogen-activated protein kinase (MAPK.), 

phosphorylated p38 M APK (T h r l8 0 /T y r l82). phosphorylated p44/42 M APK (E R K l/2 ,  

Thr202/Tyr204; Cell Signalling Technology®, M A USA). PPAR-y (Abeam, Cambridge, 

UK), nuclear factor (NF)-KBp65. JN K l p54 and p44 M APK (E R K I; Santa Cruz 

Biotechnology Inc., CA, USA) were examined. M embranes were then washed six times for 

5 minutes in TBS-Tween 20. Subsequently, the blot was incubated with peroxidase- 

conjugate secondary antibody (polyclonal goat anti-rabbit IgG-peroxidse-conjugate 

immunoglobulins; Santa Cruz Biotechnology Inc.) at a dilution o f  1:2000 for 1 hour at 

room temperature. Blots were then washed 6 times for 5 minutes in TBS-Tween 20. All 

incubations were carried out on a rocking platform to ensure thorough mixing. Antigens 

were detected by incubating the membrane in a 1:1 solution o f  luminol/enhancer solution: 

stable peroxide solution (Supersignal® West Pico Chemiluminescent Substrate, Pierce 

Biotechnology, IL, USA) for 2 minutes at room temperature. Excess reagent was drained 

from the membrane, which was then placed between two sheets o f  transparent acetate in an 

autoradiography cassette before being exposed for 1 to 10 minutes. The films were 

developed using an XoGraph automatic X-ray processor (Healthcare Ltd., Gloucestershire, 

UK).

2.8.7 Reuse of Western blots

To probe for different proteins the blot was stripped. The blot was washed in TBS-Tween 

20 washed three times for 10 minutes, then incubated with stripping buffer (Restore”''' ,̂ 

Pierce Biotechnology) for 10 minutes and washed in TBS-Tween 20 for a further six times 

for 5 minutes. After washing the blot was ready to use again, commencing with the 

blocking stage in Western blot protocol.

2.8.8 Quantification of protein bands

Protein bands were quantified by densitometry using the TINA software version 2.09c 

(Raytest, Straubenhardt. Germany) and protein levels were expressed as percentage change 

relative to adipocytes alone.

2.9 Enzyme-linked im munosorbent assay

Cell culture supernatants from 3T3-L1 adipocytes and J774.2 macrophages were removed

and centrifuged at 2.000 rpm for 10 minutes to pellet dead cells. The supernatants were

aliquoted and frozen at -8 0 °C  until subsequent analysis o f  cytokine and adipokine

concentrations. Blood was collected during the G TT in a capillary tube at time points 0. 30
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and  60 m inu tes  post g lucose  IP. The blood was spun 15,000 rpm  for 5 m inu tes  and  p lasm a 

collected , a liquoted, snap  frozen in liquid nitrogen and  stored at - 8 0 ° C  until subsequen t 

analysis  o f  insulin concentrations.

2.9.1 ELISA

T he  concentra tions  o f  T N F -a ,  IL - ip .  lL-6. lL-10, ad iponec tin , leptin and  resistin  in the 

cell culture supernatan ts  w ere  determ ined using com m erc ia l ly  ava ilab le  D uoS et  E L ISA  

deve lopm en t system s from R & D  Systems. Insulin  levels w ere  m easured  using a 

com m ercia lly  ava ilab le  ELISA  kit purchased from M ercodia . The EL ISA s w ere  carried  out 

as per m anufac tu re r’s instructions. For the R & D  ELISA s, 96-well m icro titer p lates (N unc) 

w ere  coated with  100 |.il per well o f  an an ti-cy tok ine/ad ipok ine capture an tibody  and 

incubated  over night at room  temperature. The p lates w ere  w ashed  three t im es  in w ash  

buffer conta in ing  0 .05%  T w een 20 in PBS (S igm a-A ldrich) and  then b locked  w ith  300 |il 

per  well o f  b locking  buffer contain ing 1% BSA in PB S  (in the case o f  leptin 5%  T w e en  20 

in PBS with 0 .05%  N a N 3) for 1 hour at room  tem pera tu re  to rem ove  excess  prim ary 

an tibody and prevent non-specific  binding. Plates w ere  w ashed  three t im es and  100 |.il o f  

sam ples  or serially dilu ted  standards were added and  incubated  at room  tem pera tu re  for 2 

hours. P lates were then  w ashed  three times and 100 |a1 o f  b iotinylated  an ti-cytokine 

detection  reagent w as added to each well and incubated  at room  tem pera tu re  for 2 hours. 

Plates were w ashed  three tim es and 100 ).il per well o f  detec tion  reagent or s trep tav id in  

conjugated  horserad ish  peroxidase  (H R P) diluted 1:200 w as added  for 20 m inu tes  at room  

tem pera tu re  and protected from light. The plates w ere  w ashed  three t im es and  100 |.U per 

well o f  substrate solution  [1:1 m ixture o f  hydrogen  peroxide  and te tram ethy lbenzid ine  

(T M B )] w as added for 20 m inutes  at room tem pera tu re  to a l low  the blue co lour  to develop. 

T he reaction w as stopped  by adding 50 |il per well o f  su lphuric  acid  and abso rbance  was 

m easured  at 450 nm  with  a wavelength  correction o f  570 nm  on  a S P E C T R A m a x ® M 2  

m icroplate  reader with SoftM ax Pro® software. A s tandard  curve w as construc ted  for each 

assay by p lo tting  absorbance  (optical density) values from  the s tandards  versus 

concentra tion  o f  the standards. Sam ple concentra tions  w ere  then ca lculated  th rough  the 

equation  o f  the standard curve.

For the insulin ELISA. 96-well plates w ere  pre-coated with  an ti-insu lin  capture 

antibody. 25 |,il o f  ca libra tor w as added to each  well fo llow ed by 5 | 1̂ o f  p re -prepared  

standards or sam ples. 50 |.il o f  enzyme con jugate -IIR P  so lu tion  w as added  to each  well and 

the plate was incubated on an orbital shaker (700  - 900 rpm ) for 2 hours  at room
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temperature. During incubation insulin in the sample reacts with peroxidase-conjugated 

anti-insulin antibodies and anti-insulin antibodies bound to the well. The plate was washed 

six times with the wash buffer to remove unbound enzyme labelled antibodies, 200 }il of 

I'MB was added to each well and incubated for 30 minutes at room temperature and 

protected from light. Subsequently, 50 |.il o f  acid stop solution was added to each well and 

gently mixed for 5 seconds on an orbital shaker. Absorbance was measured at 450 nm 

using a SPECTRAmax®M2 microplate reader and SoftMax Pro® software. The 

absorbance o f  the standards was plotted against the insulin concentration o f  the standards 

(log-log). Sample concentrations were then calculated through the equation o f  the standard 

curve.

  TMB sub.sti ate
HRP-linked antibody

   I
Target protein ------------------------- ►

Capture aiitibod>'

Figure 2.7 Sandwich ELISA in which a primary capture antibody is coated onto the 
surface o f  a 96-well plate. The target protein anneals to the immobilized primary antibody. 
A secondary dectection antibody containing an enzyme such as horseradish peroxidase 
(MRP) is then added which acts upon a substrate, such as tetramethylbenzidine (TMB), 
which becomes oxidized to produce a blue colour in direct proportion to the amount of 
target protein present. Oxidation is stopped using an acidic solution, which turns the 
solution yellow and can be measured using a microplate reader.

2.10 Confocal microscopy

2.10.1 Preparation of 3T3-L1 adipocytes prior to confocal analysis

Mature differentiated 3T3-L1 adipocytes were cultured on a 13mm cover glass (VWR

International) within the lower compartment o f  a transwell co-cultured system. J774.2

macrophages were pre-treated with 50 |iMol/L EPA, DHA or DMSO vehicle control for 5

days and stimulated with 100 ng/ml LPS during the final 48 hours o f  the LC n-3 PUFA

chronic treatment. The mature adipocytes were then co-cultured with the macrophages in a

transwell system for 24 hours. The transwell insert containing macrophages was then

removed and 10 nMol of insulin (Sigma-Aldrich) in media was added to each well and
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incubated for 40 minutes as this was determined to be the optimal time to see 

colocalization o f  GLUT4 to the membrane. The confocal protocol used was based on a 

technique developed by Oatey et al. (Oatey et a l ,  1997). The adipocytes were washed 

twice with PBS and fixed with 4% (Baqui et al., 2003) paraformalderhyde for 30 minutes 

(Sigma-Aldrich) at room temperature. Subsequently, cells were washed three times and 

incubated with 5% ESA (Sigma-Aldrich) for 20 minutes at room temperature to minimise 

non-specific background staining. The cells were then washed three times with PBS and 

the cell surface proteins were labelled with 0.5 mg/ml EZ-link Sulfo-NHS-LC-biotin for 15 

minutes at room temperature; cells were then washed six times and incubated with a 1: 100 

dilution o f  Texas red avidin D (Peirce) for 30 minutes at room temperature. NHS-LC- 

Biotin is water soluble and binds to cell surface proteins (Baqui et al., 2003), the negative 

charge o f  -SO4 group keeps biotinylation localized at the cell surface so the reagent does 

not pass through the cell membrane. The avidin D bound to Texas red binds to the 

biotinylated molecule. The cells were washed six times and permeabilised using triton x- 

100 (0.1%, Sigma-Aldrich) for 20 minutes. The adipocytes were incubated with BSA (5%) 

for 20 minutes at room temperature. Subsequently, the cells were incubated with 1:100 

dilution o f  an anti-rabbit GLUT4 antibody (Millipore) overnight at 4°C. At the end o f  the 

incubation period the cells were washed with PBS six times followed by a 1:200 dilution 

o f  corresponding FITC conjugated secondary goat anti-rabbit antibody (Abeam). The cells 

were washed ten times in PBS and the cover glass was flipped and mounted onto slides 

using a Dako mounting medium (Dako, CA, USA). Images were taken and co-localisation 

was analysed using a LSM510 M EI'A confocal microscope (Carl Zeiss M icroimaging Inc. 

NY, USA).

2.10.2 Confocal analysis

Within confocal microscopy, specimens are recorded as a digital image composed o f  a 

multi-dimensional array containing many volume elements, termed voxels, that represent 

three-dimensional pixels. The size o f  a voxel is determined by the numerical aperture o f  

the objective, the illumination wavelength and the confocal detector pinhole diameter. An 

argon-ion laser and helium-neon laser are switched on and a multi-track configuration 

selected, which allows detection o f  two or more fiuorophores. The adipocytes o f  interest 

with good staining were selected. Gain and offset is used to adjust light intensities to match 

the dynamic range o f  the detector. I'hese adjustments assure that the maximum  num ber o f  

grey levels are included in the output signal with very little black (no signal) or white 

(saturated signal). After digitisation, the photon signal is displayed as shades o f  grey
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ranging from black to white. A z stack was then taken; this is a stack o f  images focused at 

regularly placed intervals through the depth o f  an object o f  interest, allowing one to 

subsequently create renderings to visualize the entire sample in ID  or 3D. The co ­

localization o f  the two fluorescent probes within the adipocytes, FITC (fluoresces at - 4 8 8  

nm with absorption at -4 9 5  nm), which has green emission, and Texas red (fluoresces at 

- 6 1 5  nm with absorption at - 5 8 9  nm), which has red emission, are represented in the 

image (Figure 6.2) by pixels containing both red and green colour contributions. The 

images show scans collected from a detector channel Altered for the emission spectrum o f  

FITC when excited at 488 nm with an argon-ion laser (a) and the channel filtered to gather 

fluorescence emission from Texas red excited with a 543 nm helium-neon laser (b). 

Digitally combining the two images reveals co-localization o f  the two fluorescence signals 

at the membrane (c).

(a) (b) (c)

Figure 2.8 The co-localization (c) o f  the two fluorescent probes FITC (a) and Texas red 
(b) within the adipocytes.

Graphical display for co-localization analysis o f  the pseudocolored specimen images are 

represented by a scatterplot as shown in Figure 6.3, which correlates the relationship or 

association between two sets o f  data. The scatterplot graphs the intensity o f  one 

pseudocolor versus another for each pixel in the image, or a selected region o f  interest, on 

a two-dimensional histogram. One channel (green) is graphed along the x-axis, while the 

other (red) is plotted on the y-axis. Therefore, every pixel o f  the composite image is 

characterized by a pair o f  intensities distinguished as co-ordinates in a Cartesian system. 

Analysis o f  the distribution pattern generated by the intensity pairs enables identification o f  

fluorophore co-localization.
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Figure 2.9 Co-localization o f specific regions as represented by a scatterplot.

Pearson's correlation coefficient is one standard technique applied in pattern recognition 

for matching one image to another in order to describe the degree o f overlap between the 

two patterns. Pearson's correlation coefficient is calculated according to the equation:

• (S 2 ,-S 2 „ .„ )

R = ' ...........

f  I

Where SI is the signal intensity o f pixels in the first channel and S2 is the signal intensity

o f pixels in the second channel. The values SI (average) and S2(average) are the average

values o f pixels in the first and second channel, respectively. In calculating Pearson's

correlation coefficient, the average pixel intensity values are subtracted from the original

intensity values. As a result, the value o f this coefficient ranges from -1 to 1, w ith a value

o f -1 representing a total lack o f overlap between pixels from the images and a value o f 1

indicating perfect image registration. Pearson's correlation coefficient accounts only for the

sim ilarity o f shapes between the two images, and does not depend upon image pixel

intensity values. When applying this coeftlcient to co-localisation analysis, however, the

potentially negative values are d ifficu lt to interpret. Values between -1 and 0 indicate

some form o f inverse relationship between the channels, as may occur when one channel is
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very dim and the other bright (Pawley, 2006). Other coefficients provide further 

information regarding the nature o f  the co-localisation as well as being less sensitive to 

channel imbalances (Pawley, 2006).

2.11 Data preparation and statistical analysis

Data was reported as Mean ± SEM. Statistical analysis was performed with SPSS (SPSS 

Inc, IL, USA). The distribution o f  data for each variable was assessed and variables 

transformed to normalise the distribution o f  data i f  necessary. In chapter 3, M auchly’s test 

o f  Sphericity was used to validate repeated measure factor A N O V A  o f  the plasma glucose 

levels between groups over time in the GTT. W hen the significance level o f  M auchly’s test 

was < 0.05 then sphericity could not be assumed. The correction used for violations o f  

sphericity was Greenhouse-Geisser. Multiple comparisons were performed by one-way 

ANOVA. Significant inter-group differences were subsequently tested by post hoc 

Bonferroni statistical analysis. Independent S tudent's  t-tests (2 tailed) were performed 

between the C57BL/6 WT control and the I L - l R l ’̂ ' groups, hi chapter 4, 5 and 6 multiple 

comparisons were performed by one-way ANOVA. Inter-group differences were 

subsequently tested by post hoc Least Significant Difference (LSD) statistical analysis. In 

chapter 4 independent Student t-tests (2 tailed) were performed between the control and 

IL- ip treated cells. A statistical probability o f  P ^  0.05 was considered statistically 

significant.
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Chapter 3

The Effects of High Fat Diet Induced Obesit>' on Molecular Mechanisms Associated 

with Insulin Resistance In Vivo within IL-1 Receptor I Knockout Mice

3 .1 Introduction

White adipose tissue (W AT) is a complex, essential and highly active metabolic and 

endocrine organ. Adipose tissue secretes an array o f  cytokines and adipokines that regulate 

body weight homeostasis, insulin sensitivity, and inflammation (Siiteri, 1987). During an 

obese state the adipose tissue becomes inflamed with increased infiltration o f  immune cells 

such as macrophages, which contribute to the local production o f  pro-inflammatory 

cytokines. These adipose derived pro-intlammatory cytokines are proposed to alter the 

endocrine function o f  the tissue and could impinge insulin signalling and action in 

adipocytes, liver and muscle leading to the development and/or aggravation o f  insulin 

resistance (Marette, 2003).

Many in vitro and in vivo studies have demonstrated the effects o f  interleukin (IL)- 

1 in reducing body mass and insulin sensitivity while IL-1 receptor antagonist ( IL-lRa) has 

been shown to suppress obesity induced insulin resistance; however numerous studies are 

conflicting and require further elucidation (Garcia el a l ,  2006; Jager et al., 2007; Larsen et 

al.. 2007; Matsuki et al., 2003; Sauter et al.. 2008; Somm et al., 2005). The lL-1 family is 

an important part o f  the innate immune system and consists o f  two agonists, I L - l a  and IL- 

ip ,  a specific receptor antagonist called IL-lRa. and two receptors, IL -lR l and IL-IRIL 

IL-lR l is biologically active while IL -lR ll is biologically inert and functions as a decoy 

receptor (Colotta et al., 1994). Importantly. IL -lp  expression is increased in the W AT of  

obese subjects (Juge-Aubry et a l ,  2004).

IL -ip  is a major pro-inflammatory cytokine that is primarily produced by blood 

monocyte, tissue macrophages, and dendritic cells. B lymphocytes and natural killer (NK) 

cells also produce IL -ip  (Dinarello, 2009; Martin and Wesche, 2002). Furthermore, an 

important pro-inflammatory property o f  IL - ip  is its ability to increase the expression o f  

adhesion molecules such as intercellular adhesion molecule-1 (ICAM) in mesenchymal 

cells and vascular cell adhesion m olecule-1 (VCAM ) in endothelial cells (Dinarello, 2009). 

Together with the induction o f  chemokines, these properties o f  IL - ip  promote the 

infiltration o f  inflammatory and immunocompetent cells from the circulation into the 

extravascular space and then into tissues where tissue remodelling is the end result o f  

chronic IL-1-induced inflammation (Dinarello, 2009). Therefore, IL-1 may pay an 

important role as macrophages and other immune cells infiltrate into the adipose tissue
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during obesity leading to the inflamed state associated with type 2 diabetes mellitus 

(T2DM).

Chronic treatment with IL-1(3 m vitro has been shown to decrease insulin 

sensitivity in adipocytes, and this is discussed in chapter 4. IL-ip may participate in 

concert with other cytokines, such as tumour necrosis factor (TNF)-a and IL-6. in the 

development o f  insulin resistant states (Jager et a i ,  2007). Additionally, stimulation of 

cells by lL-1 agonist initiates the transcription o f  many other pro-inflammatory genes 

including lL-6 and lL-8 therefore increasing the pro-inflammatory environment o f  obese 

adipose tissue and adding to this concert o f  available cytokines. Interestingly, in a 

case/control study, individuals with detectable circulating levels o f  IL-ip and elevated 

levels o f  lL-6 had an increased risk to develop T2DM, compared with individuals with 

increased concentrations o f  lL-6 but undetectable levels o f  IL-ip (Spranger et a i ,  2003). 

Furthermore, expression of both IL-ip  and its receptor is increased in visceral adipose 

tissue (VAT) o f  obese subjects (.luge-Aubry et a i ,  2004) and IL-ip levels are correlated 

with the metabolic syndrome (Salmenniemi et al., 2004).

Serum levels o f  IL-lRa are also significantly higher in obese compared with non- 

obese subjects and have a positive correlation with leptin concentrations and BMI (Meier 

et L i l ,  2002). Interestingly, IL-lRa levels are highly correlated with insulin resistance and 

upon weight loss, the serum IL-lRa levels decrease (Meier et a!., 2002). In a human trial 

conducted by Larsen et al. (2007) treatment with IL-lRa was demonstrated to improve 

glycemic control in patients with T2DM, which correlated with improved measures o f  p* 

cell secretory capacity. At the doses used, there were no alterations in insulin sensitivity 

(Larsen et al., 2007). However, Sauter and colleagues (2008) found that IL-lRa treatment 

prevented diabetes in vivo in C57BL/6J mice fed a high fat diet (HFD) for 12 weeks 

(Sauter et a l ,  2008). The IL-lRa treatment improved glucose tolerance and insulin 

secretion. The HFD increased serum levels o f  free fatty acids, resistin and leptin, however 

the IL-lRa treatment reduced these levels. In addition, IL-lRa counteracted adiponectin 

levels, which were decreased by the HFD. Importantly, IL-lRa protected islets from the 

HFD induced P-cell apoptosis and improved P cell proliferation and enhanced glucose- 

stimulated insulin secretion (Sauter et a l ,  2008).

Conversely, Matsuki et al. (2003) reported that excess IL-1 activity due to gene 

knockout o f  the IL-lRa in mice caused leanness and resistance to diet-induced obesity, 

without any overt signs o f  illness (Matsuki et al., 2003). Correspondingly, Somm et al. 

(2005) found that the blood insulin:glucose ratio was significantly lower in IL-lRa'^'
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animals, which is compatible with an increased sensitivity to insulin, reinforced by the fact 

that the insulin content and pancreatic islet morphology o f  IL -lR a ’̂ ' animals were normal 

(Somm et a i ,  2005).

In a recent study by Garcia et al. (2006), obese lL-lRr^~ mice with reduced IL-1 

activity showed increased body weights after 5 - 6  months o f  age compared to WT. Obese 

1L-1R1^~ mice were found to be insulin resistant, as evident by hyperinsulinemia, 

decreased glucose tolerance and decreased insulin sensitivity. This obese phenotype was 

preceded by decreased leptin sensitivity, fat utilization and locomotor activity. Their 

explanation for the decreased leptin sensitivity is that leptin actions in the brain may be 

dependent on lL-1 (Garcia ef a i ,  2006). Leptin regulates energy balance through its actions 

in the brain on appetite and energy expenditure. Luheshi et al. (1999) injected leptin into 

rats intracerebroventricularly or peripherally and found it induces significant dose- 

dependent increases in core body temperature as well as suppression o f  appetite. 

Furthermore, injection o f  leptin increased levels o f  IL -ip  in the hypothalamus o f  normal 

Sprague-Dawley rats. Central injection o f  IL - lR a  inhibited the suppression o f  food intake 

caused by central or peripheral injection o f  leptin and abolished the leptin-induced increase 

in body temperature in both cases. Importantly, they observed that IL-lRf^ ' mice showed 

no reduction in food intake in response to leptin, therefore suggesting leptin action in the 

brain is dependent on IL-1 signaling (Luheshi et al., 1999).

Both IL-1 agonists and the IL -lR l are expressed within the hypothalamus (Ericsson 

et al., 1995; Quan et al., 1994) and IL-1 is therefore proposed to play an important role in 

the responses to acute infectious illness. Infectious responses include negative energy 

balance, characterized by reduced food intake, weight loss, increased thermogenesis and 

fever (Garcia et al., 2006). Interestingly, injection o f  IL-1 (Dinarello, 1996; M oldawer et 

al., 1988; Plata-Salaman, 1994; Plata-Salaman et al., 1988) like many other cytokines such 

as lL-6 (Plata-Salaman, 1988; Plata-Salaman, 1996), IL-8 (Plata-Salaman and Borkoski, 

1993; Plata-Salaman and Borkoski, 1994), TNF-ot (Fong et al., 1989; Plata-Salaman, 

1989) and IFNy (Plata-Salaman, 1992) can induce anorexia. IL -ip  induces anorexia when 

administered acutely or chronically into the brain in low doses (picomolar range) (Plata- 

Salaman et al., 1996; Sonti et al., 1996) whereas peripheral administration consistently 

requires much larger doses (microgram range), suggesting that IL - ip  acts directly on the 

CNS (Plata-Salaman. 1989). In preclinical studies the effects o f  IL -ip  in inducing anorexia 

were attenuated by the Il.-Ra (Plata-Salaman and Ffrench-Mullen. 1992).

Somm and colleagues (2005) demonstrated that IL-lRa"^' mice have a lean

phenotype due to decreased fat mass, related to a defect in adipogenesis and increased
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energy expenditure (Somm el al., 2005). The adipocytes were smaller in these animals and 

the expression o f  genes involved in adipogenesis was reduced. Energy expenditure as 

measured by indirect calorimetry was elevated, and weight loss in response to a 24 hour 

fast was increased in IL-lRa~^~ animals compared with wild-type mice. Interestingly, 

Som m  et al. (2005) observed that IL -lR a”'̂ ' mice have an increase in food intake with 

respect to their body weight when fed a normal diet, and this is possibly the consequence 

o f  decreased blood leptin levels, reflecting reduced W AT stores (Somm et al., 2005).

In summary, within the IL -lR a’'̂ ' mice that presumably have an up-regulated IL-1 

pathway there is a reduction in body weight and an improvement in insulin sensitivity. 

However, in IL-IRI'^ ' mice where the IL-I pathway is most likely reduced there is 

increased body weight with insulin resistance. This seems counterintuitive to initial in vivo 

trials examining the effects o f  IL-IRa treatment. IL -lR a  reduces IL-1 activity and 

improved glucose tolerance and insulin secretion suggesting it may have a potential 

therapeutic role in the treatment o f  T2DM. However, IL-1 agonists have been shown to 

produce weight loss and increase energy expenditure within whole organisms, which 

correlates with the reduction in body weight observed in the IL -lR a ‘̂ ‘ mice. Nevertheless, 

IL - ip  treatment in vitro  seems to reduce insulin sensitivity and markers o f  insulin 

sensitivity while up-regulating the pro-inflammatory state which does not correspond with 

the lL -IR a ' 'a n d  IL-1 models as yet. It is clear the IL-1 pathway has multiple effects, 

depending on cell type and organ being examined within the obese state. Furthermore, the 

mechanism in which the lL-1 pathway is manipulated seems critical to the final obese and 

insulin resistant state observed. Previous work from our group demonstrated that IL-lRl'^' 

mice are partially protected against obesity induced insulin resistance (De Roos et al., 

2009).
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3.2 Material and methods 

3.2.1 Experimental design

A s described in section 2.2.1, IL-lRl"^" (C 57B L /6  background  sourced  from  Jackson  

Laboratories) and C 57B L /6  W T  control (purchased  from  Harlan Laboratories) 6 w eek old 

male m ice w ere  held at the B ioR esources  Unit o f  Trin ity  C ollege D ublin  under specific 

pathogen-free conditions. Ethical approval w as ob ta ined  from the Trin ity  College Dublin 

Ethics C om m ittee  and  m ice  w ere  m ain ta ined  acco rd ing  to the regulations o f  the European  

U nion and the Irish D epartm ent o f  Health  that govern  the use o f  an im als  in research. IL- 

IRL^' and C 57B L /6  control m ice  w ere  each fed a H F D  (45%  Kcal from  fat) for up to 16 

weeks. Body w eigh ts  and food intake w ere  recorded  every  2 weeks.

3.2.2 Glucose Tolerance Test

G T T s were perfo rm ed  on C 5 7 B L /6  W T  m ice and 1L-1RI'^‘ mice at w eeks  0, 4, 6, 12 and 

16 o f  the H FD  as described  in section 2.1.2. M ice  w ere  fasted for 6 hours prior to the GTT. 

A 2 5 %  w /v g lucose load (1.2 g /kg  body  w eight)  w as  adm in is te red  with an in tra-peritoneal 

(IP) injection. Blood w as sam pled  by tail bleed at tim e points 0, 15, 30, 60, 90 and 120 

m inutes  after g lucose  IP injection. G lucose  w as  m easured  in n iM ol/L  im m edia te ly  w ith  a 

g lucose m eter from A ccu-C hek  (R oche  Ltd.). B lood  w as collected  in a capillary tube and 

spun at 15.000 rpm for 5 m inutes;  insulin levels w ere  m easured  at t im e points 0, 30 and  60 

m inutes  using a com m ercia lly  ava ilab le  ELISA  kit from M ercod ia  as described  in section 

2.9.1.

3.2.3 Tissue and plasma collection

At w eeks 0, 6, 8, 12 and 16 o f  the H F D  an im als  w ere  fasted for 4 hours  and culled by C O 2 

inhalation. E pididym al ad ipose  tissue  (E A T ),  V A T  from  W A T , skeletal m uscle  from the 

hind leg. liver, k idney and pancreas  sam ples  w ere  harvested. All tissue a liquots ( - 1 0 0  mg) 

for R N A  and protein analysis  w ere  im m edia te ly  snap  frozen in liquid n itrogen and 

transferred to a freezer for s torage at -80°C. A proportion  o f  the E A T  w as prepared for 

adipocyte isolation and a second portion  w as  p laced  in 10% neutral buffered form alin  for 

histology. Fasting blood sam ple  w as  taken  from the heart using a needle and syringe. The 

blood w as transferred into an e p p e n d o r f  and centr ifuged  at 15,000 rpm for 5 m inutes. The 

p lasm a supernatant w as ex tracted , a liquoted  and frozen at -80°C. P lasm a adipokine and 

cytokine profiles w ere  de term ined  using  M illip lex  m ulti-analy te  profiling from Millipore. 

P lasm a triglycerides (T A G ) and non-esterified  fatty ac ids  (N E F A ) w ere  m easured  using 

com m ercia lly  available enzym e assay kits from  R andox  as described  in section 2.1.6.
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3.2.4 Adipocyte isolation

A portion o f  the t'resh adipose tissue was taken and sliced into small pieces. A collagenase 

buffer containing Krebs ringer bicarbonate buffer with 4%  BSA and 2 mg/ml collagenase 

was added to the adipose and incubated for 70 minutes in a shaking water bath at 37‘’C as 

described in section 2.1.4. The partially digested adipose tissue was then flushed through a 

polypropylene filter (500 |am) to separate the cells. The cells were then spun at 1,500 rpm 

for 5 minutes to isolate the mature adipocytes from the stromal vascular cells (SVF). The 

mature adipocytes float and therefore were collected from the surface o f  the buffer. The 

adipocytes were washed as described in section 2.1.4 and frozen in liquid nitrogen prior to 

storage at -80"C

3.2.5 Determination o f  adipocyte size

A proportion o f  the EAT was placed in 10% neutral buffered formalin. The histology 

techniques used are explained in more detail in section 2.1.7. Briefly, the samples were 

firstly dehydrated in an automatic processor. The samples were then embedded in paraffin 

wax and the tissue cut into 5 )am thick sections. The sections were placed on slides and de- 

paraffmized. Subsequently, the samples were hydrated and stained with Hematoxylin 

followed by eosinas. Hematoxylin stains the nuclei blue and eosin stains the cytoplasm 

pink. The stained slides were dehydrated and mounted. Images were taken on an Eclipse 

LV-Universal Design Microscope (Nikon Corporation) and the adipocyte area was 

measured in |.im using the NlS-Elem ents Software (Nikon Corporation).

3.2.6 Milliplex multi-analyte profiling

Multi-analyte profiling (MAP) allows simultaneous detection o f  multiple analytes within a 

small sample size. Adiponectin, granulocyte macrophage colony-stimulating factor (GM- 

CSF). interferon (IFN)-y, IL-10, 1L-I2(p70), lL-13, IL -lp ,  lL-2, IL-4, lL-5, IL-6, lL-9, 

insulin, keratinocyte-derived chemokine (KC). Leptin, monocyte chemotactic protein 

(M CP)-l also known as CC chemokine ligand (CCL)-2, macrophage inflammatory protein 

(MH’) - l a ,  regulated upon activation, normal T cell expressed and secreted (RAN TES) also 

known as CCL5, resistin and T N F -a  concentrations were determined in pg/ml. Plasma 

aliquots were prepared and delivered to Millipore for analysis (Millipore UK Ltd, Dundee, 

UK). The M AP technique used is explained in more detail in section 2.1.5. Briefly, the 

Millliplex plate consists o f  wells containing polystyrene microspheres. The microspheres 

are dyed with two fluorophores in different ratios; this is used to uniquely identify each
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bead. Antibodies to the target molecules or capture antibody are immobilized on the 

specific microbeads. I'he plasma samples are then mixed with the microbeads and the 

target antigen molecules bind to the antibodies on the microbead forming an immune 

complex. Detection antibody is then added to the beads and this binds to the antigen. This 

is followed by streptavidin-phycoerythrin (S-PE), which binds to the detection antibody. 

The beads are then passed through a detection chamber (Luminex® 200™  analyser; 

Luminex Corporation). A red laser excites the internal red/infrared dyes and classifies the 

microbead allowing identification o f  the target antigen, while a green laser excites the 

orange fluorophore o f  S-PE allowing quantification o f  the antigen. The data is assessed 

with xPonent Software (Luminex Corporation). A standard curve is generated for each 

cytokine and chemokine within every assay and sample concentrations were calculated 

through the equation o f  the standard curve.

3.2.7 mRNA analysis (TaqMan® RT-PCR)

Total 1-lNA was extracted from approximately 100 mg o f  adipose tissue or 500 |al o f  

isolated adipocytes using RNeasy Mini kit from Qiagen as described in section 2.7.1. After 

extraction RNA was quantified using the Nano-drop and quality w'as assessed using the 

bioanlyser as described in section 2.7.2. RNA was deoxyribonucleic acid (DNase) treated 

and cDNA was synthesised using SuperScript® VILO’’’’̂  (Invitrogen Corporation) as 

described in sections 2.7.4 and 2.7.5 respectively. RNA was quantified using an ABI 

PRISM 7900HT sequence detection system and a 384 well plate as described in section 

2.7.6. Briefly, each 10 |.il reaction contained 0.5 |al o f  cDNA, 5 (j.1 TaqM an® 2 X Master 

mix. 0.5 )_il TaqM an® pre-developed target primer probe kits with forward and reverse 

primers and 4 |.il DEPC treated water. Insulin receptor substrate (IR S)-l ,  insulin receptor, 

glucose transporter (GLUT)-4, peroxisome proliferator-activated receptor (PPARy), sterol 

regulator)' e lem ent-binding protein (SR EB P)-lc , resistin, adiponectin, adiponectin 

receptor 1 and 2 (AdipoRl and 2). T N F-a ,  IL-6, IL-lR l, IL -lR ll,  IL -lp ,  IL-lRa. MCP-1, 

M IP - la ,  MIF and the endogenous control 18S were investigated using pre-developed 

primer probe kits. All reagents necessary for running a TaqM an®  RT-PCR assay were 

purchased from Perkin-Elmer Applied Biosystems. The comparative Ct method or AACt 

method was used to calculate gene expression levels. The Ct values o f  both the control and 

the samples o f  interest were normalized to an appropriate endogenous housekeeping gene, 

in this case 18S, and expressed relative to the appropriate control.
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3.2.8 Data preparation and statistical analysis

Data was reported as Mean ± SEM. Statistical analysis was performed with SPSS (SPSS 

Inc.). I  he distribution o f data for each variable was assessed and variables transformed to 

normalise the distribution o f data if necessary. The M auchly’s test o f Sphericity was used 

to validate repeated measure factor ANOVA o f the plasma glucose levels between groups 

over time in the GTT. When the significance level o f the M auchly’s test is < 0.05 then 

sphericity cannot be assumed. The correction used for violations o f sphericity was 

Greenhouse-Geisser. Multiple comparisons were performed by one-way ANOVA. 

Significant inter-group differences were subsequently tested by post hoc Bonferroni 

statistical analysis. Independent Student’s t-tests (2 tailed) were performed between the 

C57BL/6 WT and the IL-lR l'^ ' groups. A statistical probability o f P ^  0.05 was 

considered statistically significant.
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J.J Results

3.3.1 Phenotypic attributes of WT of IL-1RI'^' and WT mice at base line

rhe phenotypic attributes o f  both W T and groups at base line o f  the 16 week

HFD intervention are shown in Table 3.1. At week 0 o f  the study there were no significant 

difference in body weight, epididymal and visceral adipose tissue (EAT and VAT) mass, 

EAT adipocyte size, fasting plasma glucose, insulin, non-esterified fatty acids (NEFA), 

resistin, adiponectin, CC chemokine ligand (CCL)-5, IL - ip  and T N F -a  m RNA expression 

levels between groups.

However, fasting plasma triacylglycerol (TAG) and leptin concentrations were 

significantly reduced (53% and 67% decrease) in the 1L-1R1‘̂ ‘ mice relative to the WT 

group (P < 0.001 and P < 0.003 respectively) at week 0 o f  the study. Interestingly, m RN A  

expression o f  GLUT4, lRS-1, PPAR-y and monocyte chemotactic protein (M CP)-l were 

significantly higher (6.7, 5.2, 2.2, and 6.3 fold increase) in the IL -lR l ’̂ ’ mice relative to 

WT (P < 0.001, P < 0.003, P < 0.013 and P < 0.001 respectively) at base line.
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Table 3.1 Phenotypic attributes of and WT mice at week 0. At week 0 body
weight (g). epididymal and visceral adipose tissue (EAT and VAT) fat mass (g) were 
recorded within WT and lL-1 R'^'mice. EAT and VAT mass was measured after extraction 
from the mouse as a crude measure of fat deposition. EAT adipocyte size (|im^) was 
measured at base line from microscope images taken of adipose sections stained with 
Hematoxylin and eosin. Fasting plasma glucose was determined in 6 hour fasted mice; 
glucose (mMol/L) was measured from a tail bleed. Fasting plasma insulin (pMol/L), 
triacylglycerol (TAG, mMol/L), non-esterified fatty acids (NEFA, mMol/L), leptin 
(pg/ml). resistin (pg/ml), adiponectin (pg/ml), CC chemokine ligand (CCL)-5 (pg/ml) and 
II.-ip (pg/ml) were measured in 4 hour fasted WT and IL-IRF^" mice at base line using 
either enzyme assays or milliplex Multi-analyte profiling (MAP). mRNA expression of 
GLUT4, IRS-I, PPAR-y, MCP-I and TNF-a were also determined within the EAT at 
week 0 of the 16 week HFD study. RNA was harvested and mRNA levels were measured 
using RT-PCR. mRNA levels were normalized to 18S and the results are expressed as fold 
induction relative to WT. Values are expressed as mean ± SEM. *** P < 0.001, ** P < 
0.01, * P < 0.05 relative to WT. An independent Student’s t-test was performed on the IL- 
I R V "  vs. WT.

n
Wild Type 
Mean SEM n Mean SEM P value

Body Weight (g) 25 22.84 0.34 20 23.18 0.85 0.69
EAT Mass (g) 10 0.39 0.02 9 0.37 0.05 0.66
VA f Mass (g) 10 0.31 0.03 9 0.28 0.04 0.60

Adipocyte Size (|.im^) 7 1071.31 89.72 10 1318.90 124.37 0.16
Plasma Glucose (mMol/L.) 8 8.53 0.33 8 9.04 0.46 0.38
Plasma Insulin (pMol/L) 5 215.75 7.58 6 169.12 10.71 0.19
Plasma TAG (mMol/L) 6 0.87 0.04 6 0.40 0.06

4i ))(

0.00
Plasma NEFA (mMol/L) 5 0.12 0.05 6 0.12 0.02 0.95

Plasma Leptin (pg/ml) 6 1631.67 98.01 6 530.36 54.91 0.00**
Plasma Resistin (pg/ml) 6 1700.83 55.16 6 1537.42 73.08 0.48

Plasma Adiponectin (pg/ml) 6 8258.33 228.12 6 7425.83 643.70 0.63
Plasma CCL5 (pg/ml) 6 90.08 3.44 6 118.01 12.16 0.39
Plasma lL-1 p (pg/ml) 6 27.38 2.41 6 47.05 3.21 0.07
EAT GLUT4 (mRNA) 6 1.00 0.28 4 6.65 0.68 0.00***
EAT IRS-I (mRNA) 6 1.00 0.31 4 5.17 1.06 0.00**

EAT PPAR-y (mRNA) 6 1.00 0.18 4 2.24 0.36 0.01*
EATMCP-1 (mRNA) 6 1.00 0.27 4 6.34 0.92 0.00***
EAT TNF-a (mRNA) 4 1.00 0.21 4 1.45 0.34 0.37
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3.3.2 Effects of a 16 week HFD on body weight, food intake and adipose tissue mass 

in I L - m r  and W T mice

The body weights and food intake o f the IL-1 Rl'^' and WT groups during the 16 week HFD 

are presented in Figures 3.1 and 3.2 respectively. Body weight was significantly decreased 

in the IL -lR l'^ 'a t week 6, 8, 10 and 12 o f the HFD compared to WT (P < 0.034, P < 0.040, 

P < 0.002, P < 0.013 respectively). Interestingly, food intake was significantly higher at 8, 

12 and 16 weeks HFD in the IL-lRf^‘ mice compared to WT (P < 0.010, P < 0.004, P < 

0 .002).

The weights o f EAT and VAT extracted from the WT and IL-IRI'^' groups at week

0 and 16 o f the HFD are presented in Figure 3.3. After 16 weeks on the HFD both the IL-

1 Rf' '̂ mice and WT mice showed a significant increase in EAT (P < 0.001 and P < 0.001) 

and VAT (P < 0.009 and P < 0.001) accumulation compared to corresponding week 0 

groups. However, after 16 weeks on a HFD, IL -IR I'' had significantly lower EAT (52% 

decrease) and VAT (59% decrease) mass compared to WT (P < 0.002, P < 0.006 

respectively).
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Figure 3.1 Effects of a 16 week HFl) on body weight in male IL-IRI " and wild type 
(WT) mice. Body weight (g) was measured every 2 weeks, n = 6 - 25. Values are 
expressed as mean ± SEM. * P < 0.05 relative to wild type. An independent S tudent's t-test 
was performed on the IL-1 RT^'groups vs. the corresponding WT groups.
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Figure 3.2 Effect of a 16 week HFD on food intake in male IL-lRl" ' and WT mice.
Food consumption (g) was measured every two weeks for each cage and divided by the 
number o f mice within the cage, n = 14 -  23. Values are expressed as mean ± SEM. * P < 
0.05, ** P < 0.01, relative to wild type. An independent Student’s t-test was performed on 
the IL-1 Rl'^‘groups vs. the corresponding WT groups.
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Figure 3.3 Effect o f  a 16 week H Fl) on epididymal and visceral adipose tissue (EAT  
and VAT) accumulation in male IL-IRI" ' and W T mice. EAT and V A T were weighed 
(g) after extraction from the mouse as a crude measure o f  fat deposition, n = 5 - 10. Values 
are expressed as mean ± SEM. t f t  P < 0.001 relative to week 0 WT; P < 0.01, P < 
0.001 relative to week 0 IL-lRl'^'. ** Indicates P < 0.01, relative to wild type. An 
independent S tudent's  t-test was performed between the IL-lR l '^ ' groups vs. the 
corresponding WT groups and within the IL-lRI'^' and WT groups week 0 vs week 16.
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3.3.3 Effects of a 16 week HFD on glucose tolerance in male IL - lR l’ ’ and WT mice

The GTT in IL-IRF ' and WT mice at week 0, 4, 6, 12 and 16 o f  the HFD are presented in 

Figures 3.4, 3.5. 3.6, 3.7 and 3.8 respectively. At week 0 the glucose response o f  the IL- 

IRl '" group significantly differed (P < 0.049) from that o f  the W T group at week 0 as 

determined by repeated measures AN OV A. The IL -lR l '^ ' group had a significantly higher 

peak o f  glucose 15 minutes after injection (27%  increase; P < 0.023) but then recovered 30 

minutes post injection with no significant difference between groups at 30, 90 and 120 

minutes. After 4 weeks on the HFD there was no significant difference in the glucose 

response between groups. However, after 6 weeks HFD the glucose response in IL -lR l '̂ ' 

group significantly differed from the W T (P < 0.008). The plasma glucose levels 15 

minutes post injection were significantly higher (17% increase) in the IL-lRF^' group (P < 

0.050). In contrast, at 60 and 120 minutes post injection the plasma glucose levels were 

significantly lower (23% and 24% decreases) in the IL-lRF'" group compared to the W T 

group (P < 0.049 and P < 0.035 respectively), indicative o f  enhanced glucose clearance 

within the lL-1 RF " mice. After 12 weeks HFD there was no significant difference between 

groups. Interestingly, after 16 weeks FIFD the IL-lRF^' group significantly differed from 

that o f  the WT group (P < 0.022). At 60 and 120 minutes post injection the plasma glucose 

levels were lower in the IL-i RF ' group (P < 0.052 and P < 0.056 respectively).

Area under the curve (AUC) m easurements o f  the glucose response over the 120 

minute GTT are shown in Figure 3.9. Within the IL - lR F ' group the glucose response 

significantly increased at week 12 and 16 o f  the FIFD relative to week 0 (P < 0.015 and P < 

0.033; Figure 3.9a). The glucose response was also increased at week 12 relative to week 4 

o f  the HFD (P < 0.037). In the WT group the glucose response was significantly increased 

at weeks 6, 12 and 16 o f  the HFD relative to week 0 (P < 0.001. P < 0.017 and P < 0.001 

respectively; Figure 3.9b). Furthermore, the glucose response was significantly increased 

at weeks 6 and 16 relative to week 4 (P < 0.055 and P < 0.001). However, there was no 

significant difference between groups at any o f  the weeks.
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Figure 3.4 Effects o f  HFD on glucose tolerance in IL - lR l  ' and W T mice. At baseline 
a glucose load was administered to 6 hour fasted mice and glucose (mMol/L) was 
measured from a tail bleed blood sample at time points 0, 15, 30. 60 and 120 minutes post 
injection, n = 8. Values are means ± SEM. * P < 0.05 relative to WT. A repeated measure 
ANOVA was performed between groups. A significant inter-group difference was 
subsequently tested by independent S tudent's  t-test (2 tailed).
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Figure 3.5 Effects o f  HFD on glucose tolerance in I L - I R T ’ and W T mice. After 4 
weeks on a MFD a glucose load was administered to 6 hour tasted mice and glucose 
(mMol/L) was measured from a tail bleed blood sampled at time points 0, 15. 30. 60 and 
120 minutes post injection. Values are means ± SEM, n = 6.
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Figure 3.6 Effects o f  HFD on glucose tolerance in I L - lR l  " and W T mice. After 6 
weeks on a HFD a glucose load was administered to 6 hour fasted mice and glucose 
(mMol/L) was measured from a tail bleed blood sample at time points 0, 15, 30, 60 and 
120 minutes post injection, n = 5 - 6. Values are means ± SEM. * P < 0.05 relative to wild 
type. A repeated measure A N O V A  was performed between groups. A significant inter­
group difference was subsequently tested by independent S tudent's  t-test (2 tailed).
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Figure 3.7 Effects o f  HFD on glucose tolerance in and W T mice. After 12
weeks on a HFD a glucose load was administered to 6 hour fasted mice and glucose 
(mMol/L) was measured from a tail bleed blood sample at time points 0, 15, 30, 60 and 
120 minutes post injection. Values are means ± SEM, n = 6.
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Figure 3.8 Effects o f  HFD on glucose tolerance in I L - lR l  " and W T mice. After 16 
weeks on a HFD a glucose load was administered to 6 hour fasted mice and glucose 
(mMol/L) was measured from a tail bleed blood sample at time points 0, 15, 30, 60 and 
120 minutes post injection. Values are means ± SEM, n = 4 - 7 .  * P <  0.06 relative to wild 
type. A repeated measure AN OVA was performed between groups. A significant inter­
group difference was subsequently tested by independent Student's  t-test (2 tailed).
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Figure 3.9 Effects of HFD on glucose tolerance in IL -IR T ' (a) and WT (b) mice. Area 
under glucose curves during GTT (niMol/L x 120 minutes) at week 0, 4, 6, 12 and 16 o f 
the HFD. Values are means ± SEM, n = 4 - 8 .  * P <  0.05, *** P < 0.001 relative to week 0; 
t  P < 0.05, t t t  P < 0.001 relative to week 4. A one-way ANOVA was performed between 
weeks within animal groups. Significant inter-group differences were subsequently tested 
by post hoc Bonferroni statistical analysis.
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3.3.4 Effects of a 16 week HFD on plasma hormone concentrations in IL-IRI' ' and 

WT mice

Plasma insulin, resistin, leptin and adiponectin concentrations were assessed in fasting IL- 

I R F '  and WT mice at week 0, 6, 8 and 12 HFD as presented in Figures 3.10, 3.11, 3.12, 

3.13 and 3.14 respectively. Fasting plasma insulin concentrations (Figure 3.10) 

significantly increased (2.1 fold increase) from week 0 to 6 o f  the HFD in W T mice (P < 

0.020). After 12 weeks HFD the IL-IRF^' mice had significantly lower plasma insulin 

levels (31% decrease) as compared to WT (P < 0.033).

Fasting plasma leptin concentrations (Figure 3.11) significantly increased in the 

W T and IL-IRF'^' groups (15 fold and 9 fold increase) from week 0 to 12 (P < 0.004 and P 

< 0.001). However, fasting plasma leptin concentrations were significantly lower in the IL- 

1 Ri'^' mice at weeks 0, 6, 8 and 12 o f  the HFD (77%. 86%, 93% and 81% decrease) 

compared to WT (P < 0.003, P < 0.004, P < 0.001 and P < 0.037 respectively). Fasting 

plasma leptin levels corrected for body weight (Figure 3.12) increased in the W T and IL- 

IRF ' group (10 fold and 6 fold increase) from week 0 to 12 (P < 0.008 and P < 0.003). 

However, fasting plasma leptin concentrations were significantly lower in the IL-IRF^' 

mice at weeks 0, 6. 8 and 12 o f  the HFD (68%. 85%. 92% and 79% decrease) compared to 

WT (P < 0.003. P < 0.005. P < 0.001 and P < 0.042 respectively) when corrected for body 

weight. Furthermore, fasting plasma leptin concentrations corrected for body weight were 

significantly increased in the IL-IRF^' mice at weeks 12 relative to week 8 o f  the HFD 

(73% increase) compared to WT (P < 0.029).

Fasting plasma resistin levels (Figure 3.13) significantly increased from week 0 to 

6 (1.8 fold increase) o f  the HFD in the IL-IRF^’ mice (P < 0.015). Fasting plasma resistin 

levels were not significantly altered within the WT. Fasting plasma adiponectin levels 

(Figure 3.14) were also increased from weeks 0 to 6 (3.6 fold increase) and 0 to 12 (3.1 

fold increase) o f  the HFD within the WT control mice (P < 0.011 and P < 0.042). Within 

the IL-IRF^’ group there was a significant increase in adiponectin levels (2.7 fold increase) 

from week 0 to 6 o f  the HFD (P < 0.005). After 12 weeks HFD there was a significant 

decrease in adiponectin levels (53% decrease) within the IL-IRF^' group compared to the 

W T group (P < 0.003).
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Figure 3.10 Effects o f  HFD on fasting plasma insulin levels in the W T and I L - lR l  
mice. Fasting plasma insulin levels (pMol/L) were measured using milliplex M AP at week 
0. 6, 8 and 12 o f  the HFD, n =  2 - 6. Values are means ± SEM. t  P < 0.05 relative to week 
0 WT; * P < 0.05 relative to WT. One-way AN O V A  was performed within each group 
followed by post hoc Bonferroni testing. An independent S tudent's  t-test was performed on 
the IL-1RT ’ groups vs. the corresponding WT group.
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Figure 3.11 Effects o f  HFD on fasting plasma leptin levels in the W T and IL - lR l  
mice. Fasting plasma leptin levels (pg/ml) were measured using milliplex M AP at week 0, 
6. 8 and 12 o f  the HFD, n = 2 - 6. Values are means ± SEM. f t  P < 0.01 relative to week 0 
WT; t t  P < 0.01 relative to week 0 IL -IR F ^  * P < 0.05. ** P < 0.01. *** P < 0.001 
relative to WT. One-way AN O V A  was performed within each group followed by post hoc 
Bonferroni testing. An independent Student's  t-test was performed on the lL-1 R l '^ 'groups 
vs. the corresponding W T group.

106



□  WT

1000

900

800

700
if

o
■oo 600

a
"O

DiD
500

f j 1
400

o
c I 300

"•wc. C .

200

100

0

IL-IRI- / -

* *
♦ *

* * *

Time (w eeks)

t t

+
+ + 
+ +

Li
12

Figure 3.12 Fasting plasma leptin levels corrected for body weight in the W T and IL- 
I R l  mice during the HFD. Fasting plasma leptin levels (pg/ml) were measured using 
milliplex MAP at week 0, 6, 8 and 12 o f  the HFD, n = 2 - 6. Values are expressed relative 
to body weight and the graph shows means ± SEM. t t  < 0.01 relative to week 0 WT; P
< 0.01 relative to week 0 lL-1 Rl ’ -[- f* -  0-05 relative to week 8 I L - 1 R F * P < 0.05, ** P
< 0.01, *** P < 0.001 relative to WT. One-way A N O V A  was performed within each group 
followed by post hoc Bonferroni testing. An independent S tudent's  t-test was performed on 
the lL-1 Rl'^ 'groups vs. the corresponding W T group.
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Figure 3.13 Effects o f  HFD on fasting plasma resistin levels in the W T and IL-IRT^' 
mice. Fasting plasma resistin levels (pg/inl) were measured using milliplex M AP at week 
0, 6, 8 and 12 o f  the HFD. n = 2 - 6. Values are means ± SEM. J P < 0.01 relative to week 
0 IL-IRP^'. One-way ANOV A was performed within each group followed by post hoc 
Bonferroni testing.
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Figure 3.14 Effects o f  HFD on fasting plasma adiponectin concentrations in the W T  
and IL-lRl'^' mice. Fasting plasma adiponectin levels (ng/ml) were measured using 
milliplex M AP at week 0, 6, 8 and 12 o f  the HFD. n = 2 - 6. Values are means ± SEM. t  P 
< 0.05 relative to week 0 WT; P < 0.01 relative to week 0 IL-IRF'^'; ** p  < 0.01 relative 
to WT. One-way A N OV A was performed within each group followed by post hoc 
Bonferroni testing. An independent S tudent's  t-test was performed on the IL-lR l '^ ' groups 
vs. the corresponding W7' group.
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3.3.5 Effects of a 16 week HFI) on plasma cytokine and chemokine concentrations in 

IL -lR r  and WT mice

Cytokines and chemokines within the plasma were also analysed using a Milliplex kit. 

however the plasma concentrations o f  T N F-a ,  lL-6, lL-4, lL-9, lL-10, IFN-y and MCP-1 

were undetectable throughout the study. However, levels o f  IL - ip  and CCL5 were 

successfully analysed within the plasma o f  fasting IL-lRl'^' and wild type mice at week 0, 

6, 8 and 12 HFD as presented in Figures 3.15 and 3.16. At week 6 o f  the HFD plasma IL- 

1P concentrations were significantly reduced (61% decrease) in the IL-lR l '^ ' group 

compared to the W T group (P < 0.050). Plasma IL -ip  was not significantly altered over 

time within groups or between animal groups at weeks 0, 4, and 12 o f  the HFD. Plasma 

CCL5 concentrations were significantly increased 2.7 fold within the WT group at week 12 

compared to week 0 WT (P < 0.022). Plasma CCL5 levels were was not significantly 

altered between animal groups at any o f  the time points. Interestingly, plasma IL -ip  and 

CCL5 concentrations seem consistently lower within the IL-lRl'^' relative to the WT at 

week 6. 8 and 12. however not significantly.

110



60 □  WT 

■  IL-IRI-/-

0 6 8 12 

Time (weeks)

Figure 3.15 Effects o f  HFD on plasma IL - ip  concentrations in the W T  and IL-lRl '^ '  
mice. Plasma IL -ip  levels (pg/ml) were measured using milliplex M AP at week 0, 6, 8 
and 12 o f  the HFD, n = 2 - 6. Values are means ± SEM. * P < 0.05 relative to WT; { P < 
0.05 relative to week 0 IL-lRl'^'. One-way AN O V A  was performed within each group 
followed by post hoc Bonferroni testing. An independent Student's  t-test was performed on 
the 1L-] R1"  groups vs. the corresponding W T group.
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Figure 3.16 Effects o f  HFD on plasma CCL5 concentrations in the W T and IL-lRl'^' 
mice. Plasma CCL5 levels (pg/ml) were measured using milliplex M AP at week. 0, 6, 8 
and 12 o f  the HFD, n = 2 - 6. Values are means ± SEM. t  P < 0.05 relative to week 0 IL- 
IRl ". One-way ANOV A was performed within each group followed by post hoc 
Bonferroni testing.
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3.3.6 Effects of a 16 week HFD on plasma triacylglycerol and non-esterified fatty 

acids levels in IL-IRT ' and WT mice

Fasting plasma TAG and N EFA  concentrations were analysed for week 0, 6, 8, 12 and 16 

HFD in male IL - IR F ' and W T mice as presented in Figures 3.17 to 3.20 respectively. 

Fasting plasma TAG levels (Figure 3.17) significantly increased (2.5 fold increase) at week 

6 HFD relative to week 0 in the IL-lRF'^' group (P < 0.040). Plasma TAG concentrations 

also significantly increased in the WT group at weeks 6 and 8 (1.6 fold and 1.8 fold) o f  the 

HFD relative to week 0 (P < 0.026 and P < 0.001). Furthermore, plasma TA G levels 

decreased 27% at week 16 o f  the HFD relative to week 8 within the W T group (P < 0.049). 

At week 0 and 8 o f  the HFD plasma TA G concentrations were significantly reduced (54% 

and 76% decrease) in the IL-lR l '^ ' group compared to the W T controls (P < 0.001 and P < 

0.001). Fasting plasma TAG levels corrected for body weight (Figure 3.18) were reduced 

in the IL-lRF^' group (54% and 63% decrease) relative to the W T group at week 0 and 8 (P 

< 0.001 and P < 0.001). However, fasting plasma TA G  concentrations were significantly 

decreased in the W T mice at weeks 12 (28%  and 32% decrease) relative to week 6 and 8 o f  

the HFD (P < 0.039 and P < 0.018) when corrected for body weight.

Fasting plasma NEFA levels (Figure 3.19) significantly increased in the IL-IRT^' 

group at weeks 6, 8. 12 and 16 (3.1, 2.6, 3.0 and 2.7 fold increase) o f  the HFD relative to 

IL - lR l”  week 0 (P < 0.002. P < 0.04, P < 0.003 and P < 0.02 respectively). Similarly, 

plasma N EFA  concentrations significantly increased in the W T group at weeks 6, 8 and 16 

(4.0. 3.5 and 3.9 fold increase) o f  the HFD relative to week 0 (P < 0.005, P < 0.035 and P < 

0.003 respectively). However, there were no significant differences in N EFA  levels 

between IL-lRF^'and WT groups at all time points within the study. Fasting plasm a NEFA 

levels corrected for body weight (Figure 3.20) were higher in the IL-lRF^' group at week 0, 

6, 12 and 16 o f  the HFD (3.3 fold, 2.25 fold, 2.8 fold and 2.0 fold increase) relative to the 

W T group (P < 0.005, P < 0.022, P < 0.003 and P < 0.005). However, fasting plasma 

NEFA concentrations when corrected for body weight were significantly increased (2.9 

fold increase) in the W T mice from weeks 0 to 6 o f  the HFD (P < 0.013).
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Figure 3.17 Effects o f  HFD on fasting plasma triacylglycerol concentrations in the
W T  a n d  I L - l R l   ̂ mice. Plasma TAG levels (niMol/L) were measured using an ELISA at 
week 0. 6. 8, 12 and 16 o f  the HFD, n = 5 - 8. Values are means ± SEM. t  P < 0.05, t t t  P 
< 0.001 relative to week 0 WT; |  P < 0.05 relative to week 0 IL-IRF'^’; -|- P < 0.05 relative 
to week 8 WT; *** p < 0.001 relative to WT. One-way AN O V A  was performed within 
each group followed by post hoc Bonferroni testing. An independent S tudent's  t-test was 
performed on the lL-1 R l '  'g roups vs. the corresponding WT group.
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Figure 3.18 Fasting plasma triacylglycerol concentrations corrected for body weight
in the W T and IL -lR l'"  mice during the HFD. Plasma TAG levels (mMol/L) were 
measured using an ELISA at week 0, 6. 8. 12 and 16 o f  the HFD, n = 5 - 8. Values are 
expressed relative to body weight and the graph shows means ± SEM. t  P < 0.05 relative 
to week 6 WT; -|- P < 0.05 relative to week 8 WT; *** p < 0.001 relative to WT. One-way 
ANOV A was performed within each group followed by post hoc Bonferroni testing. An
independent Student's  t-test was performed on the I L- I RL 
W r group.
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Figure 3.19 Effects of HFD on fasting plasma NEFA concentrations in the WT and 
IL -lR l  ̂ mice. Plasma NEFA levels (mMol/L) were measured using an ELISA at week 
0. 6, 8, 12 and 16 o f the HFD, n = 5 - 8. Values are means ± SEM. t  P < 0.05, t t  P < 0.01 
relative to week 0 WT; J P < 0.05, < P 0.01 relative to week 0 IL-1R1'^‘. One-way
ANOVA was performed within each group followed by post hoc Bonferroni testing.
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Figure 3.20 Fasting plasma non-esterified fatty acids concentrations corrected for 
body weight in the WT and I L - lR l' '  mice during the HFD. Plasma NEFA levels 
(mMol/L) were measured using an ELISA at week 0, 6, 8, 12 and 16 o f the HFD, n = 5 - 8. 
Values are expressed relative to body weight and the graph shows means ± SEM. t  < 0.05 
relative to week 0 WT; *** p < 0.001, ** P < 0.01, * P < 0.05 relative to WT. One-way 
ANOVA was performed within each group followed by post hoc Bonferroni testing. An 
independent Student’s t-test was performed on the IL-1 R l'^ 'groups vs. the corresponding 
W r  group.
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3.3.7 Effects of a 16 week HFD on insulin sensitive target gene expression in the 

epididymal adipose tissue of IL-IRI'^' and WT mice

GLUT4, IRS-1. PPAR-y, adiponectin and resistin m RN A  expression were measured at 

week 0, 6, 8 and 16 HFD in the epididymal adipose tissue (EAT) o f  male IL-1RI'^' and WT 

mice as presented in Figures 3.21, 3.22, 3.23, 3.24 and 3.25 respectively. RT-PCR analysis 

determined that GLUT4. lRS-1, PPAR-y, adiponectin and resistin m RN A  levels were 

significantly higher (6.6 fold. 5.2 fold. 2.2 fold. 11.2 fold and 7 fold) at week 0 o f  the study 

in the IL-IRI'^' group compared to the W T group (P < 0.001, P < 0.003, P < 0.013, P < 

0.001 and 0.001 respectively). However, there were no significant differences in the gene 

expression levels o f  GLUT4, lRS-1, PPAR-y, adiponectin and resistin between IL-IRF^' 

and WT groups at weeks 6. 8 and 16 o f  the HFD. However, the Ct values o f  the insulin 

sensitive targets decrease over the course o f  the 16 week HFD in both WT and IL - lR l’ ’ 

mice, indicating an up-regulation in insulin sensitive target gene expression.
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WeekO Week 6 Week 8 Week 16

Time (w eeks)

Week
WT  

A Ct mean SEM
IL- IRI '

A Ct mean SEM
0 15.03 0.37 12.31 0.14
6 11.84 0.43 11.32 1.04
8 10.62 0.38 10.52 0.59
16 10.67 0.16 10.68 0.21

Figure 3.21 Effects o f  HFD on G LUT4 gene expression within EAT o f  W T and IL- 
IR l   ̂ mice. GLUT4 m RNA levels were measured using Taqman RT-PCR at week 0, 6, 8 
and 16 o f  the HFD. m RNA levels were normalized to 18S and the results are expressed as 
told induction relative to the WT. The A Ct values are shown in the table. Values are 
means ± SEM, n = 3 - 6 .  * * * P <  0.001 relative to WT. An independent Students t-test was 
performed on the lL-1 Rl '^'groups vs. the corresponding W T group.
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WeekO Week 6 W eeks Week 16

Time (w eeks)

Week
WT  

A Ct mean SEM
I L - lR l '  

A Ct mean SEM
0 16.80 0.49 14.55 0.36
6 15.16 0.54 14.61 0.93
8 13.74 0.41 14.33 0.44
16 12.42 0.12 11.96 0.26

Figure 3.22 Effects o f  HFD on IRS-1 gene expression within EAT of  W T and I L - lR l '  ' 
mice. IRS-1 mRNA levels were measured using Taqman RT-PCR at week 0, 6, 8 and 16 
o f  the HFD. mRNA levels were normalized to 18S and the results are expressed as fold 
induction relative to the WT. 1 he A Ct values are shown in the table. Values are means ± 
SEM. n = 3 - 8. ** P < 0.01 relative to WT. An independent Student’s t-test was performed 
on the IL-1Rl'^ 'groups vs. the corresponding WT group.
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WeekO Week 6 Week 8

Time (w eeks)

Week 16

W eek
WT  

A Ct mean SEM
IL-IRF^ 

A Ct mean SEM
0 17.61 0.27 16.50 0.20
6 14.96 0.49 15.25 0.22
8 14.43 0.32 14.90 0.34
16 10.69 0.12 11.04 0.23

Figure 3.23 Effects o f  HFD on PPAR-y gene expression within EAT o f  W T and IL- 
' mice. PPAR-y m RNA levels were measured using Taqm an RT-PCR at week 0, 6, 8 

and 16 o f  the HFD. m RN A  levels were normalized to 18S and the results are expressed as 
fold induction relative to the WT. The A Ct values are shown in the table. Values are 
means ± SEM, n = 3 - 6. * P < 0.05 relative to WT. An independent Students t-test was 
performed on the IL-1 Rl '^ 'groups vs. the corresponding W T group.
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A Ct mean SEM
IL -IR I'  

A Ct mean SEM
0 10.89 0.2955 8.33 0.16
6 8.50 0.48 8.12 1.29
8 7.94 0.33 7.87 0.35
16 6.38 0.13 6.32 0.16

Figure 3.24 Effects o f  HFD on adiponcctin gene expression within EAT of WT and 
mice. Adiponectin mRNA levels were measured using Taqm an RT-PCR at 

week 0, 6. 8 and 16 o f  the HFD. m RNA levels were normalized to 18S and the results are 
expressed as fold induction relative to the WT. The A Ct values are shown in the table. 
Values are means ± SEM, n = 3 - 8. *** P < 0.001 relative to WT. An independent 
Student’s t-test was performed on the lL-1 Rl'^ 'groups vs. the corresponding WT group.
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WeekO Week 6 Week 8 Week 16

Time (weeks)

W eek
WT  

A Ct mean SEM
I L - l R l '  

A Ct mean SEM
0 14.25 0.62 10.47 0.32
6 11.54 0.70 12.44 0.99
8 11.41 0.42 11.33 0.52
16 8.16 0.19 7.80 0.20

Figure 3.25 Effects o f  HFD on resistin gene expression within EAT of  W T and IL- 
I Rl ^ mice. Resistin m RN A  levels were measured using Taqman RT-PCR at week 0, 6, 8 
and 16 o f  the HFD. m RNA levels were normalized to 18S and the results are expressed as 
fold induction relative to the WT. The A Ct values are shown in the table. Values are 
means ± SEM. n = 3 - 6. *** P < 0.001 relative to WT. An independent S tudent’s t-test 
was performed on the lL-1 Rl'^ 'groups vs. the corresponding WT group.
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3.3.8 Effects of a 16 week HFD on inflammatory target gene expression in the 

epididymal adipose tissue o f  IL-1RI"' and W T mice

I'NF-a, MCP-1 and MIF niRNA expression were measured for week 0, 6, 8 and 16 HFD 

in the EAT o f  male IL-IRF ' and WT mice as presented in Figures 3.26, 3.27 and 3.28 

respectively. Other inflammatory targets such as IL - ip ,  IL-lRa. lL-6 and M lP - l a  were 

examined with real time RT-PCR, however their expression was too low within the 

adipose to be accurately measured.

Interestingly. T N F-a  m RNA levels were significantly lower (33% decrease) at 

week 16 o f  the HFD in the lL-1 RF^'group compared to the W T group (P < 0.006). MCP-1 

(also known as CCR2) mRNA expression was significantly up-regulated (6.3 fold 

increase) in the IL-lRF^' mice compared to W T at week 0 (P < 0.001). However, at weeks 

6 and 8 o f  the HFD MCP-1 was significantly lower (82% and 72% decrease) in the IL-lR F 

■ group relative to the WT group (P < 0.028 and P < 0.024 respectively). Furthermore, at 

week 16 o f  the HFD MCP-1 was lower (62% decrease) in the 1L-1RI‘̂ ' group relative to 

the W T group (P < 0.080), however not significantly. MIF m RNA expression was 

significantly up-regulated (3 fold increase) in the IL - lR F ' mice (P < 0.043) at week 8 

relative to WT. Lastly, the Ct values o f  T N F -a  and MIF gene expression reduced over the 

course o f  the 16 week HFD in both WT and IL-1RI“  mice, however more appreciably in 

WT indicating a greater up-regulation in inflammatory target gene expression within these 

mice.
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Li
Week 16
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WT  
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I L - lR l'  

A Ct mean SEM
0 22.30 0.30 21.87 0.30
6 20.65 0.36 21.12 0.68
8 19.75 0.45 21.97 0.70
16 15.67 0.23 17.46 0.35

Figure 3.26 Effects of HFD on TNF-a gene expression within EAT of WT and IL- 
I Rl '  ' mice. TNF-a mRNA levels were measured using Taqman RT-PCR at week 0, 6, 8 
and 16 o f  the MFD. mRNA levels were normalized to IBS and the results are expressed as 
fold induction relative to the WT. The A Ct values are shown in the table. Values are 
means ± SEM. n = 3 - 6. ** P < 0.01 relative to WT. An independent Student’s t-test was 
performed on the lL-1 Rl'^‘groups vs. the corresponding WT group.
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Week 0 Week 6 Week 8 Week 16

Time (weeks)

W eek
WT  

A Ct mean SEM
IL-IRI^  

A Ct mean SEM
0 21.53 0.49 18.92 0.25
6 16.81 0.51 19.85 0.11
8 17.62 0.38 19.59 0.35
16 12.59 0.80 15.26 0.81

Figure 3.27 Effects o f  HFD on IMCP-1 gene expression within EAT o f  W T and IL- 
IR l ' ' mice. MCP-1 mRNA levels were measured using Taqman R'l'-PCR at week 0, 6. 8 
and 16 o f  the HFD. niRNA levels were normalized to 18S and the results are expressed as 
fold induction relative to the W'f. fhe  A Ct values are shown in the table. Values are 
means ± SEM, n = 3 - 6. * P < 0.05. *** P < 0.001 relative to WT. An independent 
Student’s t-test was performed on the lL-1 Rl'^ 'groups vs. the corresponding W T group.
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0 19.14 1.41 19.19 0.50
6 18.09 0.92 17.34 0.97
8 18.35 0.25 16.94 0.37
16 11.80 0.42 12.53 0.32

Figure 3.28 Effects o f  HFI) on M IF gene expression within EAT of  W T and I L - lR l"  
mice. MIF niRNA levels were measured using Taqman RT-PCR at week 0, 6, 8 and 16 o f  
the HFD. mRNA levels were normalized to 18S and the results are expressed as fold 
induction relative to the WT. The A Ct values are shown in the table. Values are means ± 
SEM . n = 3 - 6. * P < 0.05, *** P < 0.001 relative to WT. An independent Student's  t-test 
was performed on the IL-1 Rl '^ 'groups vs. the corresponding W T group.
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3.3.9 Effects o f  a 16 week HFD on gene expression in the adipocytes o f  epididymal  

adipose tissue within IL-IRT ' and W T mice

An array o f  genes were measured in isolated EAT adipocytes o f  IL-lRl'^' and W T mice at 

week 16 o f  the HFD as presented in Table 3.2. The A Ct values show there was very little 

variation in gene expression between IL-IRI'^' and W T groups within the adipocytes at 

week 16 o f  the HFD. Interestingly, T N F -a  and MCP-1 gene expression within the 

adipocytes were down-regulated although not significantly in the IL-IRF'^' group relative to 

W T ( P <  0.07 and P <  0.08).

Table 3.2 Effects o f  HFD on gene expression within EAT adipocytes o f  W T and IL- 
I Rl ^ mice. At week 16 o f  the HFD adipocytes were isolated from EAT and RNA was 
successfully harvested. mRNA levels were measured using RT-PCR at week 16 o f  the 
HFD. A Ct and P values are shown, n = 6 - 7. An independent Students t-test was 
performed on the lL-1 R T  ' groups vs. the corresponding W T group.

W T  
A Ct mean SEM

IL-IRI^ 
A Ct mean SEM P value

CLLIT4 12.81 0.36 13.13 0.43 0.64
IRS-1 14.64 0.32 14.71 0.34 0.84

Insulin receptor 14.81 0.36 14.86 0.40 0.90
S R E B P -lc 15.18 0.40 15.47 0.33 0.39

PPAR-y 13.17 0.32 13.16 0.35 1.00
Adiponectin 8.41 0.25 8.39 0.44 0.68

Adiponectin receptor 1 12.61 0.26 12.77 0.36 0.75
Adiponectin receptor 2 13.65 0.40 13.77 0.40 0.73

Resistin 10.14 0.38 10.05 0.57 0.71
Leptin 9.56 0.49 10.82 0.46 0.12
T N F -a 11.47 0.66 13.07 0.66 0.07
MCP-1 10.49 0.61 11.79 0.59 0.08

MIF 14.37 0.32 14.81 0.28 0.23
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3.3.10 Effects of a 16 week HFD on adipocyte size in the epididymal adipose tissue of  

IL - lR r  and WT mice

Adipocyte size was measured for week 0, 6, 8, 12 and 16 HFD in the EAT o f IL-IRI'^' and 

WT mice as presented in Figure 3.29. At 8 and 16 weeks o f the HFD adipocytes size 

within the EAT was significantly lower (53% and 26% decrease) in the IL-IRI'^' mice 

compared to the WT mice (P < 0.047 and P < 0.014). Within the IL-IRI'^' group there was 

a significant increase in adipocytes size at week 12 (4.7 fold increase) o f the HFD 

compared to week 0 IL-IRT^’ (P < 0.012). Interestingly, within the WT group there was a 

significant increase in adipocyte size at week 6, 8, 12 and 16 (5.8, 4.4, 6.8 and 5.5 fold 

increase) o f the HFD compared to week 0 WT (P < 0.001, P < 0.005, 0.001 and P < 0.001 

respectively). Furthermore, at week 12 o f the HFD there was a significant increase (2.7 

fold increase) in adipocyte size compared to week 8 WT (P < 0.006).
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Figure 3.29 Effects of HFD on adipocyte area within EAT of WT and IL-lRl'^’ mice.
Slides were prepared and stained with hematoxylin and eosin. M icroscope images were 
taken and adipocyte size was measured in )nm  ̂ for week 0, 6, 8 and 16 o f the HFD, n = 4 - 
10. Values are means ± SEM. * P < 0.05 relative to WT; f t  P < 0.01, t f t  P < 0.001 
relative to week 0 WT; $ P < 0.05 relative to week 0 IL-IRF^'; -t" P < 0.05 relative to week 
8 WT. One-way ANOVA was performed within each group followed by post hoc 
Bonferroni testing. An independent Students t-test was performed on the IL-1 Rl'^‘ groups 
vs. the corresponding WT group.
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a) WT b) IL-IRI
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e) 0

g) h)

i) j)

Figure 3.30 Effects of HFI) on adipocyte area within EAT of WT and IL-IRT^' mice.
Slides were prepared and stained with hematoxylin and eosin. Microscope images were 
taken and adipocyte size was measured for week 0 W T (a) and IL-IRF^’ (b); week 6 WT 
(c) and IL -IR F ' (d); week 8 WT (e) and (t'); week 12 W T (g) and IL-IRT^' (h);
week 16 W T ( i ) a n d  lL - lR I" ( i ) .
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3.4 Discussion

lL-1 is thought to p rom ote  the infihra tion  o f  in flam m ato ry  and im m u n o co m p e ten t  cells 

from the c irculation  into W A T  leading to chron ic  IL-1-induced  in f lam m ation  (D inarello , 

2009). IL-1 s ignalling m ay  therefore pay a key role in the infiltration o f  A T M  during 

obesity , leading to in f lam m ation  and the  assoc ia ted  insulin resistance. W e therefore 

hypo thesized  that IL-IRI'^' m ice  will not on ly  have a  general reduction  in in f lam m ation  but 

a lso  a specif ic reduction  in ad ipose  t issue  m acrophages  (A T M ) due to a lack in IL-1 

s ignalling  leading to increased  insulin sensitiv ity  w ith in  the W A T.

At base line, the W T  and IL-lRl'^" g roups  sh o w ed  no s ign ificant d iffe rence in body 

w eight.  E A T  m ass, V A T  m ass, E A T  ad ipocy te  size, fasting  p lasm a g lucose, insulin, 

N E F A , resistin, ad iponec tin ,  C CL -5 , I L - ip  and T N F - a  m R N A  express ion  levels. 

H ow ever, fasting  p lasm a T A G  and leptin concen tra t ions  w ere  s ignificantly  reduced  in the 

1L-1RL ‘ m ice  relative to the W T  group. Furtherm ore .  m R N A  express ion  o f  G L U T 4. IRS- 

1. PPA R-y and  MCP-1 w ere  significantly  h igher  in IL - IR F "  m ice  re la tive to W T. T hese  

d iffe rences  m ay be partially  due to the fact that the C57B1/6 W T  m ice  w ere  from  Harlan 

and  the IL - IR F  ' m ice  w ere  from  Jackson  and  m ay have diffe ren t genetic  backgrounds. 

T h is  d iscrepancy  w as due to m isunders tand ings  w ith in  the various an im al units w e dealt 

w ith  during  the study and w as not ideal. Furtherm ore , the 1L-1RL^‘ m ice  w ere  bred in- 

house  w hile  the C57B1/6 W T  m ice w ere  acqu ired  from  Harlan. Even though  the Harlan 

m ice  w ere  g iven  tw o  w eeks  to becom e accu s to m ed  to the new  env ironm en t,  env ironm enta l  

d iffe rence prio r  to this m ay  be linked to the d iffe rences observed  in the groups. 

F urtherm ore , recent ev idence  suggests  that  the tril lions o f  bac teria  that no rm ally  reside 

w ith in  the h u m an  gastro intestinal tract, co llec tively  referred to as the gut m icrob io ta ,  affect 

nu trien t acquis it ion  and energy regula tion; it further suggests  that obese  and lean people  

have d ifferent gut m icrobio ta .  T hese  f ind ings raise the possibility  that the gu t m icrob io ta  

has  an im portan t role in regula ting  w e ig h t  and  m ay be partly  re sponsib le  for the 

deve lopm en t o f  obesity  in som e people  (Z hang  el al.,  2009). T herefore ,  the d iffe rences  at 

base  line m ay  be due to d iffe rences in the gu t m icro b io ta  o w in g  to d istinct env ironm enta l  

cond itions  early  in life. A  c lone  library cou ld  be used  to  fingerprin t the co m p lex  m icrobial 

co m m u n ity  w ith in  W T  and IL-IRL^' m ice  to exp lo re  the d ifferences. In fu ture studies, 

m ore  con tro ls  are necessary  to reduce o r  rem o v e  these  in ter-group  differences. H ow ever,  

the d iffe rences  observed  at base line co u ld  also  be due to specif ic dele tion  o f  the IL -IR I 

gene.

In this study, it w as found that bo th  IL-lRF'^' and  W T  groups  show ed  deter iora tion

in their g lucose  uptake response  th roughou t the 16 w eek  HFD. H ow ever,  w ith in  the W T
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control group there was a greater deterioration in glucose response. At week 0, the peak 

plasma glucose concentrations (at 15 minutes) were higher, suggesting the IL-IRF^' mice 

are perhaps less insulin sensitive. However, there was no difference in glucose levels at 

later time points (30-120 minutes), indicating that glucose clearance was not altered 

between groups. At week 6 o f  the HFD it was established that the IL-IRF^' group showed 

an enhanced glucose uptake response relative to the W T group, suggesting the IL-lRl'^' 

m ice are more insulin sensitive. Importantly, the IL-lRl'^' mice also show significantly 

lower body weight at week 6 compared to WT. This may indicate that the increased insulin 

sensitivity within the IL-IRF ' mice at week 6 is weight dependent. At week 12, both IL- 

IRI'^' and W T have a sim.ilar reduced glucose uptake response and both show signs o f  

insulin resistance. However, at week 16 the W T glucose response continues to decline 

while the lL-1 Rf^’ mice show almost no decline in their glucose uptake response. At week 

16, there was no significant difference in body weight between IL-lRf^ ' and WT (ranging 

from 30g to 42g) suggesting the increased insulin sensitivity within the IL-IRI '̂ ' mice is 

not weight dependent, hiterestingly, this may suggest at week 16 the W T mice undergo 

macrophage infiltration into the adipose causing a heightened state o f  infiammation and 

insulin resistance, which the IL - lR f  " mice are protected from. However, the evidence 

supporting this conclusion is indirect and requires further analysis. Adipose tissue 

specimines could be examined using immunohistochemistry or fiow cytometry to directly 

demonstrate that ATM and other immune cells such as T cells were altered throughout the 

16 week HFD intervention.

In summary, these GTT data indicate that both IL-IRF^’ and W T mice are 

becoming increasingly more insulin resistant over the course o f  the 16 week HFD. 

However, WT control mice show a more significant decline in insulin sensitivity. 

Fundamentally, IL-IRF ' mice remain more insulin sensitive at week 6 and 16 o f  the HFD 

compared to WT. In future studies it may be important to select mice within certain weight 

limits to control for both body weight and age.

Additional studies could examine the pancreatic p-cell function within WT and IL-

IRF'"' mice. Islets could be isolated from the pancreas using collagenase and insulin

secretion measured in response to glucose. The p-cells release insulin in two phases; in the

first phase, insulin release is rapidly triggered in response to increased blood glucose while

in the second phase there is a sustained slow release o f  newly formed insulin vesicles.

Administration o f  the glucose during the GTT leads to a peak in blood glucose levels o f

around 15 minutes, causing an initial rapid release o f  insulin and leading to a quick decline

in blood glucose. This is followed by a slow release o f  insulin from the pancreas, causing
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glucose levels to drop gradually back to normal. At week 0 and 6 o f  the GTT the glucose 

peaks are higher within IL-lRl'^' mice suggesting they have an impaired first phase insulin 

response, however they recover more rapidly than W T suggesting an improved second 

insulin release phase. In humans the assumption has been generally made that the 30 

minute response reflected first phase insulin release, whereas the 120 minute response 

reflected second phase insulin release. The earliest detectable defect in p-cell function is 

commonly thought to be a reduction in first-phase insulin release (Cerasi and Luft, 1967). 

This may suggest that at week 0 and 6 the IL-IRI'^' mice show symptoms o f  P-cell 

dysfunction. These mice with impaired P-cell function may be more likely to develop 

T2DM if  exposed to other risk factors such as increased body weight. However, in 

opposition to this hypothesis, IL - ip  administration has been shown to induce apoptosis in 

isolated rat and human pancreatic islet cells in addition to pancreatic p-cell lines (Bendtzen 

el tiL, 1986; Kaneto et al., 1995).

Alternatively, the low glucose peaks observed within IL-IRI'^' mice at week 0 and 

6 may suggest the glucose injections, although accurately measured, were too low and did 

not induce a strong enough peak. However, the reduced glucose peak is not evident at 

week 4, 12 and 16 in IL-lRf'^' mice suggesting either a recovery o f  the p-cells or more 

accurate glucose injections, hnportantly, W T mice show a general deterioration in their 

second phase insulin release as shown by the higher glucose levels at 120 minutes post IP 

glucose injection compared to the IL -IR I ’̂ '. This may indicate that during the course o f  the 

MFD. WT mice develop a state o f  reduced whole body insulin sensitivity with decreased 

glucose disposal as a result.

Unfortunately, the plasma insulin m easurements made during the GTT show no 

peak in insulin (data not shown). This may suggest that the insulin peak was missed. In 

terms o f  improving the methodology, a hyperinsulinemic euglycemic clamp could be used 

to quantify insulin resistance more accurately. This measures the amount o f  glucose 

necessary to compensate for an increased insulin level without causing hypoglycemia and 

is the gold standard for insulin resistance analysis. Fasting plasma insulin concentrations 

were also assessed during the 16 week HFD study. Interestingly, fasting plasma insulin 

levels increased in the WT from week 0 to 6 o f  the HFD. Increased fasting insulin levels 

are suggestive o f  a state o f  insulin resistance. The pancreas increases production o f  insulin 

in a state known as hyperinsulinemia to try and compensate for the insulin resistant state. 

After 12 weeks HFD, 1L-1RF^‘ mice had significantly lower insulin concentration 

compared to W T suggesting the lL-1 RF'" mice are more insulin sensitive.



This study also examined body weight, food intake and fat mass within the IL-IRF 

'' mice and W T controls. The data indicates that these factors are partially controlled by the 

lL-1 signaling pathway. Within this 16 week HFD study the body weights o f  the IL-IRI'^' 

mice were significantly lower at weeks 6 to 12 o f  the HFD. The food intake was higher at 

weeks 8, 12 and 16 o f  the HFD in the IL-IRF^' groups compared to WT. This data may 

suggest that the IL-lRl'^ ' have a different metabolic rate or perhaps utilise the fat from the 

HFD in a different way to the W T group. However, at week 16 o f  the HFD there was no 

significant difference in body weight or food intake between groups. It would be 

interesting to measure the metabolic activity within these mice using a metabolic cage to 

discern any differences in metabolism between WT and IL-lRl'^' mice. This cage allows 

urine and faeces collection, oxygen consumption m easurements and monitoring o f  animal 

movements. Additionally, a pair-feeding method could be used in which the amount o f  

food consumed by the experimental animal is immediately delivered control animal. The 

methabolic cage and pair-feeding method could elucidate if  the W T and IL-IRF^' mice 

have differences in food intake or metabolism. Interestingly, EAT and VAT mass was 

lower in the IL-IRF ' mice compared to the W T mice at week 16 o f  the HFD, suggesting 

the body composition o f  IL - lR f  ' mice differs from that o f  the WT. Analysis o f  body 

composition in IL-lRF ' and W F controls could be further examined using dual-energy X- 

ray absorptiometry (DEXA) or magnetic resonance imaging (MR!).

['he data from our study conllicts with studies by Garcia et al (2005) and Somm et 

id  (2005). Somm et al. established that excess lL-1 activity due to gene knockout o f  the IL- 

IRa in mice induces a lean phenotype due to decreased fat mass, while Garcia et al. 

established that 1L-1RF ‘ mice have a specific increase in body weight and fat mass (Somm 

et al., 2005); (Garcia et al., 2006). Somm et al. used an alternative model to examine the 

effects o f  lL-1 in obesity. They assume that IL -lR a  knockout mice have increased IL-1 

activity however, this is not conclusively proven as there are no measurements o f  the IL- 

IRl or IL -ip  in either the tissues or plasma. Furthermore, an excessively activated IL-1 (3 

pathway may not act in reverse to an inactive IL-1 p pathway as may be expected.

There are also clear discrepancies between this study and the study by Garcia et al 

(2005). Within this study a HFD (45% energy as fat) was administered to IL-1RF^‘ and W T 

from the age o f  6 weeks for a 16 week duration. Garcia et al. (2005) used a standard chow 

control diet for 12 months. They found no significant change in body weight until 6 

months o f  age. In 4 month old mice there were no significant changes in body fat content, 

however in 9 month old mice there was a significant increase in body fat content. They 

termed the younger 4 month old mice as pre-obese and the older 9 month old mice as



obese. This may suggest that age and diet are important factors within this 

phenotype. Our data may suggest that within younger IL-IRT ' mice there is protection 

against HFD induced obesity whereas Garcia el al. may have demonstrated that within 

older chow fed IL-IRF^' mice the reverse is true with less protection against diet induced 

obesity.

Leptin is an important regulator o f  food intake and energy expenditure that links 

peripheral adipose energy stores to the hypothalamic satiety center and serves as a very 

sensitive marker o f  the body fat content and metabolic activity (Havel, 2002). Leptin 

concentrations increase with obesity and tend to decrease with weight loss. Levels of 

serum leptin are highly correlated with adipose tissue mass; and the increased expression of 

the oh gene in the adipocytes o f  obese subjects suggests that this is due to increased 

synthesis of leptin (Considine e! al., 1996). Zimmet el al (1996) report a link between 

serum leptin and levels o f  obesity among Western Samoans in the South Pacific, a 

population with a particularly high prevalence o f  severe obesity and T2DM (Zimmet et a l,  

1996). suggesting leptin may increase the risk o f  developing obesity induced T2DM. 

Fasting plasma leptin concentrations increased in the WT and IL-IRL'' groups at week 0 to 

12. However, fasting plasma leptin concentrations were significantly lower in the IL - lR f  ' 

mice compared to controls. The increased leptin levels within the mice may correlate with 

the increased adipose tissue mass with the WT mice showing higher levels o f  both adipose 

and leptin. Furthermore, the increased leptin levels may have repressed food intake as 

observed within the WT mice. However, when the fasting plasma leptin levels were 

corrected for body weight a similar trend was observed to the uncorrected total fasting 

plasma concentrations. This suggests that body weight did not have a significant effect on 

leptin secretion in this model. The leptin levels were higher within the WT at base line 

indicating that the IL-IRF^' mice express less leptin endogenously. This base line disparity 

may be due to genetic or environmental differences as discussed previously. The high 

leptin levels may indicate a state o f  leptin resistance in WT mice.

Interestingly, leptin may also be directly regulated by IL-ip. Faggioni et al. (1998) 

found that IL-ip mediates leptin induction during inflammation (Faggioni et al., 1998). IL- 

ip  deficient (‘'̂‘) and lL-6 deficient (‘̂ ‘) mice were injected intra-peritoneally with LPS or 

subcutaneously with turpentine, as models o f  systemic or local inflammation respectively, 

hi IL-ip^^^ mice, both LPS and turpentine increased leptin mRNA and circulating leptin. In 

contrast, neither LPS nor turpentine increased leptin levels in 1L-1P‘̂ ‘ mice. In lL-6^^^ or 

IL-6'^' mice, turpentine increased leptin protein to comparable levels. They conclude that
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IL -ip  is essential for leptin induction by both LPS and turpentine in mice, but lL-6 is not 

(Faggioni et al., 1998). This suggests that the IL-lRl'^" mice may lack leptin secretion and 

this may explain the low levels o f  plasma leptin observed within these mice.

Epidemiological evidence has indicated that circulating adiponectin levels are 

reduced in patients with insulin resistance. T2DM , obesity or cardiovascular disease (Arita 

et al., 1999; Lindsay et al., 2002; Lindsay et a l ,  2003). Low plasma adiponectin levels in 

these disease states are accompanied by reduced adiponectin gene expression in adipose 

tissue (Hotta et al., 2001; Weyer et al., 2001). Fasting adiponectin concentrations 

significantly increased from week 0 to 6 and 0 to 12 o f  the HFD in W T mice. Within the 

IL-IRF^' group there was a significant increase in adiponectin levels from week 0 to 6 o f  

the HFD. These increases may correlate with the increased W AT mass and may also 

suggest both groups are maintaining some degree o f  insulin sensitivity. After 12 weeks 

HFD there was a significant reduction in the plasma adiponectin concentration within the 

IL-IRF ', this may correlate with the lower W AT mass observed within these mice. It may 

suggest a reduction in insulin sensitivity within the IL-lRF^' group at 12 weeks HFD. 

which correlates with the GTT data.

Fasting resistin levels significantly increased from week 0 to 6 o f  the HFD in the 

I L - lR l"  mice, however there was no significant difference between groups. Human 

studies have reported positive correlations between serum resistin and body fat content 

(Zhang el al., 2002). On the contrary, several studies have failed to demonstrate such 

correlations in rodents. Asensio et al. (2004) determined that mice fed a HFD had induced 

adipocyte differentiation, denoted by increased aP2 gene expression, a surrogate marker o f  

differentiation, which positively correlated with resistin gene expression (Asensio et al., 

2004). Subsequently, in view o f  this and previous studies (Haugen et al., 2001; K.im et al., 

2001b), it was suggested that elevated resistin expression was a result o f  adipocyte 

differentiation (Asensio et al., 2004). It is o f  note that the resistin levels are increased at 

week 6 o f  the HFD while adipocyte size was moderately reduced at week 6 and 

significantly reduced at week 8 within the IL-lRf'^' group. Therefore, the increase in 

plasma resistin levels could have been caused by an increase in differentiation o f  pre­

adipocytes to new smaller adipocytes as observed.

A wide range o f  cytokines and chemokines within the plasma were analysed, 

however the concentrations o f  several, such as T N F-a , lL-6, lL-4, IL-10, IFN-y and MCP- 

1. were unexpectedly too low to be detected consistently throughout the study. In a recent 

study, plasma cytokine concentration was measured successfully using the Multiplex kit 

from untreated CD! mice (Bobrowski et al., 2005). Concentrations ranged from -50 -100
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pg/ml for T N F-a , IL-6 and IL-10 to ~10 pg/ml for IFN-y. Cytokines such as lL-6 are 

drastically increased 100 fold within obese mice such as untreated oh/oh  (Terao et al., 

2008). Therefore, the plasma samples from our mice should have contained detectable 

levels o f  these cytokines suggesting an error during analysis. Millipore carried out this 

analysis and therefore we cannot be sure o f  the cause o f  this error. However, plasma IL -ip  

concentrations were shown to decrease significantly within the IL-IRI'^’ group at week 6 

compared to week 0. Furthermore, at week 6 o f  the HFD plasma IL-1 p concentrations 

were significantly reduced in the IL -lR l '^ ' group compared to the W T group. IL -ip  

remains lower in IL-IRF^' mice throughout the study and this may be due to decreased 

inflammation and macrophage accumulation into adipose tissue or caused by the lack o f  

IL - lR f  ' signalling directly. Ilyin el al. (1996) examined IL-1 P-induced profiles o f  IL-ip , 

IL-1 receptor type 1 and 11 (IL -lR l and IL-lRIl)  and lL-1 receptor antagonist (IL -lR a) 

within the brain (Ilyin and Plata-Salaman, 1996). niRNA levels were highly inter­

correlated within the same samples suggesting the operation o f  an IL -ip  feedback system 

(Ilyin and Plata-Salaman, 1996). However, it is interesting to note that IL - lp  was increased 

in the W T mice at week 6, which correlates with the reduced insulin sensitivity observed in 

these mice. It would be interesting to examine IL -lR a  expression within the W T and IL- 

IR I”  mice during the 16 week HFD intervention to gain further insight into the lL-1 

signalling pathway during diet induced obesity.

CCL5 was successfully measured in this study. Wu and colleagues (2007) observed 

that CCL5 was increased in W AT o f  m urine and human obesity (Wu et al., 2007). CCL5 

and its receptors also contribute to macrophage recruitment and are implicated in the 

development and progression o f  atherosclerotic lesions (Appay and Rowland-Jones. 2001; 

Schober et al., 2002). Systemic CCL5 concentrations were reported to be higher in obese 

individuals with T2DM  or impaired glucose tolerance than in non-diabetic controls 

(Herder et al., 2005). Interestingly, plasma CCL5 concentrations within our study showed 

an increase at week 12 compared to week 0 in the W T mice and not the IL-lRl'^' mice 

signifying that the control mice may have increased macrophage infiltration at week 12. 

I'his correlates with the idea that the IL-1 RL^'mice may have less ATM  at week 16 and are 

protected from the insulin resistant state observed within the WT.

TAG play an important role in the metabolism as energy sources and transporters

o f  dietary fat. Lipoprotein lipases break down TAG into N EFA  and glycerol. N E FA  can

then be taken up by cells via the fatty acid transporter (FAT). Insulin resistance,

dyslipidaemia and abnormal NEFA metabolism are com m on features found in subjects

with the metabolic syndrome (DeFronzo and Ferrannini, 1991; Reaven, 1995). The
135



regulation o f  TAG and high-density lipoprotein (HDL) concentrations is not entirely 

understood, however there is abundant data demonstrating that these parameters are 

associated with insulin resistance (Frayn and Coppack, 1992; Laws and Reaven, 1992). 

Plasma TAG concentrations significantly increase in the W T group at weeks 6 and 8 o f  the 

HFD relative to week 0 but dropped at week 16 o f  the HFD relative to week 8, signifying 

the W T mice are most insulin resistant at week 8. While fasting plasma TAG levels 

significantly increased in the IL -lR l’'̂’ group at week 6 relative to week 0 suggesting a 

reduction in insulin sensitivity at week 6. Fundamentally, fasting plasma TAG 

concentrations are reduced in the IL-IRF^’ group relative to the W T at week 0 and 8 

indicating the IL-IRF^' mice are perhaps more insulin sensitive. W hen fasting plasma TAG 

levels were corrected for body weight a similar trend was observed to the uncorrected total 

fasting plasma TAG level. This indicates that body weight did not have a significant effect 

on plasma TAG levels in these mice.

Total fasting plasma NEFA levels showed a similar trend to the TAG as expected. 

Although there were no significant differences in NEFA levels between IL-lRF^'and WT 

groups at all time points. Interestingly, plasma NEFA levels were increased within the IL- 

1 R l"  mice at weeks 0. 6. 12 and 16 o f  the HFD when corrected for body weight. Increases 

in plasma NEFA could be interpreted as an increase in lipid oxidation. Stored fat within the 

W AT is likely mobilized in to NEFA and released into the plasma in an attempt to meet 

energy demands. As hypothesised earlier it is likely the IL - IR F ’ have a higher metabolism 

and an increased energy demand. The IL -lR F  ' mice appeared to have a leaner body mass 

with lower body weight, reduced adipose tissue mass and increased food intake. As 

discussed previously this hypothesis could be explored further with the use o f  metabolic 

cages. Furthermore, expression o f  lipases involved in lipolysis could be explored within 

the WAT.

fhe  data from the GTTs and cytokine profiling may indicate that at week 16 the

W f  mice undergo macrophage infiltration into the W AT causing a heightened state o f

inflammation and a reduction in insulin sensitivity, which the IL-lRF^'m ice are partially

protected from. Gene expression o f  insulin sensitive and inflammatory targets was

therefore assessed within the EAT to further explore this hypothesis. GLUT4, lRS-1,

PPAR-y, adiponectin and resistin niRNA levels were significantly higher at week 0 o f  the

study in the IL-lRF'^' group signifying that the EAT o f  the IL-IRI'^' mice are more insulin

sensitive at this time point. PPAR-y is a transcription factor, which regulates many genes

involved in lipid and glucose metabolism. PPAR-y also plays a key role in adipogenesis

and adipocyte differentiation. Therefore the high level o f  m RNA at week 0 o f  the study in
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the IL -IR T ' group may indicate that the EAT contain an increased number o f  

differentiated mature adipocytes with increased lipid and glucose metabolism. The 

adiponectin and resistin m RNA levels at week 0 do not correlate with the plasma 

concentrations observed, which could indicate that another adipose tissue depot such as the 

VA T is also important in controlling the plasma levels; additionally there may also be an 

inhibition in protein production within the EAT adipocytes at week 0. The expression 

levels o f  these insulin sensitive targets remain high at week 6 in the IL-lRl'^' mice, 

however not significantly. At week 8 and 16 the m RN A  expression levels are not 

significantly different between IL-lRl'^' and W T groups. This suggests that the IL-lRl'^' 

EAT is initially more insulin sensitive compared to W T at week 0 but reduces to the 

normal levels expressed by the W T over the course o f  the HFD. It seems likely that the 

activity o f  the insulin targets are not necessarily regulated through transcriptional 

expression but through post-translational modification such as activational or inhibitor 

phosphorylation o f  the proteins. Furthermore, other depots o f  W AT such as the V A T may 

also play a key role in insulin sensitivity.

The gene expression o f  inflammatory targets was also assessed. T N F -a  m RNA 

levels were found to be significantly lower at week 16 o f  the HFD in the lL-1 RI'^'group. 

This suggests that the EAT o f  the IL-IRF ’ group is less infiammatory, possibly due to a 

reduction in A TM s and other immune cells due to the IL-lRF^' phenotype. Furthermore, 

within the isolated adipocytes o f  the EAT there was a moderate reduction in T N F -a  

m RN A  expression in the 1L-1R1'^‘ group compared to the WT suggesting the adipocytes 

themselves are less inflamed. MCP-1 m RNA expression was also examined as MCP-1 is 

known to recruit immune cells such as monocytes to sites o f  tissue injury and infection. 

Interestingly, MCP-1 m RN A  expression was initially up regulated in the IL-lRF^' mice, 

however at weeks 6 and 8 o f  the HFD MCP-1 was significantly lower in the IL-lRF^' 

group relative to the WT group. Concurrently, CCL5 a similar chemokine was established 

to be up-regulated within the plasma o f  the W T group at week 12 o f  the HFD. 

Additionally, within the isolated adipocytes o f  the EAT there was a moderate reduction in 

MCP-1 m RNA expression in the IL-lRF^' group compared to the W T also suggesting the 

adipocytes are less inflamed after 16 weeks on a HFD. MIF is a pro-inflammatory 

cytokine, and plasma MIF concentrations are elevated in obese individuals. Conflictingly, 

MIF gene expression was found to be up-regulated in the IL-lRF^' mice compared to W T 

mice at week 8 o f  the HFD suggesting the EAT from the IL -lR F  " mice may be more 

inflammatory at week 8.
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It was observed that adipocyte size within the EAT was significantly lower in the 

lL-1 Rr" '̂ mice at week 8 and 16 o f  the HFD. Interestingly, there was a significant increase 

in adipocyte size throughout the study within the W T group. This could suggest that the 

IL-1 pathway regulates the size or differentiation o f  adipocytes. Maffeis et al. (2007) found 

that increased adipocyte size was correlated with a reduction in insulin sensitivity and an 

increase in IL-6 and T N F -a  plasma concentrations (Maffeis et al., 2007). They propose 

that once the fat cell becomes hypertrophic, a cellular program is initiated, aiming to 

restrain further volumetric growth. Increased expression o f  cytokines and reduced 

synthesis o f  adiponectin lead to cellular insulin resistance, in the presence o f  which further 

growth o f  adipocytes is hampered severely. Hence, fatty substrates are redirected to other 

tissues, where the undesirable effects o f  lipotoxicity occur and ectopic fat deposition is 

favoured (Maffeis el al., 2007). Within this study at week 16 inflammatory targets such as 

the adipose tissue T N F-a  mRNA and plasma CCL5 were reduced within the IL -IR F ' 

group which corresponds with the reduction in adpocyte size. Furthermore, the increased 

insulin sensitivity as observed in the GTT may reflect the decreased adipocyte size within 

the IL-lRF^' group. It was determined that EAT adipocyte size was increased at week 12 

within the IL-IRI'^’ mice, correlating with the reduction in insulin sensitivity observed 

within the GTT data and indicating that larger adipocytes may be less insulin sensitive.

Additionally. Monteiro et al. (2006) determined that larger adipocytes are more 

prone to rupture and adipocyte cell death (Monteiro et al., 2006). The increase in adipocyte 

cell size as observed in the WT group o f  this study could cause increased cell necrosis 

leading to increased infiltration o f  macrophages and therefore could reflect the increased 

inflammation o f  the adipose tissue and the reduction in insulin sensitivity observed. 

However. IL -ip  is also an angiogenic factor and plays a role in tumor metastasis and blood 

vessel formation (Voronov et a l ,  2003). In mice deficient in 1L-1(3, vascular endothelial 

cell growth factor (VEGF) cannot stimulate formation o f  blood vessels (Dinarello, 2009). 

I'he small adipocyte size could therefore be due to poor vascularisation.

In conclusion, I L - lR f  " mice showed lower body weight and adipose tissue mass 

with higher food intake suggesting the IL-lRF^' mice have increased metabolic activity and 

a lean body mass. The lL - lR f  ‘ mice remained more insulin sensitive with more efficient 

glucose clearance especially within phase 2 o f  insulin secretion from the pancreas, in 

comparison the W T mice undergo a steady decline in their glucose clearance over the 16 

week FIFD. At week 6 it seems likely that the increased insulin sensitivity within the IL- 

I R f  ’ mice is due to their reduced body weight. However, at week 16 there was no 

signiflcant difference between body weights suggesting the increased insulin sensitivity
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within the IL -IR F ' group is due to reduced inflammation and reduced macrophage 

infiltration within the adipose tissue. This is compounded by a reduction in 1L-1(3 and 

CCL5 concentrations within the plasma in addition to reduced TN F-a and MCP-1 niRNA 

expression within the 1L-1R‘̂ ‘ mice EAT particularly at weeks 12 and 16 suggesting these 

mice are less pro-intlammatory and that the adipose tissue may have less immune cell 

infiltration. Furthermore, IL -lR F ' mice exhibited lower fasting plasma insulin and TAG 

levels suggesting these mice are more insulin sensitive. IL-lRl'^' mice exhibited higher 

levels o f  GLUT4, lRS-1, PPAR-y and adiponectin gene expression at week 0 also 

signifying these mice are perhaps more insulin sensitive. Additionally, IL-lRl'^' mice 

exhibited smaller adipocyte size, a common feature o f  lean highly insulin sensitive adipose 

tissue. Plasma leptin levels were significantly lower in the IL-lRf^' mice compared to WT, 

suggestive o f  the fact that the WT mice are leptin resistant while the IL-IRI'^' mice controls 

leptin secretion or perhaps reflects lower adipose tissue mass. High plasma leptin levels 

within the WT mice may also have reduced food intake. Plasma NEFA levels were 

increased within the IL-lRf'^' mice when corrected for body weight. Increases in plasma 

NEFA could be interpreted as an increase in lipid oxidation indicative o f  fat mobilized to 

meet energy demands. It is possible the IL - lR f  ' have a higher metabolism and have an 

increased energy demand.

This study has produced many interesting findings however further work is 

ongoing to elucidate this model in more depth. Analysis o f  genetically engineered mice is 

crucial for our understanding o f  the in vivo function o f  genes and proteins in the whole 

organism. In thiS'study the knockout represents a powerful tool for elucidating lL-1 

function in a model of obesity induced insulin resistance. However, in future studies 

conditional gene targeting applying the Cre/loxP-mediated recombination system could be 

used to evaluate how deletion o f  the IL-IRI gene in a specific cell-type such as 

macrophages can affect the onset o f  obesity induced insulin resistance. Furthermore, using 

this Cre/loxP-mediated recombination system, a gene can be deleted within subregions or 

specific cell types in the brain such as the hypothalamus. Cytokines such as lL-1 are 

thought to have important effects on behaviour such as appetite. Therefore, a blockade in 

the lL-1 signalling pathway in specific regions o f  the central nervous system (CNS) may 

have protective effects in terms o f  obesity induced insulin resistance and this could be 

explored using conditional gene targeted knockout mice.

Another system of examining IL-1 signalling within an obesity induced insulin

resistance mouse model is to lethally irradiate, from a cesium gamma source, WT recipient

mice and injected them with bone marrow cells from corresponding IL-1RF^‘ mice. This
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would establish the specific effects o f  lL-1 signalling within bone m arrow derived immune 

cells such as the macrophages in terms o f  obesity induced insulin resistance. 

Correspondingly, I L - lR f  ' mice could be irradiated and injected with the bone m arrow o f  

WT mice. This would determine the specific effects o f  IL-1 signalling within the HFD 

induced insulin resistance correlating with tissues such as the adipose. These studies could 

add insight into the I L - lR f  ' model and identify the importance o f  IL-1 signalling in ATM  

during obesity induced T2DM.
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Chapter 4

The Effects of IL-lp Treatment on Inflammatory and Insulin Signalling In Vitro

within 3T3-L1 Adipocytes

4.1 Introduction

Recent studies show clear evidence that cytokines are not only produced by adipocytes but 

are also capable o f  inducing insulin resistance in these cells. The implications o f  many 

cytokines, such as tumour necrosis factor (TNF)-a and interleukin (lL)-6, in insulin 

resistance are well documented. Elevated levels o f  TNF-a have been hypothesized to 

induce insulin resistance in a variety o f  catabolic disease states, including cancer (McCall 

et al., 1992), sepsis (Van der Poll et a i ,  1991) and trauma (Ikezu et a i ,  1997). 

Furthermore, direct exposure o f  healthy individuals, animals or isolated cells to TNF-a 

induces a state of insulin resistance (Feinstein et a l ,  1993; Hauner et a l ,  1995; 

llotamisligil et uL, 1994a; Hotamisligil et al., 1994b; Hotamisligil et al., 1996; Lang et al., 

1992; Liu et al., 1998). In obese individuals and rodent models o f  obesity, TN F-a is over­

expressed in adipose and muscle tissue (Hotamisligil et al., 1995; Hotamisligil et al., 1993; 

Saghizadeh et al., 1996) at both the niRNA and protein level, consistent with reports that 

circulating levels of TN F-a are increased in individuals with NIDDM (Katsuki et a l ,  

1998; Pfeiffer et a l ,  1997). Additionally, levels o f  TN F-a expression strongly correlate 

with hyperinsulinemia and decreased insulin sensitivity. A number of in vitro studies, in 

adipocytes, suggest that TN F-a may act directly to down-regulate glucose transporter 

(GLUT)-4 gene expression, thereby decreasing insulin-stimulated glucose transport 

(Hauner et a l ,  1995; Long and Pekala. 1996; Stephens and Pekala. 1991). TNF-a 

increases the serine phosphorylation o f  lRS-1. This mechanism reduces its tyrosine 

phosphorylation and activation by the insulin receptor (Gual et a l ,  2005; Tanti et a l ,  1994; 

Zick. 2001). Several mitogen-activated protein kinases (MAPK) including JNK c-Jun N- 

terminal kinase (Aguirre et a l ,  2000), mammalian target o f  rapamycin (mTOR) (Gual et 

a l ,  2003; Ozes et a l ,  2001) and extracellular signal-regulated kinases (ERK) (Bouzakri et 

a l ,  2003; Engelman et a l ,  2000; Gual et a l ,  2003) have been implicated in the serine 

phosphorylation o f  insulin receptor substrate (IRS)-l. TNF-a and IL-6 also cnhance the 

expression o f  cytokine signalling molecule (SOCS) proteins that can attenuate insulin 

signaling by binding to the insulin receptors and reducing their ability to phosphorylate 

IRS proteins (Emanuelli et a l ,  2000; Ueki et a l ,  2004a). Alternatively, SOCS proteins can 

bind directly to IRS proteins, leading to their degradation (Rui et a l ,  2002; Shi et a l ,

2006a). Conversely, in 3T3-L1 adipocytes, acute treatment with cytokines such as TNF-a
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can enhance IRS-1 tyrosine phosphorylation and its association to the p85 

phosphatidylinositol-3 Kinase (PI3K) subunit (Guo and Donner, 1996) leading to an 

increase in glucose uptake via GLUTl. TNF-a is also a potent inhibitor of adipocyte 

differentiation and can suppress the expression o f  some adipocyte-specific genes such as 

peroxisome proliferator-activated receptor (PPAR)-y in fully differentiated adipocytes 

(Xing et al., 1997).

Similarly, studies have shown that human adipose tissue is a major site o f  IL-6 

secretion (Fried el a i .  1998; Mohamed-Ali et a l ,  1997) accounting for 15 -  35% of  the IL- 

6 circulating levels (Mohamed-Ali e! u i ,  1997), whereas TNF-a, in contrast, is only 

secreted at very low levels by human fat cells (Mohamed-Ali et a l ,  1997). Long term 

incubation with lL-6 has been shown to increase basal glucose transport in 3T3-L1 

adipocytes, whereas acute stimulation had no effect (Stouthard et a l ,  1996). lL-6 has been 

shown to impair both insulin action and the insulin-signaling pathway. lL-6, in contrast to 

TNF-a, does not appear to activate .INK or increase the phosphorylation o f  serine 307 or 

serine 612 of lRS-1. However. IL-6 similarly to TNF-a, inhibits the transcriptional activity 

and protein expression of several molecules related to insulin signalling and action, 

including lRS-1 and GLUT4 in adipocytes (Rotter et a l ,  2003). Interestingly, a 

preliminary study suggests that lL-6 may increase lipolysis in human fat cells maintained 

in culture for 48 hours (Rotter et a l ,  2003).

Interestingly, both TNF-a and IL-6 can reduce adiponectin secretion from 

adipocytes (Tilg et a l .  1994). Adiponectin is one of the most abundant adipose tissue 

specific factor and appears to improve insulin sensitivity and inhibit vascular inflammation 

(Lyon et a l ,  2003). Serum adiponectin levels are low in obese subjects and increase after 

weight loss. Hypoadiponectinemia may contribute to insulin resistance and accelerated 

atherogenesis associated with obesity (Ouchi et a l ,  1999). Therefore, the increased 

cytokine expression in adipose tissue may also be linked to the reduction in adiponectin 

secretion. Kaser et al  (2003) observed that within human peripheral blood mononuclear 

cells (PBMC) resistin mRNA expression is strongly increased by the pro-inflammatory 

cytokines IL-1, IL-6 and TNF-a. This suggests that in humans resistin may be a link 

between inflammation and insulin resistance (Kaser et a l ,  2003). Initial studies in rodents 

suggest that resistin is up-regulated in obesity, this participating in the pathogenesis o f  

insulin resistance (Ouchi et a l ,  2003). Studies have also shown that lL-6 can induce the 

synthesis of IL-1 Ra and IL-10 which suggests that lL-6 may have some anti-inflammatory 

properties (Steensberg et a l ,  2003; Tilg et a l ,  1994). Straczkowski et al. (2005)
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demonstrated a significant positive association between circulating lL-10 levels and whole- 

body insulin sensitivity (Straczkowski e! al., 2005). The effects o f  IL-lRa are more 

controversial as discussed in chapter 3.

Expression o f  IL-ip is also increased in adipose tissue o f  both obese rodents and 

humans and its expression correlates with the metabolic syndrome (MetS) (Salmenniemi el 

a i,  2004). As discussed in chapter 3 many in vivo animal models and human trials have 

examined the effects o f  the IL-1 pathway in obesity and insulin resistance however, much 

o f  this evidence is controversial. Several studies suggest potential up-regulation o f  IL-1 in 

IL-lRa'^‘ mice can reduce body weight and increase insulin sensitivity (Matsuki et al., 

2003; Somm el al., 2005). Additional studies propose that down-regulation o f  IL-1 in mice 

treated with IL-lRa increases insulin sensitivity (Larsen el a l ,  2007; Sauter el a i ,  2008). 

In the case o f  IL-lRl'^' mice, some studies indicate that a high fat diet (HFD) reduces 

insulin sensitivity within these mice, while previous work from our group indicated that 

lL-1 R f  mice are partially protected against obesity induced insulin resistance (De Roos et 

a i .  2009; Garcia el a i .  2006). However, in vilro. the effects o f  IL-ip on adipocytes are 

more consistent and consistent with the effects o f  other cytokines such TN F-a and lL-6. 

Chronic treatment with IL-ip in adipocyles has been shown to decrease insulin induced 

glucose uptake by reducing the expression of GLUT4 and inhibiting its translocation to the 

plasma membrane (Jager el al.. 2007). This inhibitory effect was due to a decrease in the 

amount o f  IRS-1 and a decrease in tyrosine phosphorylation o f  IRS-1 (Jager el al.. 2007). 

lL-1 has also been shown to inhibit adipocyte differentiation (Fried el al.. 1993; Gregoire 

el al.. 1992; Price el al.. 1986; Suzawa el al., 2003) and induce lipolysis (Feingold el a i ,  

1992) consistent with the effects o f  lL-6. In a recent report treatment o f  mature 3T3-L1 

adipocytes with IL-ip for six days did not modify their differentiation state (Lagathu el al., 

2006). however addition of the cytokine during the differentiation process markedly altered 

the adipocyte phenotype (Lagathu el al.. 2006; Ohsumi el al., 1994).

After binding o f  IL - la  or IL-ip  to the IL-lRl. the IL-1 receptor accessory protein 

(IL-lRacP) (Greenfeder el al., 1995) binds to this receptor complex, myeloid 

differentiation primary response gene (MyD88) and toll interacting protein (TOLLIP) are 

then recruited to the receptor complex with subsequent addition o f  interleukin-1 receptor 

associated protein kinase (IRAK) (Huang el al.. 1997; Li el al., 2001) and activation of 

tumour necrosis factor receptor-associated factor (TRAF)-6. TRAF6 is thought to activate 

the nuclear factor (NF)-kB pathway and MAPKs including ERK.. JNK and p38 (Martin and 

Wesche. 2002) through a series o f  kinase and phosphorylation steps (Ninomiya-Tsuji el
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<;//., 1999) leading to transcriptional activation by NF-kB and c-JUN (Figure 4.1). 

Interestingly, elevated activities o f  these M APKs are found in adipocytes and muscles o f  

obese and insulin resistant rodents and humans (Gual et al., 2005). Jager et al. (2004) 

established that prolonged IL -ip  treatment induced a sustained activation o f  ERK and p38 

but not JNK, suggesting that an increase in IL -ip  expression in adipose tissue could thus 

participate in the elevated activity o f  these kinases in obesity (Jager el al., 2007). 

Activation o f  these kinases could be involved in the inhibitory effect o f  IL - lp  on insulin- 

induced glucose transport. Activation o f  p38 was demonstrated to be involved in the down- 

regulation o f  GLUT4 expression (Carlson el al., 2003). Jager el al. (2007) established that 

pharmacological inhibition o f  the ERK pathway totally prevented a decrease in lRS-1 

m RNA and partially prevented the inhibition o f  IRS-1 protein expression induced by IL -ip  

treatment (Jager el al., 2007). Furthermore, a recent study demonstrated that E R K l 

deficient mice are more sensitive to insulin on a HFD (Bost el al., 2005). It seems likely 

that IL - ip  impairs adipocyte biology and may induce insulin resistance. IL -ip  is a major 

pro-intlammatory cytokine that is primarily produced by tissue macrophages and may 

therefore act in concert with other cytokines and adipokines within the adipose tissue 

playing a major role in the dex elopment o f  obesity induced insulin resistance. However, 

due to inconsistent data from multiple in vivo models, it therefore seems necessary to begin 

a comprehensive elucidation o f  the specific effects o f  IL- ip in adipocytes in vilro not only 

on protein expression but adipokine and cytokine secretion, adipocyte differentiation and 

glucose uptake at multiple time points.
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F igure 4.1 A fte r  IL-1 is bound  a com plex  is fo rm ed  be tw een  the type 1 recep to r ( IL -IR I)  
and  the recep to r accessory  protein  ( IL - lR A c P ) .  T he  cytosolic  pro te ins  M yD 88  (M yelo id  
D ifferentiation  prim ary  response  gene-88)  and  T o ll lP  (Toll-In terac ting  Protein) are 
recruited  to this com plex ,  w here  they  func tion  as adaptors ,  recru it ing  IR A K  (lL-1 
R ecep tor-A ssocia ted  Kinase). IR A K I ,  a  ser ine-th reon ine  kinase, ac tiva tes  and recruits  
T R A F 6  (T N F  R ecep to r-A ssocia ted  F acto rs-6 ) to the IL-1 recep to r  com plex .  T R A F 6  
ac tivates tw o  pathw ays, w h ich  leads to the ac tiva tion  o f  t ranscrip tion  factors such  as N F- 
k B and c-Jun.
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4.2 Material and methods 

4.2.1 Experimental design

3T3-L1 fibroblasts were differentiated to mature adipocytes as described in section 2.2.4. 

The cells were then stimulated with 10 ng/ml o f  1L-1(3 for 5 minutes, 15 minutes, 30 

minutes, 1 hour. 2 hours. 24 hours and 48 hours as described in section 2.2.11. The 10 

ng/ml dose was selected as previous studies have shown that cytokines such as I L - l a  at a 

concentration o f  10 ng/ml can induce insulin resistance within 3T3-L1 adipocytes (He et 

al.. 2006). Briefly. 3T3-L1 fibroblasts were grown to confluencey in 12-well plates and 

differentiation was initiated by culturing cells in the presence o f  insulin, dexamethasone 

and isobutyl-1-methylxanthine (IBMX) for six days. Differentiation media was removed 

and replaced with DM EM  containing 10% FBS and penicillin/streptomycin for 24 hours. 

Fully differentiated adipocytes were then treated with 10 ng/ml o f  IL-1(3 in DM EM  with 

penicillin/streptomycin and 0.2% BSA.

4.2.2 Protein analysis and Western blotting

Cells were washed in PBS and total cell lysates were extracted with RIPA buffer with 

protease inhibitor cocktail (Sigma-Aldrich) as described in section 2.8.1. Protein 

concentrations were assessed using the Bradford assay. 10 fig o f  protein was separated by 

electrophoresis through sodium dodecyl sulphate polyacrylamide (SDS-PA GE) gels and 

the proteins were then transferred to a nitrocellulose membrane as described in section

2.8.3 and 2.8.4. Details o f  the Western blotting and antigen detection techniques are

described in sections 2.8.5 and 2.8.6. IBriefly, m embranes were blocked using 5% BSA in

I BS with 0.1 %  tween 20 and then incubated overnight at 4“C with antibodies specific to

G H JT 4  (Millipore), phosphorylated-insulin receptor (T y r l l5 8 ,  T y r l l6 2 ,  T y r l l6 3 ) ,

protein kinase (PK)-B/Akt. phosphorylated Akt (Thr308). lRS-1. phosphorylated IRS-1

(ser636/639), inhibitor o f  k B  (iKB)-a, phosphorylated iKB-a (Ser32), phosphorylated-

JN K l/2  p54/46 (Thrl 83/Tyrl 85), p38 M APK, phosphorylated p38 M APK

( I'hrl 80/Tyrl 82), phosphorylated p44/42 M APK (E R K l/2 ,  Thr202/Tyr204; Cell

Signalling Technology®). JN K l p54 and p44 M APK (E R K l;  Santa Cruz Biotechnology

hic.). Correct loading o f  protein was confirmed by blotting for actin (Sigma-Aldrich).

Membranes were washed in TBS with 0.1 %> tween (Sigma-Aldrich) and then incubated

with peroxidase conjugate anti-rabbit antibody (Santa Cruz Biotechnology Inc.) for 2 hours

at room temperature. After further washing, immunoreactive bands were visualized using

an enhanced chemiluminescence reaction (Supersignal® West Pico Cemiluminescent

Substrate. Pierce f^iotechnology). Membranes were exposed to film for 1 to 10 minutes
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and processed using a XoGraph automatic X-ray processor (Healthcare Ltd.). The position 

o f  the band was confirmed by the inclusion o f  suitable molecular weight markers (Bio-Rad 

Laboratories). Protein bands were quantified by densitometry using the TINA software 

version 2.09c (Raytest, Straubenhardt, Germany) and protein levels were expressed as 

percentage change relative to adipocytes alone.

4.2.3 ELISA analysis

Supernatants were collected from the cells and ELISA analysis was carried out using 

commercially available kits from R and D Systems for leptin, resistin, adiponectin, T N F-a ,  

lL-6 and IL -ip  as described in section 2.9.1. Briefly, the primary or capture antibody 

specific to the antigen was coated to the walls o f  a 96-well microtiter plate. Standards were 

provided with the kits and were reconstituted to working concentrations by serial 1:2 

dilutions in reagent diluent. Supernatant and standards were added directly to the 96-well 

microtiter coated with capture antibody and antigens became immobilized by the capture 

antibody. The secondary or detection antibody was added to the wells and bound to the 

immobilized antigen. The detection antibody was conjugated with horseradish peroxidase 

(HRP)  and substrate tetramethylbenzidine (TMB) was added to each well. The 

immobilised HRP o f  the detection antibody acts on the TM B causing a blue colour to 

develop proportionally to the amount o f  antigen present. H2SO4 stops the oxidation o f  

fM B  and changes the blue colour to yellow. Absorbance o f  the wells was read in the 

microplate reader at 450 nm with a wavelength correction o f  570 nm. A standard curve 

was constructed for each assay and sample concentrations were calculated through the 

equation o f  the standard curve.

4.2.4 Oil red O staining

A fresh working solution o f  oil red O was prepared as described in section 2.5. Adipocytes 

were washed in PBS and fixed in 10% neutral buffered formalin (Sigma-Aldrich). Cells 

were washed again and the working solution o f  oil red O was added. Cells were washed 

and observed under microscope (Nikon Corporation); images were taken using Matrox 

Intellicam (Matrox Electronic Systems Ltd.). Images were assessed using ImageJ, a public 

domain. Java-based image processing program developed at the National Institutes o f  

Health (Collins, 2007). Images were converted to 8-bit greyscale and a thresholded binary 

image was created to highlights the red stained regions; these were then measured as pixels 

and converted to percentage fold change.
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4.2.5 Glucose uptake assay

Glucose uptake was analyzed in 3T3-L1 adipocytes as described in section 2.6. Cells were 

incubated in serum free media with 0.2% BSA for 4 hours. Cells were then incubated in 

PBS with 0.2% BSA for 30 minutes prior to addition o f  100 nMol o f  Insulin (Sigma- 

Aldrich) in PBS for 15 minutes, after which 5 |aCi/ml o f  Deoxy-D-glucose, 2-[^H(N)] 

(Perkin-Elmer) in 1 niMol glucose (Sigma-Aldrich) was added to the cells and incubated 

for 10 minutes. Cells were then washed twice and then lysed in RIPA buffer containing 

protease inhibitor cocktail (Sigma-Aldrich). The samples were added to scintillation fluid 

(National Diagnostics Inc.) and assayed for uptake as counts per minute (Tri-Carb 

2900TR low activity liquid scintillation analyzer, Perkin-Elmer). The remaining lysates 

were stored at -8 0 °C  for western blot analysis.

4.2.6 Data preparation and statistical analysis

Data was reported as Mean ± SEM. Statistical analysis was performed with SPSS (SPSS 

Inc.). The distribution o f  data for each variable was assessed and variables transformed to 

normalise the distribution o f  data if  necessary'. Multiple comparisons were performed by 

one-way ANOVA. Significant inter-group differences were subsequently tested by post 

hoc Least Significant Difference (LSD) statistical analysis. Independent Student's  t-tests (2 

tailed) were performed between control and 1L-1(5 treated cell. A statistical probability o f  P 

< 0.05 was considered statistically significant.
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4.3 Results

4.3.1 Effects o f IL-1(3 treatment on insulin pathway protein expression in 3T3-L1 

adipocytes

A time course study examined the effects o f  IL - ip  treatment (10 ng/ml) on lRS-1, 

phosphorylated lRS-1 (Ser636/639), phosphorylated insulin receptor 

(Tyrl 158/Tyrl 16 /T yrl l63 ) ,  PKB/Akt. Akt (Thr308) and GLUT4 protein expression in 

3T3-L1 adipocytes for up to 48 hours as presented in Figures 4.2 to 4.7.

Whole cell IRS-1 protein expression was significantly reduced in fully 

differentiated 3T3-L1 adipocytes treated with IL -ip  for 15 minutes (16% decrease. P < 

0.026), 30 minutes (16% decrease, P < 0.024), 60 minutes (20%  decrease, P < 0.009), 120 

minutes (22% decrease, P < 0.004) and 24 hours (21% decrease, P < 0.006; Figure 4.2). 

Conversely, IL -ip  treatment o f  mature 3T3-L1 adipocytes significantly increased whole 

cell phosphorylated lRS-1 (Ser636/639) at 15 minutes (38%  increase, P < 0.007), 30 

minutes (44% increase. P < 0.003). 60 minutes (26% increased. P < 0.045) and 120 

minutes (43% increase, P < 0.003). Phosphorylated-lRS-1 protein expression was also 

increased in adipocytes treated with IL -ip  for 24 hours (25% decrease. P < 0.058) however 

not significantly (Figure 4.3).

Whole cell phosphor>iated insulin receptor (Tyrl 158/Tyrl 16/Tyrl 163) protein 

expression was increased similarly in insulin stimulated 3T3-L1 adipocytes (32%  increase) 

and insulin stimulated adipocytes treated with IL -lp  for 48 hours (26% increase) compared 

to control adipocytes untreated with insulin (P < 0.003 and P < 0.009; Figure 4.4). A 

similar trend was observed for whole cell Akt protein expression in insulin stimulated 3T3-

1.1 adipocytes and insulin stimulated adipocytes treated with IL -ip  for 48 hours (40% and 

30% increase) compared to control 3T3-L1 adipocytes untreated with insulin (Figure 4.5). 

Interestingly, whole cell phosphorylated Akt (Thr308) protein expression was significantly 

increased 55% in insulin stimulated 3T3-L1 adipocytes relative to control unstimulated 

3T3-L1 adipocytes (P < 0.029). Similarly, phosphorylated Akt protein expression was also 

significantly increased 76% in insulin stimulated 3T3-L1 adipocytes treated with IL -ip  for 

48 hours relative to control adipocytes (P < 0.006; Figure 4.6). Whole cell GLUT4 protein 

expression was significantly decreased 61% in insulin stimulated 3T3-L1 adipocytes 

treated with IL -lp  for 48 hours relative to control 3T3-L1 adipocytes (P < 0.009; Figure 

4.7). GLUT4 expression was decreased in insulin stimulated 3T3-L1 adipocytes treated 

with IL -ip  for 48 hours relative to insulin stimulated 3T3-L1 adipocytes, however also not 

significantly.
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Figure 4.2 Effects of IL-ip  treatment on IRS-1 protein expression in 3T3-L1 
adipocyte whole cell extracts. 3T3-L1 adipocytes were treated with 10 ng/ml IL -ip  for up 
to 24 hours. Whole cell lysates were prepared for SD S-PAGE and immunoblotting. The 
relative protein levels were quantified by densitometry and data expressed relative to the 
amount o f  lRS-1 at time 0 (100%). Data is presented as mean ± SEM, n = 3. A 
representative blot is shown below the graph. * P < 0.05, ** P < 0.01 relative to time 0. 
One-way ANOVA was performed within each group followed by post hoc LSD analysis. 
Correct loading o f  protein was confirmed by blotting for actin.

150



c/5a.

c.(/)o
0.

180

160

140

120

100

80

60

40

20

0

*  *

_ L _
_L.

15 30 60

Tim e (minutes/hours)

120 24hr

plRS-1 180 kDa

Actin 43 kDa 

IL - ip  (minutes/hours) 0 15 30 60 120 24hr

Figure 4.3 Effects of IL - ip  treatment on phosphorjlated IRS-1 (ser636/639) protein 
expression in 3T3-L1 adipocyte whole cel! extracts. 3T3-L1 adipocytes were treated 
with 10 ng/ml IL - ip  for up to 24 hours. Whole cell lysates were prepared for SDS-FAGE 
and immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to the amount o f phosphorylated lRS-1 at time 0 (100%). Data is 
presented as mean ± SEM, n = 3. A  representative blot is shown below the graph. * P < 
0.05, **  p < 0.01 relative to time 0. One-way AN O V A  was performed w ith in each group 
followed by post hoc LSD analysis. Correct loading o f protein was confirmed by blotting 
for actin.
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Figure 4.4 Effects o f  IL- i p treatment on phosphorylated insulin receptor (IR, 
T y r l l5 8 ,  T y r l l6 2 ,  T y r l l6 3 )  protein expression in 3T3-L1 adipocyte whole cell 
extracts. 3T3-L1 adipocytes were treated with 10 ng/ml IL-ip for 48 hours and insulin for 
30 m inutes. W hole cell lysates were prepared for SD S-PA G E and im m unoblotting. The 
relative protein levels were quantified by densitom etry and data expressed relative to the 
3T3-L1 untreated control (100% ). Data is presented as m ean ± SEM , n = 3. A 
representative blot is shown below  the graph. ** p < 0.01 relative to untreated 3T3-L1. 
One-way ANOV A was performed within each group follow ed by post hoc LSD analysis. 
Correct loading o f  protein was confirm ed by blotting for actin.
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Figure 4.5 Effects o f  IL - ip  treatment on PKB/Akt protein expression in 3T3-L1 
adipocyte whole  cell extracts. 3T3-L1 adipocytes were treated with 10 ng/ml IL -ip  for 48 
hours and insulin for 30 minutes. W hole cell lysates were prepared for SD S-PAG E and 
immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to untreated 3T3-L1 control (100%). Data is presented as mean ± SEM, 
n = 3. A representative blot is shown below the graph. Correct loading o f  protein was 
confirmed by blotting for actin.
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Figure 4.6 Effects of IL -lp  treatment on phosphorylated PKB/Akt (Thr308) protein  
expression in 3T3-L1 adipocytes whole cell extracts. 3T3-L1 adipocytes were treated 
with 10 ng/ml IL -ip  for 48 hours and insulin for 30 minutes. Whole cell lysates were 
prepared for SDS-PAGE and immunoblotting. The relative protein levels were quantified 
by densitometry and data expressed relative to the 3T3-L1 untreated control (100%). Data 
is presented as mean ± SEM. n = 3. A representative blot is shown below the graph. * P < 
0.05, ** p < 0.01 relative to untreated 3T3-L1. One-way A N OV A was performed within 
each group followed by post hoc LSD analysis. Correct loading o f  protein was confirmed 
by blotting for actin.
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Figure 4.7 Effects o f  IL - lp  treatment on G LUT4 protein expression in 3T3-L1  
adipocytes whole cell extracts. 3T3-L1 adipocytes were treated with 10 ng/ml I L- i p  for 
48 hours and insulin for 30 m inutes. W hole cell lysates were prepared for SD S-PA G E and 
im m unoblotting. The relative protein levels were quantified by densitom etry and data 
expressed relative to the 3T3-L1 untreated control (100% ). Data is presented as m ean ± 
SEM , n = 3. A representative blot is shown below  the graph. ** P < 0.01 relative untreated 
3T3-L1. O ne-way A N O V A  was perform ed w ithin each group follow ed by post hoc LSD 
analysis. Correct loading o f  protein was confirm ed by blotting for actin.
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4.3.2 Effects of IL-ip treatment on glucose uptake in 3T3-L1 adipocytes

Glucose uptake assays were performed on the fully differentiated 3T3-L1 adipocytes, 

which had been either left untreated or treated with 10 ng/ml IL -ip  for 48 hours. Figure 4.8 

illustrates that insulin induced a significant increase in glucose uptake in untreated 3T3-L1 

adipocytes (5.5 fold increase, P < 0.001); glucose uptake was also elevated in IL - ip  treated 

3T3-L1 adipocytes (4.5 fold increase, P < 0.001) both relative to untreated adipocytes. 

However, glucose uptake was significantly reduced 18% in 3T3-L1 adipocytes treated with 

lL-1 P compared to 3T3-L1 adipocytes stimulated with insulin (P < 0.006).
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Figure 4.8 Effects of IL-1(3 on glucose uptake in 3T3-L1 adipocytes. Glucose uptake 
assays were performed on the fully differentiated 3T3-L1 adipocytes, which had been 
either left untreated or treated with 10 ng/ml IL-1|3 for 48 hours. Cells were incubated with 
100 nN4oi o f  insulin for 30 minutes followed by 5 |j.Ci/ml o f g l u c o s e  in 1 mMol glucose 
for 15 minutes. Cells were lysed and assayed for uptake as counts per minute, data is
presented as mean ± SEM, n = 4 - 8. *** P < 0.001 relative to untreated 3T3-L1; t t  P < 
0.01 relative to 3T3-L1 adipocytes treated with insulin. One-way A N OV A was performed 
within each group followed by post hoc LSD analysis.
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4.3.3 Effects of IL -ip  treatment on lipid accumulation in 3T3-L1 adipocytes

Oil red O staining was used to assess cellular lipid content in IL -ip  treated 3T3-L1 

adipocytes (Figure 4.9). IL -ip  treatment induced a small but significant (P < 0.034) 

decrease in oil red O lipid staining (9% decrease) compared to untreated 3T3-L1 

adipocytes.

Figure 4.9 Effects of IL -ip  treatment on lipid accumulation in 3T3-L1 adipocytes. Oil
red O staining was used to stain accumulated lipids within adipocytes treated and untreated 
with IL -ip  (10 ng/ml) for 48 hours. After IL - ip  treatment adipocytes were fixed in 10% 
neutral buffered formalin and stained with oil red O. Oil red O staining was assessed 
within microscope images as percentage fold change. Data is presented as mean ± SEM, n 
= 5. * P < 0.05 relative to untreated 3T3-L1. An independent Student's  t-test was 
performed on the IL -ip  treated adipocytes vs. controls.
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4.3.4 Effects of IL-ip treatment on MAPK protein expression in 3T3-L1 adipocytes

p38 M APK, phosphorylated p38 M APK (Thrl 80/Tyrl 82), E R K l,  phosphorylated E R K l/2  

(Tlir202/Tyr204), .INK and phosphorylated JNK (T183/Y185) protein expression was 

measured in 3T3-L1 adipocytes treated with lOng/ml IL-1 j3 for up to 24 hours as presented 

in Figures 4.10 to 4.15. Whole cell p38 protein expression was not significantly changed in 

fully differentiated 3T3-L1 adipocytes treated with IL-1 p (Figure 4.10). Interestingly, IL- 

ip  treatment in mature 3T3-L1 adipocytes significantly increased phosphorylation o f  p38 

(Thrl 80/Tyrl 82) at 5 minutes (72% increase, P < 0.001), 15 minutes (2.2 fold increase. P < 

0.001) and 30 minutes (63% increased, P < 0.002) after which levels normalised (Figure 

4.11).

There was no significant change in whole cell E R K l protein expression in 3T3-L1 

adipocytes treated with IL -ip  over a 24 hour period (Figure 4.12). However, 

phosphorylated E R K l/2  (Thr202/Tyr204) protein expression was increased in 3T3-L1 

adipocytes at 15 minutes (20%  increase) and 30 minutes (17%  increase) IL - lp  treatment 

relative to adipocytes at time 0 (P < 0.030 and P < 0.052; Figure 4.13). Later in the time 

course phosphor>lated E R K l/2  was significantly reduced in 3T3-L1 adipocytes at 60 (22% 

decrease) and 120 minutes (27% decrease) IL -ip  treatment relative to time 0 (P < 0.020 

and P < 0.005). There was no significant change in whole cell JN K  or phosphorylated JNK 

( 1183/Y185) protein expression in 3T3-L1 adipocytes treated with IL -ip  over a 24 hours 

period (Figures 4.14 and 4.15).
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Figure 4.10 Effects o f  IL- ip treatment on p38 protein expression in 3T3-L1 adipocyte  
whole cell extracts. 31'3-Ll adipocytes were treated with 10 ng/ml IL -lp  for up to 24 
hours. Whole cell lysates were prepared for SDS-PAGE and immunoblotting. The relative 
protein levels were quantified by densitometry and data expressed relative to the amount o f  
p38 at time 0 (100%). Data is presented as mean ± SEM, n = 3. A representative blot is 
shown below the graph. Correct loading o f  protein was confirmed by blotting for actin.
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Figure 4.11 Effects o f  IL - ip  treatment on phosphor^lated p38 (T h r l8 0 /T y r l8 2 )  
protein expression in 3T3-L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were 
treated with 10 ng/ml IL -ip  for up to 24 hours. Whole cell lysates were prepared for SDS- 
PAGE and immunoblotting. The relative protein levels were quantified by densitometry 
and data expressed relative to the amount o f  phosphorylated p38 at time 0 (100%). Data is 
presented as mean ± SEM, n = 3. A representative blot is shown below the graph. *** p < 
0.001 relative to time 0. One-way A N O V A  was performed within each group followed by 
post hoc LSD analysis. Correct loading o f  protein was confirmed by blotting for actin.
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Figure 4.12 Effects of IL -ip  treatment on E R K l protein expression in 3T3-L1 
adipocyte whole cell extracts. 3T3-L1 adipocytes were treated w ith 10 ng/ml IL - ip  for up 
to 24 hours. Whole cell lysates were prepared for SDS-PAGE and immunoblotting. The 
relative protein levels were quantified by densitometry and data expressed relative to the 
amount o f ER Kl at time 0 (100%). Data is presented as mean ± SEM, n = 3. A 
representative blot is shown below the graph. Correct loading o f protein was confirmed by 
blotting for actin.
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Figure 4.13 Effects o f  IL - ip  treatment on phosphorylated E R K l/2  (Thr202/Tyr204)  
protein expression in 3T3-L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were 
treated with 10 ng/ml IL -ip  for up to 24 hours. Whole cell lysates were prepared for SDS- 
PAGE and imniunoblotting. The relative protein levels were quantified by densitometry 
and data expressed relative to the amount o f  phosphorylated E R K l/2  at time 0 (100%). 
Data is presented as mean ± SEM, n = 3. A representative blot is shown below the graph. * 
P < 0.05, ** p < 0.01 relative to time 0. One-way A N O V A  was performed within each 
group followed by post hoc LSD analysis. Correct loading o f  protein was confirmed by 
blotting for actin.
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Figure 4.14 Effects of IL -ip  treatment on JN K l protein expression in 3T3-L1 
adipocyte whole cell extracts. 3T3-L1 adipocytes were treated with 10 ng/ml IL -lp  for up 
to 24 hours. Whole cell lysates were prepared for SDS-PAGE and immunoblotting. The 
relative protein levels were quantified by densitometry and data expressed relative to the 
amount o f  .INK at time 0 (100%). Data is presented as mean ± SEM, n = 3. A 
representative blot is shown below the graph. Correct loading o f  protein was confirmed by 
blotting for actin.

164



o0>e

>

a

o
a.

120 

I 10 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0

15 30

Tim e (m inu tes /hours)

24hr

p.INKl/2 54/46 kDa

Actin 43 kDa 

IL - ip  (minutes/hours) 0 15 30 60 120 24hr

Figure 4.15 Effects of IL - ip  treatment on phosphor>lated J N K l/2  (T h r l8 3 /T y r l8 5 )  
protein expression in 3T3-L1 adipocyte whole cell extracts. 313-L l adipocytes were 
treated with 10 ng/ml IL- ip  for up to 24 hours. Whole cell lysates were prepared for SDS- 
PAGE and immunoblotting. The relative protein levels were quantified by densitometry 
and data expressed relative to the amount o f  phosphorylated JNK at time 0 (100%). Data is 
presented as mean ± SEM, n = 3. A representative blot is shown below the graph. Correct 
loading o f  protein was confirmed by blotting for actin.
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4.3.5 Effects o f IL-ip treatm ent on iKB-a protein expression in 3T3-L1 adipocytes

iKB-a and phosphorylated iKB-a (Ser32) protein expression was m easured in 3T3-L1 

adipocytes treated with 10 ng/ml IL- ip  for up to 24 hours as presented in Figure 4.16 and 

4.17. W hole cell iKB-a protein expression was not significantly altered in fully 

differentiated 3T3-L1 adipocytes treated with IL-1 p. How ever, there was an increase in 

iKB-a expression at 15 m inutes (29%  increase, P < 0.063) and 30 m inutes (28%  increase, 

P < 0.074) which correlated with a significant increase (23%  increase) in phosphorylated 

iKB-a (ser32) at 5 m inutes I L- ip  treatm ent w ithin 3T3-L1 adipocytes relative to time 0 (P 

< 0.039). Later in the tim e course phosphorylated iKB-a levels dropped and norm alised to 

p re-ll.-l p treatm ent levels.
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Figure 4.16 Effects of I L - lp  treatment on phosphorviated iKB-a protein expression in 
3T3-L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were treated with 10 ng/ml IL- 
ip  for up to 24 hours. Whole cell lysates were prepared for SD S-PAG E and 
immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to the amount o f  phosphorylated iKB-a at time 0 (100%). Data is 
presented as mean ± SEM, n = 3. A representative blot is shown below the graph. Correct 
loading o f  protein was confirmed by blotting for actin.
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Figure 4.17 Effects of IL -ip  treatment on phosphorjlated IkB-u (Ser32) protein 
expression in 3T3-L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were treated 
with 10 ng/ml IL - ip  for up to 24 hours. Whole cell lysates were prepared for SDS-PAGE 
and immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to the amount o f phosphorylated iKB-a at time 0 (100%). Data is 
presented as mean ± SEM. n = 3. A representative blot is shown below the graph. * P < 
0.05 relative to time 0. One-way AN O V A was performed with in each group followed by 
post hoc LSD analysis. Correct loading o f protein was confirmed by blotting for actin.
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4.3.6 Effects o f IL- ip treatment on adipokine secretion in 3T3-L1 adipocytes

Adipokine protein secretion was determined by ELISA (ng/ml) in 3T3-L1 adipocytes 

treated with 10 ng/ml IL -ip  for 24 and 48 hours. lL-6 secretion was significantly increased 

in 3T3-L1 adipocytes treated with IL - ip  for 24 and 48 hours (30 fold increase P < 0.001 

and 48 fold increase, P < 0.001 respectively (Table 4.1 and Figure 4.18). However, 

Adiponectin, resistin, Leptin and T N F -a  secretion were not significantly changed in 3T3- 

L1 adipocytes treated with IL -ip  for 24 hours (Table 4.1) and additionally 48 hours in the 

case o f  T N F -a  secretion.
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Table 4.1 Effects o f  IL -ip  treatment on adipokine secretion from 3T3-L1 adipocytes.
3T3-L1 adipocytes were treated with 10 ng/ml I L- i p  for 24 hours, supernatants were 
harvested and adipokine secretion determined by ELISA (pg/ml). Data is presented as 
mean ± SEM, n = 6. P values are shown. An independent students T test was performed on 
the IL-1 p treated adipocytes vs. controls.

Control IL-1 P Treatment (10 ng/ml)
Adipokine Mean (pg/ml) SEM Mean (pg/ml) SEM P value

fL-6 12.52 1.67 375.84 33.93 0.00
Adiponectin 1914645.10 224217.32 1740678.35 157280.52 0.54

Resistin 11961.51 406.63 12310.05 363.84 0.47
Leptin 102.47 1.50 106.11 4.58 0.54
T N F -a 8.46 3.83 6.35 2.19 0.67
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Figure 4.18 Effects o f  IL -lp  treatment on IL-6 and T N F -a  secretion from 3T3-L1  
adipocytes. 3T3-L1 adipocytes were treated with 10 ng/ml I L- i p  for 48 hours, 
supernatants were harvested and adipokine secretion determined by ELISA (pg/ml). Data 
is presented as mean ± SEM. n = 3. An independent Student’s t test was performed on the 
IL- ip treated adipocytes vs. controls.
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4.4 Discussion

This time course study established tlie inhibitory effect o f  IL - lp  on insulin mediated 

glucose uptake. This time course experiment aimed to establish a working model o f  IL -ip  

activation in 3T3-L1 adipocytes while providing evidence for the m echanisms occurring 

within IL-lRl'^' mice. At the protein expression level IL -ip  treatment did not significantly 

reduce insulin induced tyrosine phosphorylation and therefore activation o f  the insulin 

receptor. Total lRS-1 protein expression was significantly reduced by IL -ip  treatment. 

Similarly, Jager at el. (2007) also determined that IL - ip  decreases lRS-1 expression and 

found that activation o f  lRS-1 through tyrosine phosphorylation o f  IRS-1 was also reduced 

(.lager et al., 2007). However, our study determined that phosphorylated IRS-1 

(Ser636/639) was significantly up-regulated in response to I l- ip  treatment. The 

phosphorylation o f  serine 636/639 is mediated by the m TOR pathway resulting in an 

inhibition o f  insulin signaling (Ozes et al., 2001). Interestingly, it appears 11-1P may 

function to inhibit insulin signaling partially through reduction in lRS-1 protein expression 

or through IRS-1 serine phosphorylation via the m TOR pathway.

m rO R  is an atypical serine/threonine protein kinase, belonging to the 

phosphatidylinositol kinase-related kinase (PIK.K) family (Fingar and Blenis, 2004; 

Wullschleger et al.. 2006). m TO R  regulates a variety o f  cellular functions including 

translational control, autophagy, mitochondrial metabolism and cell-cycle progression 

(Corradetti and Guan, 2006; Cunningham  et al., 2007; Wullschleger et al., 2006; 

Yokogami et al., 2000). The physiological importance o f  m TO R is undoubtedly 

demonstrated by the fact that the knockout o f  m TO R in mice is primordially embryonic 

lethal (Gangloff e/ al., 2004; Martin and Sutherland, 2001; Murakami et al., 2004). mTOR 

has been shown to activate S6K1. Interestingly, in cells with an elevated S6K1 activity, the 

expression o f  lRS-1 is reduced (Haruta et al., 2000). Additional studies revealed that active 

S6K1 phosphorylates IRS-1 on multiple inhibitory sites and promotes its degradation 

(Greene et al., 2003; Harrington et al., 2004; Shah et al., 2004). Taken together, the newly 

identified consequence o f  n iT 0 R -S 6 K l activation is to attenuate Akt signalling (Um et al., 

2004). This auto-regulatory pathway is defined as S6K1-dependent negative feedback 

inhibition (Manning, 2004). Furthermore, it has been demonstrated that insulin can 

stimulate activation o f  the m TO R pathway, which in turn negatively regulates insulin 

signals through Ser/Thr phosphorylation, subcellular redistribution and proteasomal 

degradation o f  lRS-1 in 3T3-L1 adipocytes (Haruta et al., 2000; Takano et al., 2001). 

Importantly, Ozes and colleagues (2001) demonstrated that T N F -a  impairs insulin
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signaling througli serine phosphoylation o f  IRS-1 at multiple sites by activation o f  a P13- 

kinase, Akt and niTOR pathways in NIH-3T3 fibroblasts (Ozes et al., 2001). 

Addiotionally, Rapamycin, an inhibitor or m TOR. could partially improve insulin- 

stimulated glucose uptake through maintaining lRS-1 protein levels (Carlson and 

Rondinone, 2005). Therefore, the effects o f  IL -ip  on the m TOR pathway within 3T3-L1 

adipocytes require further analysis.

Despite the decrease in lRS-1 protein expression and the increase in serine 

phosphorylation o f  lRS-1 induced by the IL -ip  treatment, insulin induced tyrosine 

phosphorylation o f  Akt after 11-1(3 treatment was not significantly reduced compared to 

insulin stimulated 3T3-L1 adipocytes. This suggests that the decrease in lRS-1 activity had 

no observable inhibitor affect on Akt activity. A longer IL - ip  treatment may be necessary 

to induce a more significant reduction in lRS-1 and Akt expression or activity. However, it 

maybe possible that lRS-2 develops into the main docking protein in the lRS-1 reduced IL- 

ip  treated adipocytes as suggested by Rondinone and colleagues (1997). Rondinone et al. 

examined the expression and function o f  lRS-1 and lRS-2 in adipocytes from healthy and 

diabetic individuals. Cells from subjects with T2DM  had an impaired insulin effect and a 

marked reduction in the expression o f  lRS-1 protein, whereas lRS-2 was unchanged 

(Rondinone et al.. 1997). In healthy adipocytes. IRS-1 was the main docking protein for 

the binding and activation o f  insulin-stimulated PI3-kinase. In adipocytes from T2DM 

subjects where IRS-1 expression was reduced. IRS-2 became the main functional docking 

protein however, it required a higher insulin concentration for a similar binding and 

activation o f  PI3-kinase (Rondinone et al.. 1997). IRS-2 could therefore compensate for 

any down regulation in expression or activity in lRS-1 to activate Akt. Whole cell G H JT 4  

protein expression was significantly reduced in insulin stimulated 3T3-L1 adipocytes 

treated with IL -ip  relative to control adipocytes. This IL -ip  induced reduction in whole 

cell GLUT4 expression may be responsible for the decrease in glucose uptake observed in 

the IL -ip  treated adipocytes. It would be important to examine m embrane bound GLUT4 

verses cytoplasmic GLUT4 in order to determine the activity o f  GLUT4.

Interestingly. IL-ip  treatment induced a small but significant decrease in oil red O 

lipid staining in mature 3T3-L1 adipocytes, suggesting that these cells had reduced lipid 

accumulation and had undergone lipolysis. In accord, Feingold et al. (1992) determined 

T N F-a . IL-1 and IFN-a. IFN-P and IFN-y induce lipolysis in cultured 3T3-F442A 

adipocytes (Feingold et al.. 1992). Adipose tissue lipolysis is the catabolic process in 

which intracellular TAG undergoes hydrolysis through the action o f  three major lipases:
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adipose triglyceride lipase (ATGL). hormone-sensitive lipase (HSL) and monoacylglycerol 

lipase (MGL). Fully differentiated adipocytes exhibit increased lipid content and insulin 

responsiveness. I'herefore, this reduction in lipid accumulation may suggest Il-ip causes a 

reduction in 3T3-L1 adipocyte differentiation. Furthermore, insulin resistance in adipose 

tissue is characterised by decreased suppression o f  lipolysis in adipose tissue by insulin, 

leading to elevated NEFA. The quantity o f  NEFA from adipocytes that are released into 

circulation corresponds to the size o f  the adipocytes and the overall fat mass of the adipose 

tissue. The consequence o f  increased NEFA lipolysis and reduced NEFA fractional 

esterification in the metabolic syndrome and T2DM is diversion o f  NEFA towards non 

adipose tissue such as liver, muscle, heart and pancreatic (3 cells.

Elevated activities o f  the ERK.1/2, JN K l/2  and p38 are found in adipocytes of 

obese and insulin-resistant rodent and humans (Gual el a l ,  2005) and IL-ip treatment 

induced many significant changes in whole cell MAPK expression and phosphorylation 

within fully differentiated adipocytes. p38 and JNK are more responsive to various stress 

stimuli from UV to cytokines and have been involved in apoptosis and the response to 

cellular stresses (Aouadi et a i ,  2006).

Levels of activated p38 are elevated in the skeletal muscle, adipose tissue and 

kidneys o f  diabetic patients (Adhikary et u l ,  2004; Carlson et u i .  2003; Koistinen et a!.. 

2003). suggesting that some p38 responses may be important for the pathogenesis of 

diabetes and its complications. A recent study by Aouadi el ul. (2006) found a strong 

decrease of p38 activity in subcutaneous fat depots compared with the same tissue in lean 

mice within dietary and genetic {oh/oh) models o f  obesity. Furthermore, p38 activity was 

significantly higher in pre-adipocytes than in adipocytes, suggesting that p38 activity 

decreases during adipocyte differentiation (Aouadi et al., 2006). In agreement with an 

inhibitory role o f  p38 in this process, Aouadi et al. determined that in vitro inhibition of 

p38 with the specific inhibitor PD169316 increased the expression o f  mature differentiated 

adipocyte markers. Inhibition of p38 enhanced transcriptional activity o f  PPAR-y and 

C/EBPp, suggesting that p38 plays a negative role in adipogenesis via inhibition o f  PPAR- 

y and C/EBPp transcriptional activities (Aouadi et al.. 2006). In this study Il- ip  was 

observed to increase activation o f  p38 in the adipocytes, which correlated with an increase 

in lipolysis and a reduction in insulin sensitivity, further suggesting that p38 plays a 

negative role in adipogenesis.

Carlson el al. (2005) observed treatment with the specific p38 inhibitor (A304001) 

during the development o f  insulin resistance in 3T3-L1 adipocytes increased basal glucose
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uptake, increased GLUTl expression, increased glucose uptake in response to insulin 

stimulation and increased GLUT4 expression (Carlson and Rondinone, 2005). However, 

p38 inhibition did not prevent the loss o f  IRS-1 protein levels or insulin signalling to Akt 

in insulin-resistant cells (Carlson and Rondinone, 2005). This data indicates that p38 

inhibition can enhance glucose uptake through regulating the expression o f  GLU Tl and 

GLUT4, although it did not prevent the development o f  insulin resistance. The increased 

activation o f  p38 observed in the IL -ip  treated 3T3-L1 adipocytes may therefore have also 

induced the reduction in GLUT4 observed.

■INK activity is abnormally elevated in obesity (Hirosumi et a l ,  2002). In vitro 

JNK-1 induced by cytokines such as T N F -a  stimulates serine phosphorylation and inhibits 

insulin-stimulated tyrosine phosphorylation o f  IRS-1 (Aguirre et a l ,  2000). Furthermore, 

an absence o f  JN K l results in decreased adiposity, significantly improved insulin 

sensitivity and enhanced insulin receptor signalling capacity in obese (Hirosumi et

al., 2002). However, within this in vitro study there was only a subtle increase in whole 

cell JNK over the 24 hour IL -ip  treatment period, while activated JNK was moderately 

reduced and increased in a cyclical pattern by IL -ip  treatment. This suggests an IL -ip  

treatment o f  24 hours has only subtle effects on JNK expression and activity.

The ERK pathway plays a pivotal role in many essential cellular functions, such as 

proliferation and differentiation (Bost et a!.. 2005). Bost et al. (2005) used ERKl'^' mice to 

investigate the role o f  this isoform in adipose tissue development (Bost et al., 2005). Mice 

lacking ER K l have decreased adiposity and fewer adipocytes than W T animals. 

Furthermore, ERKl'^' mice challenged with HFD were resistant to obesity, were protected 

from insulin resistance and had a higher post-prandial metabolic rate. Mouse embryo 

fibroblasts and cultures o f  adult pre-adipocytes isolated from ERKl'^' adult animals exhibit 

impaired adipogenesis (Bost et al., 2005). This data suggests ER K l activity may induce an 

insulin resistance phenotype. Furthermore, Jager et al. (2007) established that 

pharmacological inhibition o f  the ERK pathway totally prevented a decrease in IRS-1 

niRNA and partially prevented the inhibition o f  IR S-1 protein expression induced by IL -ip  

treatment in adipocytes (Jager et al., 2007). In this current study, lL-1 P treatment induced a 

significant increase in phosphorylated E R K l/2  (Thr202/Tyr204) protein expression in 

3T3-L1 adipocytes. This suggests IL -ip  treatment exerts significant control over E R K l/2  

activity. The activity seems to occur in a cyclical pattern, perhaps resulting from negative 

feedback within the pathway. 7'he initial increase in ERK activity within the adipocytes
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may have induced the observed reduction in whole cell IRS-1 and the increase in serine 

phosphorylated IRS-1.

I'he NF-kB signaling pathway plays a key role in inflammation, immune response, 

cell growth control and protection against apoptosis. In most cell types, NF-kB proteins are 

sequestered in the cytoplasmic compartment, associated with members of the inhibitor of 

kB (IkB) family (iKB-a,  IkB-P and IkB-s ). In response to multiple stimuli such as 

inflammatory cytokines, bacterial lipopolysaccharide (LPS), viral infection or stress, IkBs 

are phosphorylated on two critical serine residues. This modification triggers their 

ubiquitination and destruction via the proteasome degradation machinery. As a 

consequence, free NF-kB enters the nucleus and activates transcription o f  a variety of 

genes participating in immune and inflammatory responses, cell adhesion, growth control 

and regulation of apoptosis (Hayden and Ghosh, 2004; Karin and Ben-Neriah, 2000). At 5 

minutes IL-ip treatment there was a significant and transient increase in phosphorylation 

o f  iKB-a within 3T3-L1 adipocytes, furthermore, at 120 minutes IL-I p treatment there is a 

second smaller phosphorylation of IkB-u. This suggests NF-kB is activated at 5 minutes 

and then later more moderately at 120 minutes. Whole cell iKB-a protein expression was 

moderately decrease in adipocytes treated with IL-ip at 15 minutes and 24 hours 

suggesting that IkB-q is ubiquitinated and degraded in the proteasome allowing NF-kB to 

become activated.

lL-6 secretion was significantly increased in 3T3-L1 adipocytes treated with IL-ip.

IL-ip  has been shown to up-regulate IL-6 in many cell types, however not in 3T3-L1

adipocytes. Chen el al. (2005) report that orbital fibroblasts, when treated with IL-ip,

express high levels o f  IL-6. This increase in IL-6 was associated with up-regulation o f  IL-6

mRNA levels. In accordance with this Chen el al. determined that IL-ip activates both p38

and ERKl/2 components o f  the MAPK pathways in the fibroblast (Chen el al., 2005),

correlating with the observations from this current study in adipocytes. Importantly, in a

study by Luo el a l  (2003), a mouse skeletal muscle cell line was treated with IL-ip in the

absence or presence o f  the p38 inhibitor (SB-208350) or the ERK l/2  inhibitor (PD-98059).

Firstly, treatment o f  with IL-ip resulted in a dose- and time-dependent increase o f  IL-6

production accompanied by a 25-fold increase in IL-6 mRNA levels. Secondly, they

established that IL-Ip stimulated NF-kB DNA binding activity and gene activation in

muscle cells as observed within the 3T3-LI adipocytes. Importantly, Luo et al. (2003)

observed that the MAPK inhibitors SB-208350 and PD-98059 inhibited the increase in IL-

6 production induced by IL-ip, suggesting IL-ip  regulates muscle IL-6 production at least
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in part by activating the M APK pathway and NF-kB  ( L u o  et a l ,  2003). It would be 

interesting to conduct experiments using M A PK  and NF-kB inhibitors to determine the 

effects o f  IL -ip  within 3T3-L1 adipocytes as it seems likely the m echanisms would be 

comparable. Surprisingly, adiponectin, resistin, leptin and T N F -a  secretion were not 

significantly changed in fully differentiated 3T3-L1 adipocytes treated with IL - ip a n d  

there currently seems to be no study within the literature to refute this. However, a longer 

lL-1 p treatment may be necessary to induce changes in adipokine expression.

In conclusion, this time course study demonstrated that IL - lp  treatment reduced 

insulin sensitivity in 3T3-L1 adipocytes. Whole cell IRS-1 and GLUT4 protein expression 

was significantly reduced by IL -ip  treatment in adipocytes. This study determined that 

serine phosphorylated lRS-1 (Ser636/639) was significantly up regulated in response to IL- 

ip .  IL - ip  may therefore function to inhibit insulin signaling partially through lRS-1 serine 

phosphorylation via the mTOR pathway. IL - ip  treatment induced many significant 

changes in whole cell M APK expression and phosphorylation within the adipocytes. 

Firstly. 11.-ip  treatment significantly increased activation o f  p38 in the adipocytes. 

Interestingly, recent .studies suggest that p38 plays a negative role in adipogenesis via 

inhibition o f  PPAR-y and C/EBPp transcriptional activities (Aouadi et al.. 2006). The 

observed increase in p38 activity associated with the IL -ip  treatment may therefore be 

correlated with the increased lipolysis and reduction in insulin sensitivity within the 3T3- 

L1 adipocytes. Studies also indicate that p38 inhibition can enhance glucose uptake 

through regulating the expression o f  G LU Tl and GLUT4 expression. Therefore, the 

increased p38 activity may have induced the reduction in GLUT4 observed. Secondly, IL- 

ip  treatment induced a significant increase in E R K l/2  activity, which may have induced 

the reduction in whole cell IRS-1 and increase in serine phosphorylated IRS-1 observed. 

Lastly. IL - ip  also induced a significant increase in IL-6 secretion within the adipocytes. 

This induction o f  IL-6 may be initiated by M A PK  and/or N F-kB pathway activation 

induced by IL-I p treatment.

One limitation within this work was that a positive control such as T N F -a  was not 

introduced as a comparison to the IL-1 p treatment, to put the effects o f  IL-1 p into context 

with other cytokines known to inhibit insulin sensitivity. Furthermore, a higher dose o f  IL- 

ip  treatment may have been necessary to induce a more significant reduction in insulin 

sensitivity in 3T3-L1 adipocytes. Although, lOng/ml o f  cytokines such as IL -ip  and TNF- 

a  are predominantly used within 3T3-LI cell culture studies (He et a l ,  2006; Li et al..
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2003) it would be important to conduct a dose response prior to future analysis o f  this 

model. A longer treatment o f  fully mature 3T3-L1 adipocytes with IL-I (3 may be necessary 

to observe an increase in insulin resistance. An experiment assessing the effects o f  IL-I P 

treament on pre-adipocyte differentiation to mature adipocytes would be valuable. IL-ip 

may inhibit adipocyte differentiation, reducing insulin sensitivity. Transcription factor 

expression and activation involved in adipocyte differentiation and insulin sensitivity such 

as PPAR-y and C/EBP could be determined within total cellular and nuclear extracts of the 

adipocytes treated with IL-ip. Furthermore, mRNA expression of transcription factors 

such as PPAR-y, adipokines such as adiponectin and lipogenic enzymes such as fatty acid 

synthetase (FAS) in IL-ip treated adipocytes maybe informative as to the differentiation 

state and insulin sensitivity o f  the adipocyte, it would also be o f  interest to understand 

more about how IL-ip can induce insulin resistance, perhaps with the use of specific 

MAPK and NF-kB inhibitors however, these inhibitors are often unspecific. Additionally, 

small interfering RNA (siRNA) could be used to silence specific genes within the IL-ip 

treated adipocytes. siRNA are a class o f  double-stranded RNA molecules, 20-25 

nucleotides in length. siRNA are involved in the RNA interference (RNAi) pathway, where 

they interfere with the expression o f  a specific gene. siRNA gene silencing experiments in 

3T3-L1 cells are often limited to pre-adipocytes because they are relatively easy to trans­

fect using commercially available reagents. Transfection o f  siRNA into differentiated 3T3- 

L1 adipocytes can be accomplished by electroporation. However, electroporation is expen­

sive. incompatible with high throughput assay formats and toxic to cells (Jiang et al., 

2003). Importantly, new kits are available in which a nano particle containing the siRNA is 

used. The nano particle is capable o f  diffusing through the cell membrane with no apparent 

effect on cell viability. Therefore, siRNA could be used to silence key signalling proteins 

such as p38 and ERK within the fully differentiated adipocytes treated with IL- 

ip . Additionally, mouse embryonic fibroblasts (MEFs) derived from knockout mice with 

deletions o f  specific signalling proteins o f  interest could be differentiated to mature 

adipocytes. siRNA treated adipocytes or MEFs derived adipocytes with targeted protein 

deletions could be used to establish novel cross talk mechanisms occurring between 

inflammatory and insulin signalling pathways. Importantly, the data within this chapter 

does indicate that IL-ip  can reduce insulin sensitivity and induce inflammation within 

3T3-L1 adipocytes, correlating with observations in 1L-1RF‘ mice, which exhibited 

increased insulin sensitivity and reduced inflammation.
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Chapter 5

The Effects of EPA and DHA Treatment on Inflammatory and Insulin Signalling ht 

Vitro within 3T3-L1 Adipocytes and ,1774.2 Macrophages

5. /  Introduction

Intlammation is a fundamental part o f  the normal host response to infection and injury. 

However, excessive or inappropriate inflammation contributes to a range o f  acute and 

chronic human diseases such as obesity induced type 2 diabetes mellitus (T2DM). High 

intakes o f  long chain (LC) n-3 polyunsaturated fatty acids (PUFA) such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), as found in oily fish, 

decrease the production o f  inflammatory eicosanoids, cytokines and reactive oxygen 

species while reducing expression o f  adhesion molecules (Calder, 2006). LC n-3 PUFA 

may therefore offer a useful anti-inflammatory strategy to decrease obesity induced insulin 

resistance.

Epidemiologic studies have reported a low prevalence o f  chronic inflammatory 

disease and conditions o f  impaired glucose tolerance, such as cardiovascular disease 

(CVD) and T2DM in populations consuming large amounts o f  LC n-3  PUFA such as the 

Greenland Inuit and Alaskan natives (Adler el al., 1994; Kromann and Green, 1980; 

Schraer el a l .  1999). However, human trials examining the effects o f  LC n-3 PUFA 

supplementation in T2DM subjects have shown conflicting results (Glauber et al., 1988; 

Malasanos and Stacpoole, 1991). This could be due to differences in the dose o f  LC n-3 

PUFA, the background diets, or differences in the intake o f  other fatty acids. Animal 

studies have provided more convincing evidence o f  the positive effects o f  LC n-3 PUFA 

on insulin resistance however, this evidence is not conclusive and LC n-3 PUFA seem to 

have variable effects within different tissues. Storlien et al. (1991) observed that diets high 

in saturated, monounsaturated (n-9), or polyunsaturated {n-6) fatty acids led to severe 

insulin resistance as assessed with euglycemic clamp as compared to chow fed controls. 

Interestingly, substituting 11% o f  fatty acids in the PUFA diet with LC n-3 PUFA from 

fish oils was shown to normalize insulin action (Storlien et al., 1991). However, Taouis et 

al. (2002) observed that a HFD containing LC n-3 or LC n-6  PUFA given to Wistar rats 

induced hyperglycemia and hyperinsulinemia, signs o f  insulin resistance. Although a high 

fat diet (HFD) enriched with LC n-3  PUFA maintained glucose transporter (GLUT)-4 

content, insulin receptor and insulin receptor substrate (IRS)-l tyrosine phosphorylation 

and phosphatidylinositol-3 kinase (P13K) activity in muscle (Glauber et al., 1988)
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suggesting LC n-3 PUFA do have beneficial effects within obesity induced insulin 

resistance.

LC n-3 PUFA have been shown to act through a variety o f  mechanisms including 

(1) inhibiting the inflammatory pathway o f  arachidonic acid (AA) and the production o f  

eicosanoids, (2) decreasing production o f  pro-inflammatory cytokines and (3) reducing 

immune cell function (Calder and Miles, 2000; Simopoulos, 2002). Eicosanoids are key 

mediators and regulators o f  inflammation (Tilley et al., 2001) and are generated from 20 

carbon PUFA. Eicosanoids include prostaglandins (PGs), thromboxanes (TXs) and 

leukotrienes (LTs) and are generated predominantly from AA, as it is commonly the major 

available substrate. Increased consumption o f  EPA and DHA results in their incorporation 

into inflammatory cell phospholipids (Gibney and Hunter, 1993; Healy et a l ,  2000), which 

occurs at the expense o f  AA. The decreased amounts o f  AA mean a decreased amount of 

substrate available for synthesis o f  AA derived eicosanoids (Calder, 2009). Furthermore, 

EPA also able act as a substrate for both cyclooxygenase (COX) and 5-lipoxygenase 

(LOX). giving rise to less inflammatory eicosanoids than those formed from AA (Calder, 

2009). EPA is therefore able to antagonise AA metabolism and to act as a substrate for 

generation o f  less potent eicosanoids however, increasing evidence suggests this is a more 

complex situation. One example is PGE2 , a prostaglandin produced by AA, which is a 

potent inhibitor o f  tumour necrosis factor (TNF)-a and interleukin (IL)-l expression from 

monocytes and macrophages (Miles et al.. 2002) and can promote the formation o f  anti­

inflammatory lipoxins (Vachier et a l ,  2002). However, PGE2 is also known to induce 

fever, pain, vasodilation and vascular permeability (Tilley et a l ,  2001).

Interestingly, recent studies have identified E-series resolvins, formed from EPA by

a series o f  reactions involving COX and 5-LOX. In addition, D-series resolvins and

protectin are produced by a similar series o f  reactions involving DHA (Serhan et a l ,

2008). These mediators appear to enable inflamed tissue to return to a state o f  homeostasis

and have been shown to exert potent anti-inflammatory actions in many inflammatory cell

types including neutrophils, macrophages, dendritic cells and T cells (Serhan et a l ,  2008).

In a recent study the effects o f  resolvins and protectins within oh/oh mice were assessed

(Gonzalez-Periz et a l ,  2009). Dietary intake o f  LC n-3 PUFA was shown to have insulin-

sensitising actions in adipose tissue and liver while improving insulin tolerance in obese

mice. Genes involved in insulin sensitivity such as peroxisome proliferator-activated

receptor (PPAR)-y, GLUT2, GLUT4, lRS-1 and lRS-2 were up regulated by LC n-3

PUFA. Furthermore, LC n-3 PUFA increased adiponectin levels and induced adenosine

monophosphate-activated protein kinase (AMPK) phosphorylation. A lipidomic analysis
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with liquid chromatography and mass spectrometry revealed that LC n-3  PUFA inhibited 

the formation o f  LC n-6 PUFA-derived eicosanoids, while triggering the formation o f  LC 

n-3  PUFA derived resolvins and protectins, namely resolvin El and protectin D1 

(Gonzalez-Periz et u l ,  2009) suggesting they play a key role in preventing obesity induced 

insulin resistance. However, the role o f  resolvins and protectins remains speculative and 

further work is required to fully establish their function.

LC n-3 PUFA also modify the activity o f  transcription factors, including NF-kB 

and PPAR-y. In a recent study from Mullen et cil. (2009)  LC n-3 PUFA were shown to 

decrease LPS induced pro-inflammatory cytokine production from THP-1 macrophages. 

Expression o f  the NF-KBp65 was significantly reduced in the nucleus and retained in the 

cytoplasm o f  EPA and DHA treated macrophages during LPS activation. Furthermore, 

nuclear licB-a was significantly reduced, cytoplasmic NF-KBp50 significantly increased 

and cytoplasmic cleaving enzyme IkB inhibitor complex significantly reduced in LC n-3 

PUFA treated cells (Mullen el uL, 2009). This study demonstrates that EPA and DHA 

mediate their anti-inflammatory actions via the NF-kB signaling system. Furthermore, in 

macrophages obtained from a cystic fibrosis mouse model. LPS induced TN F-a  and IL-6 

secretion not only corresponded with increased NFKBp65 activity but was associated with 

low basal PPARy expression (Andersson et uL, 2008).

PPAR-y is o f  particular interest in relation to insulin resistance as it is a ligand 

dependent nuclear receptor that has a critical role in adipogenesis and glucose metabolism 

(Kubota el a!., 1999; Rosen et ctl, 1999). This receptor is the molecular target o f  the 

thiazolidinedione (TZD) class o f  anti-diabetic drugs, which include rosiglitazone and 

pioglitazone (Lehmann et al., 1995). PPAR-y ligands include fatty acid derivatives, e.g. 15- 

d e o x y -A '^ p ro s ta g la n d in  J2 (15d-PGJ2) (Forman et al.. 1995). Furthermore, PPAR-y is 

prominently expressed in activated monocytes and tissue macrophages in vivo, including 

foam cells o f  atherosclerotic lesions (Ricote et a l ,  1998a) and adipose tissue macrophages 

(ATM ) (Bassaganya-Riera et al., 2009). Treatment o f  monocytes and macrophages with 

high concentrations o f  PPAR-y agonists reduced secretion o f  inflammatory cytokines and 

inhibited macrophage activation (Spiegelman, 1998). Additionally, in a recent study it was 

confirmed that there are two phenotypically and functionally distinct subsets o f  ATM 

(F4/80' '̂* '̂' and F4/80'"") (Bassaganya-Riera et ciL, 2009). F4/80'"" macrophages 

predominate in adipose tissue o f  lean mice whereas obesity causes accumulation o f  both 

F4/80'‘"' and F4/80' '̂* '̂' ATM. Moreover, accumulation o f  F4/80' '̂®^ ATM  in adipose tissue 

is associated with impaired glucose tolerance. The F4/80'” '̂’ subset exhibits an enhanced
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ability to express PPAR-y, lipid scavenger receptor CD36, toll like receptor (TLR)-4 and 

pro-intlammatory cytokines, whereas the F4/80'‘’" subset expresses IL-4 and produces 

lower concentrations o f  pro-intlammatory cytokines. Moreover, they observed that the 

deletion of PPAR-y in immune cells results in enhanced expression o f  Ml and suppressed 

expression o f  M2 markers in WAT (Bassaganya-Riera et a i ,  2009). This data suggests that 

PPAR-y evidently plays a role in macrophage differentiation and function within obesity.

LC n-3 PUPA and their metabolites may act in obese individuals to reduce the pro- 

intlammatory state o f  ATM, therefore improving insulin sensitivity within adipocytes of 

the adipose tissue. However, it is also important to consider the direct effects o f  LC n-3 

PUFA on other cell types, such as adipocytes, within the context o f  T2DM. Total body fat 

and abdominal and epididymal fat mass have been shown to be considerably reduced in 

rodents fed sources o f  LC n-3 PUFA such as fish oil compared with lard or corn oil fed 

groups (Hainault el a i ,  1993). Kim el a i  (2006) observed that DHA treatment did not 

atTect proliferation o f  pre-contluent pre-adipocytes; however DHA did inhibit 

differentiation as shown by lipid accumulation and glycerol-3-phosphate dehydrogenase 

(CjPDH) activity o f  post-contluent pre-adipocytes (Kim et a i ,  2006). It is o f  interest to 

note that post-confluent pre-adipocytes demonstrated apoptosis after 48 hour treament with 

100 (.iMol/L DHA. In fully differentiated adipocytes. DHA increased basal lipolysis. 7'his 

suggests DHA may induce anti-obesity effects by inhibiting differentiation o f  pre­

adipocytes to mature adipocytes, inducing apoptosis in post-contluent pre-adipocytes and 

promoting lipolysis in mature adipocytes (Kim et a i ,  2006). Additionally, PPAR-y may 

play an important role in this anti-obesity phenotype. Interestingly, conjugated linoleic acid 

(CLA) isomers are also ligands for PPAR and have been shown to affect adipose 

development and gene expression in vitro (Su et a i ,  1999). CLA has been shown to inhibit 

proliferation in non-confluent 3T3-L1 cells and also inhibit the induction o f  differentiation 

in 3T3-L1 cells in vitro (Brodie et a i ,  1999). Furthermore, in rats fed CLA, the anti­

obesity effects were accounted for by decreased lipid accumulation within the adipocytes, 

and therefore a decrease in cell size (Azain et a i ,  2000).

In relation to insulin sensitivity, a recent study by Haag et a i  (2009) examined

early fatty acid action in fresh isolated adipocytes from Sprague-Dawley rats (Haag et a i ,

2009). Adipocytes were exposed to the saturated fatty acid (SFA) stearic acid (SA),

monosaturated fatty acid (MUFA) oleic acid (OA, n-9), LC n-6 PUFA AA and LC n-3

PUFA EPA and DHA for 30 minutes followed by glucose uptake analysis. Unexpectedly,

SA increased insulin induced glucose uptake while the unsaturated fatty acids OA, AA,

EPA and DHA depressed insulin dependent glucose uptake. Interestingly, all the fats tested
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except SA and AA acids increased basal glucose uptake. This suggests unsaturated fatty 

acids may induce a reduction in insulin sensitivity while saturated fats improve insulin 

sensitivity. Due to the short term treatment it seems unlikely gene modifications were 

made via transcription factors within this time, therefore it appears likely the effects were 

induced by lipid metabolites. Longer term FA action on adipocyte glucose uptake should 

be examined to reach a meaningful conclusion on the efficacy o f  polyunsaturated fatty 

acids in modulation of adipocyte sensitivity to insulin (Haag el ai,  2009).

This study firstly examined the effects o f  chronic EPA and DHA treatment on 

mature differentiated 3T3-L1 adipocytes defining gene expression, protein expression and 

adipokine secretion. The effects o f  EPA and DHA treatment during differentiation were 

also examined using glucose uptake analysis. Secondly, the effects o f  chronic EPA and 

DHA treatment were determined within the LPS stimulated J774.2 macrophages, 

examining both MAPK and NF-kB activation in addition to cytokine secretion. Finally, the 

initial findings of an adipocyte and macrophage co-culture will be examined. As discussed 

previously, during an obese state the adipose tissue becomes inflamed with increased 

infiltration of immune cells such as the macrophage, which contribute to the production of 

pro-inllammatory' cytokines. Pro-inflammatory cytokines produced in the adipose tissue 

are proposed to alter the endocrine function of the tissue and could impede insulin 

signalling and action in adipocytes leading to the development and/or aggravation of 

insulin resistance (Marette. 2003). Therefore, LPS stimulated and unstimulated J774.2 

macrophages were treated with EPA and DHA prior to co-culture with the 3T3-L1 

adipocytes. The co-culture was designed to observe the impact that EPA and DHA treated 

macrophages have on the adipocytes at both a gene and protein expression level relative to 

non-treated macrophages and to define a working model of obesity. A comprehensive 

series of experiments will be conducted in chapter 6 to examine the co-culture model in 

further detail.
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5.2 Material and methods 

5.2.1 Experim ental design

Firstly, the effects o f  EPA and DHA on mature 3T3-L1 adipocytes were determined. 3T3- 

L1 fibroblasts were differentiated to mature adipocytes as described in section 2.2.11. 

Briefly, 3T3-L1 fibroblasts were grown to confluencey in 6 well plates and differentiation 

was initiated by culturing cells in the presence o f  insulin, dexamethasone and isobutyl-1- 

methylxanthine (IBMX) for six days as described in section 2.2.4. Differentiation media 

was removed and replaced with D M EM  containing 10% FBS and penicillin/streptomycin 

for 24 hours. The fully differentiated adipocytes were treated with 50 jaMol/L EPA, DHA 

or DM SO vehicle control in DM EM  for 5 days (chronic treatment). Additionally, 3T3-L1 

fibroblasts were differentiated in the presence o f  50 f^Mol/L EPA, DHA or DM SO vehicle 

control for six days prior to a glucose uptake analysis. Secondly, the effects o f  EPA and 

DHA on LPS stimulated or unstimulated .1774.2 macrophages. J774.2 macrophages were 

grown in DM EM  media, .1774.2 macrophages were then treated with 50 |.iMol/L EPA, 

DHA or DM SO vehicle control for 5 days (chronic treatment) prior to LPS (100 ng/ml) 

treatment for 15 minutes as discussed in section as described in section 2.2.10.

Finally, a contact and transwell co-culture o f  LPS stimulated or unstimulated 

.1774.2 macrophages and mature 3T3-L1 adipocytes were examined as described in Figure 

5.1. .1774.2 macrophages were treated LPS (100 ng/ml) for 48 hours with 50 |iM ol/L EPA, 

DHA or vehicle control in DM EM  media during the final 24 hour LPS treatment (acute 

treatment). 3T3-L1 fibroblasts were grown to confluencey in 6 well plates and 

differentiated for six days. Differentiation media was removed and replaced with DM EM  

media for 24 hours. The fully differentiated adipocytes were treated with the .1774.2 

macrophages for a further 24 hours in either a contact or transwell system as described in 

section 2.2.10. In the contact co-culture 3T3-L1 adipocytes and J774.2 macrophages were 

placed directly together in 6 well plates. In the transwell system 3T3-L1 adipocytes were 

grown in 6 well plates and J774.2 macrophages were placed in permeable inserts within 

the well. Inserts allowed soluble molecules to circulate between the cells however, direct 

cell contact was prevented.
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Figure 5.1 Outline o f  the acute EPA and DHA treatment within the co-culture experiment. 
.1774.2 macrophages were treated LPS (100 ng/ml) for 48 hours with 50 |^Mol/L EPA, 
DHA or vehicle control in DMEM media during the final 24 hour LPS treatment. The fully 
differentiated adipocytes were then treated with the J 774.2 macrophages for a further 24 
hours in either a contact or transwell system.

5.2.2 mRNA analysis (TaqM an® RT-PCR)

fotal RNA was extracted from 3T3-L1 adipocytes either by Tri reagent or using an 

RNeasy Mini kit from Qiagen as described in section 2.7.1. After extraction RNA was 

quantified and quality assessed using a Nano-Drop as described in section 2.7.2. RNA was 

deoxyribonuclease (DNase) treated and cDNA was synthesised using with a high capacity 

reverse transcription kit from Applied Biosystems or using SuperScript® VILO'^''^ 

(Invitrogen Corporation) as described in section 2.7.4 and 2.7.5. Gene expression was 

quantified by real-time reverse transcription polymerase chain reaction (RT-PCR) on an 

ABl 7700 or an ABl 7900HT sequence detection system from Applied Biosystems 

(Warrington, UK). lRS-1, GLUT4, sterol regulatory elem ent-binding protein (SREBP)- 

Ic, resistin, T N F-a ,  lL-6, lL-1 receptor antagonist (IL-lRa), 18S and glyceraldehydes-3- 

phosphates dehydrogenase (GAPDLI) were investigated using pre-developed primer probe 

kits purchased from Applied Biosystems. The comparative Ct method, also known as the 

AACt method was used to calculate gene expression levels. This involves comparing the Ct
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v alues o f  the samples o f  interest with a control; in this case DM SO vehicle control treated 

3T3-L1 adipocytes. The Ct values o f  both the calibrator and the samples o f  interest are 

normalized to an appropriate internal control, in this case 18S. Alternatively, standard 

curves were constructed and the fractional cycle num ber o f  each unknown sample was 

used to calculate the amount o f  target gene relative to the standard. Both methods o f  

analysis are described in section 2.7.6.

5.2.3 Protein analysis and Western blotting

Cells were washed in PBS and total cell lysates were extracted with RIPA buffer combined 

with a protease inhibitor cocktail as described in section 2.8.1. Protein concentrations were 

assessed using the Bradford assay. 10 )ag o f  protein was separated by electrophoresis 

through SD S-PAG E gels and the proteins were then transferred to a nitrocellulose 

membrane as described in secti^on 2.8.3, 2.8.4 and 2.8.5 respectively. M embranes were 

probed using antibodies specific to the targets GLUT4 (Millipore, MA, USA). lRS-1, 

inhibitor o f  kB (iKB)-a, phosphorylated iKB-a (Ser32), phosphorylated c-Jun N-terminal 

kinase (.INK) 1/2 p54/46 (Thrl 83/Tyrl 85), p38 mitogen-activated protein kinase (MAPK), 

phosphorylated p38 (Thrl 80/Tyrl 82). phosphorylated p44/42 M APK (extracellular signal- 

regulated kinases [E R K l/2], Thr202/Tyr204. Cell Signalling Technology®, MA USA), 

PPAR-y (Abeam. Cambridge, UK), nuclear factor (NF)-KBp65. JN K l p54 and p44 M APK 

( ERK l ;  Santa Cruz Biotechnology Inc., CA, USA). Immunoreactive bands were visualized 

using an enhanced chemiluminescence reaction, the luminescence was then detected by 

photographic film and analysed using densitometry as described in section 2.8.6, 2.8.7 and 

2.8.8. I 'he position o f  the band was confirmed by the inclusion o f  suitable molecular 

weight markers. Correct loading o f  protein was confirmed by blotting for actin.

5.2.4 ELISA analysis

Supernatants were collected from the cells and ELISA analysis was carried out using 

commercially available kits from R and D Systems (Abington, UK) for leptin, resistin, 

adiponectin, T N F -a ,  lL-6 and 1L-1[3 as described in section 2.9.1. Briefly, the primary or 

capture antibody specific to the antigen was coated to the walls o f  a 96 well microtiter 

plate. Standards were provided with the kits and were reconstituted to working 

concentrations by serial 1:2 dilutions in reagent diluent. Supernatant and standards were 

added directly to the 96 well microtiter coated with capture antibody and antigens became 

immobilized by the capture antibody. The secondary or detection antibody was added to 

the wells and binds to the immobilized antigen. The detection antibody is conjugated with
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IIRP. Substra te  T M B  was added to each  well. T he  im m obilised  H R P o f  the detection 

an tibody acts on the T M B  causing a b lue co lou r  to deve lop  proportionally  to the am oun t o f  

an tigen  present. H 2 S O 4  stops the oxidation  o f  T M B  and changes  the b lue co lou r  to yellow. 

A bso rbance  o f  the wells was read in the m icrop la te  reader at 450  nm  w ith  a w aveleng th  

correction o f  570 nm. A standard curve w as  construc ted  for each assay and sam ple 

concen tra tions were calculated through the equation  o f  the s tandard  curve.

5.2.5 Glucose uptake assay

G lucose  uptake assays were perfo rm ed  on the fully d ifferentiated  3T3-L1 adipocytes, 

w hich  had been treated with EPA, DH A  or D M S O  vehicle  control during  differentiation  as 

described in section 2.6. Briefly, cells  w ere  first incubated  in PBS with  0 .2%  B SA  prior to 

addition  o f  100 nM ol o f  Insulin in PBS for 30 m inutes.  A fter  w hich  5 |iC i/m l o f  

g lucose in 1 m M ol glucose was added  to the cells and incubated  for 15 m inutes.  Cells were 

then w ashed  tw ice and then lysed in RIPA  buffer con ta in ing  a protease inhibitor cocktail. 

S am ples  w ere  assayed for up take as counts  per minute . Im ages o f  the adipocytes  prior 

to the assay w ere  taken.

5.2.6 Data preparation and statistical analysis

Data w as reported as M ean ±  SEM . Statistical analysis  w as perfo rm ed  w ith  SPSS (SPSS  

Inc.). The d is tribution o f  data for each variable  w as assessed and variab les  transform ed to 

norm alise  the distribution o f  data  i f  necessary. M ultip le  com parisons  w ere  perform ed by 

one-w ay  A N O V A . Significant in ter-group differences  w ere  subsequently  tested by post 

hoc Least S ignificant Difference (L SD ) statistical analysis. A  statistical probability  o f  P ^  

0.05 w as considered  statistically significant.
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5.3 Results

5.3.1 Effects of EPA and DHA on adipokine secretion from 3T3-L1 adipocytes

Adiponectin. leptin, IL-6, T N F -a  and IL - ip  protein secretion was measured from 3T3-L1 

adipocytes chronically treated with EPA, DHA or vehicle control as presented in Figures 

5.2 and 5.3. Leptin secretion was significantly up-regulated in 3T3-L1 adipocytes treated 

with EPA (2.1 fold increase) compared to DM SO treated control adipocytes (P < 0.001; 

Figure 5.2a). EPA treatment increased adiponectin secretion from 3T3-L1 adipocytes (88% 

increase) compared to DM SO treated control adipocytes (P < 0.044; Figure 5.2b). DHA 

treatment also increased adiponectin secretion from 3T3-L1 adipocytes (68%  increase) 

compared to control adipocytes however, not significantly. lL-6 (Figure 5.3a), T N F -a  

(Figure 5.3b) and IL- i p  (data not shown) secretion from 3T3-L1 adipocytes was not 

significantly modulated by EPA or DHA treatment relative to DM SO treated adipocytes.
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Figure 5.2 Effects o f EPA and DHA on adiponectin and leptin secretion from  3T3-L1  
adipocytes. 3T3-L1 adipocytes were treated with 50 |aMol/L EPA, DHA or DM SO vehicle 
control for 5 days, supernatants were harvested and leptin (a) and adiponectin (b) secretion 
determined by ELISA (pg/ml or ng/ml). Data is presented as mean ± SEM, n = 3. * P < 
0.05. *** P < 0.001 relative to DM SO control. For leptin a one-way A N OV A was 
performed within each group followed by post hoc LSD analysis. For adiponectin an 
independent Student's t-test was performed on the LC n -3  PUFA treated adipocytes vs. 
controls.
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Figure 5.3 Effects of EPA and DHA on IL-6 and TN F-a secretion from 3T3-L1 
adipocytes. 3T3-L1 adipocytes were treated with 50 )aMol/L EPA. DHA or DMSO vehicle 
control for 5 days, supernatants were harvested and lL-6 (a) and TN F-a (b) secretion 
determined by ELISA (pg/ml). Data is presented as mean ± SEM, n = 3.
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5.3.2 Effects o f EPA and DHA on insulin sensitive and inflam m atory target gene 

expression in 3T3-L1 adipocytes

GLUT4, IRS-1, resistin, SR EBP-lc , T N F -a  and IL -lR a  mRNA expression levels were 

measured within 3T3-L1 adipocytes chronically treated with EPA, DHA and DM SO 

vehicle control as presented in Figures 5.4, 5.5 and 5.6. GLUT4 m RN A  expression was 

significantly reduced 52% in DHA treated 3T3-L1 adipocytes relative to DM SO treated 

control adipocytes (P < 0.017; Figure 5.4a). EPA and DHA treatment had no significant 

effect on lRS-1 gene expression within adipocytes compared to DM SO treated controls 

(Figure 5.4b). Resistin (Figure 5.5a) and Adiponectin (data not shown) gene expression 

was only moderately modulated by EPA and DHA treatment within the 3T3-L1 adipocytes 

however, there were similar trends between gene expression and the secretion o f  these 

adipokines from the adipocytes.

SR E B P-lc  (Figure 5.5b) and PPAR-y (data not shown) gene expression was not 

significantly modulated by EPA and DHA. T N F -a  m RNA expression was increased 76% 

in 3T3-L1 adipocytes treated with DHA relative to DM SO treated control adipocytes, 

however this was not significant (Figure 5.6a). Interestingly, while IL-IRI (data not 

shown) mRNA expression was not modulated by EPA and DHA treatment and IL -ip  

expression was undetectable IL-lRa expression was significantly reduced 48%  in 3T3-L1 

adipocytes treated with both EPA and DHA relative to DM SO control adipocytes (P < 

0.003; Figure 5.6b).
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Figure 5.4 Effects o f  EPA and DHA on G LUT4 and IRS-1 gene expression in 3T3-L1  
adipocytes. 3T3-L1 adipocytes were treated with 50mmol/L EPA, DHA or DM SO  vehicle 
control for 5 days, GLUT4 (a) and lRS-1 (b) m RN A  levels were measured using Taqm an 
RT-PCR. m RN A  levels were normalized to 18S and the results are expressed as fold 
induction relative to DM SO control. Data is presented as mean ± SEM. n =  3. * P < 0.05 
relative to DM SO control. One-way A N O V A  was performed within each group followed 
by post hoc LSD analysis.
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Figure 5.5 Effects of EPA and DHA on resistin and S R E B P -lc  gene expression in 
3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 50 |iMol/L EPA, DHA or 
DM SO vehicle control tor 5 days, resistin (a) and S R E B P -lc  (b) m R N A  levels were 
measured using Taqman RT-PCR. mRNA levels were normalized to 18S and the results 
are expressed as fold induction relative to DM SO control. Data is presented as mean ± 
SEM. n = 3.
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Figure 5.6 Effects o f  EPA and DHA on T N F -a  and IL - lR a  gene expression in 3T3-L1  
adipocytes. 3T3-L1 adipocytes were treated w ith 50 |^M ol/L EPA, DHA or D M SO  vehicle 
control for 5 days, T N F -a  (a) and IL -lR a  (b) m RN A  levels were m easured using Taqm an 
RT-PCR. m RN A  levels were norm alized to 18S and the results are expressed as fold 
induction relative to DM SO control. Data is presented as m ean ± SEM . n = 3. ** P < 0.01 
relative to DM SO control. One-w ay A N O V A  was perform ed w ithin each group follow ed 
by post hoc LSD analysis.
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5.3.3 Effects of EPA and DHA on insulin sensitive and inflammatory target protein 

expression in 3T3-L1 adipocytes

Total GLUT4, lRS-1, NF-kB, iKB-a, ERKl and JN K l protein expression were measured 

in 3T3-L1 adipocytes chronically treated with EPA, DHA or DM SO vehicle control as 

presented in Figures 5.7, 5.8 and 5.9. Whole cell GLUT4 protein expression was 

significantly reduced 43% in 3T3-L1 adipocytes treated with DHA relative to DM SO 

vehicle treated adipocytes (p < 0.011; Figure 5.7a). There was no significant modulation o f  

whole cell lRS-1 (Figure 5.7b) and PPAR-y (data not shown) by the EPA and DHA 

treatment in the adipocytes.

Whole cell N F-kB (Figure 5.8a) was not significantly altered by EPA and DHA 

treatment within the adipocytes relative to the control group. However, total iKB-a protein 

expression was significantly down-regulated by DHA treatment (55% decrease) relative to 

control adipocytes (P < 0.005; Figure 5.8b). Total ER K l protein expression was 

significantly reduced 49% by DHA treatment in 3T3-LI adipocytes compared to DM SO 

treated controls (P < 0.015; Figure 5.9a). Total JN K l protein expression was unaffected by 

the EPA and DHA treatment compared to DM SO treated adipocytes (Figure 5.9b).
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Figure 5.7 Effects o f  EPA and DHA on G LU T 4 and IRS-1 target protein expression  
in 3T3-L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were treated with 50 [iMol/L 
EPA, DHA or DM SO  vehicle control for 5 days. Whole cell lysates were prepared for 
SDS-PAGE and immunoblotting. The relative protein levels were quantified by 
densitometry and data expressed relative to the amount o f  GLUT4 (a) and lRS-1 (b) within 
3T3-L1 adipocytes treated with D M SO  vehicle control (100%). data is presented as mean 
±  SEM. n = 3. A representative blot is shown to the right o f  the graph. * P < 0.05 relative 
to DM SO control. One-way A N O V A  was performed within each group followed by post 
hoc LSD analysis. Correct loading o f  protein was confirmed by blotting for actin.
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Figure 5.8 Effects of EPA and DHA on NF-kB and IK B -a  protein expression in 3T3-  
L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were treated with 50 [iMol/L EPA, 
DHA or DM SO vehicle control for 5 days. Whole cell lysates were prepared for SDS- 
PAGE and immunoblotting. The relative protein levels were quantified by densitometry 
and data expressed relative to the amount o f  N F-kB (a) and iKB-a (b) within 3T3-L1 
adipocytes treated with DMSO vehicle control (100%), data is presented as mean ± SEM, 
n = 3. A representative blot is shown to the right o f  the graph. ** P < 0.01 relative to 
DM SO control. One-way ANOV A was performed within each group followed by post hoc 
LSD analysis. Correct loading o f  protein was confirmed by blotting for actin.

196



c

S 100

rn
H

e
01

_2

ai

80

60

40

20

E P K l/2

Actin

Oc/) <
C l.

w
<
X.a

b)

ou

H

o
iS

_ >

_201

Z

140

120

100

80

60

40

20

J N K l

Actin

O
c/2

<
CL­

UJ

<
I
Q

DM SO  (vehicle control) 
EPA (50 ^Mol/L) 
DHA (50 ^Mol/L)

+
+

Figure 5.9 Effects of EPA and DHA on E R K l/2  and J N K l protein expression in 3T3-  
L1 adipocyte whole cell extracts. 3T3-L1 adipocytes were treated with 50 |iM ol/L EPA, 
DMA or DM SO vehicle control for 5 days. Whole cell lysates were prepared for SDS- 
PAGE and immunoblotting. The relative protein levels were quantified by densitometry 
and data expressed relative to the amount o f  E R K l/2  (a) and JN K l (b) within 3T3-L1 
adipocytes treated with DM SO vehicle control (100%), data is presented as mean ± SEM, 
n = 3. A representative blot is shown to the right o f  the graph. * P < 0.05 relative to DM SO 
control. One-way A N O V A  was performed within each group followed by post hoc LSD 
analysis. Correct loading o f  protein was confirmed by blotting for actin.
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5.3.4 Effects of EPA and DHA on glucose uptake in 3T3-L1 adipocytes

3T3-L1 fibroblasts were differentiated in the presence o f  EPA, DHA or D M SO  vehicle 

control prior to a glucose uptake assay as presented in Figure 5.10, 5.11 and 5.12. Total 

glucose uptake was significantly reduced (28% decrease) in 3T3-L1 adipocytes treated 

with DHA during differentiation compared to the DM SO treated controls (P < 0.019; 

Figure 5.10). EPA treatment had no effect on total glucose uptake within the adipocytes 

relative to controls. Both EPA and DHA treatment during differentiation induced a 

significant reduction (31% and 35% decrease) in basal/non-insulin dependent glucose 

uptake compared to the control group (P < 0.046 and P < 0.030; Figure 5.11). Additionally, 

EPA treatment during differentiation increased insulin dependent glucose uptake 53% 

compared to DM SO treated controls, although not significantly (P < 0.109) while DHA 

treatment moderately reduced insulin dependent glucose uptake, however not significantly 

(Figure 5.12).

Microscope images were taken prior to the glucose uptake analysis to examine the 

cellular morphology (Figure 5.13). The images show that the DM SO and EPA treatment 

have no observable effect on lipid accumulation and adipocytes differentiation. However, 

DHA treatment appeared to reduce lipid droplet accumulation with reduced differentiation 

as suggested by the elongated and fibroblast-like shape o f  the adipocytes.
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Figure 5.10 Effects of EPA and DHA on total glucose uptake in 3T3-L1 adipocytes.
3T3-L1 adipocytes were treated w ith 50 )aMol/L EPA, DHA or DMSO vehicle control for 
5 days after which insulin induced glucose uptake was determined. Cells were incubated in 
PBS with 0.2% BSA prior to addition o f 100 nMol insulin in PBS for 15 minutes. 5 |aCi/ml 
o f g l u c o s e  in 1 n iM ol glucose was added to the cells for 10 minutes. Cells were washed, 
lysed and assayed for uptake as counts per minute (CPMA), data is presented as mean ± 
SEM, n = 6. * P < 0.05 relative to DMSO treated adipocytes. One-way A N O V A  was 
performed w ith in each group followed by post hoc LSD analysis.
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Figure 5.11 Effects of EPA and DHA on basal glucose uptake in 3T3-L1 adipocytes.
3 l'3-l.l adipocytes were treated with 50 )j M o1/L EPA. DHA or DM SO vehicle control for 
5 days after which basal glucose uptake was determined. Cells were incubated in PBS with 
0.2% BSA prior to addition o f  5 (.iCi/ml o f g l u c o s e  in 1 mMol glucose tor 10 minutes. 
Cells were washed, lysed and assayed for uptake as counts per minute (CPMA), data is 
presented as mean ± SEM. n = 6. * P < 0.05 relative to DM SO treated adipocytes. One­
way A N OV A was performed within each group followed by post hoc LSD analysis.
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Figure 5.12 Effects of EPA and DHA on insulin induced glucose uptake in 3T3-L1 
adipocytes. 3T3-L1 adipocytes were treated witii 50 |aMol/L EPA, DHA or DM SO vehicle 
control for 5 days after which insulin induced glucose uptake was determined. Cells were 
incubated in PI^S with 0.2% BSA prior to addition o f  100 nMol insulin in PBS for 15 
minutes. 5 |iCi/ml o f g l u c o s e  in 1 mMol glucose was added to the cells for 10 minutes. 
Cells were washed, lysed and assayed for uptake as counts per minute (CPMA). Insulin 
induced glucose uptake was established by subtracting total glucose uptake from basal 
glucose uptake, data is presented as mean ± SEM, n = 6. Data is expressed relative to the 
amount o f  insulin induced glucose uptake within DM SO treated 3T3-L1 adipocytes 
( 100%).
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Figure 5.13 Effects o f  EPA and DHA on 3T3-L1 adipocyte morphology. 3T3-L1 
fibroblasts were treated with 50 |iMol/L EPA, DHA or DM SO vehicle control for 6 days 
during differentiation. Images o f  untreated (a). DM SO treated (b), EPA treated (c) and 
DHA treated (d) 3T3-L1 adipocytes are shown (lOOx magnification).



5.3.5 Effects of EPA and DHA treatment on cytokine secretion from LPS stimulated 

J774.2 macrophages

lL-6. T N F -a ,  IL -ip  and IL-10 secretion was measured at 24 and 48 liours from LPS 

stimulated and unstimulated .1774.2 macrophages chronically pre-treated with EPA, DHA 

or DM SO as presented in Figures 5.14 to 5.17. After 24 hours lL-6 secretion was 

significantly increased 72 fold in LPS stimulated J774.2 macrophages compared to 

unstimulated macrophages (P < 0.001; Figure 5.14a). IL-6 secretion was also significantly 

increased 67 and 68 fold in LPS stimulated J774.2 macrophages treated with EPA and 

DHA relative to unstimulated DM SO treated macrophages (P < 0.001 and P < 0.001). 

However, lL-6 secretion was significantly reduced (7% decrease) in LPS stimulated 

macrophages treated with EPA relative to LPS stimulated DM SO treated macrophages (P 

< 0.032). After a 48 hour incubation there was a significant decline in lL-6 secretion 

overall (Figure 5.14b). However, lL-6 secretion was still significantly increased (2.7 fold 

increase) in LPS stimulated DM SO treated macrophages relative to unstimulated 

macrophages (P < 0.001). Furthermore, after 48 hours lL-6 secretion was significantly 

reduced in LPS stimulated macrophages pre-treated with EPA and DHA (34% and 82% 

decrease) compared to LPS stimulated macrophages treated with DM SO (P < 0.001 and P 

< 0 .0 0 1 ).

After a 24 hour incubation T N F -a  secretion was significantly increased 9, 11 and 

10 fold in LPS stimulated ,1774.2 macrophages treated with DM SO. EPA and DHA 

respectively compared to unstimulated macrophages (P < 0.001, P < 0.001 and P < 0.001; 

Figure 5.15a). After 48 hours T N F -a  secretion had reduced to normal levels with no 

significant difference between LPS stimulated macrophages treated with DM SO, EPA and 

DHA relative to unstimulated macrophages (Figure 5.15b). Interestingly, T N F -a  secretion 

was significantly reduced (10% decrease) in LPS stimulated macrophages pre-treated with 

EPA compared to untreated LPS stimulated macrophages (P < 0.028).

After a 24 hour incubation IL -ip  was significantly increased 132, 119 and 98 fold 

in LPS stimulated J774.2 macrophages treated with DM SO, EPA and DHA respectively 

compared to unstimulated macrophages treated with DM SO (P < 0.001, P < 0.001 and P < 

0.001; Figure 5.16a). However, IL - ip  secretion was significantly reduced (10% and 26%  

decrease) in LPS stimulated .1774.2 macrophages treated with EPA and DHA respectively 

relative to LPS stimulated macrophages treated with DM SO (P < 0.023 and P < 0.001). 

Similarly, after a 48 hour incubation IL -ip  secretion had reduced significantly compared to 

24 hour secretion however, IL - ip  secretion was significantly higher within the LPS
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stimulated macrophages treated with DMSO, EPA and DHA relative to unstimulated 

macrophages, which contained no detectable IL -ip  (P < 0.001, P < 0.001 and P < 0.001; 

Figure 5.16b). Interestingly, after 48 hours IL - ip  secretion was significantly reduced in 

LPS stimulated macrophages treated with EPA and DHA (28% and 60% decrease) 

compared to LPS stimulated macrophages (P < 0.001 and P < 0.001).

At 48 hours, secretion o f  the anti-inflammatory cytokine lL-10 was undetectable in 

unstimulated macrophages while LPS stimulated macrophages secreted approximately 7 

pg/ml o f  IL-10 (Figure 5.17). Interestingly, lL-10 secretion was significantly increased in 

LPS stimulated macrophages treated with DHA (2.4 fold increase) compared to LPS 

stimulated macrophages treated with DM SO (P < 0.001).

204



a)

o.
sO

I
-J

10000 

9000 

8000 

7000 

; 6000 

5000 

4000 

3000 

2000 

1000 

0

b) 350

0£
C .

300

250

200

vO

d  150

100

50

L PS(100 ng/ml) 
DMSO (vehicle control) 

EPA (50 ^Mol/L) 
DHA (50 )iMol/L)

t t t

* * *

t t t

*

+

+
+

Figure 5.14 Effects o f EPA and DHA on IL-6 secretion from J774.2 macrophages.
.1774.2 macrophages were treated with 50 jaMol/L EPA, DHA or DMSO vehicle control 
for 5 days prior to LPS stimulation (100 ng/ml) for 15 minutes subsequently at 24 (a) and 
48 (b) hours, supernatants were harvested and lL-6 secretion determined by ELISA 
(pg/ml). Data is presented as mean ± SEM, n = 4. *** P < 0.001 relative to DMSO control, 
t  < P 0.05, t f t  < P 0.001 relative to LPS stimulated DMSO control. One-way ANOVA 
was performed within each group followed by post hoc LSD analysis.
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Figure 5.15 Effects o f  EPA and DHA on TN F - a  secretion from J774.2 macrophages.
.1774.2 macrophages were treated with 50 |iM ol/L EPA, DHA or DM SO vehicle control 
for 5 days prior to LPS stimulation (100 ng/ml) for 15 minutes subsequently at 24 (a) and 
48 (b) hours, supernatants were harvested and T N F -a  secretion determined by ELISA 
(ng/ml). Data is presented as mean ± SEM, n = 4. *** P < 0.001 relative to DM SO control, 
t  < P 0.05 relative to LPS stimulated DM SO control. One-way A N OV A was performed 
within each group followed by post hoc LSD analysis.
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Figure 5.16 Effects of EPA and DHA on IL-lp secretion from J774.2 macrophages.
.1774.2 macrophages were treated with 50 |iM ol/L EPA, DHA or DMSO vehicle control 
for 5 days prior to EPS stimulation (lOOng/ml) for 15 minutes subsequently at 24 (a) and 
48 (b) hours, supernatants were harvested and IL-lp secretion determined by ELISA 
(ng/ml). Data is presented as mean ± SEM. n = 4. *** P < 0.001 relative to DMSO control, 
t  < P 0.05. t f t  < P 0.001 relative to EPS stimulated DMSO control. One-way ANOVA 
was performed within each group followed by post hoc LSD analysis.
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Figure 5.17 Effects of EPA and DHA on IL-10 secretion from ,1774.2 macrophages.
.1774.2 macrophagcs were treated with 50 ).iMol''L EPA, D H .\  or DM SO vehicle control 
for 5 days prior to LPS stimulation (100 ng/ml) for 15 minutes subsequently at 48 hours; 
supernatants were harvested and IL-10 secretion determined by ELISA (ng/ml). Data is 
presented as mean ± SEM. n = 3. *** P < 0.001 relative to DM SO control, t f t  < P 0.001 
relative to LPS stimulated DMSO control. One-way A N O V A  was performed within each 
group followed by post hoc LSD analysis.
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5.3.6 Effects of EPA and DHA treatment on inflammatory target protein expression  

in LPS stimulated J774.2 macrophages

p38 M APK. phosphorylated p38 M APK (Thrl 80/Tyrl 82). JN K l and phosphorylated 

.INK 1/2 (Thrl 83/Tyrl 85) and phosphorylated Ik B-u  (Ser32) protein expression was 

measured in LPS stimulated and unstimulated .1774.2 macrophages chronically pre-treated 

with EPA, DHA and vehicle control.

Whole cell p38 protein expression was significantly increased in LPS stimulated 

macrophages (15% increase) relative to unstimulated macrophages (P < 0.033; Figure 

5.18). Total p38 was reduced 23%  and 36% in EPA pre-treated LPS stimulated 

macrophages compared to unstimulated and LPS stimulated control DM SO treated 

macrophages (P < 0.005 and P < 0.001). DHA pre-treatment significantly reduced p38 

expression (17% decrease) within LPS stimulated macrophages relative to LPS stimulated 

DM SO treated macrophages (P < 0.020). Interestingly, phosphorylated p38 was 

significantly increased (2.4 fold increase) in LPS stimulated macrophages relative to 

unstimulated macrophages (P < 0.001; Figure 5.19). While phosphorylation o f  p38 

expression was significantly reduced in LPS stimulated macrophages pre-treated with EPA 

and DHA relative to LPS stimulated macrophages treated with DM SO (P < 0.001 and P < 

0.005).

Total .INK protein expression was significantly reduced in LPS stimulated 

macrophages pre-treated with EPA and DHA (47% and 52% decrease) relative to 

unstimulated macrophages and LPS stimulated macrophages (P < 0.001 and P < 0.001; P < 

0.006 and P < 0.003 respectively; Figure 5.20). Phosphorylated .INK was significantly 

increased (21% increase) in LPS stimulated DM SO treated macrophages relative to 

unstimulated macrophages (P <  0.003; Figure 5.21). Interestingly, phosphorylation o f  .INK 

was not induced within LPS stimulated macrophages pre-treated with EPA and DHA 

relative to LPS stimulated m acrophages treated with DM SO (P < 0.001 and P < 0.001). 

Phosphorylation o f  iKB-a was induced significantly (38% increase) in LPS stimulated 

macrophages compared to unstimulated macrophages (P < 0.001; Figure 5.22). 

Interestingly, there was no observable induction o f  iKB-a phosphorylation in LPS 

stimulated macrophages treated with EPA and DHA compared to LPS stimulated 

m acrophages treated with DM SO (P < 0.001 and P < 0.001).
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Figure 5.18 Effects o f  EPA and DHA on p38 M APK  protein expression within LPS  
stimulated ,1774.2 whole cell extracts. J774.2 macrophages were treated with 50 )aMol/L 
EPA, DHA or DM SO vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 
15 minutes. Whole cell lysates were prepared for SD S-PAGE and immunoblotting. The 
relative protein levels were quantified by densitometry and data expressed relative to the 
amount o f  p38 M APK within J774.2 macrophages treated with DM SO  vehicle control 
(100%), data is presented as mean ± SEM, n = 3. A representative blot is shown below the 
graph. * P < 0.05, ** P < 0.01 relative to DM SO control, t  < P 0.05, t t t  < P 0.001 relative 
to LPS stimulated DM SO control. One-way A N O V A  was performed within each group 
followed by post hoc LSD analysis. Correct loading o f  protein was confirmed by blotting 
for actin.
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Figure 5.19 Effects of EPA and DHA on phosphorylated p38 MAPK (Thrl80/Tyrl82)  
protein expression within LPS stimulated J774.2 whole cell extracts. J774.2 
macrophages were treated with 50 |iM ol/L EPA, DHA or DMSO vehicle control for 5 days 
prior to LPS stimulation (100 ng/ml) for 15 minutes. Whole cell lysates were prepared for 
SDS-PAGE and immunoblotting. The relative protein levels were quantified by 
densitometry and data expressed relative to the amount o f phosphorylated p38 MAPK 
within J774.2 macrophages treated with DMSO vehicle control (100%), data is presented 
as mean ± SEM, n = 3. A representative blot is shown below the graph. *** P < 0.001 
relative to DMSO control, t t  < P 0.01, t t t  P < 0.001 relative to l.PS stimulated DMSO 
control. One-way ANOVA was performed within each group followed by post hoc LSD 
analysis. Correct loading o f protein was confirmed by blotting for actin.
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Figure 5.20 Effects of  EPA and DHA on JN K l  protein expression within LPS  
stimulated .1774.2 whole cell extracts. J774.2 macrophages were treated with 50 i^iMol/L 
EPA, DHA or DM SO vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 
15 minutes. Whole cell lysates were prepared for SD S-PAG E and immunoblotting. The 
relative protein levels were quantified by densitometry and data expressed relative to the 
amount o f  J NKl  within J774.2 macrophages treated with DM SO vehicle control (100%), 
data is presented as mean ± SEM, n = 3. A representative blot is shown below the graph.
*** p < 0.001 relative to DM SO control, t t  < P 0.01 relative to LPS stimulated DM SO
control. One-way ANOV A was performed within each group followed by post hoc LSD 
analysis. Correct loading o f  protein was confirmed by blotting for actin.
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Figure 5.21 Effects o f  EPA and DHA on phosphorylated J N K l/2  (T183/Y185) protein 
expression within LPS stimulated ,1774.2 whole  cell extracts. .1774.2 macrophages were 
treated with 50 |.iMol/L EPA, DHA or DM SO vehicle control for 5 days prior to LPS 
stimulation (100 ng/ml) for 15 minutes. Whole cell lysates were prepared for SD S-PAG E 
and immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to the amount o f  J N K l/2  within J774.2 macrophages treated with 
DM SO vehicle control (100%), data is presented as mean ± SEM, n = 3. A representative 
blot is shown below the graph. ** p < 0.01 relative to DM SO control, t t t  < P 0.001 
relative to LPS stimulated DM SO control. One-way A N OV A was performed within each 
group followed by post hoc LSD analysis. Correct loading o f  protein was confirmed by 
blotting for actin.
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Figure 5.22 Effects o f  EPA and DHA on phosphorylated IK B -a  (Ser32) protein 
expression within LPS stimulated .1774.2 whole cell extracts. J774.2 macrophages were 
treated with 50 |aMol/L EPA, DHA or DM SO vehicle control for 5 days prior to LPS 
stimulation (100 ng/ml) for 15 minutes. Whole cell lysates were prepared for SDS-PAGE 
and immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to the amount o f  phosphorylated IK B -a  within J774.2 macrophages 
treated with DM SO vehicle control (100%), data is presented as mean ± SEM, n = 3. A 
representative blot is shown below the graph. *** P < 0.001 relative to D M SO  control, t f f  
< P 0.001 relative to LPS stimulated DM SO control. One-way A N O V A  was performed 
within each group followed by post hoc LSD analysis. Correct loading o f  protein was 
confirmed by blotting for actin.
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5.3.7 The effects of acute EPA and DHA treatment on cytokine and adipokine 

secretion within a co-culture of J774.2 macrophages and 3T3-L1 adipocytes

The effects o f  E PA  and D H A  trea tm ent w ere  firstly exam ined  in 3T3-L1 ad ipocy tes  and 

J774 .2  m acrophages. This  w as  fo llow ed by a novel co-cu lture  o f  LPS s tim ulated  and  

unstim ulated  J774 .2  m acrophages  acutely pre-treated w ith  E PA , D H A  or D M S O  vehic le  

control and 3T3-L1 adipocytes. T he co-culture  w as designed  to firstly observe  ho w  

m acrophages  m ight act on ad ipocy tes  in an obese  state. Second ly  the m odel ex am in ed  the 

im pact that E P A  and  D H A  treated  m acrophages  have on the ad ipocy tes  re lative to the non- 

LC n -3  P U F A  treated m acrophages .  Furtherm ore , the contac t system  and transw ell system  

allow de term ina tion  o f  w he the r  m acrophages  are affec ting  ad ipocy tes  v ia  physical contac t 

or th rough so luble  m olecu les  respectively.

W ith in  the co-cu lture  contac t system  adiponec tin  secretion  w as  reduced  on average 

6 6 %  by the p resence o f  bo th  uns tim ula ted  and  LPS s tim ulated  m acrophages  co m p ared  to 

adipocytes  a lone  (P < 0.001 consistently ; F igure 5.23a). E P A  and  D H A  trea tm ent induced  

no significant up-regula tion  in ad iponec tin  secretion  from the con tac t  co-cu lture  system. 

H ow ever, D H A  trea tm ent o f  the LPS s tim ulated  m acrophages  w ith in  the co-cu ltu re  did 

induce a m odera te  increase (4 0 %  increase) in ad iponec tin  re lative to D M S O  control LPS 

s tim ulated  m acrophages  co-cu ltured  with the adipocytes ,  a l though not s ignificantly . 

Similarly , w ith in  the transw ell system  the presence o f  bo th  uns tim ula ted  and LPS 

s tim ulated  m acrophages  induced  a significant decrease  (on average  81%  decrease) in 

ad iponec tin  secretion  from the co-cu lture  (P <  0.001; F igure 5.23b). U nexpected ly ,  w ith in  

the transw ell system  E PA  and  D H A  trea tm ent o f  the uns tim ula ted  m acro p h ag es  

significantly  reduced  ad iponec tin  secretion  (91%  and  72 %  decrease) w ith in  the co-culture  

re lative to the co-cu lture  o f  ad ipocytes  and  unstim ula ted  m acrophages  (P <  0 .002, P < 

0.028).

T N F - a  secre tion  w as increased  1.6 fold and  3.1 fold w ith in  the con tac t  co-culture  

o f  adipocytes  and unstim ulated  or LPS s tim ulated  m acrophages  co m p ared  to  adipocytes  

alone (P <  0.073 and P <  0.001; F igure 5.24a). T N F - a  secre tion  w as increased  88%  w ith in  

the contac t co-cu lture  o f  LPS s tim ula ted  m acrophages  and  ad ipocy tes  re la tive to the c o ­

culture o f  ad ipocy tes  and uns t im ula ted  m acrophages  (P < 0 .001). E P A  and D H A  trea tm ent 

o f  both  the uns tim ula ted  and  LPS s tim ulated  m acrophages  w ith in  the con tac t  co-culture  

had no s ign ificant effect on T N F - a  secretion. W ith in  the transw ell co -cu ltu re  T N F - a  

secretion w as  increased 1.5 and  2.1 fold w hen  ad ipocytes  w ere  co-cu ltu red  with  

unstim ulated  or LPS s tim ulated  m acro p h ag es  co m p ared  to ad ipocy tes  alone (P <  0 .010 and

P <  0.001; F igure 5.24b). T N F - a  secre tion  w as increased  34 %  w ith in  the co-cu lture  o f
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adipocytes and LPS stimulated macrophages relative to the co-culture o f  adipocytes with 

unstimulated macrophages (P < 0.022). Importantly, ERA and DHA treatment o f  the 

unstimulated and LPS stimulated macrophages significantly reduced T N F -a  secretion from 

the transwell co-culture (69%, 48%, 77% and 53%  decrease respectively) relative to 

corresponding DM SO treated control groups (P < 0.001, P < 0.001, P < 0.001 and P < 

0.001 correspondingly).

lL-6 secretion was increased 4.5 fold and 10.7 fold within the contact co-culture o f  

adipocytes and unstimulated or LPS stimulated macrophages compared to adipocytes alone 

(P < 0.001 and P < 0.001; Figure 5.25a). EPA and DH A treatment o f  the unstimulated and 

L.PS stimulated macrophages significantly reduced IL-6 secretion from the contact co­

culture (31%, 10%, 51%) and 14%> decrease respectively) relative to corresponding DM SO 

treated control groups (P < 0.005, P < 0.001, P < 0.027 and P < 0.003 correspondingly). 

Similarly, 1L-1(3 secretion was increased 3.7 fold and 4.5 fold within the contact co-culture 

o f  adipocytes and unstimulated or LPS stimulated macrophages compared to adipocytes 

alone (P < 0.001 and P < 0.001; Figure 5.25b). Furthermore, EPA and DHA treatment o f  

the unstimulated and LPS stimulated macrophages significantly reduced IL -lp  secretion 

from the contact co-culture (67%. 83%>, 73% and 29% decrease respectively) relative to 

corresponding DM SO treated control groups (P < 0.001. P < 0.001, P < 0.001 and P < 

0.027 respectively).
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Figure 5.23 Effects o f  acute EPA and DHA treatment on adiponectin secretion within  
a co-culture o f  J774.2 m acrophages and 3T3-L1 adipocytes. .1774.2 macrophages ± LPS 
(100 ng/ml) for 48 hours were treated with 50 |j,Mol/L EPA, DHA or vehicle control in 
DMEM for 24 hours. Fully differentiated 3T3-L1 adipocytes were co-cultured with the 
,1774.2 macrophages for a further 24 hours, supernatants were harvested and adiponectin 
secretion determined by ELISA (pg/ml) in either a contact (a) or transwell (b) system. Data 
is presented as mean ± SEM, n = 3. *** P <  0.001 relative to adipocytes; f  P < 0.05, f t  P < 
0.01 relative to adipocytes co-cultured with unstimulated macrophages. One-way AN O V A  
was performed within each group followed by post hoc LSD analysis.
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Figure 5.24 Effects o f acute EPA and DHA treatment on TN F-a secretion within a co­
culture of ,1774.2 macrophages and 3T3-L1 adipocytes. J774.2 macrophages ± LPS 
(100 ng/ml) for 48 hours were treated with 50 |iMol/L EPA, DHA or vehicle control in 
DMEM for 24 hours. Fully differentiated 3T3-L1 adipocytes were co-cultured with the 
.1774.2 macrophages for a further 24 hours, supernatants were harvested and TN F-a 
secretion determined by ELISA (pg/ml) in either a contact (a) or transwell (b) system. Data 
is presented as mean ± SEM, n = 3. * P < 0.05, *** P < 0.001 relative to adipocytes; t  P < 
0.05, t t t  P < 0.001 relative to adipocytes co-cultured with unstimulated macrophages; XXt 
P < 0.001 relative to adipocytes co-cultured with LPS stimulated macrophages. One-way 
ANOVA was performed within each group followed by post hoc LSD analysis.
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Figure 5.25 Effects of acute EPA and DHA treatment on IL-6 and H^-ip secretion 
within a co-culture of J774.2 macrophages and 3T3-L1 adipocytes. .1774.2 
macrophages ± LPS (100 ng/ml) for 48 hours were treated with 50 |iM ol/L EPA, DHA or 
vehicle control in DMEM for 24 hours. Fully differentiated 3T3-L1 adipocytes were co­
cultured with the J774.2 macrophages for a further 24 hours, supernatants were harvested, 
lL-6 (a) and IL -ip  (b) secretion was determined by ELISA (pg/ml) in a contact system. 
Data is presented as mean ± SEM, n = 3. * P < 0.05, *** P < 0.001 relative to adipocytes; 
t t  P < 0.01, t t t  P < 0.001 relative to adipocytes co-cultured with unstimulated 
macrophages; J P < 0.05, P < 0.01, P < 0.001, relative to adipocytes co-cultured 
with LPS stimulated macrophages. One-way ANOVA was performed within each group 
followed by post hoc LSD analysis.

219



5.3.8 The effects of acute EPA and DHA treatment on inflammatory and insulin 

sensitive target gene expression within a co-culture of ,1774.2 macrophages and 3T3- 

L1 adipocytes

Within the co-culture contact and transwell system GLUT4 m RNA expression was 

reduced approximately 80% when adipocytes were incubated with unstimulated and LPS 

stimulated macrophages compared to adipocytes alone (P < 0.001 consistently; Figure 

2.26a and b respectively). GLUT4 gene expression was significantly increased within the 

contact co-culture o f  adipocytes and DHA treated unstimulated macrophages relative to the 

co-culture o f  adipocytes and unstimulated macrophages (P < 0.036). Importantly, GLUT4 

m RNA expression was increased 2.1 fold and 1.9 fold in adipocytes co-cultured with LPS 

stimulated macrophages pre-treated with EPA and DHA relative to corresponding controls 

(P < 0.059 and P < 0.091 respectively).

Similarly, within the contact and transwell system lRS-1 m RNA expression was 

significantly reduced ( -8 0 %  decrease) by unstimulated and LPS stimulated macrophages 

compared to the adipocytes (P < 0.001 consistently; Figure 5.27a and b). Within the 

transwell system lRS-1 gene expression levels were increased 32% in adipocytes co­

cultured with LPS stimulated macrophages treated with EPA compared to LPS stimulated 

DM SO treated macrophages co-cultured with adipocytes (P < 0.066).

Within the co-culture contact and transwell system T N F -a  m RNA expression was 

not significantly regulated by the presence o f  unstimulated or LPS stimulated J774.2 

macrophages (Figure 5.28a and b). However, there is a clear trend, with increased T N F-a  

m RNA expression observed when adipocytes are co-cultured with the macrophages, with 

these levels reduced when the macrophages are treated with EPA and DHA. It is o f  note 

that the levels o f  T N F -a  mRNA expressed are approximately 10 fold lower within the 

transwell system in which adipocytes alone were analysed compared to the contact system 

in which both macrophages and adipocytes were analysed, an effect not observed for IL-6 

m RNA expression. IL-6 mRNA expression within the contact and transwell system 

showed a similar trend to the T N F -a  expression. However, within the contact system IL-6 

m RNA expression was significantly increased 83% relative to adipocytes alone (P < 0.038; 

Figure 5.29a and b). Furthermore. IL-6 gene expression was significantly reduced 59% and 

48% when adipocytes and LPS stimulated macrophages treated with EPA and DHA were 

co-cultured in a contact system (P < 0.002 and P < 0.005).

220



a) 1.4

I? 
<
y  .. 
1
-t =H Q

CL
-J <
u  o
E °
4> "O

 ̂ I
I §
u

1.2

i  1.0

b)

£

«1.
H

0.8

0.6

0.4

0.2

0.0

1.4

1 . 2

1.0

o
—

/

Si “
^  P S

^1 
of R
E

H =  0.8
C 

_ ; Q-

d
o 0.6

0.4
e?
E

0.2

0.0

* + *

* + *

+ + *

+ + +

Adipocytes  + + + + + + +
l lnstimulated - + .  + - + -
Macrophage
Stimulated - - + - + . +

Macrophage  
EPA  
DHA

Figure 5.26 Effects o f  acute EPA and DHA treatment on G LUT4 gene expression 
within a co-culture of  J774.2 macrophages and 3T3-L1 adipocytes. J774.2 
macrophagcs ±  LPS (100 ng/ml) for 48 hours were treated with 50 i^Mol/L EPA, DHA or 
vehicle control in DM EM  for 24 hours. Fully differentiated 3T3-L1 adipocytes were co­
cultured with the .1774.2 macrophages for a further 24 hours, GLUT4 m RN A  was 
determined by Taqman RT-PCR in either a contact (a) or transwell (b) system. m RNA 
levels were normalized to GA PD H and the results are expressed as fold induction relative 
to adipocytes. Data is presented as mean ± SEM, n =  2 -  3. *** P <  0.001 relative to 
adipocytes; t  P < 0.05 relative to adipocytes co-cultured with unstimulated macrophages. 
One-way A N O V A  was performed within each group followed by post hoc LSD analysis.
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Figure 5.27 Effects o f  acute EPA and DHA treatment on IRS-1 gene expression  
within a co-culture of ,1774.2 macrophages and 3T3-L1 adipocytes. J774.2 
macrophages ±  LPS (100 ng/ml) for 48 hours were treated with 50 |aMol/L EPA, DHA or 
vehicle control in DMEM for 24 hours. Fully differentiated 3T3-L1 adipocytes were co­
cultured with the J774.2 macrophages for a further 24 hours, lRS-1 m RN A  was determined 
by Taqman RT-PCR in either a contact (a) or transwell (b) system. m R N A  levels were 
normalized to GAPDH and the results are expressed as fold induction relative to 
adipocytes. Data is presented as mean ± SEM, n = 2 - 3. *** P < 0.001 relative to 
adipocytes. One-way ANOVA was performed within each group followed by post hoc 
LSD analysis.
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Figure 5.28 Effects o f  acute EPA and DHA treatment on T N F -a  gene expression  
within a co-culture of J774.2 m acrophages and 3T3-L1 adipocytes. J774.2 
macrophages ± LPS (100 g/ml) for 48 hours were treated with 50 |iMol/L EPA, DHA or 
vehicle control in DM EM  for 24 hours. Fully differentiated 3T3-L1 adipocytes were co­
cultured with the J774.2 m acrophages for a further 24 hours, T N F -a  m RNA was 
determined by Taqman RT-PCR in either a contact (a) or transwell (b) system. m RNA 
levels were normalized to GA PD H and the results are expressed as fold induction relative 
to adipocytes. Data is presented as mean ± SEM. n = 2 - 3.
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Figure 5.29 Effects o f  acute EPA and DHA treatment on IL-6 gene expression within  
a co-culture o f  .1774.2 m acrophages and 3T3-L1 adipocytes. J774.2 macrophages ± 
LPS (lOOng/ml) for 48 hours were treated with 50|imol/L  EPA, DHA or vehicle control in 
DM EM  for 24 hours. Fully differentiated 3T3-L1 adipocytes were co-cultured with the 
.1774.2 macrophages for a further 24 hours. lL-6 m R N A  was determined by Taqman RT- 
PCR in either a contact (a) or transwell (b) system. m RN A  levels were normalized to 
GAPDH and the results are expressed as fold induction relative to adipocytes. Data is 
presented as mean ± SEM, n = 2 - 3. * P < 0.05 relative to adipocytes; P < 0.01 relative 
to adipocytes co-cultured with LPS stimulated macrophages. One-way A N OV A was 
performed within each group followed by post hoc LSD analysis.
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5.4 Discussion

This chapter aimed to firstly define the effects o f  LC n-3 PUFA EPA and DHA on 3T3-L1 

adipocytes and LPS stimulated .1774.2 macrophages in vitro. This was followed by a novel 

co-culture of both .1774.2 macrophages and 3T3-L1 adipocytes, in this model LPS 

stimulated and unstimulated .1774.2 macrophages acutely pre-treated with EPA, DHA or 

DMSO vehicle control were co-culture with 3T3-L1 adipocytes. This model using two cell 

types in a co-culture mimics the condition observed in obesity induced insulin resistance. It 

allows the simplification o f  an extremely complex human state and gives a starting point to 

understanding some o f  the mechanisms occurring. Chapter 6 will examine this co-culture 

model in more detail. Fundamentally, EPA and DHA treatment in vitro appear to play a 

key anti-intlammatory role within LPS stimulated J774.2 macrophages. The effects o f  EPA 

and DHA treatment on 3T3-L1 adipocytes were more variable. Importantly, initial co­

culture data indicates that macrophages significantly increase inflammatory target 

expression and reduce insulin sensitive target expression within the adipocytes o f  the co­

culture and that these effects are attenuated by EPA and DHA pre-treatment o f  the 

macrophages prior to co-culture. The rationale for choosing the concnentrations of EPA 

and DHA were based on previous work conducted in our group and on current literature 

(Martins de Lima et al., 2006). The doses used in this study are non-toxic and perhaps 

represent a long-term, high dose supplementation o f  fish oils. However, it would be 

important to evaluate if the EPA and DHA concentrations used in this study are achievable 

in human and mice fed diets high in fish oil. The lipid profiles o f  peripheral blood 

mononuclear cells (PBMC), adipose tissue macrophages (ATM) and adipocytes o f  humans 

and mice fed high levels o f  fish oils for long periods could be established using gas 

chromatography (GC).

Adipokine and cytokine expression was determined within 3T3-L1 adipocytes 

treated with EPA and DHA. Interestingly, EPA treatment increased secretion o f  leptin 

from 3T3-L1 adipocytes while DHA treatment moderately reduced leptin secretion. Leptin 

is secreted from adipose tissue, and is thought to act as a 'lipostat', signalling the body fat 

levels to the hypothalamus, resulting in adjustments to food intake and energy expenditure 

to maintain body weight homeostasis (Walder et a i ,  1997). Administration o f  leptin by 

injection or as a constant subcutaneous infusion results in a dose-dependent decrease in 

body weight (Halaas et a i ,  1997; Halaas et al., 1995). In both oh/oh and wild-type mice, 

leptin was observed to induced weight loss, which was restricted to the adipose tissue 

(Halaas et a i ,  1997; Halaas et a i ,  1995). Flowever, leptin concentrations are greatly 

elevated in obese subjects (Friedman and Halaas, 1998). A state of leptin resistance
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develops rapidly in obese individuals, leptin becomes ineffective and leptin therapy even at 

high concentrations is largely ineffective in reducing the body weight o f  clinically obese 

patients (Heymsfield et ciL, 1999). Additionally, Walder el al. (1997) observed that leptin 

reduced insulin binding to its receptor in a dose-dependent manner within adipocytes 

isolated from Sprague-Dawiey rats (Walder et al., 1997). Walder et al. determined that 

SOnMol o f  leptin was necessary to induce a significant decrease in insulin binding while 

InM ol o f  leptin did not significantly reduce insulin binding. In our study leptin levels were 

approximately 0.008 nMol ( -1 2 0  pg/ml) in EPA treated adipocytes, which is unlikely to 

induce a reduction in insulin binding. EPA may help to modulate body weight homeostasis 

through its induction o f  leptin in individuals gaining weight by reducing food intake, 

increasing energy expenditure and perhaps reducing insulin sensitivity within the 

adipocytes, preventing further growth o f  adipocytes and re-directing fatty substrates to 

other tissues. EPA and DHA treatment increased adiponectin secretion from 3T3-L1 

adipocytes. Hu et al. (1996) determined that adiponectin is expressed exclusively in 

adipose tissue and that niRNA expression o f  adiponectin was reduced in an obese diabetic 

model, dh/dh  mice (Hu et al.. 1996). Plasma levels o f  adiponectin have also been reported 

to be significantly reduced in obese and diabetic mice/humans (Arita et al., 1999; Hu et al., 

1996; Yamauchi et al., 2001). A recent study by Banga et al. (2009) observed that 

overnight treatment o f  rat adipocytes with pioglitazone. a PPAR-y ligand. DHA or EPA 

triggered a two fold increase in the synthesis and secretion o f  high-molecular weight 

( HMW)  adiponectin. and this increase was blocked by the addition o f  PPAR-y inhibitor 

GW -9662 (Banga et al., 2009). This indicates that EPA, DHA and their metabolites are not 

only PPAR-y ligand, but that PPAR-y activation is linked to adiponectin expression and 

perhaps the increased leptin expression observed in 3T3-L1 adipocytes. Furthermore, 

adiponectin and leptin expression was found to be up-regulated in heterozygous PPAR-y 

knockout mice (Kubota et al., 1999). Adiponectin has many functions within a range o f  

organs and cell types. It induces fatty acid transport within skeletal muscle, reducing TAG 

content and improving insulin induced glucose uptake (Yamauchi et a l ,  2001). 

Additionally, adiponectin has been shown to strongly inhibit expression o f  adhesion 

molecules and T N F -a  induced NF-kB activation through inhibition o f  iKB-a 

phosphorylation (Ouchi et a l ,  2000). Adiponectin has also been shown to regulate ERK 

and AM PK  within muscle and endothelial cells (Arita et al., 2002; Kobayashi et al., 2004). 

EPA and DHA treatment did not significantly affect cytokine secretion from the 

adipocytes, which may suggest an inflammatory stimulus is required to firstly induce
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inflammation before the anti-inflammatory action o f  LC n-3 PUFA in adipocytes can be 

observed.

Gene and protein expression was also determined within the EPA and DHA treated 

adipocytes. Gene expression levels o f  the adipokines such as resistin and adiponectin 

within EPA and DHA treated adipocytes showed a similar trend to the secretion profiles 

suggesting direct gene regulation o f  these proteins. T N F -a  gene expression was very low 

(ct ~36) within the 3T3-L1 adipocytes, correlating with their unstimulated state however 

levels o f  T N F -a  m RNA were approximately double in adipocytes treated with DHA 

relative to DM SO treated adipocytes which may correlate with the subtle induction o f  

T N F -a  secretion observed in the DHA treated adipocytes. Interestingly, EPA and DHA 

treatment significantly reduced IL-Ra m R N A  expression. IL -lR a  inhibits lL-1 agonist 

binding to the lL-1 receptor therefore inhibiting IL-1 signaling. Therefore, the reduction in 

IL -lR a  may indicate an increase in lL-1 activity due to a decrease in the receptor 

antagonist however, IL - ip  m RN A  (undetectable), IL -lR l m RNA and IL -ip  secretion were 

not significantly up-regulated in adipocytes treated with EPA and DHA suggesting IL-1 

activity is not regulated by EPA and DHA. Interestingly, DHA treatment also reduced 

whole cell iKB-a protein expression within adipocytes perhaps indicating an increase in 

N F-kB activity due to a lack o f  iKB-a to sequester the N F-kB within the cytoplasm. 

However, there was a subtle reduction in whole cell N F-kB protein expression, which 

could indicate a general reduction in the NF-kB pathway signaling. More work is needed 

to examine both cytoplasmic and nuclear levels o f  NF-kB to define N F-kB activity. It was 

also observed that ERK.1 protein expression was reduced in DHA treated adipocytes. 

Interestingly, in a study conducted by Engelman et cil. (2001) it was demonstrated that 

within 3T3-LI adipocytes specific inhibitors o f  the ERK pathway restore insulin signalling 

to normal levels despite the presence o f  T N F-a .  Additional experiments also observed that 

ERK activity is required for TN F-a-induced  IRS-1 serine phosphorylation, thereby 

suggesting a mechanism by which these inhibitors restore insulin signaling (Engelman el 

a l ,  2000). DHA may act to reduce ERK perhaps reducing its activity therefore improving 

insulin sensitivity, moreover this protection may be more apparent within inflamed 

adipocytes.

Insulin signalling target gene and protein levels were also determined within the 

3T3-L1 adipocytes. Interestingly, at both the m RN A  and protein expression level GLUT4 

was significantly reduced in 3T3-LI adipocytes treated with DHA. This may indicate that 

DHA can reduce insulin sensitivity in adipocytes. Furthermore, the effects o f  EPA and
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DHA on differentiation and insulin sensitivity were assessed within 3T3-L1 adipocytes 

using a glucose uptake assay. Total glucose uptake was significantly reduced in DHA 

treated adipocytes while EPA had no effect relative to the DMSO treated controls. 

Interestingly, basal or non-insulin induced glucose uptake was significantly reduced to a 

similar degree by both EPA and DHA treatment of the adipocytes. Experiments performed 

within our group examining both non-insulin induced and insulin induced glucose uptake 

suggest that inflammatory stimulus such as LPS, TN F-a and IL-ip can increase non­

insulin induced glucose uptake through GLUTl signalling. Therefore, EPA and DHA may 

have subtly reduced inflammation and reduced basal non-insulin induced glucose uptake as 

a result. Importantly, there was a moderate increase in insulin induced glucose uptake 

within EPA treated adipocytes suggesting EPA enhances differentiation and insulin 

sensitivity of the adipocytes, this may also correlate with the increased secretion o f  leptin. 

Conversely, DHA moderately reduced insulin induced glucose uptake, although not 

significantly suggesting DHA inhibits differentiation. The reduction in glucose uptake 

observed within the DHA treated adipocytes may correlate with the reduction in GLUT4 

mRNA and protein expression induced by DHA treatment in mature adipocytes. 

Furthermore, the microscope images suggest that while DMSO and EPA have no 

observable effect on lipid accumulation and adipocyte differentiation. DHA treatment 

appeared to reduce lipid droplet accumulation. DHA treatment during differentiation 

appeared to reduce differentiation as suggested by the elongated and t'lbroblast-like shape 

o f  the adipocytes. This de-differentiation may account for the subtle reduction in glucose 

uptake and the reduction in GLUT4. DHA may therefore induce anti-obesity effects and 

prevent further growth o f  adipocytes by inhibiting differentiation o f  pre-adipocytes to 

mature adipocytes, inducing lipolysis and reducing glucose uptake through the down 

regulation of GLUT4. DHA may also reduce the harmful effects of pro-inflammatory 

cytokines such as TNF-a on adipocyte insulin sensitivity through reduction of ERKl 

signalling. However, further experiments are required to examine if EPA and DHA 

treatment can attenuate the pro-inflammatory state and improve insulin sensitivity 

associated with adipocytes treated with a pro-inflammatory stimulus such as IL-ip (as 

observed in chapter 4).

The effects of LC n-3 PUFA on cytokine secretion and protein expression were 

defined within LPS stimulated i l l  A.2 macrophages. LPS is a potent activator of monocytes 

and macrophages and activates TLR4 signalling in macrophages by binding to CD14 (a co­

receptor of fLR4) in the presence o f  LPS-binding protein (Kielian and Blecha. 1995).

Within minutes o f  LPS stimulation, numerous proteins become tyrosine phosphorylated
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and activated, in particular E R K l/2 ,  p38 and JNK (Hambleton et al., 1996; Han et a i ,  

1994; Han el al., 1993; Weinstein el a!., 1992). The ligation o f  TLRs also activates NF-kB 

signaling pathways (Medzhitov, 2001). Furthermore, LPS triggers the abundant secretion 

o f  many cytokines from macrophages including lL-la/(3 (Dinarello, 1996), IL-6 (Akira et 

al., 1993) and T N F -a  (Tracey and Cerami, 1994). Our group has examined the effect o f  

EPA and DHA within THP-1 macrophages, a human cell line. LC n-3 PUFA were shown 

to decrease pro-intlammatory cytokine production while N F-kB activity was significantly 

reduced in EPA and DHA treated macrophages activated with LPS. In general EPA and 

DHA were shown to reduce the expression o f  pro-inflammatory cytokines from the LPS 

stimulated .1774.2 macrophages. Interestingly, EPA treatment was found to down regulate 

lL-6 cytokine secretion from LPS stimulated J774.2 m acrophages after 24 hours, which 

may be due to eicosanoid production and transcriptional regulation. However, both EPA 

and DHA significantly reduced IL-6 secretion after 48 hours, with DHA inducing a greater 

reduction perhaps representing the importance o f  resolvin Dl and protectin D l ,  which both 

regulate macrophage function and cytokine/chemokine regulation. Interestingly. Duffield 

and colleagues (2006) identified that resolvin Dl and protectin Dl can block TLR- 

mediated activation o f  macrophages (Duffield et al.. 2006). Additionally, Schwab et al. 

(2007) observed that protectin Dl like resolvin El can regulate the release o f  chemokines 

and cytokines during phagocytosis, reducing IFN-y and lL-6 (Schwab et al., 2007). Basal 

levels o f  T N F -a  secreted by the J774.2 macrophages were higher than IL-6 (-125  pg/ml) 

and IL- ip ( -1 0  pg/ml) at approximately 40 ng/ml secreted within a 24 hour time period. 

T N F -a  secretion increased 10 fold in LPS stimulated m acrophages after 24 hours. EPA 

and DHA treatment o f  the LPS stimulated macrophages did not induce a decrease in TNF- 

a  secretion at 24 hours. However, after 48 hours the LPS stimulated macrophages treated 

with EPA showed a significant decline in T N F -a  secretion, although levels o f  T N F -a  in 

LPS stimulated macrophages were normal compared to the unstimulated macrophages. A 

time course experiment between 24 and 48 hours may be necessary to determine how 

T N F -a  levels reduce in EPA and DHA pre-treated LPS stimulated macrophages. 

Interestingly, I L- ip  levels were significantly reduced by EPA and DHA pre-treatment o f  

the LPS stimulated macrophages after 24 and 48 hours relative to untreated LPS stimulated 

macrophages. DHA had a more potent effect on reducing I L- i p  secretion within the LPS 

stimulated macrophages. Furthermore. IL-10 secretion was induced within LPS stimulated 

control macrophages ( -8  pg/ml) after 48 hours and although low, these levels were more 

than doubled in DHA pre-treated LPS stimulated macrophages ( -1 8  pg/ml). It would be
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interesting to examine the production o f  IL-10 and perhaps other anti-inflammator>' 

cytokines such as IL-4 over 48 hours.

At 15 minutes LPS secreted protein expression was analyzed within the 

macrophages. Total p38 MARK and threonine/tyrosine phosphorylated p38, the active 

form o f  p38, were significantly up-regulated in LPS stimulated J774.2 macrophages 

relative to untreated controls. ERA and DHA pre-treatment o f  the LRS stimulated 

macrophages significantly reduced these levels with ERA more effective at reducing these 

levels. A recent study addressed the role o f  p38 within macrophages with the use o f  a 

p3 8 a  knockout macrophage (Kang et al., 2008). Interestingly, p 3 8 a  deficiency within 

macrophages causes a significant inhibition in the production o f  LRS-induced T N F -a  but it 

had little or no effect on lL-6 production. They observed that p 3 8 a  deficiency did not 

affect LRS-induced activation o f  the other major signalling pathways such as NF-kB, JNK 

and ERK with in macrophages. It had little inhibitory effect on LRS-induced AR-1 activity, 

but it significantly inhibited LRS-induced C/EBR-(3 and CREB activation, indicating that 

the role o f  p38a  in cytokine production in macrophages is partially regulated by C/EBR-P 

and CREB activation (Kang el al.. 2008). It is therefore possible that the reduction in 

whole cell p38 and phosphorylated p38 induced predominately by ERA may be responsible 

for the reduction in TN F-«  secretion observed in the LRS stimulated macrophages within 

this study.

Whole cell J NKl  was not up-regulated in LRS stimulated macrophages relative to 

the unstimulated control macrophages. However, whole cell JNK levels were significantly 

reduced in LRS stimulated macrophages pre-treated with ERA and DHA relative to LRS 

stimulated control macrophages. Interestingly, activated threonine/tyrosine phosphorylated 

JNK expression was significantly induced in LRS stimulated macrophages compared to the 

unstimulated DM SO treated macrophages. Rre-treatment o f  ERA and DHA significantly 

reduced phosphorylated JNK expression within the LRS stimulated macrophages. JNK 

activation leads to the phosphorylation o f  transcription factors, most importantly the c-Jun 

component o f  AR-1 (Tournier el al., 2000; Ventura el al., 2003) leading to expression o f  a 

variety o f  cytokines such as T N F -a  and lL-6 (Tsutsumi el al., 2002). Therefore, the 

reduction in LRS induced cytokine secretion may be in part due to the reduction in JNK 

activity induced by ERA and DHA pre-treatment o f  the macrophages. Interestingly, 

through the use o f  a JNK inhibitor Nieminen el al. (2006) determined that the JNK 

pathway is involved in the up-regulation o f  COX-2 expression in J774 macrophages
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(Nieminen el al., 2006). It seems likely EPA and DHA may down regulate JN K  activity 

therefore modulating prostaglandin production by inhibiting the COX-2 pathway.

Serine phosphorylation and activation o f  iKB-a was induced by LPS stimulation. 

N F - k B proteins are sequestered in the cytoplasmic compartment by Ik B s such as iKB-a, 

once iKB-a is serine phosphorylated it is degraded allowing free NF-kB  to enter the 

nucleus and activate transcription. Pre-treatment o f  EPA and DHA significantly reduces 

the phosphorylation o f  iKB-a within the LPS stimulated m acrophages suggesting NF-kB  

transcriptional activation is reduced. Further analysis is required to obtain more 

information on the transcriptional activity o f  NF-kB within the .1774.2 m acrophages by 

establishing NF-KBp65 expression within the cytoplasm and nucleus. Furthermore, it 

would be interesting to examine expression o f  TLR4 in addition to expression o f  

downstream molecules o f  the TLR4 such as MyD88 and TR A F6 (which are upstream o f  

•INK, p38 and NF-kB) in EPA and DHA pre-treated macrophages. Additionally, it would 

be important to observe what effect EPA and DHA have on unstimulated m acrophages and 

cytokine stimulated macrophages to determine which effects o f  EPA and DHA are 

LPS/TLR4 specific.

After the initial adipocyte and macrophage experiments examining the effects o f  

FiPA and DHA. a co-culture o f  adipocytes and macrophages was developed. The co-culture 

acts as a model for obesity induced insulin resi.stance in which ATM accumulation and 

therefore increased pro-intlammatory cytokine production is associated with a reduction in 

insulin sensitivity through down-regulation and modulation o f  the insulin signalling 

molecules within adipocytes. Firstly, cytokine and adipokine secretion was determined 

within the co-culture. Interestingly, treatment o f  adipocytes with unstimulated and 

stimulated macrophages resulted in a significant decrease in adipocyte adiponectin 

secretion in the contact and transwell co-culture systems compared to adipocytes alone 

suggesting these adipocytes may be less insulin sensitive. Furthermore, there was very 

little difference between the contact and transwell systems suggesting the macrophages 

affect the adipocytes via soluble molecules. Unexpectedly, the data suggests that acute 

EPA and DHA treatment o f  the m acrophages in an unstimulated state has a negative effect 

on adipocyte adiponectin secretion in the co-culture. However, DHA pre-treatment o f  the 

I.PS stimulated macrophages had a positive effect on adipocyte adiponectin secretion 

within the contact co-culture system, suggesting DHA pre-treatment o f  the macrophages 

reduce infiammatory and attenuates the insulin resistant sate within the adipocytes. 

Treatment o f  adipocytes with unstimulated and LPS stimulated macrophages resulted in a
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significant increase in T N F -a ,  IL-6 and IL - ip  secretion from  the co-cu lture  system s 

com pared  to ad ipocytes alone. T rea tm ent o f  ad ipocy tes  w ith  uns tim ula ted  and LPS 

s tim ulated  m acrophages  treated w ith  E P A  and D H A  show ed  a significant decrease  in these 

cy tokines  suggesting  E PA  and  D H A  reduce in f lam m ation  w ithin  the co-cu lture  model.

W ithin  the acute co-culture system  gene expression  analysis  de term ined  that 

adipocytes  treated with  LPS s tim ulated  and unstim ulated  m acrophages  results in a 

significant decline in insulin sensitive m arkers  G L U T 4  and IRS-1. T he  m acrophages  

clearly induce a strong effect on the ad ipocytes o f  the co-culture  in significantly  reducing 

gene expression  o f  insulin sensitive markers. Interestingly, both the LPS s tim ulated  and 

unstim ulated  m acrophages  induce a very s im ilar effect on insulin  sensitive m arkers  within 

the ad ipocytes suggesting  that the in flam m atory  state o f  the m acrophage  is not necessarily  

im portan t for inhibiting  insulin sensitive gene expression  w ith in  the adipocyte. Insulin 

resistance in obesity  and T 2 D M  is m anifested  by decreased  insu lin-s tim ulated  glucose 

transport and m etabo lism  (R eaven . 1995), therefore  these  results suggest that m acrophages  

m ay play a strong role in obesity  induced  insulin resistance and T 2 D M  by inhibiting  gene 

expression  o f  the insulin sensitive markers. D H A  trea tm ent o f  the unstim ulated  

m acrophages  enhanced  G L U T 4 express ion  w ith in  the adipocytes  o f  the co-culture system, 

s im ilar trends were observed  for IRS-1 suggesting  EPA  and D H A  m ay attenuate  the 

insulin resistant effects induced by the m acrophages.

A dipocytes  co-cu ltured  w ith  LPS s tim ulated m acrophages  resulted  in an increase in 

T N F-a  and lL-6 m R N A  expression  com pared  to ad ipocy tes  alone. Interestingly, unlike the 

gene expression  o f  the insulin sensitive m arkers,  LPS stim ulation  o f  the m acrophages  is 

im portan t to inducing an increase in gene express ion  o f  in flam m atory  m arkers  w ith in  the 

adipocytes  o f  the co-culture. H ow ever,  w ith in  the contac t system  R N A  w as extracted from 

a com bination  o f  adipocytes  and m acrophages, therefore the significant up-regula tion  in 

in llam m atory  m R N A  m ay be due to the m acrophages  and not the adipocytes  w ith in  this 

system. How ever, trends are s im ilar w ith in  the transw ell system  suggesting  the adipocytes 

are also pro-in f lam m atory  with increased express ion  o f  cy tokine  m R N A . A dipocytes  c o ­

cu ltured  with LPS s tim ulated  m acrophages  pre-treated  with  E P A  and  D H A  show ed  a 

decline in T N F -a  and  lL-6 n iR N A  in both the contac t and transw ell system s w h ich  m ay 

suggest that LC n -3  PU FA  m ay have a therapeutic  effect on reducing  in f lam m ation  in 

obesity. EPA  and D H A  had intriguing but m odera te  affects  on insulin  sensitive and pro- 

in tlam m ator \ '  target express ion  w ith in  this co -culture  system. H ow ever,  a chronic E PA  

and D H A  treatm ent (5 day trea tm ent) m ay show  m ore significant effects  w ith in  this co ­

culture system and will be exam ined  extensive ly  in chap te r  6.
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In conclusion , w ith in  3T3-L1 adipocytes  ch ron ic  E PA  and  D H A  trea tm ent had 

variable effects. E PA  trea tm ent increased leptin secretion levels and im proved  insulin  

induced g lucose  uptake suggesting  E P A  m ay have insulin  sensit is ing  effects. C onverse ly ,  

D H A  reduced  G L U T 4  significantly  and reduced  insulin induced  g lucose up take 

m oderately . This  m ay  suggest D H A  has negative  effects  on insulin  sensitivity  w ith  

adipocytes. D H A  also appeared  to induce lipolysis and  reduce differentiation , w h ich  m ay 

also accoun t for the subtle  reduction in insulin  induced  g lucose  uptake. Therefore , D H A  

m ay induce an ti-obesity  effects  and prevent further grow th  o f  adipocytes  by inh ib it ing  

d ifferentiation o f  pre-ad ipocytes ,  inducing  lipolysis and reducing  g lucose  uptake th rough  

the dow n regula tion  o f  G L U T 4. D H A  m ay  also reduce the harm ful effects o f  pro- 

in tlam m atory  cy tokines  such  as T N F - a  on ad ipocy te  insulin  sensitiv ity  th rough  reduction  

o f  E R K  signalling. H ow ever,  further expe rim en ts  are required  to exam ine  i f  E P A  and 

D H A  trea tm ent can a ttenuate  the p ro - in f lam m atory  state and  reduced  insulin sensitiv ity  

associa ted  w ith in  inflam ed adipocytes. In general, the effects  o f  E PA  and D H A  on J774 .2  

m acrophages  w ere  m ore  consistent,  with E P A  and D H A  reducing  inflam m atory  cy tok ine  

p roduction  w hile  dow n-regu la t ing  and reducing  phosphory la tion  o f  p38, J N K l /2  and  Ik B -  

a .  A co-culture o f  ad ipocy tes  and m acrophages  w as  then deve loped  as a m odel o f  obesity  

induced insulin resistance. T he co-cu lture  data  suggests  that obesity  is associa ted  w ith  the 

generation  o f  m acrophage-derived  soluble factors that p rom ote  a p ro - in f lam m atory  

env ironm en t lead ing  to insulin-resis tan t ad ipocyte  function. F urtherm ore , this w ork  has 

show n  that p re-cu lturing  m acrophages  w ith  E P A  and D H A  can attenuate  the in flam m atory  

effect as well as increasing  insulin  sensitive m arkers.  H ow ever,  an experim ent us ing  a 

longer p re-trea tm ent o f  the m acrophages  with  LC n -3  P U F A  w ith in  the co-cu lture  system  

will be used to define the effects  m ore  extensively . A b roader spec trum  o f  genes  and 

p roteins will be exam ined  w ithin  this chronic  trea tm ent co-culture  m odel to identify  the 

effects  o f  EPS s tim ulated  m acrophages  pre-treated w ith  E P A  and  D H A  on ad ipocy tes  

w ith in  the co-culture.
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Chapter 6

The Effects o f  LPS Stimulated M acrophages Pre-treated with EPA and DHA on 

Inflammatory and Insulin Signalling within 3T3-L1 Adipocytes o f  a Co-culture

System

6.1 Introduction

A major advancement in our understanding o f  obesity came in 2003 when Weisberg and 

colleagues noted that obesity alters adipose tissue metabolic and endocrine function 

leading to an increased release o f  free fatty acid (FFA), hormones and pro-inflammatory 

molecules that contribute to obesity associated complications (Weisberg et al.. 2003). To 

further characterize the changes that occur in adipose tissue with increasing adiposity, 

Weisberg et al. (2003) performed microarray analyses comparing adipose tissue RNA 

profiles o f  various mouse models o f  obesity and identified a subset o f  genes consistently 

expressed in obese mice. Further analyses determined that this gene set, not typically 

expressed in adipocytes, was macrophage-derived (Weisberg et a l ,  2003). Xu et al. (2003) 

reported similar findings and also observed that thiazolidinedione (TZD) treatment could 

repress the expression o f  macrophage-specific genes, providing an additional mechanism 

by which TZD treatment improves insulin sensitivity (Xu et a l ,  2003). Weisberg et al. 

(2003) used immunoliislochemical analysis o f  various adipose tissue depots to demonstrate 

that the percentage o f  cells expressing the macrophage marker F4/80 (F4/80+) was 

significant and positively correlated with both adipocyte size and body mass. They 

established that the F4/80+ cells are colony stimulating factor (CSF)-I dependent, bone 

marrow-derived adipose tissue macrophages (ATM ) (Weisberg et al., 2003).

fhe importance o f  macrophage accumulation in obesity induced insulin resistance 

was revealed in mice deficient in CC chemokine receptor (CCR)-2, the receptor for 

monocyte chemotactic protein (M C P)-l .  CCR2 regulates monocyte and macrophage 

recruitment and Weisberg et al. (2006) examined CCR2'^' mice. These mice showed 

reduced food intake with attenuated development o f  obesity in mice fed a high fat diet 

(HFD) (Weisberg et al., 2006). hnportantly, in obese mice matched for adiposity, CCR2 

deficiency reduced macrophage content while reducing the inflammatory profile within the 

adipose tissue, adiponectin expression was increased, hepatic steatosis ameliorated and 

systemic glucose homeostasis and insulin sensitivity was improved (Weisberg et al., 2006). 

This data indicates that CCR2 and the associated reduction in ATM  influences the 

development o f  obesity induced insulin resistance. Similarly, IL-lRf^ ' mice, which are 

though to have reduced macrophage activity, were observed to be more insulin sensitive
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during a HFD as discussed in chapter 3. Furthermore, mice with a macrophage-specific 

deletion o f  peroxisome proliferator-activated receptor (PPAR)-y were shown to have 

impaired M2 activation. These mice were predisposed to diet-induced obesity, insulin 

resistance, and glucose intolerance suggesting that macrophage polarization towards M2 

might be a useful strategy for treating type 2 diabetes mellitus (T2DM) (Odegaard el ciL, 

2007b).

Importantly, ATM have been shown to produce many o f  the pro-inflammatory 

molecules released by adipose tissue including tumour necrosis factor (TNF)-a and a 

significant portion o f  nitric oxide synthase (NOS) -2 and interleukin (lL)-6 gene expression 

(Weisberg el a i ,  2003). As discussed in chapter 4 these pro-intlammatory molecules are 

capable o f  inducing insulin resistance within adipocytes through cross talk with insulin 

signalling pathways. However, it is also important to note that other immune cells such as 

cytotoxic r  cells are also thought to contribute to the local and generalised inflammatory 

state observed in obesity. Consequently, whether the influx o f  macrophages or other 

immune cells proves upstream, these processes must be downstream of an initiating event, 

such as hypoxia or adipocyte cell death. Briefly, Weisberg et al. (2007) determined that 

obesity in male C57BL/6J mice is associated with increased expression o f  hypoxia- 

inducible factor (HIF) isoforms in adipose tissue (Rausch el al., 2008) suggesting hypoxia 

is elevated in obesity. Immunohistochemistry revealed hypoxic areas co-localize 

predominantly with F4/80+ macrophages indicating macrophages may infiltrate into 

adipose tissue to stimulate angiogenesis and reduce hypoxia (Pang el a l ,  2008). 

Additionally. Cinti el al. (2005) demonstrated that more than 90% of  all macrophages in 

white adipose tissue (WAT) are localized to dead adipocytes, suggesting that scavenging 

o f  adipocyte debris is an important function o f  the ATM in obese individuals (Cinti et a i ,  

2005).

Most notably Suganami and Lumeng have explored the effects o f  macrophages on 

adipocytes within co-culture models. Suganami el al. (2005) co-cultured differentiated 

3T3-L1 adipocytes and RAW 264 macrophages and observed a marked up-regulation of 

pro-inflammatory cytokines, such as TNF-a, and the down-regulation of adiponectin 

(Suganami el a l ,  2005). Importantly, production of TNF-a from the macrophages was 

markedly increased by palmitate, a major FFA released from 3T3-L1, suggesting FFA may 

be important adipocyte-derived mediators of macrophage inflammation (Suganami et a i ,  

2005). Later in 2007 Suganami et al. determined that the co-culture resulted in the 

activation o f  NF-kB in both macrophages and adipocytes (Suganami el a i ,  2007b).
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Interestingly, pharmacological inhibition of NF-kB markedly suppressed the co-culture 

induced production o f  pro-inflammatory cytokines and adipocyte lipolysis (Suganami et 

a i ,  2007b). Furthermore, peritoneal macrophages obtained from toll like receptor (TLR)-4 

mutant mice exhibited significant attenuation o f  TN F-a production in response to saturated 

fatty acids (SFA). Notably, co-culture of hypertrophied adipocytes and TLR4-mutant 

macrophages resulted in inhibition o f  pro-inflammatory cytokine production and adipocyte 

lipolysis (Suganami et a i ,  2007b). Additionally, they determined that the inflammatory 

changes induced by the co-culture o f  adipocytes and macrophages are significantly 

abolished by inhibiting mitogen-activated protein kinase (MAPK) activity suggesting that 

MAPK pathways are involved in the induction o f  inflammator}' changes associated with 

adipocytes and macrophages (Suganami el a l ,  2005). Fundamentally, these findings 

suggest that SFA released from hypertrophied adipocytes via the macrophage-induced 

adipocyte lipolysis serves as a naturally occurring ligand for 1 LR4, thereby inducing the 

inflammatory changes in both adipocytes and macrophages through NF-kB and MAPK 

activation.

Additionally, in 2007 Lumeng and colleagues examined whether macrophages can 

modify insulin responsiveness and glucose metabolism in adipocytes o f  a co-culture 

system, fhey observed that macrophage-secreted factors reduced insulin-stimulated 

glucose uptake in adipocytes via down-regulation o f  glucose transporter (GLUT)-4 and 

insulin receptor substrate (IRS)-l. Consistent with this, insulin-stimulated GLUT4 plasma 

membrane translocation was attenuated by macrophage-secreted factors. GLUTl 

transporters were up-regulated, correlating with increased basal glucose uptake. Treatment 

o f  macrophage-conditioned medium with TNF-a-blocking antibodies partially reversed 

this inhibitory effect, which was also seen during direct and indirect co-culture. 

Essentially, they demonstrate that macrophage derived factors can limit the ability of 

adipocytes to take up glucose upon insulin stimulation (Lumeng et a i ,  2007b). 

Interestingly, adipocytes conditioned medium (CM) containing various adipokines such as 

lL-6, MCP-1 and resistin can induce insulin resistance with a significant decrease in 

insulin-stimulated phosphorylation of protein kinase B (PKB/Akt) and glycogen synthase 

kinase (GSK)-3 within a human liver cell line FlepG2 (Zhou et uL, 2007). This suggests 

that adipocyte derived factors may play an important systemic role in whole body insulin 

resistance and inflammation, which may be exacerbated by the presence of ATM.

New studies suggest that therapeutic strategies for obesity induced insulin

resistance may be to reduce the pro-intlammation environment induced by the ATM. A

recent study examined the effects o f  salicylate on the cross-talk between the macrophages
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and adipocytes (An et a!., 2009). Exposure to RAW  264 macrophage media (CM) resulted 

in an increase in gene expression and/or protein secretion o f  TNF-a, IL-6 and resistin with 

a decrease in the gene expression o f  PPAR-y and adiponectin in 3T3-L1 adipocytes (An et 

al., 2009). Salicylate effectively reversed these changes inhibiting phosphorylation o f  NF- 

kB in adipocytes incubated with the CM  suggesting salicylate blocks inflammatory process 

in the pathogenesis o f  inflammation-related insulin resistance (An et al., 2009). 

Furthermore, in a co-culture o f  3T3-L1 adipocytes and RAW  264 macrophages, PPA R-a 

ligands (W yl4643) were observed to reduce MCP-1 and T N F -a  m RN A  expression and 

secretion in vitro relative to the vehicle control treated group (Toyoda et a i ,  2008).

Long chain (LC) n-3 polyunsaturated fatty acids (PUFA) may also be able to 

attenuate the pro-inflammatory phenotype o f  the macrophages, therefore improving insulin 

sensitivity within adipocytes o f  the co-culture system. LC n-3 PUFA such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been shown to 

decrease the production o f  inflammatory eicosanoids, cytokines, and reactive oxygen 

species while reducing expression o f  adhesion molecules (Calder. 2006) from many 

different cells including the macrophage as discussed in chapter 5. However, relatively 

little is known about the ability o f  LC n-3 PUFA to attenuate inflammation and therefore 

improve insulin signaling within a co-culture o f  macrophages and adipocytes. However, 

Itoh et al. (2007) examined the effect o f  EPA on adiponectin production in an in vitro  co­

culture o f  3T3-L1 adipocytes and RA W  264 macrophages (Itoh et al.. 2007). Adiponectin 

m RN A  expression and secretion to the media were significantly reduced in adipocytes co­

cultured with macrophages (Itoh et a l ,  2007). Treatment with EPA reversed significantly 

the co-culture induced decrease in adiponectin secretion in a dose-dependent manner 

whereas adiponectin m R N A  expression was unchanged (Itoh et a l ,  2007). Furthermore, 

EPA did not significantly affect adiponectin secretion and m RNA expression in 3T3-L1 

adipocytes alone. Additionally, it was determined that treatment with EPA at doses o f  100 

and 200 |^Mol/L suppresses significantly the co-culture induced increase in T N F -a  mRNA 

expression, which occurs predominantly in the RA W  264 macrophages o f  the co-culture 

system (Itoh et al., 2007).

Within this chapter the interaction between LPS stimulated macrophages and 

adipocytes in vitro  were examined within the context o f  a transwell co-culture system and 

with the incubation o f  macrophage conditioned media (CM) with adipocytes. These 

models allow the simplification o f  an extremely complex human disease state and give a 

foundation to understanding some o f  the mechanisms taking place between adipocytes and 

macrophages within obesity induced insulin resistance. Importantly, the co-culture system
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w as used to de term ine  if  LC n -3  P U F A  can attenuate  the p ro - in t lam m ato ry  pheno type  o f  

the LPS s tim ulated  m acrophages ,  reducing  m acrophage  induced  in f lam m ation  on  the 

ad ipocytes  therefore increasing expression  o f  insuHn sensitive targets  such as G L U T 4, 

lRS-1 and ad iponectin  and finally im prov ing  insulin sensitivity  w ith in  ad ipocy tes  o f  the 

co-culture  system.
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6.2 Material and methods 

6.2.1 Experimental design

A transw ell co -cu lture  o f  LPS s tim ulated  J774 .2  m acrophages  pre-treated w ith  ERA, D H A  

or D M S O  vehic le  control and  m ature  3T3-L1 ad ipocy tes  w ere  exam ined  as desc ribed  in 

section 2 .2 .1 1. Briefly, J774 .2  m acro p h ag es  w ere  pre-treated with  50 )iM ol/L  ERA, D H A  

or an equ iva len t v o lum e o f  D M S O  vehicle  control in D M E M  with 10% PC S for 5 days 

term ed the chronic  trea tm ent.  M acrophages  w ere  s tim ulated  w ith  100 ng/m l LRS during 

the final 48 hours  o f  the LC n -3  P U F A  chronic  trea tm ent.  W ith in  the transw ell  co-cu ltured  

system  3T 3-L I adipocytes  w ere  g ro w n  to confluencey  and  d ifferen tia ted  for six days in 6- 

well plates as described  in sec tion  2.2.4. T reated  m acrophages  w ere  transferred  to 

perm eab le  inserts above  the d iffe ren tia ted  ad ipocytes  for 24 hours.

The cond it ioned  m ed ia  from  LPS stim ulated  .1774.2 m acrophages  (C M ) pre-treated  

w ith  ERA. D H A  or D M S O  veh ic le  control w as  co llec ted  and incubated  w ith  m ature  3T3- 

L1 adipocytes  for 48 hours as d iscussed  in section 2.2.11. Briefly, M acro p h ag es  w ere  p re­

treated with 50 ).iMol/L ERA, D H A  o r  vehicle  control in D M E M  w ith  1% FC S  for 3 days. 

M acrophages  w ere  then s t im ulated  w ith  100 ng/m l LPS for 30 m inutes ,  w ash ed  tw ice  and 

D M E M  with  1% serum  and 50 ).iMol/L ERA, D H A  or vehicle  control rep laced  for a further 

48 hours. 3T3-L1 ad ipocy tes  w ere  g ro w n  to con f luencey  and  d ifferen tia ted  for six days in 

12 well plates as described  in sec tion  2.2.4. M acrophage  C M  w as co llec ted  and  incubated 

with m ature  d ifferentiated  3T3-L1 ad ipocy tes  in 12 well plates for 24 hours. A dditionally , 

m acrophages  w ere  pre-treated  w ith  50 |^Mol/L ERA, D H A  or vehic le  control in D M E M  

with 1% FC S for 4 days. M ac ro p h ag es  w ere  then s t im ulated  with  100 ng/m l LRS for 30 

m inutes,  w ashed  tw ice  and D M E M  w ith  1% serum  and 50 |.iMol/L ERA, D H A  or vehicle 

control replaced for a further 24 hours.  3T3-L1 ad ipocytes  w ere  g row n  to conf luencey  and 

d ifferentiated  for six days in 12 well p lates as described  in section 2.2.4. M acro p h ag e  C M  

w as co llec ted  and incubated  with  m atu re  d iffe ren tia ted  3T3-L1 adipocytes  in 12 well plates 

for 48 hours. F igure 6.1 illustrates an  ou tl ine  o f  cell cu lture  expe rim en t conditions.
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Figure 6.1 In the chronic system (a), macrophages were pre-treated with EPA/DHA for 5 
days and stimulated with LPS (100 ng/ml) for 48 hours prior to co-culture in a transwell 
system for 24 hours. In the conditioned media (CM) experiments (b), macrophages were 
pre-treated with EPA/DHA for a total o f  5 days. The macrophages were stimulated with 
LPS for 30 minutes, washed and incubated for 24/48 hours in media containing EPA/DHA. 
CM was collected and incubated with the adipocytes for 24/48 hours.
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6.2.2 M acrophage and adipocyte fatty acid composition analysis

I'o ensure that exogenous fatty acids were incorporated into J774.2 macrophages, the fatty 

acid composition o f  the EPA and DHA treated macrophages was assessed. The fatty acid 

composition o f  the 3T3-L1 adipocytes within the co-cuhure was also assessed by gas 

chromatography (GC) as described in section 2.4. Briefly, Lipid was isolated from cells in 

accordance to the Bligh and Dyer method (Bligh and Dyer, 1959; Byrdwell et a i ,  2002). 

Total lipids were transmethylated and fatty acids were then separated and detected by a 

Shimadzu GC 2010 (Mason Technologies) equipped with a flame ionisation detector, a 

fused silica capillary column (Omegawax, 30 m x 0.25 mm inner diameter, 0.2 |im  film; 

Supelco Inc.) and GC solutions software (Mason Technologies). Fatty acids were 

identified according to their retention times in comparison to two FA M E standards 

(Supelco inc.). The fatty acid composition was represented as a relative percentage o f  the 

total quantified fatty acids.

6.2.3 m RNA analysis (TaqM an®  RT-PCR)

Total RNA was extracted from 3T3-L1 adipocytes using an RNeasy Mini kit from Qiagen 

as described in section 2.7.1. After extraction RNA was quantified and quality assessed 

using a Nano-Drop as described in section 2.7.2. RNA was deoxyribonuclease (DNase) 

treated and cDNA was synthesised using SuperScript® VILO™  (Invitrogen Corporation) 

as described in section 2.7.4 and 2.75 respectively. Gene expression was quantified by 

real-time RT-PCR on an ABl PRISM 7900HT sequence detection system from Applied 

Biosystems as described in section 2.7.6. IRS-1, GLUT4, PPARy, sterol regulatory 

elem ent-b inding  protein (SR E B P)-lc , fatty acid binding protein (FABP)-4, TLR4, resistin, 

adiponectin, T N F-a ,  lL-6, lL-1 receptor I (IL-lR l), IL-IRII, IL -ip ,  lL-1 receptor 

antagonist (IL-lRa), and 18S were investigated using pre-developed primer probe kits 

purchased from Applied Biosystems. The comparative Ct method also known as the AA Ct 

method was used to calculate gene expression levels. This involves comparing the Ct 

values o f  the samples o f  interest with a control in this case 3T3-L1 adipocytes. The Ct 

values o f  both the calibrator and the samples o f  interest were normalized to an appropriate 

endogenous housekeeping gene in this case 18S.

6.2.4 Protein analysis and W estern blotting

Cells were washed in PBS and total cell lysates were extracted with RIPA buffer with

protease inhibitor cocktail (Sigma-Aldrich) as described in section 2.8.1. Protein

concentrations were assessed using the Bradford assay. 10|ag o f  protein was separated by
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elec trophoresis  through sodium  dodecyl su lphate  po lyacry lam ide (S D S -P A G E ) gels and 

the proteins were then transferred  to a n itrocellu lose m em b ran e  as described  in section 

2.8.3 and 2.8.4. Details o f  the W estern  b lo tting  and  an tigen  detec tion  techn iques  are 

described  in section 2.8.5 and 2.8.6. Briefly, m em b ran es  w ere  b locked  using  5%  B SA  in 

I BS with 0 .1%  tw een  20 and then incubated  overn igh t at 4°C with  an tibod ies  specific to 

G L U T 4  (M illipore), IRS-1, inh ib itor  o f  k B (iK B )-a , phosphory la ted - lK B -a  (Ser32), 

phosphory la ted-c-Jun  N -term inal k inase  ( J N K ) l /2  p54 /46  (T h r l8 3 /T y r l8 5 ) ,  p38 m itogen- 

activated  protein kinase (M A P K ). phosphory la ted-p38  (T h r l8 0 /T y r l8 2 ) ,  phosphory la ted- 

p44/42 M A P K  (extracellu lar s ignal-regula ted  k inases [E R K l/2 ] ,  T h r202 /T yr204 ; Cell 

S ignalling  Technology® ), PPA R -y (A beam ), nuclea r factor (NF)-KBp65, J N K l  p83, p44 

M A P K  ( E R K l ;  Santa C ruz  B io techno logy  Inc.). C orrect loading  o f  protein  w as confirm ed  

by blotting for actin (S igm a-A ldrich).  M em b ran es  w ere  w ashed  in T B S  with  0 .1%  tw een 

(S igm a-A ldrich) and then incubated  with peroxidase  con jugate  anti-rabbit an tibody (Santa 

C ruz  B iotechnology Inc.) for 2 hours at room  tem perature.  A fter  further w ashing , 

im m unoreac tive  bands were v isualized  using an enhanced  chem ilum inescence  reaction 

(S upersigna l®  W est Pico C em ilu m in escen t  Substrate, P ierce B io technology). M em branes  

w ere exposed  to film for 1 to 10 m inu tes  and processed  using a X oG raph  au tom atic  X-ray 

p rocessor (Healthcare Ltd.). T he posit ion  o f  the band w as conf irm ed  by the inclusion o f  

suitable m olecular  w eight m arkers  (B io -R ad  Laboratories). Protein bands were quantified  

by densitom etry  using the T IN A  softw are  version 2 .09c (Raytest, S traubenhard t,  G erm any) 

and protein levels were expressed  as percentage change re lative to ad ipocy tes  alone.

6.2.5 ELISA analysis

Supernatan ts  were collected  from  the cells and E L ISA  analysis  w as carried out using 

com m ercia lly  available kits from  R and D System s for leptin. resistin, ad iponectin , T N F -a ,  

IL-6 and IL - ip  as described in section 2.9.1. Briefly, the p rim ary  or cap ture  an tibody 

specific to the antigen w as coated  to the w alls  o f  a 96 well m icro ti ter  plate. S tandards were 

provided  with  the kits and w ere  reconstitu ted  to w ork ing  concen tra tions  by serial 1 ;2 

d ilu tions  in reagent diluent. Superna tan t and standards  w ere  added  directly  to the 96-well 

m icro titer coated with capture an tibody and  antigens becam e im m obil ized  by the capture 

antibody. T he secondary or detec tion  an tibody w as added  to the w ells  and  bound  to the 

im m obilized  antigen. T he detection  an tibody w as con jugated  with  horse rad ish  perox idase  

(H R P ) and substrate te tram ethy lbenzid ine  (T M B ) w as added  to each well. The 

im m obilised  I I RP o f  the detec tion  an tibody acts  on  the T M B  causing  a b lue co lou r  to 

deve lop  proportionally  to the am o u n t  o f  an tigen present. H 2SO 4 stops the ox idation  o f
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T M B  and changes the b lue co lour  to yellow. A bsorbance  o f  the w ells  w as read in the 

m icroplate  reader at 4 50  nm  with a  w aveleng th  correc tion  o f  570 nm. A standard curve 

w as construc ted  for each  assay and  sam ple  concen tra tions  w ere  ca lculated  through  the 

equation  o f  the s tandard  curve.

6.2.6 Oil red O staining

A fresh w ork ing  so lu tion  o f  oil red O  w as p repared  as described  in section  2.5. A dipocy tes  

were w ashed  in PBS and  fixed in 10% neutral buffered  form alin  (S igm a-A ldrich).  Cells 

w ere  w ashed  again and  the w o rk in g  so lu tion  o f  oil red O  w as added. C ells  w ere  w ashed  

and observed  under m icro sco p e  (N ikon  C orpora tion);  im ages w ere  taken  using  M atrox  

Intellicam (M atrox  E lec tronic  System s Ltd.). Oil red O s tain ing w as ex tracted from  the 

ad ipocytes w ith  100% isopropanol.  Isopropanol w as  used as a b lank and optical density  

w as  m easured  at 500 nm . V alues  w ere  expressed  as percen tage change re lative to 

adipocytes.

6.2.7 Glucose uptake assay

G lucose  up take w as  ana lyzed  in 3T3-L1 adipocytes  as described  in section 2.6. C ells  were 

incubated  in serum  free m ed ia  w ith  0 .2%  B SA  for 4 hours. C ells  w ere  then incubated  in 

PBS with 0 .2 %  B SA  for 30 m inu tes  prior to addition o f  100 nM ol o f  Insulin (S igm a- 

Aldrich) in PBS for 15 m inu tes ,  after w h ich  5 jaCi/ml o f  D eoxy-D -g lucose ,  2-['*H(N)] 

(Perk in -E lm er) in 1 m M o l g lucose  (S igm a-A ld rich )  w as added  to the cells and incubated 

for 10 m inutes.  Cells w ere  then w ashed  tw ice  and  then lysed in R IPA  buffer conta in ing  

protease inh ib itor  cockta il  (S igm a-A ldrich) .  T he sam ples  w ere  added  to scintilla tion fluid 

(National D iagnostics  Inc.) and assayed  for up take as coun ts  per m inu te  (Tri-Carb  

29 0 0 T R  low  activ ity  liquid sc in tilla tion  analyzer, Perk in-E lm er).

6.2.8 Confocal GLUT4 translocation analysis

M ature  d ifferentiated  3T3-L1 ad ipocy tes  w ere  cu ltured  on a 13 m m  cover  glass w ith in  the 

low er co m p ar tm en t  o f  a transw ell co-cu itured  system. J774 .2  m acrophages  w ere  p re­

treated with 50 )iM ol/L  E PA , D H A  or D M S O  vehic le  control for 5 days and s tim ulated  

w ith  100 ng/m l EPS during  the final 48 hours  o f  the EC n -3  P U F A  chronic  treatm ent.  The 

m ature  ad ipocy tes  w ere  then  co -cu ltu red  w ith  the m acrophages  in a transw ell system  for 

24 hours. T he  transw ell insert con ta in ing  m acrophages  w as rem oved  and 10 nM ol o f  

insulin was added  to each  well and  incubated  for 40  m inutes.  T he  ad ipocy tes  w ere  w ashed  

and fixed w ith  4 %  p a ra fo rm alde rhyde  (S igm a-A ldrich).  C ells  w ere  incubated  with  5%
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BSA to minimise non-specitlc background staining. The cell surface IgG was labelled 

with 0.5 mg/ml EZ-link Sulfo-NHS-LC-biotin followed by Texas red avidin D (Peirce 

Biotechnology). The cells were permeabilised using triton x-100 (0.1%, Sigma-Aldrich) 

and then incubated with BSA (5%). Cells were incubated with GLUT4 (Millipore) 

followed by a corresponding FITC conjugated secondary antibody (Abeam). The cover 

glass was mounted onto slides using a Dako mounting medium (Dako). Images were taken 

and co-localisation was analysed using a LSM510 M ETA confocal microscope (Carl Zeiss 

Microimaging Inc.) as described in chapter 2.10.

Briefly, using confocal microscopy specimens were recorded as a digital image 

composed o f  a multi-dimensional array containing many volume elements termed voxels 

that represent three-dimensional pixels. An argon-ion laser and helium-neon laser are 

switched on and a multi-track configuration selected, allowing detection o f  two or more 

fluorophores. The adipocytes o f  interest with good staining are selected. Gain and offset is 

used to adjust light intensities to match the dynamic range o f  the detector. A stack o f  

images (z stack) focused at regularly placed intervals through the depth o f  the object o f  

interest was taken allowing one to subsequently create renderings to visualize the entire 

sample in one or three dimensional. The co-localization o f  the two fluorescent probes 

within the adipocytes FITC (fluoresces at -^488 nm with absorption at -4 9 5  nm), which has 

green emission, and Texas red (fluoresces at -6 1 5  nm with absorption at - 5 8 9  nm), which 

has red emission, was represented in the image by pixels containing both red and green 

colour contributions. Graphical display for co-localization analysis o f  the pseudocolored 

specimen image was represented by a scatterplot, which correlates the relationship or 

association between two sets o f  data. Pearson's correlation coefficient was used to describe 

the degree o f  overlap between the two patterns i.e. the co-localisation. The value o f  this 

coefficient ranges from -1 to 1, with a value o f  -1 representing a total lack o f  overlap 

between pixels from the images and a value o f  1 indicating perfect image registration. 

However, the potentially negative values are difficult to interpret. Values between -1  and 0 

indicate some form o f  inverse relationship between the channels as may occur when one 

channel is very dim and the other bright (Pawley, 2006). Other coefficients provide further 

information regarding the nature o f  the co-localisation as well as being less sensitive to 

channel imbalances, however represent other problems and issues to the analysis (Pawley, 

2006).
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6.2.9 Data preparation and statistical analysis

Data was reported as M ean ± SEM . Statistical analysis was perform ed with SPSS (SPSS 

Inc.). I he distribution o f  data for each variable was assessed and variables transform ed to 

norm alise the distribution o f  data if  necessary. M ultiple com parisons were perform ed by 

one-w ay AN OV A. Individual inter-group differences were subsequently tested by post hoc 

LSD statistical analysis. A statistical probability o f  P ^  0.05 was considered statistically 

significant.
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6.3 Results

6.3.1 Effects of EPA and DHA treatment on J774.2 macrophage fatty acid 

composition

Fatty acid composition was analysed within J774.2 macrophages pre-treated with EPA, 

DHA and DMSO vehicle control as presented in Table 6.1 and Figures 6.2a, 6.2b and 6.3. 

Essentially, EPA concentrations were increased 8 fold in macrophages treated with EPA 

while DFIA concentrations were increased 11 fold in DHA treated macrophages.

However, chronic EPA and DHA treatment significantly reduced myristate (C l4:0) 

levels approximately 4% and 3% respectively within the J774.2 macrophages relative to 

DMSO treated controls (P < 0.017 and P < 0.030). EPA and DHA treatment o f the 

macrophages reduced palmitoleic acid (C l6:1 n-7) concentrations 17% and 20% relative to 

DMSO treated macrophages (P < 0.068 and P < 0.045). Oleic acid (OA, C l8:1) levels 

were significantly reduced 5% and 6% within macrophages treated with EPA and DHA 

relative to DMSO treated controls (P < 0.009 and P < 0.002). Linoleic acid (LA, C l8:2 n- 

6) concentrations were significantly reduced 4% and 5% in EPA and DHA treated 

macrophages compared to DMSO treated controls (P < 0.009 and P < 0.004). Chronic 

DHA treatment o f the macrophages significantly reduced a-Linolenic acid (ALA, C l 8:3 /?- 

i )  and gondoic acid (C20:l fi-9) concentrations 0.09% and 0.05% compared to DMSO 

treated macrophages (P < 0.046 and P < 0.051). Eicosatrienoic acid levels were 

significantly reduced -0 .07%  in both EPA and DHA treated macrophages relative to 

DMSO treated control macrophages (P < 0.010 and P < 0.007). Interestingly, both EPA 

and DHA treatment significantly increased EPA levels approximately 6% and 3% 

respectively within the J774.2 macrophages relative to DMSO treated controls (P < 0.001 

and P < 0.001). Furthermore, docosapentaenoic acid (DPA, C22:5 n-3) levels were 

increase 16% in EPA treated macrophages relative to DMSO treated macrophages (P < 

0.001). Importantly, both EPA and DHA treatment significantly increased DHA levels 2% 

and 27% respectively within the J774.2 macrophages relative to DMSO treated controls (P 

<0.001 and P <0.001).

fotal SFA concentrations were not significantly altered in macrophages treated 

with LC n-S PUFA however, total MUFA levels were significantly reduced 22% and 26% 

in macrophages treated with EPA and DHA respectively relative to DMSO treated 

macrophages (P < 0.009 and P < 0.004; Figure 6.3). Total PUFA concentrations were 

increased approximately 23% and 24% within macrophages treated with EPA and DHA 

respectively (P < 0.001 and P < 0.001). Interestingly, total /i-6 PUFA levels were 

significantly reduced 7% in DHA treated macrophages (P < 0.011) while total n-3 PUFA
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levels were significantly increased w ithin EPA (26%  increase) and DHA (30%  increase) 

treated m acrophages relative to DM SO treated control m acrophages (P < 0.001 and P < 

0 .001 ) .

247



248

Table 6.1 The effects of EPA and DHA treatment on fatt\ acid composition within J774.2 macrophages. J774.2 macrophages were treated with 
50 pMol/L EPA. DHA or DMSO vehicle control for 5 days prior to fatty acid analysis by gas liquid chromatography. The fatty acid composition is 
represented as a relative percentage o f the total quantified fatty acids. Data is presented as mean ± SEM, n = 5. *** P < 0.001, ** P < 0.01, * P < 0.05 
relative to DMSO treated macrophages. One-way ANOVA was performed within each group followed by post hoc LSD analysis.

Macrophage Treatment

DiVlSO EPA DHA
Mean SEM Mean SEM Mean SEM

Myristate SFA C14:0 7.72 1.43 4.24* 0.43 4.62* 0.39
Palmitic acid SFA C16:0 29.57 5.94 32.56 1.10 34.02 0.33

Palmitoleic acid MUFA C16:l (/f-7) 26.41 10.73 8.80 0.16 6.80* 0.06
Stearic acid SFA C18:0 6.62 0.73 6.60 0.47 7.19 0.11
Oleic acid MUFA C18:l 9.97 1.88 5.17** 0.07 3.89** 0.11

Linoleic acid PUFA C18:2(/i-6) 7.70 1.60 3.59** 0.25 2 99** 0.04
y-Linolenic acid PUFA C l 8:3 in-6) 2.11 0.52 2.22 0.16 1.88 0.12
a-Linolenic acid PUFA C18:3(«-J) 0.12 0.05 0.10 0.04 0.01* 0.00
Stearidonic acid PUFA C 18:4(« -i) 0.10 0.03 1.75 1.72 0.03 0.00

Gondoic acid PUFA C20:l (n-9) 0.07 0.02 0.05 0.02 0.02* 0.00
Eicosatrienoic acid PUFA C20:3 (n-6) 0.78 0.26 0.12** 0.02 0.08** 0.01
Arachidonic acid PUFA C20:4 (n-6) 3.24 1.09 3.51 0.10 2.13 0.48

Eicosatetraenoic acid PUFA C20:4 (n-3) 0.14 0.07 0.14 0.01 0.14 0.01
Eicosapentaenoic acid PUFA C20:5 in-3) 0.85 0.18 7.05*** 0.29 3.66*** 0.04
Docosatetraenoic acid PUFA C22.4 (n-6) 0.23 0.13 1.68 1.06 0.06 0.01
Docosapentaenoic acid PUFA C22:5 (n-3) 1.89 0.37 18.01*** 1.00 3.04 0.09
Docosahexaenoic acid PUFA C22:6 (n-3) 2.74 0.41 4.43*** 0.09 29 45*** 0.23
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Figure 6.2 The effects of EPA and DHA treatment on EPA and DHA composition 
within J774.2 macrophages. J774.2 macrophages were treated with 50 |aMol/L EPA, 
DHA or DMSO vehicle control for 5 days prior to fatty acid analysis by gas liquid 
chromatography. The fatty acid composition is represented as a relative percentage o f the 
total quantified fatty acids. Data is presented as mean ± SEM. n = 5. *** P < 0.001, 
relative to DMSO treated macrophages. One-way ANOVA was performed within each 
group followed by post hoc LSD analysis.
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Figure 6.3 The effects of EPA and DHA treatment on total SFA, M UFA and PUFA  
composition within .1774.2 macrophages. .1774.2 m acrophages were treated with 50 
|iM ol/L  EPA. DHA or DM SO vehicle control for 5 days prior to fatty acid analysis by gas 
liquid chrom atography. The fatty acid com position is represented as a relative percentage 
o f  the total quantified fatty acids. Data is presented as m ean ± SEM , n = 5. *** P < 0.001, 
** P < 0.01. * P < 0.05 relative to DM SO treated m acrophages. One-way ANOV A was 
perform ed within each group follow ed by post hoc LSD analysis.
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6.3.2 Effects of J774.2 macrophages pre-treated with EPA and DHA on 3T3-L1 

adipocyte fatty acid composition within a transwell co-culture system

Fatty acid composition was analysed within 3T3-L1 adipocytes co-cultured with J774.2 

macrophages pre-treated with EPA, DHA and DMSO vehicle control as presented in Table

6.2 and Figure 6.4. Palmitic acid (PA, C l6:0) levels were significantly increased 

approximately 4% in 3T3-L1 adipocytes co-cultured with J774.2 macrophages pre-treated 

with DMSO, EPA and DHA relative to adipocytes alone (P < 0.022, P < 0.008 and P < 

0.027). Palmitoleic acid concentrations were reduced 5%, 7% and 6% in adipocytes co- 

cultured with macrophages pre-treated with DMSO, EPA and DHA respectively relative to 

adipocytes alone (P < 0.054, P < 0.015 and P < 0.028). Stearic acid (C l8:0) concentrations 

were significantly reduced 0.4% and 0.7% in adipocytes co-cultured with macrophages 

pre-treated with EPA and DHA respectively relative to adipocytes alone (P < 0.036 and P 

< 0.002). Furthermore, stearic acid concentrations were significantly reduced in adipocytes 

co-cultured with macrophages pre-treated with DHA relative to adipocytes co-cultured 

with DMSO pre-treated macrophages (P < 0.032).

Total SFA concentrations were significantly increased 4%, 4% and 3% in 

adipocytes co-cultured with macrophages pre-treated with DMSO, EPA and DHA 

respectively relative to adipocytes alone (P < 0.022. P < 0.008 and P < 0.027; Figure 6.4). 

Total MUFA levels were significantly reduced 4%, 5% and 4% in adipocytes co-cultured 

with macrophages pre-treated with DMSO, EPA and DHA respectively relative to 

adipocytes (P < 0.003. P < 0.001 and P < 0.002). Total PUFA and n-6 PUFA 

concentrations were not significantly modified in adipocytes co-cultured with 

macrophages. However, n-3 PUFA levels were significantly reduced in adipocytes co- 

cultured with macrophages pre-treated with DMSO and EPA relative to adipocytes alone 

(P <  0.005 and P <  0.052).
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Table 6.2 The effects of J774.2 macrophages pre-treated with EPA and DHA on 3T3-L1 adipocytes fatty’ acid composition within a transwell 
co-culture system. Fully differentiated 3T3-L1 adipoc>1es were co-cultured in a transwell system with J774.2 macrophages chronically pre-treated 
with 50 |.iMol/L EPA. DHA or DMSO for 24 hours. Fatty acid composition was assessed within the 3T3-L1 adipocytes of the co-culture using gas 
liquid chromatography. The fatty acid composition is represented as a relative percentage of the total quantified fatty acids. Data is presented as mean 
± SEM. n = 4. * * * P <  0.001. ** p < 0.01. * P < 0.05 relative to DMSO treated macrophages; t  P < 0.05 relative to adipocytes co-cultured with 
DMSO treated macrophages. One-way ANOVA was performed within each group followed by post hoc LSD analysis.

Adipocytes co-cultured Adipocytes co-cultured Adipocytes co-cultured 
w ith DMSO treated with EPA treated with DHA treated 

Adipocytes macrophages macrophages macrophages
Mean SEM Mean SEM Mean SEM Mean SEM

Myristate CI4:0 SFA 8.77 2.08 8.54 0.08 7.72 0.26 7.92 0.06
Palmitic acid C16:0 SEA 26.65 2.12 30.36* 0.39 31.12** 0.83 30.22* 0.06

Palmitoleic acid C16:l («-7) MUFA 47.89 3.59 42.85* 0.33 41.24** 1.24 42.01* 0.57
Stearic acid C18:0 SFA 4.01 0.06 4.26 0.06 4.40* 0.18 4.66* *,t 0.18
Oleic acid C18:l MUFA 6.72 2.13 7.70 0.13 8.41 0.37 8.21 0.21

Linoleic acid C l8:2 {n-6) PUFA 1.94 0.67 2.27 0.08 2.65 0.10 2.61 0.10
y-Linolenic acid C l8:3 (n-6) PUFA 0.46 0.18 0.58 0.08 0.66 0.06 0.62 0.05
a-Linolenic acid C l8:3 («-i) PUFA 0.01 0.00 0.00 0.00 0.02 0.03 0.02 0.03
Stearidonic acid C18:4(/j-J) PUFA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Gondoic acid C20:l («-9) PUFA 0.03 0.03 0.01 0.00 0.00 0.00 0.00 0.00
Eicosatrienoic acid C20;3 in-6) PUFA 0.37 0.20 0.23 0.01 0.25 0.02 0.25 0.02
Arachidonic acid C20:4 {n-6) PUFA 1.41 0.54 1.53 0.03 1.75 0.08 1.67 0.03

Eicosatetraenoic acid C20:4 {n-3) PUFA 0.07 0.08 0.00 0.00 0.01 0.01 0.00 0.00
Eicosapentaenoic acid C20:5 {n-3) PUFA 0.41 0.16 0.44 0.01 0.48 0.01 0.47 0.02
Docosatetraenoic acid C22:4 {n-6) PUFA 0.06 0.07 0.00 0.00 0.00 0.00 0.00 0.00

Docosapentaenoic C22:5 {n-3) PUFA 0.44 0.04 0.33 0.04 0.37 0.04 0.38 0.02
Docosahexaenoic acid C22:6 {n-3) PUFA 1.08 0.11 0.91 0.03 0.92 0.04 0.95 0.09
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Figure 6.4 The effects o f  J774.2 macrophages pre-treated with EPA and DHA on total 
SFA, M UFA and PUFA composition within 3T3-L1 adipocytes o f  a transwell co­
culture system. Fully differentiated 3T3-L1 adipocytes were co-cultured in a transwell 
system  with .1774.2 m acrophages chronically pre-treated with 50 |iM ol/L  EPA, DHA or 
DM SO for 24 hours. Fatty acid com position was assessed w ithin the 3T3-L1 adipocytes o f  
the co-culture using gas liquid chrom atography. The fatty acid com position is represented 
as a relative percentage o f  the total quantified fatty acids. D ata is presented as m ean ± 
SEM . n = 4. *** P < 0.001, ** p < 0.01, * P < 0.05 relative to DM SO treated 
m acrophages. O ne-way A N O V A  was perform ed w ithin each group followed by post hoc 
LSD analysis.
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6.3.3 Effects of chronic EPA and DHA treatment on cytokine and adipokine 

secretion within a co-culture of ,1774.2 macrophages and 3T3-L1 adipocytes

T N F-a , IL-6. adiponectin and leptin protein secretion was measured within a transwell co­

culture o f  3T3-L1 adipocytes and LPS stimulated J774.2 macrophages pre-treated with 

EPA, DHA and DM SO vehicle control for 5 days as presented in Figures 6.5a, 6.5b, 6.6a 

and 6.6b. T N F -a  secretion was significantly increased 4.5 fold, 4.7 fold and 3.8 fold in 

adipocytes co-cultured with LPS stimulated macrophages pre-treated with DMSO, EPA 

and DHA respectively relative to adipocytes alone (P < 0.001 consistently; Figure 6.5a). 

Interestingly, pre-incubation o f  the LPS stimulated macrophages with DHA prior to co­

culture reduced T N F -a  secretion (15% decrease) relative to adipoc>1;es co-cultured with 

DM SO treated LPS stimulated macrophages (P < 0.006). IL-6 secretion was significantly 

increased 7.4 fold, 3.5 fold and 2.6 fold in adipocytes co-cultured with LPS stimulated 

macrophages pre-treated with DM SO, EPA and DHA respectively relative to adipocytes 

alone (P < 0.001. P < 0.001 and P < 0.007; Figure 6.5b). However, lL-6 secretion was 

significantly reduced in LPS stimulated macrophages pre-treated with EPA (52% decrease) 

and DHA (64% decrease) prior to co-culture with the adipocytes relative to adipocytes co- 

cultured with LPS stimulated vehicle control treated macrophages. IL -ip  secretion (data 

not shown) was increased in the co-culture o f  adipocytes and LPS stimulated macrophages 

relative to adipocytes. However, IL -lp  secretion was not significantly attenuated by pre­

incubation o f  the LPS stimulated macrophages with EPA and DHA prior to co-culture.

Interestingly, leptin secretion was significantly reduced 26% in adipocytes co- 

cultured with LPS stimulated macrophages pre-treated with DM SO relative to adipocytes 

alone (P < 0.009; Figure 6.6a). EPA pre-treatment o f  the macrophages prior to co-culture 

with the adipocytes had no effect on leptin secretion. However, leptin secretion was 

moderately increased 17% in adipocytes co-cultured with LPS stimulated macrophages 

pre-treated with DHA, although not significantly (P <  0.135). Adiponectin (Figure 6.6b) 

and resistin (data not shown) secretion were not significantly altered within the co-culture 

system.
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Figure 6.5 Effects o f EPA and DHA treatment on cytokine secretion within a co­
culture of J774.2 macrophages and 3T3-L1 adipocytes. .1774.2 macrophages were 
treated with 50 |iM ol/L EPA, DHA or DMSO vehicle control for 5 days with LPS 
stimulation (100 ng/ml) for 48 hours. Fully differentiated 3T3-L1 adipocytes were co­
cultured with the macrophages for a further 24 hours in a transwell system. Supernatants 
were harvested and TN F-a (a) and IL-6 (b) secretion determined by ELISA (pg/ml). Data 
presented as mean ± SEM, n = 3. *** P < 0.001 relative to adipocytes; f t  P < 0.01, t t t  P 
< 0.001 relative to adipocytes co-cultured with DMSO treated macrophages. One-way 
ANOVA was performed within each group followed by post hoc LSD analysis.
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Figure 6.6 Effects o f LPS stim ulated m acrophages pre-treated w ith EPA and DHA on 
adipokine secretion from  3T3-L1 adipocytes o f a co-culture system . .1774.2 
macrophages were treated with 50 jiMol/L EPA, DHA or DM SO vehicle control for 5 days 
with LPS stimulation (100 ng/ml) for 48 hours. Fully differentiated 3T3-L1 adipocytes 
were co-cultured with the macrophages for a further 24 hours in a transwell system. 
Supernatants were harvested and adiponectin (a) and leptin (b) secretion determined by 
ELISA (pg/ml). Data is presented as mean ± SEM, n = 3. * P < 0.05, ** P < 0.01 relative 
to adipocytes. One-way AN O V A  was performed within each group followed by post hoc 
LSD analysis.
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6.3.4 Effects o f  LPS stimulated J774.2 m acrophages pre-treated with EPA or DHA  

on inflammatory' and insulin sensitive target gene expression within 3T3-L1  

adipocytes of a transwell co-culture

IRS-1, GLUT4, IL-6 and IL -lR a  m RNA expression was examined within 3T3-L1 

adipocytes co-cuhure in a transwell system with LPS stimulated J774.2 macrophages pre­

treated with EPA, DHA and DM SO vehicle control as presented in figure 6.7a, 6.7b, 6.8a 

and 6.8b. The presence o f  LPS stimulated macrophages significantly reduced IRS-1 

mRNA 54% within the co-cultured adipocytes (P < 0.001; Figure 6.7a). EPA pre-treatment 

o f  the LPS stimulated macrophages prior to co-culture only moderately increased levels o f  

IRS-1 m RNA (12% increase) within the adipocytes relative to adipocytes co-cultured with 

LPS stimulated macrophages. However. DHA pre-treatment o f  the LPS stimulated 

macrophages prior to co-culture significantly increased IRS-1 m RN A  expression 36% 

within the adipocytes relative to adipocytes co-cultured with LPS stimulated macrophages 

pre-treated with DM SO vehicle control (P < 0.011). There was a similar trend in GLUT4 

gene expression, with LPS stimulated macrophages reducing GLUT4 expression within the 

adipocytes o f  the co-culture while pre-treatment o f  the macrophages with EPA and DHA 

increased GLUT4 m RN A  expression within the adipocytes, although not significantly 

(Figure 6.7b).

IL-6 mRNA was significantly increased 80% and 78% in adipocytes co-cultured 

with LPS stimulated macrophages pre-treated with DM SO and EPA respectively relative 

to adipocytes alone (P < 0.001 consistently; Figure 6.8a). However, IL-6 gene expression 

was significantly reduced to normal levels in adipocytes co-cultured with LPS stimulated 

macrophages pre-treated with DHA relative to adipocytes co-cultured with LPS stimulated 

vehicle control treated macrophages (P < 0.001). IL -lR a  m RN A  expression was 

significantly reduced 68%, 58% and 52% in adipocytes co-cultured with LPS stimulated 

macrophages pre-incubated with DM SO, EPA or DHA respectively (P < 0.001 

consistently; Figure 6.8b). Although not significant there was an increase in IL -lR a  levels 

within adipocytes co-cultured with LPS stimulated macrophages pre-treated with EPA 

(30% increase) and DHA (51% increase) relative to adipocytes co-cultured with untreated 

LPS stimulated macrophages (P <  0.266 and P < 0.079).
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Figure 6.7 Effects o f  LPS stimulated m acrophages pre-treated with EPA and DHA on 
insulin sensitive target gene expression within 3T3-L1 adipocytes o f  a co-culture  
system. .1774.2 m acrophages were treated with 50 )j M o1/L EPA, DHA or D M SO  vehicle 
control for 5 days with LPS stim ulation (100 ng/m l) for 48 hours. Fully differentiated 3T3- 
L1 adipocytes were treated w ith the m acrophages for a further 24 hours, IRS-1 (a) and 
GLUT4 (b) niRNA levels were m easured using Taqm an RT-PCR. m RN A  levels were 
norm alized to 18S and the results are expressed as fold induction relative to DM SO 
control. Data is presented as m ean ± SEM , n = 3. *** P < 0.001, ** P < 0.01 relative to 
adipocytes; t  P <  0.05 relative to adipocytes co-cultured with DM SO treated LPS 
stim ulated m acrophages. One-way AN OV A was perform ed w ithin each group followed by 
post hoc LSD analysis.
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Figure 6.8 Effects of LPS stimulated macrophages pre-treated with EPA and DHA on 
inflammatory' target gene expression within 3T3-L1 adipocytes o f a co-culture system.
,1774.2 macrophages were treated with 50 |iiMol/L EPA, DHA or DM SO vehicle control 
for 5 days with LPS stimulation (100 ng/ml) for 48 hours. Fully differentiated 3T3-L1 
adipocytes were treated with the macrophages for a further 24 hours, IL-6 (a) and IL -lR a  
(b) m RNA levels were measured using Taqman RT-PCR. m RN A  levels were normalized 
to 18S and the results are expressed as fold induction relative to DM SO control. Data is 
presented as mean ± SEM, n = 3. *** P < 0.001, ** P < 0.01 relative to adipocytes; t t t  P 
< 0.001 relative to adipocytes co-cultured with DM SO treated LPS stimulated 
macrophages. One-way A N OV A was performed w'ithin each group followed by post hoc 
LSD analysis.
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6.3.5 Effects o f LPS stimulated macrophages pre-treated with EPA and DHA on 

(iLU T4 and IRS-1 protein expression in 3T3-L1 adipocytes

GLUT4 protein expression was measured in 3T3-L1 adipocytes treated with the CM LPS 

stimulated ill A.2 macrophages pre-treated with EPA, DHA and DMSO vehicle control for 

30 minutes as presented in Figure 6.9. Whole cell GLUT4 protein expression was 

significantly reduced 72% in adipocytes incubated for 30 minutes with the CM of LPS 

stimulated macrophages pre-treated with DMSO vehicle control relative to adipocytes (P < 

0.001). Similarly, GLUT4 expression was also reduced in adipocytes incubated for 30 

minutes with CM from LPS stimulated macrophages pre-treated with EPA (83% decrease) 

and DHA (80% decrease) relative to adipocytes alone (P < 0.001 and P < 0.001). 

Unexpectedly, whole cell GLUT4 was significantly reduced 43% in adipocytes incubated 

for 30 minutes with the CM of LPS stimulated macrophages pre-treated with EPA relative 

to adipocytes incubated with CM o f LPS stimulated macrophages pre-treated with DMSO 

vehicle control (P < 0.037).

Furthermore, GLUT4 and IRS-1 expression was measured in adipocytes co­

cultured with LPS stimulated macrophages pre-treated with EPA and DHA in a transwell 

system for 24 hours as shown in Figures 6.10 and 6.11. Whole cell lRS-1 protein 

expression was significantly reduced 36% in adipocytes co-cultured for 24 hours with LPS 

stimulated macrophages pre-treated with DMSO vehicle control and EPA relative to 

adipocytes alone (P < 0.001 and P < 0.001). However, whole cell IRS-1 was significantly 

increased 42% in adipocytes co-cultured with LPS stimulated macrophages pre-treated 

with DHA relative to adipocytes co-cultured with LPS stimulated macrophages pre-treated 

with DMSO vehicle control (P < 0.004). Whole cell GLUT4 displayed a similar however, 

not significant, trend to lRS-1 within adipocytes o f the transwell system.
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Figure 6.9 Effects of conditioned media from LPS stimulated macrophages (CM) pre­
treated with EPA and DHA on GLUT4 protein expression within 3T3-L1 adipocytes.
.1774.2 macrophages were treated with 50 |aMol/L EPA, DHA or DM SO vehicle control 
for 5 days prior to LPS stimulation (100 ng/ml) for 24 hours. The conditioned media (CM) 
was harvested and incubated with fully differentiated 3T3-L1 adipocytes for 30 minutes. 
Whole cell lysates were prepared for SD S-PAG E and immunoblotting. The relative protein 
levels were quantified by densitometry and data expressed relative to the amount o f  
GLUT4 within adipocytes alone (100%), data is presented as mean ± SEM, n = 3. *** P < 
0.001 relative to adipocytes, t  P < 0.05 relative to adipocytes co-cultured with CM of  
DM SO treated LPS stimulated macrophages. One-way AN O V A  was performed within 
each group followed by post hoc LSD analysis.
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Figure 6.10 Effects o f  conditioned media from LPS stimulated m acrophages (CM)  
pre-treated with EPA and DHA on IRS-1 protein expression within 3T3-L1 
adipocytes. .1774.2 m acrophages were treated with 50 (j.Mol/L EPA, DHA or DM SO 
vehicle control for 5 days with LPS stim ulation (100 ng/ml) for 48 hours. Fully 
differentiated 3T3-L1 adipocytes were co-cultured w ith the m acrophages for a further 24 
hours in a transwell system. W hole cell lysates were prepared for SD S-PA G E and 
im m unoblotting. A representative blot is shown below  the graph. The relative protein 
levels were quantified by densitom etry and data expressed relative to the am ount o f  IRS-1 
within adipocytes alone (100% ), data is presented as m ean ± SEM , n = 2. *** P < 0.001, 
relative to adipocytes; t t  P < 0.01 relative to adipocytes co-cultured with CM  o f  DM SO 
treated LPS stim ulated m acrophages. One-way A N O V A  was perform ed w ithin each group 
followed by post hoc LSD analysis. Correct loading o f  protein was confirm ed by blotting 
for actin.
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Figure 6.11 Effects o f  conditioned media from LPS stimulated macrophages (CM )  
pre-treated with EPA and DHA on GLLIT4 protein expression within 3T3-L1  
adipocytes. J774.2 m acrophages were treated w ith 50 fiM ol/L EPA, DHA or DM SO 
vehicle control for 5 days w ith LPS stim ulation (100 ng/m l) for 48 hours. Fully 
differentiated 3T3-L1 adipocytes were eo-cultured w ith the m acrophages for a further 24 
hours in a transwell system. W hole cell lysates were prepared for SD S-PA G E and 
im m unoblotting. A representative blot is shown below  the graph. The relative protein 
levels were quantified by densitom etry and data expressed relative to the am ount o f  
GLUT4 w ithin adipocytes alone (100% ), data is presented as m ean ± SEM , n = 3. Correct 
loading o f  protein was confirm ed by blotting for actin.
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6.3.6 Effects of LPS stimulated macrophages pre-treated with EPA and DHA on 

insulin induced GLUT4 translocation to the membrane within 3T3-L1 adipocytes o f a 

co-culture system

Insulin induced GLUT4 translocation to the m embrane was determined within 3T3-L1 

adipocytes co-cultured with LPS stimulated J774.2 macrophages pre-treated with EPA, 

DHA and DM SO vehicle control using confocal microscopy as presented in Figures 6.12 

and 6.13. Co-localization was expressed as Pearson’s correlation coefficient (R), which is 

one o f  the standard techniques applied in pattern recognition for matching one image to 

another in order to describe the degree o f  overlap between the two patterns. The value o f  

this coefficient ranges from -1 to 1, with a value o f -1 representing a total lack o f  overlap 

between pixels from the images and a value o f  1 indicating perfect image registration.

Within this study adipocytes, which were unstimulated with insulin show very low 

levels o f  co-localization (R = 0.068). Importantly, within adipocytes stimulated with 

insulin there was a significant increase in co-localization o f  GLUT4 to the m em brane with 

a coefficient value o f  R = 0.191 relative to adipocytes unstimulated with insulin (P < 

0.001). Interestingly, within adipocytes co-cultured with LPS stimulated macrophages pre­

treated with DM SO there was a significant reduction in insulin induced GLUT4 

translocation to the membrane (R = 0.046) relative to insulin-stimulated adipocytes (P < 

0.001). Furthermore, within adipocytes co-cultured with LPS stimulated m acrophages pre­

treated with EPA and DHA there was also a significant reduction in insulin induced 

GLUT4 translocation to the membrane (R = 0.004 and R = 0.105 respectively) relative to 

adipocytes alone stimulated with insulin (P < 0.001 and P < 0.001). Interestingly, EPA pre­

treatment o f  the LPS stimulated macrophages prior to co-culture reduced adipocytes 

GLUT4 translocation to the membrane significantly relative to adipocytes unstimulated 

with insulin (P < 0.022), although not relative to adipocytes co-cultured with LPS 

stimulated macrophages pre-treated with DM SO and stimulated with insulin (P < 0.341). 

Whereas DHA pre-treatment o f  the LPS stimulated macrophages prior to co-culture 

significantly increased adipocytes GLUT4 translocation to the m embrane (R = 0.105) 

relative to adipocytes co-cultured with LPS stimulated macrophages pre-treated with 

vehicle control (P <  0.017).

I'he images show GLUT4 labeled with FITC (green; first column) and the 

membrane labeled with Texas red (red; second column). Co-localization o f  GLUT4 and 

the membrane is shown as a mixture o f  the two fluorophores and is visualized as yellow. 

Adipocytes alone (a) show a more red or orange membrane outline this indicates that 

GLUT4 has not translocated to the membrane and the fluorophores remain separate. The
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adipocytes stimulated witli insulin (b) show a yellow outline, which indicates an overlap o f  

the fluorophores and translocation o f  GLUT4 to the membrane. Adipocytes stimulated 

with insulin and co-cultured with LPS stimulated macrophages (c) show a more red or 

orange membrane outline; this indicates that GLUT4 has not translocated to the membrane 

and the fluorophores remain separate. Pre-treated o f  the macrophages with ERA prior to 

co-culture (d) does not attenuate the effect and a red outline is still observed. However, in 

adipocytes co-cultured with LPS stimulated macrophages pre-treated with DHA (e) there is 

an observable increase in yellow around the adipocytes indicating GLUT4 translocation to 

the membrane and overlap o f  tluorophores.
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Figure 6.12 Effects of LPS stimulated macrophages pre-treated with EPA and DHA  
on insulin induced G LUT4 translocation to the membrane within 3T3-L1 adipocytes  
o f  a co-culture system. .1774.2 m acrophages were treated with 50 jaMol/L EPA , DHA or 
DM SO vehicle control for 5 days prior to LPS stim ulation (100 ng/m l) for 48 hours. Fully 
differentiated 3T3-L1 adipocytes were co-cultured with the m acrophages for a further 24 
hours in a transwell system. A dipocytes were incubated for 40 m inutes with 10 nM ol o f  
insulin. The adipocyte m em brane was then labelled with Texas red (red) and GLUT4 was 
labelled with FITC (green). Images were taken and co-localisation analysed using a 
LSM 510 M ETA Zeiss confocal m icroscope. Colocalization was m easured in voxels w ithin 
each confocal stack and expressed as Pearson’s correlation coefficient. D ata is presented as 
mean ± SEM , n = 168 -  251 confocal stacks w ithin 8 - 1 6  cells. * P < 0.05 relative to 
adipocytes, t t t  P <  0.001 relative to adipocytes + insulin. J  P < 0.05 relative to 
adipocytes co-cultured with LPS stim ulated m acrophages pre-treated with D M SO  + 
insulin. One-way ANOV A was perform ed within each group follow ed by post hoc 
Bonferroni analysis. Representative Images are shown in Figure 6.30.
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Figure 6.13 Effects o f  LPS stim ulated m acrophages pre-treated w ith EPA and DHA  
on insulin induced G LU T4 translocation to the m em brane w ithin 3T3-L1 adipocytes 
of a co-culture system . J774.2 macrophages were treated with 50 jaMol/L EPA, DHA or 
DM SO vehicle control for 5 days with LPS stimulation (100 ng/ml) for 48 hours. Fully 
differentiated 3T3-L1 adipocytes were co-cultured with the macrophages for a further 24 
hours in a transwell system. Adipocytes were incubated for 40 minutes with lOnMol o f  
insulin. The adipocyte m embrane was labelled with Texas red (red) and GLUT4 was 
labelled with FITC (green). Translocation o f  GLUT4 to the m embrane is shown as yellow. 
Images were taken using confocal microscope and images show adipocytes (a), adipocytes 
t insulin (b), adipocytes co-cultured with LPS stimulated macrophages pre-treated with 
DM SO + insulin (c), adipocytes co-cultured with LPS stimulated macrophages pre-treated 
with EPA + insulin (d), adipocytes co-cultured with LPS stimulated macrophages pre­
treated with DHA + insulin (e; 630x magnification)
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6.3.7 Effects of conditioned media from LPS stimulated macrophages (CM) pre­

treated with EPA and DHA on glucose uptake within 3T3-L1 adipocytes

Glucose uptake was exam ined within 3T3-L1 adipocytes incubated with CM  from  LPS 

stim ulated .1774.2 m acrophages pre-treated with EPA, DHA and DM SO vehicle control as 

presented in Figures 6.14 to 6.17.

Firstly, conditioned m edia (CM ) was harvested from  m acrophages pre-treated w ith 

EPA, DHA or vehicle control and stim ulated with LPS for 48 hours. CM  was incubated 

with m ature differentiated 3T3-L1 adipocytes for 24 hours. This system  is sim ilar to the 

design o f  the transw ell co-culture experim ents. Basal glucose uptake was significantly up- 

regulated in adipocytes incubated with CM  from LPS stim ulated m acrophages pre-treated 

with DM SO vehicle control (21%  increase) or EPA (34%  increase) relative to adipocytes 

alone (P < 0.028 and P < 0.005; Figure 6.14). Conversely, DHA pre-treated LPS stim ulated 

m acrophage CM had no significant effect on basal glucose uptake in adipocytes. Insulin 

induced glucose uptake was significantly reduced 37%  in adipocytes incubated with the 

CM  o f  LPS stim ulated m acrophages pre-treated w ith vehicle control or DHA relative to 

adipocytes alone (P < 0.007 and P < 0.019; Figure 1.5). Interestingly, insulin induced 

glucose uptake was significantly increased in adipocytes incubated with CM  from LPS 

stim ulated m acrophages pre-treated with EPA relative to adipocytes incubated with CM  o f  

LPS stim ulated m acrophages pre-treated with DM SO vehicle control (P < 0.005).

Secondly, CM  was harvested from m acrophages pre-treated w ith EPA, DHA or 

vehicle control and stim ulated with LPS for 24 hours. CM  was incubated with m ature 

differentiated 3T3-L1 adipocytes for 48 hours. This gives the EPA and DHA pre-treated 

m acrophages less tim e to recover and attenuate the LPS induced inflam m ation w hile 

longer CM incubation with the adipocytes m odels a more chronic inflam m atory 

environm ent for the adipocytes. Basal glucose uptake was significantly reduced in 

adipocytes treated for 48 hours with the CM  o f  LPS stim ulated m acrophages pre-treated 

with DM SO (27%  decrease) or EPA (32%  decrease) relative to adipocytes alone (P < 

0.001 and P < 0.002; Figure 1.6). How ever, basal glucose uptake was unaffected in 

adipocytes incubated with the CM  o f  LPS stim ulated m acrophages pre-treated with DHA 

relative to adipocytes alone and was increased relative to adipocytes incubated w ith the 

CM  o f  LPS stim ulated m acrophages treated with vehicle control (P < 0.002). Insulin 

induced glucose uptake was significantly reduced in adipocytes incubated for 48 hours 

with CM  o f  LPS stim ulated m acrophages treated with vehicle control (81%  decrease) or 

EPA (70%  decrease) relative to adipocytes alone (P < 0.001 and P < 0.001; Figure 1.7). 

Importantly, insulin induced glucose uptake was significantly increased in adipocytes
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incubated for 48 hours with the CM  from DHA pre-treated LPS stim ulated m acrophages 

relative to adipocytes incubated w ith the CM  o f  LPS stim ulated m acrophages pre-treated 

with vehicle control (P < 0..001).
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Figure 6.14 Short-term (24 hour) effects o f  conditioned media from LPS stimulated  
macrophages (CM) pre-treatcd with EPA and DHA on basal glucose uptake in 3T3- 
L1 adipocytes. J 774.2 macrophages were treated with 50 )aMol/L EPA, DHA or DM SO 
vehicle control for 5 days with LPS stimulation (100 ng/ml) for 48 hours. The conditioned 
media was harvested and incubated with fully differentiated 3T3-L1 adipocytes for 24

■j

hours. Cells were incubated in PBS with 0.2% BSA prior to addition o f  5 |iCi/ml o f  H 
glucose in 1 mMol glucose for 10 minutes. Cells were washed, lysed and assayed for 
uptake as counts per minute (CPMA). Data is expressed relative to basal glucose uptake 
within 3T3-L1 adipocytes (100%) and presented as mean ± SEM, n = 3 - 6 .  * P <  0.05, ** 
P < 0.01 relative to adipocytes. One-way AN O V A  was performed within each group 
followed by post hoc LSD analysis
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Figure 6.15 Short-term (24 hour) effects of conditioned media from LPS stimulated 
macrophages (CM) pre-treated with EPA and DHA on insulin induced glucose 
uptake in 3T3-L1 adipocytes. J 774.2 macrophages were treated with 50 )aMol/L EPA, 
DHA or DMSO vehicle control for 5 days with I.PS stimulation (100 ng/ml) for 48 hours, 
fhe conditioned media (CM) was harvested and incubated with fully differentiated 3T3-L1 
adipocytes for 24 hours. Cells were incubated in PBS with 0.2% BSA prior to addition of 
lOOnM insulin in PBS for 15 minutes. 5 |iCi/ml o f  glucose in 1 niMol glucose was 
added to the cells for 10 minutes. Cells were washed, lysed and assayed for uptake as 
counts per minute (CPMA). Insulin induced glucose uptake was established by subtracting 
total glucose uptake from basal glucose uptake. Data is expressed relative to insulin 
induced glucose uptake within 3T3-L1 adipocytes (100%) and presented as mean ± SEM, 
n = 3 - 6. * P < 0.05, ** P < 0.01 relative to adipocytes; t t  P < 0.01 relative to adipocytes 
co-cultured with CM of LPS stimulated macrophages pre-treated with DMSO. One-way 
ANOVA was performed within each group followed by post hoc LSD analysis.

271



120 f t

o
2

cc
a

oo
_3

100

80

60

40

20

! | C  *

Insulin (100 nMol) 
Adipocytes  

LPS stimulated  
macrophage (CM) 
EPA (50 ^Mol/L) 
DHA (50 ^Mol/L)

+ +
+

+
+

+

+

+

Figure 6.16 Long-term (48 hour) effects o f  conditioned media from LPS stimulated  
m acrophages (CM) pre-treated with EPA and DHA on basal glucose uptake in 3T3-  
L1 adipocytes. .1774.2 macrophages were treated with 50 |iMol/L EPA. DHA or DM SO 
vehicle control for 5 days with LPS stimulation (100 ng/ml) for 24 hours. The conditioned 
media (CM) was harvested and incubated with fully differentiated 3T3-L1 adipocytes for 
48 hours. Cells were incubated in PBS with 0.2% BSA prior to addition o f  5 |iCi/ml o f  
glucose in 1 mMol glucose for 10 minutes. Cells were washed, lysed and assayed for 
uptake as counts per minute (CPMA). Data is expressed relative to basal glucose uptake 
within 3T3-L1 adipocytes (100%) and presented as mean ± SEM, n = 4 - 8. ** P < 0.01, 
* * *  P  < 0.001 relative to adipocytes; f t  P < 0.01 relative to adipocytes co-cultured with 
CM o f  LPS stimulated macrophages pre-treated with DMSO. One-way ANOV A was 
performed within each group followed by post hoc LSD analysis
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Figure 6.17 Long-term (48 hour) effects o f  conditioned media from LPS stimulated 
m acrophages (CM ) pre-treated with EPA and DHA on insulin induced glucose 
uptake in 3T3-L1 adipocytes. J774.2 macrophages were treated with 50 )aMol/L EPA, 
DHA or DM SO vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 24 
hours. The conditioned media (CM ) was harvested and incubated with fully differentiated 
3T3-L1 adipocytes for 48 hours. Cells were incubated in PBS with 0.2% BSA prior to 
addition o f  lOOnM insulin in PBS for 15 minutes. 5 j^Ci/ml o f  glucose in 1 mMol 
glucose was added to the cells for 10 minutes. Cells were washed, lysed and assayed for 
uptake as counts per minute (CPM A). Insulin induced glucose uptake was established by 
subtracting total glucose uptake from basal glucose uptake. Data is expressed relative to 
insulin induced glucose uptake within 3T3-L1 adipocytes (100%) and presented as mean ± 
SEM, n = 4 - 8 .  *** P <  0.001 relative to adipocytes; t t t  P < 0.01 relative to adipocytes 
co-cultured with CM  o f  LPS stimulated macrophages pre-treated with DMSO. One-way 
ANOV A was performed within each group followed by post hoc LSD analysis
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6.3.8 Effects of conditioned media from LPS stimulated macrophages (CM) pre­

treated with EPA and DHA on 3T3-L1 adipocyte lipid accumulation and cell 

morphology

Lipid accumulation and cell morphology was examined within 3T3-L1 adipocytes 

incubated with CM from LPS stimulated .1774.2 macrophages pre-treated with EPA, DHA 

and DM SO vehicle control as presented in figure 6.18, 6.19 and 6.20. Lipid accumulation 

was assessed using oil red O staining. For this analysis CM was harvested from 

macrophages pre-treated with EPA, DHA or vehicle control and stimulated with LPS for 

24 hours. CM was then incubated with mature differentiated 3T3-L1 adipocytes for 48 

hours. Lipid accumulation was significantly reduced 20%  in adipocytes incubated with CM 

for 48 hours (P < 0.001 consistently; Figure 6.18). EPA and DHA pre-treatment o f  the LPS 

stimulated macrophages did not attenuate the reduction in lipid accumulation induced by 

CM. A similar trend is observed in the oil red O images as shown in Figure 6.19. 

Adipocytes treated with CM for 48 hours appear to have reduced lipid droplet 

accumulation with reduced differentiation as suggested by the elongated and fibroblast-like 

shape o f  the adipocytes. The images within Figure 6.20 suggest that lipid accumulation and 

differentiation o f  the adipocytes reduces over time during incubation with the CM. 

Interestingly, adipocytes treated with the CM o f  LPS stimulated m acrophages pre-treated 

with EPA for 24 hours retained their mature adipocyte round structure however, after 48 

hours these adipocytes develop a more tlbroblast-like shape. Additionally, adipocytes 

incubated with the CM o f  LPS stimulated macrophages pre-treated with DHA for 48 hours 

appear to recover and develop a rounder more mature morphology.
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Figure 6.18 Effects of conditioned media from LPS stimulated macrophages (C M ) 
pre-treated with EPA and DHA on lipid accumulation within 3T3-L1 adipocytes.
.1774.2 macrophages were treated w ith 50 |iM o l/L  EPA. DHA or DMSO vehicle control 
tor 5 days prior to LPS stimulation (100 ng/ml) for 24 hours. The conditioned media (CM) 
was harvested and incubated w ith fu lly  differentiated 3T3-L1 adipocytes for 48 hours. 
A fter CM treatment adipocytes were fixed in 10% neutral buffered formalin and stained 
w ith oil red O. 100% isopropanol was used to extract oil red O from the adipocytes and 
optical density measured at 500nm. Data is presented as percentage fold change relative to 
3T3-L1 adipocytes (100%); mean ± SEM, n = 2. * * *  P <  0.001 relative to adipocytes. One­
way AN O VA was performed w ith in each group followed by post hoc LSD analysis.
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Figure 6.19 Effects o f  conditioned media from LPS stimulated m acrophages (CM) 
pre-treated with EPA and DHA on lipid accumulation within 3T3-L1 adipocytes at 48 
hours post incubation. .1774.2 macrophages were treated with 50 |iM ol/L EPA, DHA or 
DM SO vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 24 hours. The 
conditioned media (CM) was harvested and incubated with fully differentiated 3T3-L1 
adipocytes for 48 hours. Oil red O staining was used to stain accumulated lipids within the 
adipocytes. Images show adipocytes alone (a), adipocytes incubated with CM o f  LPS 
stimulated macrophages pre-treated with DM SO (b), adipocytes incubated with CM of  
LPS stimulated macrophages pre-treated with EPA (c). adipocytes incubated with CM  of  
LPS stimulated macrophages pre-treated with DHA (d; lOOx and 200x magnification)
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Figure 6.20 Effects o f conditioned m edia from  LPS stim ulated m acrophages (CM ) 
pre-treated w ith EPA and DHA on 3T3-L1 adipocytes m orphology at 24 and 48 hours 
post incubation. J774.2 macrophages were treated with 50mMol/L EPA. DHA or DM SO 
vehicle control for 5 days prior to LPS stimulation (lOOng/ml) for 24 hours. The 
conditioned media (CM) was harvested and incubated with fully differentiated 3T3-L1 
adipocytes for 24 (right) and 48 hours (centre and left). Images show adipocytes alone (a), 
adipocytes incubated with CM o f  LPS stimulated macrophages pre-treated with DM SO
(b). adipocytes incubated with CM o f  LPS stimulated macrophages pre-treated with EPA
(c). adipocytes incubated with CM o f  LPS stimulated macrophages pre-treated with DHA 
(d; lOOx and 200x magnification)



6.3.9 Effects o f conditioned media from LPS stimulated macrophages (CM) pre­

treated with EPA and DHA on MAPK protein expression in 3T3-L1 adipocytes

E R K l,  phosphorylated E R K l/2  (Thr202/Tyr204), p38, phosphorylated p38

(T h r l8 0 /T y r l82) JN K l and phosphorylated JNK (T183/Y185) protein expression was 

measured in 3T3-L1 adipocytes treated with the CM  o f  LPS stimulated J774.2 

macrophages pre-treated with EPA, DHA and D M SO  vehicle control for 30 minutes as 

presented in Figures 6.21, 6.22, 6.23, 6.24, 6.25 and 6.26 respectively.

Total ER K l was subtlety increased in adipocytes incubated with the CM o f  LPS 

stimulated macrophages pre-treated with DM SO (8% increase) and EPA (9%  increase) 

relative to adipocytes, although not significantly (P < 0.110 and P < 0.063; Figure 2.21). 

EPA pre-treatment o f  the macrophages prior to incubation with the adipocytes did not 

modulate ERKl protein expression relative to adipocytes alone. Although ER K l was 

reduced significantly in adipocytes incubated with LPS stimulated macrophages pre­

treated with DHA (10% decrease) relative to adipocytes incubated with CM o f  LPS 

stimulated macrophages pre-treated with DM SO (P < 0.031). E R K l/2  phosphorylation was 

significantly increased 2.3 fold in adipocytes incubated with CM  o f  LPS stimulated 

macrophages pre-treated with vehicle control relative to adipocytes alone (P < 0.001; 

Figure 2.22). ER K l /2 phosphorylation was also significantly increased 2.0 and 1.9 fold in 

adipocytes incubated with CM o f  LPS stimulated macrophages pre-treated with EPA and 

DHA relative to adipocytes (P < 0.001 and P < 0.001). Interestingly, E R K l/2  

phosphorylation was significantly reduced in adipocytes incubated with CM o f  LPS 

stimulated macrophages pre-treated with EPA (13% decrease) and DHA (19% decrease) 

relative to adipocytes incubated with CM o f  LPS stimulated macrophages pre-treated with 

DM SO (P < 0.001 and P < 0.001).

Total p38 M A PK  was not significantly regulated in adipocytes treated with the CM 

o f  LPS stimulated macrophages (Figure 2.23). However, there was a trend towards an 

increase in p38 in adipocytes incubated with the CM  o f  LPS stimulated macrophages pre­

treated with DM SO relative to adipocytes. While total p38 was reduced in adipocytes 

incubated with CM o f  LPS stimulated macrophages pre-treated with EPA and DHA. p38 

M APK phosphorylation was increased 3.0 fold in adipocytes incubated with the CM  o f  

LPS stimulated macrophages pre-treated with DM SO relative to adipocytes (P < 0.001; 

Figure 2.24). p38 phosphorylation was also significantly increased in adipocytes incubated 

with CM o f  LPS stimulated macrophages pre-treated with EPA (2.5 fold increase) and 

DHA (2.3 fold increase) relative to adipocytes (P < 0.001 and P < 0.001). Interestingly, 

p38 phosphorylation was significantly reduced in adipocytes incubated with CM  o f  LPS
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stimulated macrophages pre-treated with EPA (17% reduced) and DHA (22% reduced) 

relative to adipocytes incubated with CM  o f  LPS stimulated macrophages pre-treated with 

D M S O ( P <  0.001 and P <  0.001).

Total JN K l protein expression was not significantly regulated in adipocytes 

incubated with CM  o f  LPS stimulated macrophages pre-treated with DM SO vehicle 

control. However, total JN K l expression was reduced in adipocytes incubated with LPS 

stimulated macrophages pre-treated with EPA (5% decrease) or DHA (14%> decrease) 

relative to adipocytes (P < 0.056 and P < 0.001). Additionally, total JN K l expression was 

reduced in adipocytes incubated with LPS stimulated macrophages pre-treated with DHA 

(12%) decrease) relative to adipocytes incubated with LPS stimulated macrophages pre­

treated with vehicle control (P < 0.001). JN K l/2  phosphorylation was not significantly 

modulated in adipocytes incubated with CM  o f  LPS stimulated macrophages pre-treated 

with DM SO relative to adipocytes. Interestingly, JN K l/2  phosphorylation was 

significantly reduced in adipocytes incubated with CM o f  LPS stimulated macrophages 

pre-treated with EPA (22% and 18% decrease) and DHA (50% and 53% decrease) relative 

to both adipocytes (P < 0.008 and P < 0.001) and adipocytes incubated with CM o f  LPS 

stimulated macrophages pre-treated with DM SO (P < 0.025 and P < 0.001).
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Figure 6.21 Effects o f  conditioned media from LPS stimulated m acrophages (CM)  
pre-treated with EPA and DHA on E R K l protein expression within 3T3-L1  
adipocytes. .1774.2 m acrophages were treated with 50 |iM ol/L  EPA, DHA or DM SO 
vehicle control for 5 days prior to LPS stim ulation (100 ng/m l) for 24 hours. The 
conditioned m edia (CM ) was harvested and incubated w ith fully d ifferentiated 3T3-L1 
adipocytes for 30 m inutes. W hole cell lysates were prepared for SD S-PA G E and 
im m unoblotting. The relative protein levels were quantified by densitom etry and data 
expressed relative to the am ount o f  ER K l w ithin adipocytes alone (100% ), data is 
presented as mean ± SEM , n = 3. t  P < 0.05 relative to adipocytes co-cultured w ith CM  o f  
LPS stim ulated m acrophages pre-treated with DM SO. O ne-w ay A N O V A  was perform ed 
w ithin each group followed by post hoc LSD analysis.
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Figure 6.22 Effects o f  conditioned media from LPS stimulated macrophages (CM)  
pre-treated with EPA and DHA on phosphorylated E R K l/2  (Thr202/Tyr204) protein  
expression within 3T3-L1 adipocytes. .1774.2 macrophages were treated with 50 )j.Mol/L 
EPA, DHA or DM SO vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 
24 hours. The conditioned media (CM) was harvested and incubated with fully 
differentiated 3T3-L1 adipocytes for 30 minutes. Whole cell lysates were prepared for 
SD S-PAG E and immunoblotting. The relative protein levels were quantified by 
densitometry and data expressed relative to the amount o f  phosphorylated E R K l/2  within 
adipocytes alone (100%), data is presented as mean ± SEM, n = 3. *** P < 0.001 relative 
to adipocytes, t t t  P < 0.001 relative to adipocytes co-cultured with CM o f  DM SO treated 
LPS stimulated macrophages. One-way A N OV A was performed within each group 
followed by post hoc LSD analysis.
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Figure 6.23 Effects of conditioned media from LPS stimulated macrophages (CM) 
pre-treated with EPA and DHA on p38 protein expression within 3T3-L1 adipocytes.
.1774.2 macrophages were treated with 50 |j,Mol/L EPA, DHA or DMSO vehicle control 
for 5 days prior to LPS stimulation (100 ng/ml) for 24 hours. The conditioned media (CM) 
was harvested and incubated with fu lly differentiated 3T3-L1 adipocytes for 30 minutes. 
Whole cell lysates were prepared for SDS-PAGE and immunoblotting. The relative protein 
levels were quantified by densitometry and data expressed relative to the amount o f p38 
within adipocytes alone (100%), data is presented as mean ± SEM, n = 3.
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Figure 6.24 Effects o f  conditioned media from LPS stimulated macrophages (CM)  
pre-treated with EPA and DHA on phosphorylated p38 (T h r l8 0 /T y r l8 2 )  protein  
expression within 3T3-L1 adipocytes. J774.2 m acrophages were treated w ith 50 |^Mol/L 
EPA. DHA or DM SO vehicle control for 5 days prior to LPS stim ulation (100 ng/m l) for 
24 hours. The conditioned m edia (CM ) was harvested and incubated with fully 
differentiated 3T3-L1 adipocytes for 30 m inutes. W hole cell lysates were prepared for 
SD S-PA G E and im m unoblotting. The relative protein levels were quantified by 
densitom etry and data expressed relative to the am ount o f  phosphorylated p38 w ithin 
adipocytes alone (100% ), data is presented as m ean ± SEM , n = 3. *** P < 0.001 relative 
to adipocytes, t t t  relative to adipocytes co-cultured w ith CM  o f  DM SO treated LPS 
stim ulated m acrophages. One-w ay A N O V A  was perform ed w ithin each group follow ed by 
post hoc LSD analysis.
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Figure 6.25 Effects o f  conditioned media from LPS stimulated m acrophages (CM) 
pre-treated with EPA and DHA on J N K l  protein expression within 3T3-L1 
adipocytes. .1774.2 m acrophages were treated w ith 50 jiM ol/L EPA, DHA or DM SO 
vehicle control for 5 days prior to LPS stim ulation (100 ng/m l) for 24 hours. The 
conditioned m edia (CM ) was harvested and incubated w ith fully differentiated 3T3-L1 
adipocytes for 30 m inutes. W hole cell lysates were prepared for SD S-PA G E and 
im m unoblotting. The relative protein levels w ere quantified by densitom etry and data 
expressed relative to the am ount o f  JN K l w ithin adipocytes alone (100% ), data is 
presented as m ean ± SEM , n = 3. *** P <  0.001 relative to adipocytes, t t t  P < 0.001 
relative to adipocytes co-cultured with CM  o f  D M SO  treated LPS stim ulated m acrophages. 
One-way AN O V A  was perform ed w ithin each group follow ed by post hoc LSD analysis.
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Figure 6.26 Effects of conditioned media from LPS stimulated macrophages (CM) 
pre-treated with EPA and DHA on phosphorylated .INKl/2 (T183A^185) protein 
expression within 3T3-L1 adipocytes. J774.2 macrophages were treated with 50 |iMol/L 
EPA, DHA or DMSO vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 
24 hours. The conditioned media (CM) was harvested and incubated with fully 
differentiated 3T3-L1 adipocytes for 30 minutes. Whole cell lysates were prepared for 
SDS-PAGE and immunoblotting. The relative protein levels were quantified by 
densitometry and data expressed relative to the amount o f phosphorylated JN K l/2  within 
adipocytes alone (100%), data is presented as mean ± SEM, n = 3. *** P <  0.001, ** P < 
0.01 relative to adipocytes; t  P < 0.05, t t t  relative to adipocytes co-cultured with CM of 
DMSO treated LPS stimulated macrophages. One-way ANOVA was performed within 
each group followed by post hoc LSD analysis.
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6.3.10 Effects of conditioned media from LPS stimulated macrophages (CM) pre­

treated with EPA and DHA on iKB-a protein expression in 3T3-L1 adipocytes

iKB-a and phosphorylated k B - a  (Ser32) protein expression was m easured in 3T3-L1 

adipocytes treated w ith the CM  o f  LPS stim ulated J774.2 m acrophages pre-treated with 

EPA, DHA and DM SO vehicle control for 30 m inutes as presented in Figures 6.27 and 

6.28. Total IkB-u was significantly reduced in adipocytes incubated with the CM  o f  LPS 

stim ulated m acrophages pre-treated with DM SO (38%  reduced) relative to adipocytes 

alone (P < 0.001; Figure 6.27). Sim ilarly, Total iK B-a protein expression was also 

significantly reduced in adipocytes incubated with the CM  o f  LPS stim ulated m acrophages 

pre-treated with EPA (47%  reduced) and DHA (32%  reduced) relative to adipocytes (P < 

0.001 and P < 0.001). There was no significant increased in iKB-a expression within 

adipocytes incubated with LPS stim ulated m acrophages pre-treated with EPA and DHA 

relative to adipocytes incubated with LPS stim ulated pre-treated w ith vehicle control (P < 

0.234 and P <  0.381).

iKB-a phosphoiylation was increased 8.1 fold in adipocytes incubated with the CM 

o f  LPS stim ulated m acrophages pre-treated with DM SO relative to adipocytes (P < 0.001; 

Figure 6.28). iKB-a phosphorylation was also increased in adipocytes incubated with CM 

o f  LPS stim ulated m acrophages pre-treated with EPA (10.4 fold increase) and DHA (6.3 

fold increase) relative to adipocytes alone (P < 0.001 and P < 0.001). iKB-a 

phosphorylation was increased 28%  in adipocytes incubated with CM  o f  LPS stim ulated 

m acrophages pre-treated w ith EPA relative to adipocytes incubated with the CM  o f  LPS 

stim ulated m acrophages pre-treated with DM SO, although not significantly (P < 0.066). 

Conversely, iKB-a phosphorylation was reduced 23%  in adipocytes incubated w ith CM  o f 

LPS stim ulated m acrophages pre-treated w ith DHA relative to adipocytes incubated with 

the CM o f  LPS stim ulated m acrophages pre-treated with DM SO, although not significantly 

(P < 0 .128).
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Figure 6.27 Effects o f  conditioned media from LPS stimulated macrophages (CM)  
pre-treated with EPA and DH A on iKB-a protein expression within 3T3-L1  
adipocytes. J774.2 m acrophages were treated with 50 )_iMol/L EPA, DHA or DM SO 
vehicle control for 5 days prior to LPS stimulation (100 ng/ml) for 24 hours. The 
conditioned media (CM ) was harvested and incubated with fully differentiated 3T3-L1 
adipocytes for 30 minutes. W hole cell lysates were prepared for SD S-PAG E and 
immunoblotting. The relative protein levels were quantified by densitometry and data 
expressed relative to the amount o f  iKB-a within adipocytes alone (100%), data is 
presented as mean ± SEM , n =  3. *** P <  0.001 relative to adipocytes. One-way A N O V A  
was performed within each group followed by post hoc LSD analysis.
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Figure 6.28 Effects o f  conditioned media from LPS stimulated macrophages (CM)  
pre-treated with EPA and DHA on phosphorylated IkB-u (Ser32) protein expression  
within 3T3-L1 adipocytes. .1774.2 m acrophages were treated w ith 50 |aM ol/L EPA, DHA 
or DM SO vehicle control for 5 days prior to LPS stim ulation (100 ng/m l) for 24 hours. The 
conditioned m edia (CM ) was harvested and incubated with fully differentiated 3T3-L1 
adipocytes for 30 m inutes. W hole cell lysates w ere prepared for SD S-PA G E and 
im m unoblotting. The relative protein levels were quantified by densitom etry and data 
expressed relative to the am ount o f  phosphorylated IK B -a  w ithin adipocytes alone 
(100% ), data is presented as m ean ± SEM , n = 3. *** P < 0.001 relative to adipocytes. 
O ne-w ay AN O V A  was perform ed w ithin each group follow ed by post hoc LSD analysis.
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6.4 Discussion

In this study, presence of macrophage-derived soluble factors were found to promote a pro- 

inflammatory environment within adipocytes in which inflammatory pathways such as NF- 

k B and MAPK became up regulated. This inflammation leads to a down regulation of 

insulin sensitive markers such as GLUT4 and IRS-1 causing insulin-resistant adipocyte 

function. Pre-treatment o f  the macrophages with EPA and DHA prior to co-culture 

partially attenuated the inflammation and insulin resistance within the adipocytes.

Initially fatty acid composition was assessed to ensure that exogenous fatty acids 

were incorporated into macrophages treated with EPA and DHA. EPA treatment increased 

EPA and DHA levels. Additionally, DPA levels were increase within EPA treated 

macrophages. DHA treatment significantly increased EPA and DHA. Essentially, EPA 

concentrations were increased 8 fold in macrophages treated with EPA while DHA 

concentrations were increased 11 fold in DHA treated macrophages suggesting direct 

incorporation of the fatty acids into the macrophages. The lower levels o f  EPA relative to 

DHA within the LC n-3 PUFA treated macrophages may indicate that EPA is being 

utilized in the metabolism o f  eicosanoids. However, total n-3 PUFA levels were 

significantly increased within EPA and DHA treated macrophages relative to control 

macrophages. However, this data also suggests there was conversion between EPA to 

Dl IA occurring within the J774.2 macrophages.

interestingly, this significantly correlates with a study conducted by Leslie et al. 

(Leslie el al., 1985). Within this study fatty acid composition o f  macrophage phospholipids 

were assessed from mice fed a standard diet supplied with either fish oil (17% EPA, 12% 

DHA, 0% AA and 2% linoleic acid) or corn oil (0% EPA, 0% DHA, 0% AA, and 65% 

linoleic acid) (Leslie el al., 1985). Mice fed a chow diet showed similar phospholipid 

profiles to mice fed a corn oil diet. However, after 1 week on the fish oil diet, the 

macrophage phospholipids contained EPA (4%) and DHA (10%) as well as significant 

quantities of DPA (10%) as observed in the .1774.2 macrophages treated with EPA. Only 

mice receiving fish oil in their diet had significant quantities o f  DPA in their phospholipid 

pool. Trace amount were detected in the phospholipid pool of chow-fed mice and none was 

detected in the corn oil-fed mice. Since DPA was present only in small quantities in the 

fish oil diet, it must have be derived from the LC n-3 PUFA, perhaps by chain elongation 

o f  EPA (Leslie el al., 1985). The DHA present in the macrophages o f f ish  oil-fed mice 

must also be either incorporated directly from the fish oil diet or by further desaturation of 

DPA (Leslie el a l ,  1985). Therefore, it also seems likely that EPA is converted to either
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DPA though chain elongation or to DHA through desaturation o f DPA within the J774.2 

macrophages.

Furthermore, there also appears to be conversion o f DHA to EPA within the J774.2 

macrophages. In isolated rat liver cell retroconversion o f  DHA to EPA was observed via P- 

oxidation (Gronn et a i ,  1991). Retroconversion o f DHA to EPA has also been observed in 

the tumors o f rats fed diets rich in DHA (Nasrollahzadeh et uL, 2008). Additionally, 

Vidgren et a l  (1997) examined the effects o f LC n-3 PUFA supplementation in the form of 

fresh fish, fish oil and DHA oil on the fatty acid composition o f plasma lipid fractions in 

addition to platelets and erythrocyte membranes o f  young healthy males (Vidgren et al., 

1997). As expected LC n-2 PUFA supplementation increased the amounts o f LC n-3 

PUFA and reduced LC n-6 PUFA significantly in plasma, platelets and erythrocytes. 

Importantly, they observed that the proportion o f EPA in plasma, platelets and erythrocyte 

membranes was increased by DHA supplementation (Vidgren et al., 1997). These results 

suggest retroconversion o f DHA to EPA is possible within mammals.

Within this study the increase in n-3 PUFA coincided with a displacement o f n-6 

PUFA such as linoleic acid and eicosatrienoic acid levels within the J774.2 macrophages 

pre-treated with EPA and DHA. This was also observed in the studies by Leslie et al. 

(Leslie et al., 1985) and Vidgren et al. (Vidgren et al., 1997). Increased consumption o f 

these LC n-3 PUFA results in their incorporation into inflammatory cell phospholipids 

which occurs in a dose-response fashion and is partly at the expense o f AA and other n-6 

PUFA (Calder. 2009). Chronic DHA treatment o f  the macrophages reduced n-3 (a- 

Linolenic acid) and n-9 (gondoic acid) PUFA concentrations suggesting DHA may 

interfere v/ith linoleic and gondoic acid metabolism specifically. Chronic EPA and DHA 

treatment also significantly reduced myristate concentrations within the macrophages, 

however total SFA concentrations were not significantly altered in macrophages treated 

with LC n-3 PUFA. MUFA such as palmitoleic acid and oleic acid were significantly 

displaced or reduced in EPA and DHA pre-treated macrophages leading to a significant 

total reduction in MUFA concentrations. Therefore, increased incorporation and 

production o f EPA, DHA and DPA within .1774.2 macrophages treated with LC n-3 PUFA 

may have inhibited production o f other fatty acids such as the SFA and MUFA through 

competitive inhibition o f the enzymes.

Fatty acid composition was also analysed within 3T3-L1 adipocytes co-cultured 

with J774.2 macrophages pre-treated with EPA and DHA. In contrast to the LC n-3 PUFA 

treated macrophages total SFA concentrations (palmitic acid and stearic acid) were 

significantly increased in adipocytes co-cultured with macrophages. Although the DMEM
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media contained no fatty acids it is possible that the FBS used within the media acts as a 

source o f  fatty acids. It is therefore possible that presence o f  macrophages increased uptake 

o f  SPA within adipocytes from the media. However, FBS has been shown to contain high 

levels o f  linoleic acid (Stoll and Spector, 1984), which was not significantly increased 

within the adipocytes and was significantly reduced within the macrophages treated with 

LC n-3 PUPA suggesting uptake o f  fatty acids from the PBS is not significant within this 

model. Therefore, it seems likely that fatty acid synthesis is up-regulated within adipocytes 

co-cultured with macrophages perhaps because o f  increased enzymatic activities o f  PAS to 

produce palmitic acid. Beyond the 16-C length o f  the palmitic acid fatty acid synthesis is 

mainly catalyzed by fatty acid elongases associated with the ER. ER enzymes lengthen 

fatty acids as well as dietary polyunsaturated fatty acids. It therefore seems likely the 

enzymatic activities o f  elongases are also increased to produce stearic acid. Protein 

expression o f  enzymes such as PAS could be assessed within adipocytes o f  the transwell 

co-culture model to address this hypothesis. Oil red O was examined with adipocytes 

incubated with the CM o f  LPS stimulated macrophages; lipid accumulation was 

significantly reduced and this effect was not attenuated by pre-treatment o f  the 

macrophages with LC n-5 PUPA. This suggests the adipocytes are undergoing lipoysis o f  

TAG through activation o f  lipases with release o f  PPA. The increased percentage o f  SPA 

could therefore be due to a loss o f  other lipids within the adipocytes.

Importantly. SPA are though to have inflammatory and insulin-antagonizing 

effects, which contribute to the development o f  metabolic syndrome. M echanisms 

responsible for these unhealthy effects o f  SPA include: 1) accumulation o f  diacylglycerol 

and ceramide; 2) activation o f  NP-kB and M A PK  with subsequent induction o f  

inllammatory genes in white adipose tissue and immune cells; 3) decreased PPAR 

activation and adiponectin production, which decreases the oxidation o f  glucose and PA; 

and 4) recruitment o f  immune cells such as macrophages, neutrophils, and bone marrow- 

derived dendritic cells to W A T and muscle (Kennedy et a!., 2009). Therefore the increase 

in SPA observed within adipocytes co-cultured with macrophages may cause inflammation 

and a reduction in insulin sensitivity within adipocytes. Additionally, Suganami el al. 

(2007) proposed that SPA released from hypertrophied adipocytes via the macrophage- 

induced adipocyte lipolysis, serve as a naturally occurring ligand for TLR4, thereby 

inducing the inflammatory changes in both adipocytes and macrophages through NP-kB 

and M APK activation (Suganami et al., 2007b).

Total M UPA levels (palmitoleic acid) were significantly reduced in adipocytes co- 

cultured with macrophages. Interestingly, M UPA profiles o f  obese subjects showed a
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significantly higher content o f palmitoleic acid and oleic acid than in non-obese controls. 

Plasma palmitoleic acid content has a significant relation with abdominal adiposity in 

obese children (Okada e! al., 2005). Perhaps as obesity develops and macrophages 

infiltrate the adipose tissue this courses adipocytes to secrete MUFA raising plasma levels. 

Interestingly, n-3 PUFA levels were significantly reduced in adipocytes co-cultured with 

macrophages. Although, n-3 PUFA levels were not decreased in adipocytes co-cultured 

with macrophages pre-treated with DHA suggesting that DHA may have a protective effect 

on n-3 PUFA synthesis within this system. Furthermore, the increased lipoysis induced by 

the presence o f macrophages within adipocytes may have lead to a reduction in total 

MUFA or n-3 PUFA. Alternatively, it is possible that increased production o f SFA within 

the adipocytes co-cultured with macrophages may have inhibited production o f other fatty 

acids such as the MUFA and n-3 PUFA through competitive inhibition o f the enzymes.

Inflammation was then assessed within the co-culture and CM experiments. 

Cytokine secretion and gene expression was determined within the supernatants and the 

adipocytes o f the transwell co-culture respectively. TN F-a and IL-6 secretion were 

significantly increased within the co-culture o f adipocytes and LPS stimulated 

macrophages. Interestingly, pre-treatment o f the LPS stimulated macrophages with DHA 

significantly reduced TN F-a secretion within the co-culture while pre-treatment with EPA 

and DHA reduced lL-6 secretion within the co-culture. This suggests EPA and DHA pre­

treatment o f the macrophages prior to co-culture can attenuate the inflammatory phenotype 

induced by the macrophages within this model. Data from chapter 5 demonstrated that 

EPA and DHA can reduce cytokine secretion from i l l  A.2 macrophages therefore 

supporting this concept. This data demonstrate that two closely related LC n-3 PUFA 

differentially impact pro-infiammatory responses o f J774.2 macrophages leading to 

differential effects in the 3T3-L1 adipocytes.

Importantly, lL-6 gene expression was significantly increased within the adipocytes

co-cultured with LPS stimulated macrophages and reduced to normal levels in adipocytes

co-cultured with LPS stimulated macrophages pre-treated with DHA. This suggests DHA

pre-treatment o f the macrophages attenuates the inflammatory effects induced by the

macrophages within the adipocytes. However, this does not concur with the lL-6 secretion

profiles in which LPS stimulated macrophages pre-treatment with both EPA and DHA

attenuated IL-6 secretion from the 3T3-L1 adipocytes. This may indicate that DHA acts to

modulate IL-6 gene expression through activation o f transcription factors such as PPAR-y

while EPA may act post-transcriptionally through the regulation o f proteins that control

either translational initiation or mRNA stability. IL -lR a mRNA expression was
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significantly reduced in adipocytes co-cultured with LPS stimulated macrophages and 

increased in adipocytes co-cultured with LPS stimulated macrophages pre-treated with 

DHA. IL-lRa inhibits lL-1 agonist binding to the IL-1 receptor therefore inhibiting lL-1 

signalling. Therefore, the reduction in IL-lRa may indicate an increase in lL-1 activity due 

to a decrease in the receptor antagonist. DHA pre-treatment o f  the macrophages prior to 

co-culture increased IL-lRa levels perhaps reducing lL-1 signalling indicating that DHA 

has protective effects within this model of obesity. This data suggests that presence of LPS 

stimulated macrophages induces a pro-inflammatory environment within adipocytes, 

which is then attenuated by pre-treatment o f  the macrophages with LC n-3 PUFA. This is 

further confirmed by evaluation o f  MAPK and NF-kB activity within 3T3-L1 adipocytes 

treated with the CM of LPS stimulated J774.2 macrophages pre-treated with EPA and 

DHA.

Total ERK l/2 and p38 expression was not increased within adipocytes incubated 

with the CM of LPS stimulated macrophages. However. ERK l/2  activation as determined 

by Threonine/Tyrosine phosphorylation at specific sites was significantly increased in 

adipocytes incubated with CM of  LPS stimulated macrophages. Interestingly, pre-treated 

o f  the macrophages with EPA and DHA significantly reduced ERKl/2 phosphorylation 

and activation within the adipocytes. Similarly. Threonine/Tyrosine p38 phosphorylation 

was increased in adipocytes incubated with the CM of  l.PS stimulated macrophages. p38 

MAPK phosphorylation was significantly reduced in adipoc>1es incubated with CM of 

LPS stimulated macrophages pre-treated with EPA and DHA. This data clearly 

demonstrates that pre-treatment o f  the macrophages with EPA and DHA prior to co-culture 

attenuates the activation o f  MAPK within adipocytes. ERK l/2  and p38 are activated by 

extracellular stimuli such as growth factors and cytokines (Foltz et al., 1997; Lewis et a l ,  

1998; Raingeaud et al., 1995). It is therefore probable that adipocytes ERKl/2 and p38 

become activated by pro-inflammatory molecules secreted by the macrophages such as 

TN F-a and lL-6. The decreased activation o f  the MAPK molecules within adipocytes 

incubated with the CM of  LPS stimulated macrophages pre-treated with LC n-3 PUFA 

may be due to the reduction in cytokines associated with the EPA and DHA pre-treatment. 

Interestingly SFA. specifically palmitic acid which was significantly up-regulated within 

adipocytes co-cultured with the macrophages has been shown to activate MAPK signaling 

within 3T3-L1 adipocytes (Ajuwon and Spurlock. 2005). Therefore, increased SFA content 

o f  the adipocytes could lead to increased MAPK activation. However, there is no 

significant reduction in SFA content in adipocytes co-cultured with macrophages pre-
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treated with LC n-3 PUFA, therefore this does not explain the reduction in MAPK activity 

associated with the LC n-3 PUFA pre-treatment.

Elevated activities of the MAPKs, ERKl/2, JNKl/2, and p38 are found in 

adipocytes o f  obese and insulin-resistant rodent and humans (Gual et a l ,  2005) . Jager et 

al. (2007) established that pharmacological inhibition of the ERK pathway totally 

prevented a decrease in IRS-1 mRNA and partially prevented the inhibition o f  IRS-1 

protein expression induced by IL-ip treatment in 3T3-L1 adipocytes (Jager et al., 2007). 

This suggests ERK 1/2 activity may play a critical role in IRS-1 reduction in obesity. In this 

study CM of LPS stimulated macrophages induced a significant increase in phosphorylated 

ERK 1/2 protein expression in 3T3-L1 adipocytes, which may have induced the reduction 

in whole cell lRS-1 observed. Additionally, Carlson et al. (2003) observed that elevated 

MAPK activity with adipocytes from T2DM was associated with decreased IRS-1 and 

GLUT4 (Carlson et al., 2003). Inhibition o f  the p38 pathway prevented the insulin- 

stimulated decrease in GLUT4 protein levels suggesting up-regulation o f  the p38 pathway 

might contribute to the loss o f  GLUT4 expression observed in adipose tissue from obese 

T2DM patients (Carlson et al., 2003). Aouadi et al. (2006) determined that in vitro 

inhibition o f  p38 increased the expression of mature differentiated adipocyte markers. 

Furthermore, inhibition o f  p38 enhanced transcriptional activity of PPAR-y and C/EBP(3 

suggest that p38 plays a negative role in adipogenesis via inhibition o f  PPAR-y and 

C/EBPp transcriptional activities (Aouadi et al., 2006). Interestingly, in this study CM 

from LPS stimulated macrophages was observed to increase activation o f  p38 in the 3T3- 

L1 adipocytes, which correlated with an increase in lipolysis and a reduction in insulin 

sensitivity. Furthermore, EPA and DHA pre-treatment o f  the macrophages reduced p38 

MAPK levels while insulin sensitivity was moderately improved.

Conversely, JNK activation was not increased within adipocytes incubated with the 

CM of LPS stimulated macrophages. This seems counterintuitive as JNK is activated, as 

are ERK l/2  and p38 by pro-inflammatory cytokines (Manning and Davis, 2003). It is 

possible that JNK phosphorylation may have occurred prior to the 30 minutes CM 

incubation or may have occurred subsequently; a time course may be necessary to capture 

JNK activation. However, total JNK and activated JNK were reduced in adipocytes 

incubated with the CM of  LPS stimulated macrophages pre-treated with DHA relative to
307adipocytes alone. JNK is associated with IRS-1 and phosphorylates serine (Aguirre et 

al., 2000; Aguirre et a l ,  2002) leading to inhibition o f  the insulin signalling cascade, 

fherefore. the reduction in JNK activity observed in adipocytes incubated with the CM of

LPS stimulated macrophages pre-treated with DHA may improve insulin sensitivity.
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Total iKB-a was significantly reduced in adipocytes incubated with the CM of  LPS 

stimulated macrophages, which correlates with a significant increase in iKB-a serine 

phosphorylation. These effects were not attenuated by pre-treatment of the macrophages 

with EPA and DHA. As discussed in chapter 4, in response to multiple stimuli such as 

inflammatory cytokines or stress. IkBs are phosphorylated on two critical serine residues. 

This modification triggers their ubiquitination and destruction via the proteasome 

degradation machinery. As a consequence, free NF-kB enters the nucleus and activates 

transcription o f  a variety o f  genes participating in immune and inflammatory responses, 

cell adhesion, growth control and regulation o f  apoptosis (Hayden and Ghosh, 2004; Karin 

and Ben-Neriah. 2000). Therefore, this data indicates that NF-kB activity and therefore 

inflammation is increased within adipocytes incubated with the CM, which is not 

attenuated by pre-incubation o f  the macrophages with EPA and DHA. It is probable that 

IKB-a became phosphorylated by cytokines secreted from the macrophages of the co­

culture. However, SFA have also been shown to activate TLR signaling in murine 

adipocytes (Song et u l ,  2006; Suganami et al., 2007a; Suganami el al., 2007b) leading to 

NF-kB and JNK activation with cytokine production. Consistent with these data. TLR4 

knockout mice were protected against the adverse effects of feeding a HFD rich in Palmitic 

acid (Davis et a l .  2008). The increased production o f  SFA within the adipocytes co­

cultured with the macrophages may have induced in part the NF-kB activation observed. 

Furthermore, SFA content was not reduced in adipocytes co-cultured with macrophages 

pre-treated with LC n-3 PUFA consistent with the lack o f  attenuation o f  IKB-a 

phosphorylation.

After establishing the pro-inflammatory state o f  the adipocytes co-cultured in 

incubated with the CM of  LPS stimulated macrophages pre-treated with LC n-3 PUFA 

insulin sensitivity was assessed. Adipokine secretion was determined within the 

supernatants o f  co-culture adipocytes and macrophages. Interestingly, leptin secretion was 

significantly reduced in adipocytes co-cultured with LPS stimulated macrophages. This 

effect was not attenuated by pre-treatment o f  the macrophages with either EPA or DHA. 

Leptin is secreted from adipocytes and has been implicated in the regulation o f  food intake, 

energy expenditure and whole-body energy balance in rodents and humans. The oh/oh 

knockout mouse, which produces no leptin, has severe obesity. In both oh/oh and wild-type 

mice, leptin administration was observed to induced weight loss, which was restricted to 

the adipose tissue (Halaas el al., 1997; Halaas el al., 1995). The mice show decreased food 

intake with an elevated metabolic rate. Therefore, within the context o f  obesity a reduction
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in leptin secretion from adipocytes due to macrophage infiltration in the adipose tissue, as 

our in vitro study suggests, could lead to increased food intake and a reduction in the 

energy metabolism.

In the fed, steady-state leptin expression and secretion reflect body fat mass in 

rodents and humans (Considine el ciL, 1996; Frederich et al., 1995; Maffei et al., 1995) and 

are highly correlated with adipocyte size in lean and obese mice (Houseknecht et al., 

1996). However, more subtle changes in energy balance have profound effects on leptin 

expression. A 10% reduction in body weight in obese human subjects results in a 53% 

reduction in serum leptin (Considine et al., 1996) and a 10% increase in body weight 

causes a 300% increase in serum leptin (Kolaczynski et al., 1996b). In vitro  Asada et al. 

(2001) studied the effects o f  human growth hormone (hGH) on leptin production and 

lipolysis stimulation in 3T 3-L l-hG H R  adipocytes, which efficiently express human growth 

hormone receptor. Importantly, they clarified that hG lI decreases leptin secretion after 

hOH-induced lipolysis stimulation. This could indicate that an increase in lipolysis or drop 

in lipid accumulation could lead to a reduction in leptin secretion. Oil red O staining o f  

3T3-L1 adipocytes incubated with the media from LPS stimulated macrophages 

demonstrated that lipid content was significantly reduced suggesting an up-regulation in 

lipolysis. Consistent with the leptin data, lipid accumulation as shown by oil red O staining 

was not increased when macrophages are pre-treated with LC n-3  PUFA.

Insulin signalling target gene and protein levels were also determined within the 

3T3-L1 adipocytes o f  the co-culture and CM models. The presence o f  LPS stimulated 

macrophages for 24 hours significantly reduced lRS-1 niRNA within the co-cultured 

adipocytes. DFIA pre-treatment o f  the LPS stimulated macrophages prior to co-culture 

significantly increase lRS-1 niRNA expression within the adipocytes. There was a similar 

trend in GLUT4 gene expression, although not significantly. At the protein expression 

level similar trends were observed. Whole cell lRS-1 was significantly reduced in 

adipocytes co-cultured for 24 hours with LPS stimulated macrophages. However, whole 

cell lRS-1 was significantly increased in adipocytes co-cultured with LPS stimulated 

macrophages pre-treated with DHA. W hole cell GLUT4 protein expression correlated with 

the GLUT4 m RNA gene expression data. Interestingly, GLUT4 protein expression was 

significantly reduced in adipocytes incubated for 30 minutes with the CM  o f  LPS 

stimulated macrophages. Indicating the swiftness at which the CM  media acts on the 

adipocytes. It is possible that DHA and EPA may not prevent the reduction in insulin 

signalling proteins initially but may enable the adipocytes to recover and become more 

insulin sensitive perhaps though the production o f  resolvins and protectin.
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Overall these findings concur with a study conducted by Lumeng et al (2007) in 

which macrophage-secreted factors were shown to reduce insulin-stimulated glucose 

uptake in adipocytes via down-regulation of GLUT4 and lRS-1. As discussed in chapter 4 

many cytokines such as TNF-a, IL-6 and 1L-1(3 can decrease the expression o f  insulin 

signaling protein as well as increasing the serine phosphorylation o f  IRS-1, thus impairing 

downstream insulin signaling (Rui et al., 2001). Studies indicate that cytokines may induce 

insulin resistance through activation o f  MAPK. Interestingly, ERK l/2 activation may be 

linked to the reduction in lRS-1 while p38 activation maybe linked to GLUT4 reduction 

(Aouadi et al., 2006; Jager et a l ,  2007). However, further analysis is required of the 

insulin signaling pathway within this model. It would be valuable to determine whether the 

macrophages can induce serine phosphorylation of IRS-1 therefore inhibiting insulin 

signaling in addition to looking at insulin receptor and AKT phosphorylation. Furthermore, 

it would be interesting to examine expression of SOCS proteins which are activated by 

cytokines and attenuate insulin signalling by sterically hindering coupling o f  insulin 

receptor with IRS-1 (Ueki et al., 2004b) or by binding directly to IRS-1 facilitating its 

ubiquitation and subsequent degradation by the proteasome (Shi et a l ,  2006a). 

Additionally, this study could be taken further by determining whether specific inhibitor of 

MAPK can attenuate the reduction in insulin signaling molecules induced by the LPS 

stimulated macrophages within adipocytes o f  the co-culture model.

insulin sensitivity was assessed within the adipocytes o f  the co-culture and CM 

experiments using confocal microscopy and glucose uptake assays. Insulin induced 

GLUT4 translocation to the membrane was determined within the co-culture using 

confocal microscopy. As expected, adipocytes unstimulated with insulin shov/ed very low 

levels o f  co-localization or transocation o f  GLUT4 to the membrane. Within adipocytes 

stimulated with insulin there was a significant increase in co-localization o f  GLUT4 to the 

membrane suggesting the adipocytes were insulin sensitive. However, within adipocytes 

co-cultured with LPS stimulated macrophages there was a significant reduction in insulin 

induced GLUT4 translocation to the membrane with levels similar to the non-insulin 

stimulated adipocytes. This suggests that macrophages induce insulin resistance within the 

adipocytes. DHA pre-treatment of the LPS stimulated macrophages prior to co-culture 

significantly increased adipocyte GLUT4 translocation to the membrane suggesting an 

increase in insulin sensitivity although levels o f  translocation remained lower than normal. 

Pre-treatment o f  the LPS stimulated macrophages with EPA reduced translocation of 

GLUT4 to the membrane to levels below those observed for adipocytes unstimulated with 

insulin, furthermore many o f  the values were negative. Co-localization was expressed as
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Pearson’s correlation coefficient, which is one o f  the standard techniques applied in pattern 

recognition for m atching one image to another in order to describe the degree o f  overlap 

betw een the two patterns. The value o f  this coefficient ranges from -1 to 1, w ith a value o f  

-1 representing a total lack o f  overlap betw een pixels from the im ages and a value o f  1 

indicating perfect image registration. However, negative values are am biguous and 

difficult to interpret. Values betw een -1  and 0 indicate som e form o f  inverse relationship 

betw een the channels as may occur when one channel is very dim and the other bright 

(Paw ley, 2006). This suggests the adipocytes co-cultured with LPS stim ulated 

m acrophages pre-treated with EPA require re-analysis. O ther coefficients provide 

subsequent inform ation regarding the nature o f  the co-localisation as well as being less 

sensitive to channel im balances (Pawley, 2006). How ever, these coefficients were not 

sensitive enough for this analysis. This confocal technique required a large am ount o f  

optim isation, the effects induced by the insulin and m acrophages arc subtle com pared to 

the effects norm ally m easured using the confocal m icroscope, therefore the data obtained 

is particularly difficult to interpret.

G lucose uptake was then exam ined within 3T3-L1 adipocytes incubated for 24 

hours with CM (short term treatm ent) from m acrophages pre-treated with LC n-3 PUFA 

and stim ulated with LPS for 48 hours. Interestingly, basal glucose uptake was significantly 

up-regulated in adipocytes incubated with CM  from LPS stim ulated m acrophages for 24 

hours. Cytokines such as lL-6 and T N F -a  have been shown to up-regulate glucose uptake 

by increasing insulin dependent GLUT-1 activity (Phillips el al., 2005; Stephens et al., 

1992; Stouthard el a i ,  1996; W iem an et al., 2007). How ever, DHA pre-treated LPS 

stim ulated m acrophage CM  had no significant effect on basal glucose, which may reflect 

attenuation in pro-intlam m atory cytokine production from the DHA pre-treated 

m acrophages. Insulin induced glucose uptake was significantly reduced in adipocytes 

incubated with the CM o f  LPS stim ulated m acrophages for 24 hours which coincided w ith 

the developm ent o f  a more fibroblast-like shape and a reduction in differentiation. 

Interestingly, insulin induced glucose uptake was significantly increased in adipocytes 

incubated for 24 hours with CM  from LPS stim ulated m acrophages pre-treated with EPA. 

This suggests pre-treatm ent o f  the m acrophages with EPA  prior to incubation o f  the CM  

with adipocytes for 24 hours increases insulin sensitivity while DHA had no attenuating 

effect. Interestingly, adipocytes treated with the CM o f  LPS stim ulated m acrophages pre­

treated with EPA for 24 hours retained their m ature adipocyte round structure.

In continuation o f  the glucose uptake assay CM was then harvested from 

m acrophages pre-treated with LC n-3 PUFA and stim ulated with LPS for 24 hours. CM
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was incubated with mature differentiated 3T3-L1 adipocytes for 48 hours (long term 

treatment). This gives the EPA and DHA pre-treated macrophages less time to recover and 

attenuate the LPS induced inflammation while longer CM incubation with the adipocytes 

models a more chronic inflammatory environment for the adipocytes. Basal glucose uptake 

was significantly reduced in adipocytes treated for 48 hours with the CM  o f  LPS 

stimulated macrophages. This suggests that G L U Tl activity induced in the adipocytes 

initially by the macrophage soluble factors is lost after 48 hours incubation. However, 

basal glucose uptake was unaffected in adipocytes incubated with the CM  o f  LPS 

stimulated macrophages pre-treated with DHA for 48 hours as observed at 24 hours, 

indicating DHA does not induce G L U T l activity. Insulin induced glucose uptake was 

significantly reduced in adipocytes incubated for 48 hours with CM o f  LPS stimulated 

macrophages, which coincides with a reduction in lipid accumulation and differentiation 

observed. Importantly, insulin induced glucose uptake was significantly increased in 

adipocytes incubated for 48 hours with the CM from DHA pre-treated LPS stimulated 

macrophages and suggests insulin sensitivity is improved in these adipocytes. These 

adipocytes developed a rounder more mature morphology coinciding with the increase in 

insulin induced glucose uptake. This improved insulin sensitivity is further demonstrated 

by the increased GLUT4 translocation to the membrane in adipocytes co-cultured with 

LPS stimulated macrophages pre-treated with DHA as observed in the confocal 

m icroscope images. Furthermore, treatment o f  adipocytes with LPS stimulated 

m acrophages chronically pre-treated with DHA showed a significant up-regulation in 

adipocyte IRS-1 and GLUT4 gene and protein expression in the transwell system 

compared to adipocytes treated with LPS stimulated macrophages, indicating that these 

adipocytes may be more insulin sensitive.

In conclusion, the presence o f  macrophages was found to increase SFA

accumulation within co-cultured adipocytes perhaps due to increased activity o f  FAS and

elongases. The macrophage-derived soluble factors such as T N F -a  and IL-6 were

established to promote a pro-inflammatory environment within adipocytes in which

inflammatory pathways NF-kB, E R K l/2  and p38 became up regulated. Interestingly, SFA,

specifically palmitic acid has been shown to activate N F-kB and M APK signaling within

3T3-L1 adipocytes (Ajuwon and Spurlock. 2005). M acrophage-secreted factors were

shown to reduced insulin-stimulated glucose uptake in adipocytes via down-regulation o f

GLUT4 and IRS-L Interestingly, studies indicate that cytokines may induce insulin

resistance through activation o f  M APK. Specifically. E R K l/2  activation may be linked to

the reduction in IRS-1 while p38 activation may be linked to GLUT4 reduction (Aouadi et
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<://.. 2006; Jager et al., 2007). Leptin secretion was significantly reduced in adipocytes co­

cultured with LPS stimulated macrophages. This effect was not attenuated by pre-treatment 

o f the macrophages with either EPA or DHA. The reduction in leptin may be associated 

with the increased lipolysis and de-differentiation observed within adipocytes incubated 

with the media from LPS stimulated macrophages.

EPA and DHA pre-treatment o f the macrophages prior to co-culture attenuate the 

inflammatory phenotype induced by the macrophages within this model. Insulin induced 

glucose uptake was significantly reduced in adipocytes incubated with the CM o f LPS 

stimulated macrophages for 24 or 48 hours. Interestingly, insulin induced glucose uptake 

was significantly increased in adipocytes incubated with CM from LPS stimulated 

macrophages pre-treated with EPA for 24 hours but not 48 hours. Insulin induced glucose 

uptake was significantly increased in adipocytes incubated for 48 hours, but not 24 hours, 

with the CM from DHA pre-treated LPS stimulated macrophages. This improved insulin 

sensitivity is corroborated by the up-regulation in adipocyte IRS-1 and GLUT4 gene and 

protein expression in addition to the increased GLUT4 translocation to the membrane 

within adipocytes co-cultured with LPS stimulated macrophages pre-treated with DHA. 

DHA pre-treatment seems to have a greater attenuating effect on inflammation and insulin 

sensitivity within adipocytes o f the co-culture. However, this greater attenuating effect of 

DHA may reflect the greater incorporation o f DHA relative to EPA in the LC n-3 PUFA 

treated macrophages. EPA concentrations were increased 8 fold in macrophages treated 

with EPA while DHA concentrations were increased 11 fold in DHA treated macrophages. 

The differential effects o f EPA and DHA within this study may also be due to the type and 

quantity o f metabolites produced. It is expected that LC n-3 PUFA cause changes in 

membrane lipid composition and fluidity. These changes therefore modulate metabolite 

and secondary lipid messenger production, resulting in alterations in cell signalling 

mechanisms. It would be important to examine expression o f ecosanoids, resolvins, 

protectins and isoeicosanoids in a full lipidomic analysis, to gain insight into the 

metabolism o f EPA and DHA. Furthermore, electrospray tandem mass spectrometry (ESI- 

MS/MS) could be used to detect low abundant metabolites such as secondary lipid 

messengers e.g. ceramide. Modifications in the membrane lipid composition may also 

regulate transporters, receptors and enzymes, leading to changes in intracellular signal 

transduction. It would be valuable to examine TLR4 and CD 14 expression as these 

proteins mediate LPS signaling. A time-course experiment may determine at which point 

the macrophages induce insulin resistance within the adipocytes and establish the time 

point at which the EPA and DHA pre-treatment attenuate these effects. Furthermore,
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cytokine neutralizing antibodies. M A PK  inhibitors or N F-kB inhibitors, in addition to 

s iRNA gene silencing (as discussed in chapter 4) in either the macrophages or adipocytes 

could be introduced into the co-culture system to establish the role o f  these pathways 

within insulin resistance.
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Chapter 7 

General Discussion

During an obese state, white adipose tissue (WAT) becomes inflamed, with increased 

infiltration o f immune cells such as macrophages, which contribute to the production o f 

pro-intlammator>' cytokines (Weisberg el a l ,  2003; Xu et al., 2003). These adipose 

derived pro-inflammatory cytokines are proposed to alter the endocrine function o f the 

adipose tissue and impinge insulin signalling (Lumeng et al., 2007b; Marette, 2003). 

Importantly, obesity is now considered a major contributor to the global burden o f  chronic 

disease and disability (WHO, 2004). Therefore a greater understanding o f obesity induced 

insulin resistance is necessary to determine the mechanisms occurring in obese subjects, 

with the aim o f developing better treatments for T2DM by identifying potential molecular 

targets for drug treatment and assessing the therapeutic potential o f functional foods such 

as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). This thesis aimed to 

investigate the molecular mechanisms that mediate the interaction between macrophages 

and adipocytes using both in vivo and in vitro models. The therapeutic potential o f LC n-3 

PUFA treatment was then assessed in vitro.

Firstly, this thesis aimed to establish an in vivo time-course experiment to study the 

molecular mechanisms involved in the development of obesity-induced insulin resistance 

in immune compromised IL-1 type 1 receptor knock out mice (IL-lRl'^'). In light o f  current 

literature, we hypothesized that IL -IR F ' mice will not only have a general reduction in 

inflammation, but also a specific reduction in adipose tissue macrophages (ATM) due to a 

lack in lL-1 signalling. Furthermore, we speculated that this reduction in ATM would lead 

to increased insulin sensitivity within the WAT. Previous work from our group indicated 

that 1L-1RF^‘ mice are partially protected against obesity induced insulin resistance (De 

Roos et a l ,  2009). However, other studies examining the effects o f IL-1 signalling in 

obesity-induced insulin resistance have produced mixed results (Garcia et a l ,  2006; Larsen 

et al., 2007; Matsuki et al., 2003; Somm et al., 2005).

In this thesis it was established that both IL-IRF^' and wild type (WT) groups 

showed deterioration in their glucose uptake response during the glucose tolerance test 

(GTT) throughout the 16 week high fat diet (HFD). However, in the WT control group 

there was a more significant deterioration in the glucose response. At week 6 o f the HFD it 

was established that the IL-IRF^' group showed enhanced glucose uptake response relative 

to the WT group, suggesting IL-IRF^' mice are more insulin sensitive. However, IL-IRL^' 

mice also showed significantly lower body weight at week 6 compared to WT. This may
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indicate that the increased insuHn sensitivity within IL-IRF^’ mice at week 6 is weight 

dependent. However, at week 16, IL-1 R l ’̂ 'mice exhibited increased insulin sensitivity with 

no significant difference between body weights. This may signify that at week 16 o f  the 

HFD, the lL -lR f^‘ group had reduced inflammation with reduced ATM infiltration, leading 

to improved insulin signalling relative to the W T group. Adipose tissue specimines could 

be examined using immunohistochemistry or flow cytometry to directly demonstrate that 

ATM  and other immune cells, such as T cells, were altered throughout the 16 week HFD 

intervention. Importantly, this hypothesis was supported by a reduction in pro- 

intlammatory cytokine and chemokine concentrations in the plasma, specifically IL -lp  and 

CCL5, in addition to reduced T N F -a  and MCP-1 gene expression levels in the epididymal 

adipose tissue (EAT) o f  IL-IRF^' mice relative to WT. Additionally, IL-IRF^’ mice 

exhibited lower fasting plasma insulin and triacylglycerol (TAG) concentrations relative to 

the WT mice. This indicates that the HFD induced a state o f  hyperinsulinemia and 

dyslipidemia in W 'f  mice. IL - IR F ' mice appear to be partially protected from these 

effects, suggesting that they may be more insulin sensitive. Furthermore, IL-IRT^' mice 

exhibited significantly higher EAT levels o f  insulin sensitive target genes such as glucose 

transporter (GLUT)-4 and insulin receptor substrate (IRS)-l at week 0, also signifying that 

these mice are more insulin sensitive. Notably, I L - lR F '  mice fed a HFD showed lower 

body weight and W A T mass with higher food intake, suggesting IL-lRf^ ' mice have 

increased metabolic activity and lean body mass. Additionally, IL-lR l '^ ' mice exhibited 

smaller adipocyte size within their EAT, a comm on feature o f  highly insulin sensitive lean 

adipose tissue. Further work is ongoing to elucidate this model in more depth. In future 

studies a metabolic cage or pair-feeding could be introduced to elucidate if  WT and IL- 

IR F ’ mice have different metabolic rates or appetite/food intake levels. Analysis o f  body 

composition in IL-lRF^' and W T controls could be examined using dual-energy X-ray 

absorptiometry (DEXA) or magnetic resonance imaging (MRl).

I'he insulin resistant state could be further examined by correctly determining 

plasma insulin m easurements during the G TT or with the use o f  insulin tolerance tests 

(ITT) and hyperinsulinemic euglycemic clamps. Furthermore, it would be important to 

successfully determine plasma cytokine levels such as IL-6 and MCP-1 in the mice to 

elucidate the inflammatory phenotype further. Western blot analysis o f  W AT proteins 

would provide insight into the insulin signalling mechanisms, as activity o f  the insulin 

targets is not necessarily regulated only through transcriptional expression, but also 

through post-translational modification. Several studies have indicated that abdominal 

W A'f. particularly visceral adipose tissue (VAT), is a strong independent predictor o f  the
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MetS. Therefore, it would be important to examine gene and protein expression levels in 

the V A T tissue and adipocytes. Other organs such as the liver and muscle may play a 

crucial role in the phenotypes observed and will need to be analysed to build a more 

comprehensive understanding o f  the lL-1 model.

In future studies, conditional gene targeting applying the Cre/loxP-mediated 

recombination system could be used to evaluate how deletion o f  the IL-IRI gene in a 

specific cell-type such as macrophages can affect the onset o f  obesity induced insulin 

resistance. Another system for examining IL-1 signalling in an obesity induced insulin 

resistance mouse model is to lethally irradiate, from a cesium gamm a source, WT recipient 

mice and inject them with bone marrow cells from corresponding IL-lRl'^' mice. 

Correspondingly, irradiated IL-lRl'^' mice could be injected with the bone marrow o f  WT 

mice. These studies could add insight into the IL-lRl'^ ' model and perhaps establish if  lack 

o f  lL-1 signalling in bone m anor  derived immune cells could protect against diet induced 

insulin resistnace.

Following this in vivo study, a series o f  cell culture experiments were used to 

examine and verify the findings o f  the I L - l R l ’̂ ’ study. Therefore the direct effects o f  IL-1 p 

treatment over time on adipocytes in vitro  were explored. This time-course study 

demonstrated that IL -ip  treatment reduced insulin sensitivity in 3T3-L1 adipocytes. Whole 

cell IRS-1 and GLUT4 protein expression was significantly reduced by IL -ip  treatment in 

adipocytes, while serine phosphorylated IRS-1 (Serine 636/639) was significantly up- 

regulated in response to IL -ip ,  indicating that IL - ip  may inhibit insulin signalling partially 

through IRS-1 serine phosphorylation via the m am malian target o f  the rapamycin (mTOR) 

pathway. IL -ip  treatment significantly increased activation o f  p38 and extracellular signal- 

regulated kinases (ERK) in the 3T3-L1 adipocytes. Interestingly, studies indicate that p38 

activity may regulate G L U Tl and GLUT4 expression, while ERK regulates IRS-1 

expression. It would therefore be o f  interest to use a specific mitogen-activated protein 

kinase (MAPK) inhibitor to understand more about how IL -ip  can induce insulin 

resistance via M APK regulated mechanisms. In future studies, siRNA could be used to 

silence key signalling proteins such as p38 and ERK in fully mature adipocytes treated 

with IL-1 p. Additionally, mouse embryonic fibroblasts (MEFs) derived from knockout 

mice with deletions o f  specific signalling proteins o f  interest could be differentiated to 

mature adipocytes. siRNA treated adipocytes or M EFs derived adipocytes with targeted 

protein deletions could therefore be used to establish novel cross talk mechanisms 

occurring between inflammator>' and insulin signalling pathways.
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IL-ip treatment was found to induce lipolysis and reduce the differentiation state o f  

3T3-L1 adipocytes. Interestingly, IL-ip induced a significant and specific up-regulation in 

IL-6 secretion within the adipocytes. This induction o f  IL-6 may have been initiated by 

MAPK- and/or NF-kB pathway activation induced by the IL-ip treatment. Studies indicate 

that IL-6 regulates the expression and activation o f  insulin signalling targets such as IRS-1. 

Therefore, the induction o f  IL-6 by IL-ip  may have initiated the reduction in insulin 

sensitivity within the 3T3-L1 adipocytes. IL-6 neutralizing antibody could be introduced 

during the IL-ip treatment to ensure the effects observed on inflammatory and insulin 

signaling are due to IL-ip  and not IL-6 signaling. Further studies could also define the 

effects o f  lL-1 receptor antagonist (IL-lRa) on 3T3-L1 both independently and in 

combination with lL-1 agonists. In conclusion, the data from this time-course experiment 

indicate that IL-ip can reduce insulin sensitivity and induce inflammation within 3T3-L1 

adipocytes, correlating with observations in IL-IRL^' mice, which exhibited increased 

insulin sensitivity and reduced inflammation.

High intakes o f  long chain (LC) n-3 polyunsaturated fatty acids (PUFA) such as 

EPA and DHA, as found in oily fish, decrease the production of intlammator>' eicosanoids, 

cytokines, reactive oxygen species (ROS) and adhesion molecules while increasing 

expression o f  anti-intlammatory eicosanoids, isoeicosanoids, resolvins and protectin 

(Calder, 2009; Miles et aJ., 2002; Mullen el al., 2009). Importantly, LC n-3 PUFA also 

cause changes in membrane lipid composition and fluidity leading to alterations in cell 

signalling mechanisms via modulation o f  metabolites and secondary lipid messenger 

production. Modifications in the membrane lipid composition may also regulate 

transporters, receptors and enzymes, leading to changes in intracellular signal transduction. 

Through these mechanisms, LC n-3 PUFA may offer a useful anti-inflammatory strategy 

to decrease obesity induced insulin resistance. Consequently, this thesis aimed to define the 

effects o f  EPA and DHA on 3T3-L1 adipocytes and LPS stimulated J774.2 macrophages in 

vitro. Furthermore, this was followed by a novel co-culture o f  both ,1774.2 macrophages 

and3T3-L l adipocytes.

Within 3T3-L1 adipocytes, chronic EPA and DHA treatment had variable effects. 

EPA treatment increased leptin and adiponectin secretion levels and improved insulin 

induced glucose uptake, suggesting EPA may have insulin sensitising effects. Conversely. 

DHA reduced GLUT4, inducing lipolysis and reducing the differentiation state o f  the 3T3- 

L1 adipocytes. This may suggest DHA has negative effects on adipocyte insulin 

sensitivity. However, DHA may induce anti-obesity effects and prevent further growth of
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adipocytes by inhibiting differentiation o f pre-adipocytes, inducing lipolysis and reducing 

glucose uptake through the down-regulation o f GLUT4. DHA may also reduce the harmful 

effects o f pro-inflammatory cytokines such as T N F-a on adipocyte insulin sensitivity 

through reduction o f ERK signalling. EPA and DHA treatment did not significantly affect 

cytokine secretion from the adipocytes, which may suggest an inflammatory stimulus is 

required to firstly induce inflammation before the anti-inflammatory action o f LC n-3 

PUFA in adipocytes can be observed. Therefore, further experiments are required to 

examine if EPA and DHA treatment can attenuate the pro-inflammatory state and reduce 

insulin sensitivity associated within inflamed adipocytes.

In general, the effects o f EPA and DHA on J774.2 macrophages were more 

consistent, with EPA and DHA reducing inflammatory cytokine production while down- 

regulating and reducing phosphorylation o f  p38, JN K l/2  and iKB-a. These results 

correspond with previous work from our group which established that LC n-3 PUFA 

reduces LPS induced pro-inflammatory cytokine production and NF-kB activity in THP-1 

macrophages. Once the effects o f  EPA and DHA had been established within macrophages 

and adipocytes, a co-culture o f both cell types was developed. This model mimics the 

condition observed in obesity-induced insulin resistance in which macrophages infiltrate 

into the WAT. it allows the simplification o f an extremely complex human state and gives 

a starting point to understanding some o f the mechanisms involved. Initially, this model 

examined LPS stimulated and unstimulated J774.2 macrophages acutely treated with EPA, 

DHA or DMSO vehicle control (24 hour treatment) in co-culture with 3T3-L1 adipocytes. 

Overall, the data from this co-culture, in which macrophages were acutely treated with LC 

n-3 PUFA, suggests that obesity is associated with the generation o f macrophage-derived 

soluble factors such as TN F-a, IL-6 and IL -ip  that promote a pro-inflammatory 

environment. This leads to a reduction in adipocyte insulin signalling molecules such as 

GLUT4 and IRS-L indicating that the adipocytes have become less insulin sensitive. O f 

particular note, this work has shown that pre-culturing macrophages with EPA and DHA 

can partially attenuate the inflammatory effect while moderately increasing insulin 

sensitive markers.

Finally, this thesis aimed to determine if  chronic (5 day) LC n-3 PUFA pre­

treatment o f the LPS stimulated J774.2 macrophages can attenuate the pro-inflammatory 

phenotype further and improve insulin action within the 3T3-L1 adipocytes o f the co­

culture system. This chronic pre-treatment perhaps mimics a long-term high intake o f LC 

n-3 PUFA in human and animal models. A transwell system was selected for on-going

analysis o f the co-culture. The transwell system enables protein and gene expression to be
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examined within isolated adipocytes of the co-culture, while the contact system is a 

combination o f  adipocytes and macrophages, making analysis o f  the separate cell types 

more difficult. The co-culture experiments were combined with a set o f  condition media 

(CM) experiments in which adipocytes were incubated with the CM of LPS stimulated 

macrophages chronically pre-treated with LC n-3 PUFA.

As observed within the acute co-culture model, the presence o f  macrophages 

induced production of pro-intlammatory cytokines. Interestingly, EPA pre-treatment of 

LPS stimulated macrophages was observed to attenuate lL-6 secretion within the co­

culture while IL-6 mRNA expression was not modulated. However, DHA pre-treatment of 

LPS stimulated macrophages attenuated lL-6 expression at both a gene and protein level. 

These differences indicate that DHA acts to modulate IL-6 gene expression through 

activation o f  transcription factors such as PPAR-y, while EPA may act post- 

transcriptionally through the regulation o f  proteins that control either translational 

initiation or mRNA stability. Macrophage-derived soluble factors such as TNF-a and lL-6 

were considered to promote a pro-inflammatory environment within adipocytes in which 

inflammatory pathways NF-kB, ERKl/2 and p38 became up-regulated. Interestingly, the 

presence o f  macrophages was found to increase saturated fatty acid (SFA) accumulation 

within co-cultured adipocytes. Importantly, SFA, specifically palmitic acid (PA), has been 

shown to activate NF-kB and MAPK signalling within 3T3-L1 adipocytes via loll like 

receptor (TLR)-4 (Suganami el al., 2007a; Suganami et a i,  2007b). TLR4 inhibitors could 

be introduced into the co-culture system to establish the role o f  these pathways. 

Importantly, macrophage-secreted factors were shown to reduce insulin-stimulated glucose 

uptake in adipocytes, which correlated with down-regulation o f  GLUT4 and IRS-1.

Chronic pre-treatment o f  LPS stimulated macrophages with EPA and DHA 

significantly reduced ERK l/2  and p38 activation in adipocytes of the co-culture, while 

GLUT4 and IRS-1 expression was increased within adipocytes co-cultured with LPS 

stimulated macrophages pre-treated with LC n-3 PUFA, specifically DHA. It would be of 

interest to use a specific MAPK inhibitor to examine how macrophages can induce insulin 

resistance via MAPK regulated mechanisms.

In the conditioned media (CM) experiments, the presence o f  macrophage-derived 

soluble factors significantly up-regulated basal GLUTl glucose uptake in adipocytes 

incubated with CM from LPS stimulated macrophages for 24 hours, however this 

increased GLUTl activity was lost after 48 hours incubation. Interestingly, DHA pre­

treated LPS stimulated macrophage CM had no significant effect on basal glucose after 24

or 48 hours, which may reflect attenuation in pro-inflammatory cytokine production from
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the D H A  pre-treated m acrophages. Insulin-induced g lucose  up take w as  s ign ificantly  

reduced  in ad ipocytes incubated  with the C M  o f  LPS s tim ulated  m acro p h ag es  at 24  and 48 

hours.  Im portantly , E P A  pre-trea tm ent had pro tec tive  effects  on insulin  induced  g lucose  

up take  at 24 hours w hile  D H A  pre-trea tm ent attenuated  the effects at 48 hours. T hese  da ta  

d em o n s tra te  that tw o  closely  re lated LC n -3  P U F A  differentially  im pact p ro - in f lam m ato ry  

re sponses  o f  J774 .2  m acro p h ag es  and adipocytes  in co-cu lture ,  therefore  d iffe ren tia lly  

im pacting  insulin  s ignalling  and sensitivity  in ad ipocytes.  T he p roposed  cell s ignalling  

m echan ism s , w hich  m ed ia te  the cross talk be tw een  ad ipocy tes  and  m acro p h ag es  in the c o ­

cu ltu re  experim ents ,  are ou tl ined  in F igure 7.1

In future studies, specif ic inhibitors  o f  the C O X  and L O X  pa thw ays  cou ld  be used 

in the co-culture system  to ex am in e  the effects  o f  e icosano id  production . Fatty acid 

m etabo li tes  such as e icosano ids, isoeicosanoids , resolvins, p ro tec tins  and  secondary  lipid 

m essenge rs  could  be assessed  using  lipidom ics. Furtherm ore , it w ould  be in teresting  to 

ex am in e  the activity o f  t ranscrip tion  factors such  as C /E B P , PPA R -y and S R E B P - lc  in the 

ad ipocytes  o f  the co-culture.  Specific cy tokine  inhibitors  or neu tra liz ing  agen ts  cou ld  be 

used individually  or  in com bina tion  to establish  w h ich  cy tok ines  are m ost active in 

inducing  insulin res is tance w ith in  the adipocytes  o f  the co-cu lture  m odel.  In fu ture studies, 

s iR N A  could  be used to  s ilence key s ignalling  proteins such as p38 and  E R K  in ad ipocy tes  

o r  m acrophages  o f  the co-culture.
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Figure 7.1 Proposed  cell s ignalling  m echan ism s  be tw een  ad ipocy tes  and m acro p h ag es  in a 
co-culture  system.

T he results from this thesis  s tress the im portance  o f  in f lam m ation  and  ad ipose  tissue 

m acrophages  (A T M ) in the p rogression  o f  obes ity -induced  insulin  resistance. Essentially , 

I L - I R T ’ m ice  rem ain  m ore  insulin  sensitive after a 16 w eek  H FD . m o s t  likely due  to a 

reduced  p ro- in f lam m atory  state and  less A T M  accum ula tion .  H ow ever ,  m ore  w ork  is 

necessary  to identify the underly ing  m ech an ism s  w ith in  this m odel.  T he  results  o f  this 

thesis  a lso  dem onstra ted  that m acrophages  p roduce  p ro- in f lam m ato ry  cy tok ines  such  as 

T N F -a ,  IL-6 and IL - ip .  T hese  secreted  factors enhance  the ac tiva tion  o f  M A P K  and N F- 

kB  signalling  w ith in  ad ipocytes.  U p-regu la tion  in p ro -in f lam m ato ry  pa th w ay  s ignalling  

appears  to c ross  talk with  the insulin  s ignalling  pathw ay, resu lt ing  in d o w n-regu la t ion  o f  

insulin sensit ive  targets  such as G L U T 4  and  IRS-1, w hile  in itiating serine phosphory la tion  

o f  IR S -I ,  b lock ing  tyrosine phosphory la tion  and  reducing  insulin  induced  G L U T 4  

transloca tion  to the m em brane .  LC n-3  P U F A  have been show n to a ttenua te  m any  o f  the 

de le terious effects  w ith in  ad ipocytes  and  m acrophages  such as reduc ing  the pro-
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in flam m atory  state, up-regula ting  insulin s ignalling m o lecu les  and im prov ing  insulin 

sensitivity , ind icating  that they m ay have therapeutic  potential w ith in  the con tex t o f  the 

obese  insulin resistant state. H ow ever,  further w ork  is requ ired  to con tinue  investigating 

the m o lecu lar  m echan ism s that m ediate  the interaction be tw een  m acrophages  and 

adipocytes,  and to exam ine  w he the r  LC n-3  P U FA  trea tm ent can attenuate  the pro- 

in flam m atory  phenotype and im prove  insulin action w ith in  obesity.
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