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Abstract  

Subsets of morbidly obese patients do not appear to exhibit the expected comorbidities, as 

well as the fact that heightened sympathetic nervous system (SNS) activity has been known to 

affect metabolism.  In this study, Neuropeptide Y (NPY), an SNS co-transmitter is explored as a 

possible biomarker for unhealthy obesity.  The aims of the study were to identify a  

normoinsulinemic/insulin sensitive morbidly obese Caucasian patient cohort, compare 

differences in NPY levels in the circulation and adipose tissue between the normoinsulinemic 

and hyperinsulinemic subjects.    I explored the hypothesis that elevated circulating peripheral 

NPY causes metabolic abnormalities by mediating changes in the normal function of brain stem 

regulatory mechanisms via inflammation of astrocytes as shown in an in vitro model of primary 

cell line of human fetal brain stem astrocyte cell line. 

Blood and abdominal adipose tissue samples were obtained from consenting, morbidly 

obese patients awaiting bariatric surgery for recruitment in the study. Adipokines and NPY were 

measured as well as gene and protein expression by real-time PCR and histology. Effect of NPY 

was determined on a human brainstem astrocytic primary cell-line using 

immunohistochemistry, real time PCR, cytokine ELISA, intracellular secondary messengers via 

ELISA and fluorescence microscopy. Secreted lactate levels were measured by calorimetric 

assays. Differences were found between metabolically healthy obese (MHO) and pathologically 

obese (PO)/diabetic groups in certain adipokines and insulin sensitivity, which were maintained 

after surgical weight loss. Differences in adipocyte cell size were visible between the two groups 

both in subcutaneous and omental adipose tissue depots but inflammatory cell infiltration was 

not different. Brain stem astrocytes expressed NPY receptors and IL-6 secretion from the 

astrocytes increased when exposed to a combination of NPY and noradrenaline, reflected by 

changes in intracellular cAMP. Cytokine array showed increases in various inflammatory 

cytokines under the same treatment. IL-6 treatment increased astrocyte lactate levels. 
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In astrocytes there was greater level of adrenergic signalling and secretion of IL-6 and lactate 

by the cells, which could mean different metabolic balance of astrocytes and long-term effects 

on astrocyte chemosensing function. These findings suggest differences in susceptibility to 

obesity associated pathologies linked to a synergistic modulation between the intracellular 

signalling pathways of astrocytes, being regulated at least partially by components of the CNS 

and having a direct effect on the cells. Perhaps these would pave the way for targeted treatment 

modalities. In vivo studies in an analogous animal model would further clarify the connection 

between elevated peripheral NPY and its central effects on the brainstem astrocytes in 

mediating metabolic disease. 
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1.1 The obesity epidemic and its impact on society 

Obesity is defined as abnormal or excessive fat accumulation that may impair health (1). 

This excessive fat accumulation is accommodated by the expansion of existing adipose tissue 

depots of the organism and is mostly caused by an excessive caloric intake coupled with a 

sedentary lifestyle  (2). Obesity is associated with a variety of comorbidities and is currently a 

growing economic burden on the National Health Service in the United Kingdom, with a growing 

number of clinical resources being allocated to the treatment of the phenomenon every year.  

Direct costs of treating obesity and obesity related comorbidities incurred by the NHS have risen 

from £479.3 million in 1998 to £4.2 billion in 2007, and indirect costs have been estimated to 

range from £600 million to £1.4 billion in 2007 (3). Modelled projections regarding the current 

trend of indirect costs estimate them to rise to £27 billion in 2015 (3). 

 

 

 

Figure 1: Number of hospital episodes for bariatric surgery in England by sex 2003/4-

2009/10 (Source: (4)) 
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As shown in Figure 1, hospital episodes for surgical interventions to facilitate weight loss, 

such as gastric bypass and gastric banding, have been steadily increasing every year. In the UK 

currently there are approximately 12.3 of such procedures per 100,000 population (4), reflecting 

the rising need for treatment for obesity and morbid obesity,. Added to this economic and social 

burden are the greater numbers of overweight individuals, which, in 2009 were estimated to 

account for 63% of males and 52% of females(5). In the face of the increasing prevalence of all 

forms of obesity, the need to tackle the disease and its co-morbidities, along with the costs 

associated with its treatment, are paramount. 

In addition to the monetary considerations of preventing the spread of the obesity 

epidemic, there is the important disabling effect that the condition can have on the population, 

calculated in 2002 as 7% of European total Disability Adjusted Life Years (DALY, a figure used to 

express the quantity of time spent with obesity-related comorbidities and the years of life lost 

due to the disability compared to the average European lifespan(6). These data make obesity a 

tripartite issue, comprising of human, economic and demographic components, worthy of 

greater investigation and a social understanding of the disease, rather than victimisation and 

stigmatisation of the sufferers(5)  

1.2 Obesity and comorbidities  

Obesity is associated with the increased risk of numerous metabolic complications, such as 

insulin resistance, dyslipidaemia, hypertension, and various cancers (7ς10). While insulin 

resistance and endothelial dysfunction are risk factors for all of these metabolic diseases the 

precise molecular mechanisms that may explain the associations between obesity and its co-

morbidities is, as yet, poorly understood. Effective prevention and novel therapies require 

elucidation of the mechanisms underlying these interactions, which will be described in the 

following sections. 

1.2.1 Cardiovascular disease and obesity 

One of the most common comorbidities associated with obesity is the emergence of 

cardiovascular disease, more commonly arising  in the forms of endothelial dysfunction in the 
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intima media of the blood vessel wall, which can then lead to the formation of atherosclerotic 

plaques (11,12), or a hypertensive circulatory state. This is observed across various ethnicities 

as BMI increases in the population (13), with endothelial dysfunction being correlated with 

visceral adiposity in various obese populations (14).  The mechanisms linking obesity to 

endothelial dysfunction on the other hand are relatively poorly understood, despite evidence 

from various studies  suggesting that an obese state, which leads to increased reactive oxygen 

species, due to hyperglycaemia and the resulting sequestration of intracellular nitric oxide (15), 

reduces ǘƘŜ ǾŜǎǎŜƭΩǎ ŀōƛƭƛǘȅ ǘƻ ŘƛƭŀǘŜ, which could then allow the dysfunction to develop into a 

full-fledged hypertensive state if left unchecked and allowed to progress as obesity is 

maintained.  

 

 

Figure 2: Mechanisms linking the obese state and hypertension (FFA = Free Fatty Acids, 

SNA = Sympathetic Nervous System Activity, RAS = Renin-Angiotensin System) 
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Another contributing change which occurs in the obese state and known to contribute to 

the development of obesity associated hypertension (Figure 2) is the activity of the sympathetic 

nervous system (SNS). SNS activity is markedly increased in both human and animal models of 

dietary obesity (16). It is known to affect kidney sodium and water retention capability (17), 

mediated through the hypothalamic action of circulating leptin levels (15). Also, higher levels of 

systemic insulin, which often accompany obesity, affect SNS activity (15). 

1.2.2 Obstructive Sleep Apnoea (OSA) and obesity 

Another common comorbidity associated with a greater body mass is obstructive sleep 

apnoea (OSA), an episodic and repetitive interruption of the upper airways characterised by 

oxygen desaturations and sleep fragmentation (18). Despite the symptoms of OSA being 

detected as daytime tiredness and snoring, the disease has been associated with a number of 

cardiovascular complications (19), heightened SNS activity (20) and even abnormalities in 

glucose homeostasis regulation (18,20). The mechanisms for these types of abnormalities still 

has to be elucidated, but SNS activity which is known to be heightened may account for the  

changes in blood pressure and breathing control observed in OSA patients (21). 

1.2.3 Non-Alcoholic Fatty Liver Disease (NAFLD) and obesity 

A high-energy dietary intake is also associated with the presence of greater amounts of 

saturated fatty acids (SFAs) which is metabolised by the liver. In a normal and fed state, the 

monosaccharides and amino acids that enter the circulation are taken up by hepatocytes and 

converted into fatty acid-CoA through an acetyl-CoA intermediate step. The first fatty acid 

products are in the saturated form and polyunsaturated fatty acids are created with 

modifications by desaturase enzymes (e.g. SCD1). Newly synthesized fatty acids are inserted into 

complex lipids, which in turn are packed into very low density lipoprotein (VLDL) particles and 

thus secreted (22). Impairment in any of the steps of this pathway, may it be due to 

oversaturation of lipid supply (23), either through the increase of intracellular reactive oxygen 

species generated by mitochondrial dysfunction (24), which in turn cause heightened 

intracellular inflammation signalling, or hyperinsulinemia triggered by greater levels of glucose 
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in overfeeding (25), causes a build-up of fatty acids, with histologically visible cytosolic lipid 

vacuoles in hepatocytes. The way these lipid droplets are accumulated can vary with genetic 

variance in the expression and function of droplet trafficking-associated genes, some of which 

are currently under study as a factor for predisposition to NAFLD (such as Liver Triglyceride 

Hydrolase, TGH) and that could impair liver function in the face of heightened lipogenesis (26). 

 This build-up of intracellular lipids then causes fibrotic injuries which are similar to the 

resulting damage caused in alcoholic liver disease (25), with impaired liver function and cirrhosis 

at later stages if left untreated. The mechanisms underlying a predisposition to the disease in 

an obese population are yet not fully understood, and need further study in order to elucidate 

the molecular mechanisms involved in NAFLD and the possible metabolic differences that could 

underlie the incidence of the disease in obese populations worldwide. 

 

1.3 Obesity and insulin resistance 

 

Figure 3: Hyperinsulinemia in obesity (Source: (27)) 
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The most important and significant comorbidity associated with obesity, mainly due to its 

effects on the onset of other disease characteristics is insulin resistance (IR). Insulin resistance 

may be defined as a progressive resistance of various insulin-responsive organs in the body to 

the effects of circulating insulin. The current understanding of the overall mechanisms that 

explain insulin resistance in obesity (Figure 3), suggests that the onset of IR is preceded by 

incrŜŀǎŜŘ ƛƴǎǳƭƛƴ ǎŜŎǊŜǘƛƻƴ ōȅ ǘƘŜ ʲ-cells along with lower clearance of insulin by the liver and 

kidneys leading to systemic hyperinsulinemia. The development of the IR may be to compensate 

for this hyperinsulinemia to maintain glucose homeostasis before deteriorating into frank 

diabetes.  The cross-talk between insulin-responsive tissues is illustrated in Figure 4, where in 

response to glucose levels rising in the bloodstream insulin secretion is stimulated and causes 

uptake of glucose by the skeletal muscle and adipose tissue. High insulin levels also decrease 

free fatty acid (FFA) levels through inhibition of lipolysis by the adipose tissue, and decrease 

gluconeogenesis in the liver, as well as increasing leptin secretion by the adipose tissue. The 

resulting pathologies arising from the development of insulin resistance could alter the balance 

of this crosstalk, with a shift to rising FFA levels due to the lack of the lipolysis-inhibiting effect 

of insulin signalling on adipose tissue, as well as impaired control of gluconeogenesis and 

glucose uptake, which could ultimately lead to Type 2 diabetes mellitus as the disease 

progresses and this balance is altered chronically (8,28,29).  

The correlation between obesity and insulin resistance has been investigated using various 

techniques (8,28), including oral glucose tolerance tests (OGTT) and the (8,28), the euglycaemic 

hyperinsulinaemic clamp, often described as the gold standard for measuring insulin sensitivity 

in vivo. Insulin sensitivity in humans effectively decreases by 30-40% when body weight 

increases past ideal levels by >35-40% (28) and the development of insulin resistance has been 

directly shown to occur in response to experimental overfeeding in normal weight individuals 

(2). Progressive exacerbation of insulin resistance to type 2 diabetes following a prolonged state 

of hyperinsulinemia has also been reported (8,28,30). The symptomatic manifestation of insulin 

resistance involves the concerted action of all of the insulin-responsive tissues (as shown in 
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Figure 4) in the body: skeletal muscle, the liver and adipose tissue, with varying effects at the 

systemic level: all of which will be briefly reviewed in the next section.  

 

 

Figure 4: Crosstalk of insulin-sensitive tissues in the body (Source: (31), FFA = Free Fatty 

Acids) 

 

1.3.1 Insulin resistance and skeletal muscle 

The skeletal muscle has been estimated to carry out approximately 80% of total body 

glucose uptake in response to insulin secretion (32). In obese normal glucose tolerant patients, 

there is marked insulin resistance in skeletal muscle compared to lean, age- and sex-matched 

individuals (32). Animal, as well as, human studies have shown a direct correlation between 

increase in body mass and skeletal muscle insulin resistance, suggesting that skeletal muscle 

dysfunction may be a the primary defect in the development of insulin resistance and type 2 

diabetes (32,33).  

The reason for this increased insulin resistance in skeletal muscle is partially due to 

increased free fatty acid (FFA) levels in the circulation of obese and morbidly obese patients, as 
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reported previously(32,34).  The reasons for the increased levels of free fatty acids in the 

circulation of obese patients was originally hypothesized by Randle et al. (35) to be due to the 

increased mass of the adipose tissue of obese individuals which in turn causes higher levels of 

circulating FFAs, which then interfere with glucose metabolism by overriding normal energy 

metabolism towards fatty acid oxidation instead of glycolysis, therefore causing build-up of 

glucose and worsening of insulin resistance (35,36). These fatty acids, which have been shown 

to increase insulin resistance after infusions in experimental models (32,33), are thought to act 

through the activation of inhibitory protein kinases such as JNK and Protein Kinase C which 

inhibit IRS-1 function in the insulin signalling pathway (32). 

1.3.2 Insulin resistance and the liver 

 

 

Figure 5: Insulin resistance in the liver. (Left: insulin sensitive liver. Right: Insulin 

resistant liver) (Source:(37)) 

 

Insulin resistance in the human liver is closely associated with raised intracellular fatty acid 

levels, which could allow the emergence of the previously discussed non-alcoholic fatty liver 
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disease, or NAFLD. This coupled with evidence of elevated hepatic lipid levels in mice with 

specific deletions of vital insulin-responsive genes, such as the GLUT4 glucose transporter (37), 

has led to the suggestion that insulin resistance in obesity could be the main cause of NAFLD,  

through impaired signalling of the insulin receptor by protein kinase C activation (as shown in 

Figure 5) by free fatty acids (specifically diacylglycerols) associated with heightened caloric 

intake during obesity (37,38). This is in turn is exacerbated by the heightened levels of circulating 

glucose which are then thought to be converted into a greater amount of fatty acids by the liver 

through de novo lipogenesis, which in turn further increases insulin resistance in the organ itself 

(39). This is shown by studies illustrating the activation by insulin of SREBP-1c, a transcription 

factor responsible for the activation of lipogenesis genes (37,38). The activity of this gene will 

be discussed later in this introduction.  

Since the liver is considered a very important organ in IR, changing levels of liver enzymes 

involved in lipid metabolism which occur due to the modulation of intracellular signalling, 

specifically in enzymes like alanine aminotransferase (ALT) are being proposed as part of 

metabolic syndrome due to their readily detectable changes in a clinical setting, as well as direct  

analysis of the ratio of circulating fatty types as an indicator of fatty acid accumulation in the 

liver (40) for indication of liver insulin resistance and cardiometabolic syndrome onset in obesity 

and morbid obesity.   

1.4 Insulin resistance and the adipose tissue 

1.4.1 Adipose tissue: an endocrine organ 

Being directly involved with its expansion in the onset and exacerbation of obesity in 

response to overfeeding, and the main organ involved in long term energy storage, the adipose 

tissue  is seen as a central player in the onset of the various comorbidities associated with 

obesity itself (41). It is also recognized as being an important participant in the metabolism and 

homeostasis of glucose levels in the body (42), as well as an extremely diverse and important 

secretory organ, secreting a wide array of adipokines such as leptin, IL-6, adiponectin, MCP-1 

and TNF-  h(See Figure 6). These are known to have effects at the local tissue and systemic levels 
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(43). The biological activity and systemic effects of these adipokines have been extensively 

reviewed in various publications (41,43ς45).   

 

Figure 6: Adipose tissue adipokines (Source:(44) ) 

 

The anatomical location of the adipose tissue and its expansion in different parts of the body 

can alter the secretory profile of these adipokines, with visceral depots having a more pro-

inflammatory secretory profile in humans (41), and are able to modulate the function of immune 

system cells such as T-cells at a local and systemic level (46).  The expansion of this depot 

specifically in the obese state is thought to promote greater metabolic risk in humans (43). 

Nevertheless, its central role as a secretory organ and metabolic hub of energy expenditure 

makes it a vital organ for the study of insulin resistance in obesity. 

1.4.2 Adipose tissue remodelling and insulin resistance in obesity: Hypertrophy vs. hyperplasia 

Adipose tissue undergoes expansion during excessive caloric intake, leading to its necessary 

remodelling. It has been hypothesized that impairments in the ability of the adipose tissue to 

generate new cells through differentiation of pre-adipocytes in the process of adipogenesis 

(hyperplasia) could be linked to the development of insulin resistance and diabetes mellitus (43), 

and that the enlargement of adipocytes associated with excess caloric intake (hypertrophy) is 
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correlated with necrosis of the adipocytes themselves, a heightened local inflammatory state 

and the recruitment of monocytes of the immune system as a response (47,48).  

 

 

Figure 7: Adipose tissue hypertrophy and its local effects in obesity (Source: adapted 
from (43)ύ bƻǘŜΥ ōƭŀŎƪ άŘƻǘǎέ ǊŜǇǊŜǎŜƴǘ ƛƴŦƛƭǘǊŀǘŜŘ ƳƻƴƻŎȅǘŜǎ ƛƴ ǘƘŜ ŀŘƛǇƻǎŜ ǘƛǎǎǳŜ 

 

The evidence showing that adipocyte inflammation signalling caused by the presence of 

macrophages in the adipose tissue is linked to insulin resistance (49) has led to a proposed 

model for the change of adipose tissue function as a response to over nutrition is illustrated in 

Figure 7, where in a lean, healthy state adipose tissue is insulin sensitive, with a secretory 

balance focused towards a less inflammatory profile. In the occurrence of over nutrition and 

forced adipose tissue expansion, the hypertrophied adipocyte shifts its secretory balance 

towards a more inflammatory profile, with less anti-inflammatory adipokines like adiponectin 

secreted and more inflammatory cytokines such as interleukin-6 (IL-6) and Monocyte 

Chemotactic Protein 1 (MCP-1) being more readily secreted and present at a local level. This 
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causes the recruitment of adipose tissue macrophages which in turn focus around necrotic 

adipocytes (48) and cause yet more heightened inflammation.  

This can lead to escalation in insulin resistance, endothelial dysfunction, hypoxia and 

inflammation in the adipose tissue as the number of tissue macrophages and hypertrophied 

adipocytes increase. The mechanisms through which the macrophages are initially recruited are 

thought to be various: The macrophages are hypothesized to respond to the presence of 

necrotic adipocytes in the adipose tissue due to increased hypoxia after adipocyte hypertrophy, 

ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƛƴŎǊŜŀǎŜŘ ƭƻŎŀƭ ƭŜǾŜƭǎ ƻŦ CC!ǎ ǘƘŀǘ Ƴŀȅ άƭŜŀƪέ ŦǊƻƳ ƘȅǇŜǊǘǊƻǇƘƛŎ ŀŘƛǇƻŎȅǘŜǎ 

due to their efficiency limitations in the re-esterification process after lipolysis during fasting 

states.  

These are thought to activate and polarize inflammation levels of macrophages through toll-

like receptor 4 (TLR4) activation (49,50), in a phenomenon recently dubbed as 

άƳŜǘŀŦƭŀƳƳŀǘƛƻƴέ (51), which is also thought to be a primer for the increased inflammation 

levels and macrophage recruitment seen in dysfunctional adipose tissue.  

Metaflammation may also be a result of endoplasmic reticulum (ER) stress, a phenomenon 

that occurs when the endoplasmic reticulum, in which all the secretory and membrane proteins 

are assembled into their secondary and tertiary structures, and where unfolded or mis-folded 

proteins are detected, removed  and degraded by the 26S proteasome system (52) is subjected 

to an overload of unfolded proteins which results in the activation of an Unfolded Protein 

Response (UPR) to preserve ER function. This response, which can also occur due to metabolic 

overload in adipocytes and can be observed experimentally (53) by drug-induced impairment of 

ER function which mainly occurs through signalling pathways that inhibit insulin signalling such 

as the NF-ˁ. ǇŀǘƘǿŀȅ (52,54),  and promote an autophagic response, which if impaired (as can 

be seen in obesity (55)), may result in necrotic adipocyte death. Studies in mice show increased 

ER stress gene expression in diet-induced obesity, and the resulting inflammatory pathway 

activation in adipocytes (56), therefore suggesting a role for ER stress in insulin resistance and 

adipose tissue dysfunction. 
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Figure 8: Adipose tissue remodelling in obesity (A: "healthy" expansion B: "pathological" 

expansion) (Source: (50)) 

 

The imbalance between adipocyte hypertrophy and hyperplasia, and the impairment in  

adipocyte turnover rate (57) favouring hypertrophy over hyperplasia (58) in the tissue has been 

implicated in the development of insulin resistance and a pathological development of obesity 

related comorbidities. This proposed ŘƛŎƘƻǘƻƳȅ ōŜǘǿŜŜƴ άƘŜŀƭǘƘȅέ ŀƴŘ άǇŀǘƘƻƭƻƎƛŎŀƭέ ŀŘƛǇƻǎŜ 

tissue expansion (As shown in Figure 8), with the recruitment of new adipocytes and resulting 

beneficial angiogenesis is thought to be a central focus of the maintenance of insulin sensitivity, 

as opposed to the pathological expansion of the tissue involving adipocyte hypertrophy and 

poor remodelling of the tissue as a result of this (50).  

The mechanistic cause for the choice of hypertrophy over hyperplasia in pathological 

adipose tissue expansion is still unknown. Although animal studies have suggested that factors 

such as macrophage recruitment into the adipose tissue, as occurs temporarily after significant 

weight loss, as well as the effect of lipolysis-inducing drugs such as ̡-adrenergic receptor 
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agonists in mice (50), the real mechanisms behind the choice of the adipose tissue to expand its 

existing adipocyte population rather than recruit new ones through adipogenesis from its pre-

adipocyte population still remains unclear. The beneficial effects seen in the use of PPAR-ʴ όa 

nuclear receptor that has a major role in adipogenesis gene regulating) agonist drug family, the 

thiazoledinediones, in the treatment of insulin resistance could also show the importance of 

hyperplasia over hypertrophy (59).  

As also referred to by Figure 8, the recruitment of specific types of macrophages in the two 

different models for adipose tissue expansion, an already extensively observed phenomenon 

(60) could be an important aspect to consider when observing the different ways the tissue can 

expand, including a pathological expansion type.   

Macrophage polarity in tissue remodelling, namely looking at subtypes of the cells which 

can be observed according to activation state (61). M1(a more pro-inflammatory form of 

macrophage, actively secreting pro-inflammatory cytokines and antigen-presenting molecules) 

and M2 macrophages (a less inflammatory subtype which is associated more closely with tissue 

remodelling), is an aspect which is being extensively explored and characterised in adipose 

tissue as well. There are interesting results associated with activation states such as the 

association of more pro-inflammatory M1 macrophages with a hypoxic state of the adipose 

tissue (62), and the alteration of the more anti-inflammatory M2 macrophage phenotype 

following adipocyte necrosis (63).  

The mechanisms behind the shifts in polarity are still being characterised, with the 

aforementioned hypoxic state, the necrosis of surrounding adipocytes and a specific lipid profile 

also being explored as a possible contributing factor (64) to polarity shifts, which could be 

correlated to the inflammatory differences observed in adipose tissue between the insulin 

resistant state and the healthy state of obesity. 

Another aspect that has also been explored is the difference in angiogenic potential of the 

tissue itself, which has already been shown to be different between adipose tissue depots (50). 

Whether impaired angiogenesis could be a rate-limiting step in the expansion of the adipose 
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tisǎǳŜ ƻǊ ǘƘŜǊŜ Ƴŀȅ ōŜ άƛƳǇǊƻǇŜǊέ ǾŀǎŎǳƭŀǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ŀŘƛǇƻǎŜ ǘƛǎǎǳŜ ƻŎŎǳǊǊƛƴƎ, as suggested 

by evidence showing omental adipose tissue in humans to have higher vascularization but more 

hypoxia (50), is still being investigated . Since there is direct evidence that hypoxia causes an 

increase in pro-inflammatory adipokine secretion, this is an important factor to consider when 

exploring adipose tissue remodelling (65). Nevertheless, the resulting insulin resistance caused 

by the improper function of the adipose tissue during obesity makes adipose tissue an important 

player in the development of obesity related comorbidities and the study of adipose tissue 

dynamics in obesity can give extraordinary insight to the metabolic problems arising from 

obesity and insulin resistance. 

1.4.3 FFA and insulin resistance in adipose tissue 

Obesity in humans is characterized by a greater amount of FFAs in the circulation (59), and 

the presence of heightened levels of FFAs as well as an impaired glucose metabolism in lean, 

healthy individuals with family histories of type-2 diabetes (59) suggests that there could be a 

vital role of FFAs in the development of insulin resistance. Their effects on skeletal muscle and 

liver insulin resistance have been discussed earlier in this report, and being the main long-term 

storage source of FFAs, the adipose tissue in this case yet again plays a central role.  
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Figure 9: Role of lipotoxicity via adipose tissue FFAs in obesity (Source: (59)) 

 

The central role of FFAs in the development of insulin resistance (see Figure 9), again points 

to a pivotal role for adipose tissue, mediated by adipocyte hypertrophy, ER stress, necrosis and 

inflammatory signalling pathway activation leading to a change in the secretory profile of 

adipokines from less anti-inflammatory to more pro-inflammatory. Additionally, the 

development of resistance to the anti-lipolytic effects of insulin signalling causing heightened 

levels of local FFAs could also exacerbate macrophage infiltration due to TLR4 signalling 

activation (66). This in turn could exacerbate insulin resistance, causing a further increase of 

systemic FFA levels that are shown to affect other insulin-sensitive organs of the body, changing 

them to a more insulin-resistant state.   

Therefore, an imbalance in the lipolytic potential of the adipose tissue could give rise to 

insulin resistance from a metabolic point of view, and not just that of an inflammatory 

phenomenon as the initial trigger for adipose tissue insulin resistance. Since the activity and 

regulation of fatty acid desaturase enzymes such as Stearyl-CoA-desaturase 1 (SCD1) that 
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convert saturated free fatty acids (SFA) to mono-unsaturated fatty acids (MUFA) in adipose 

tissue which are known to be less inflammatory (59,66,67) has also been associated with insulin 

signalling (67), the metabolic component of adipose tissue dysfunction becomes an extremely 

important aspect of obesity and the development of obesity related comorbidities. 

1.4.4 Obesity or metabolism? The need to explore the heterogeneity of obesity 

The dynamics and mechanisms of adipose tissue remodelling and dysfunction, 

inflammation, hypoxia and lipotoxicity in obesity have been explored mainly by comparing the 

adipose tissue from healthy, lean individuals to that of obese subjects, as the natural progression 

into the obese state via excess energy intake. The arising heterogeneity in insulin sensitivity (68) 

that have been observed in various obese and morbidly obese populations may point to the fact 

that metabolic syndrome is not a direct and inevitable consequence of excess energy intake, 

and that there are individuals that maintain a normal metabolic profile regardless of their 

morbid obese state (69).  This could give precious insight not only into the subtle mechanisms 

that may come into play in the obese individual but also in lean, insulin resistant individuals and 

in the metabolism as a whole.  

 

1.5 Heterogeneity of insulin resistance 

1.5.1 Metabolically Healthy Obese (MHO) individuals 

The importance of insulin resistance as a driving factor for the onset of obesity related 

comorbidities is significant, as previously described in section 1.4. However, the incidence of 

insulin resistance among obese and morbidly obese individuals is variable in different 

population groups (68) and groups of individuals, regardless of their obese or morbidly obese 

status that exhibit normal insulin responsiveness is apparent (69ς72). These individuals, the 

άaŜǘŀōƻƭƛŎŀƭƭȅ IŜŀƭǘƘȅ hōŜǎŜέ όaIhύΣ ŘŜǎǇƛǘŜ ǘheir obese state have favourable metabolic 

profiles with normal insulin responsiveness, lipid and inflammatory profiles and are 

normotensive. Conversely the majority of obese and morbidly obese individuals that develop 
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unfavourable metabolic profiles, insulin resistance and comorbidities have been referred to as 

ǘƘŜ άǇŀǘƘƻƭƻƎƛŎŀƭƭȅ ƻōŜǎŜέ όthύ (69). A summary of MHO characteristics reported in various 

studies are shown in Figure 10. 

 

 

Figure 10: Profiles of MHO vs. MAO (PO) patients (Source: (73)) 

 

The reported prevalence of MHO depends, at least in part, on the stringency of the criteria 

used to describe the phenotype and varies from 10-40% (73). Even so, the evidence that there 

is such a phenotype, in diverse age ranges from 20 to 80 years suggests that the metabolic 

changes and this dichotomy is present, albeit changed in its proportions, in many populations 

that have been studied (74).  

There is yet a consensus to be found as to how to characterize these individuals in patient 

populations, especially with respect to relevant diagnostic techniques and biomarkers. One 

reason for these discrepancies is that the gold-standard technique for the determination of 

insulin resistance, the euglycaemic-hyperinsulinaemic clamp, is too invasive, expensive and time 
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consuming a procedure to be considered for routine use in a clinical context, therefore 

increasing the need for finding easier, less invasive methods and biomarkers for characterizing 

the phenotype(73), especially since the incidence of these individuals may vary according to the 

criteria used to select them (75). Nevertheless, the overlapping criteria amongst most research 

groups studying the phenomenon are fasting plasma glucose and insulin levels, HOMA-IR index, 

and lipid profiles such a cholesterol and triglyceride levels (73). Using these criteria it is apparent 

that this metabolic heterogeneity is still present within the obese populations.  

1.5.2 Implications of MHO individuals in the clinical setting 

The acceptance of the existence of the MHO phenotype comes with practical consequences 

to clinical care. Is there such a thing as a metabolically healthy obese individual? Can he/she be 

described as healthy despite the obese state being described as sub-optimal to health?  Is it 

worth treating these individuals in the same way as the other types of obese patients? The 

phenomenon is creating varying opinions with respect to treatment (76,77) from a practical 

perspective, but the general consensus about these assessments is that the lack of a common 

definition undermines the practical aspects of clinical care for these patients, especially with a 

lack of detailed longitudinal studies in exploring the long term effects of treatment in the MHO 

versus the PO. 

The evidence of improvement in weight loss with respect to diet and exercise therapy on 

insulin sensitivity is apparent (77), and studies have shown that exercise alone can improve 

insulin signalling and sensitivity in the tissues involved (78). However, data on the effectiveness 

of exercise and diet for improving insulin sensitivity in MHO individuals is scarce. There are 

studies that show an increase in insulin sensitivity after weight loss in PO individuals, as opposed 

to a slight worsening of insulin resistance in the MHO population, showing that specific 

differences must be taken into account with respect to treatment for these individuals (79)., 

Another study by Shin et al. showed an improvement in inflammatory markers and lipid profiles 

of MHO women after weight loss, proving diet restrictions to be more effective in MHO women 

than PO women (80). Karelis et al. (81) showed that dietary/calorie restriction mediated weight 
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loss in MHO women led to a more unfavourable insulin resistance profile than with at-risk 

individuals. A positive change in insulin sensitivity and cardio metabolic risk factors was 

observed in Janizewski et al. (82) for both MHO men and women as opposed to previous findings 

after weight loss through diet or exercise. However, with only these few studies outlining the 

dynamics of weight loss in these MHO individuals it is not enough to come to a decision as to 

what is the most effective treatment for them (83). Therefore additional research needs to be 

carried out in order to see the differences with larger patient groups and with more follow-up 

data to prove whether weight loss is the most effective means to manage the continued status 

of MHO individuals and prevent worsening of the metabolic profile.  

Surgically assisted weight loss has become one of the most effective ways of managing 

morbid obese patients in the developed world, and bariatric surgeries have been steadily 

increasing in the UK to about 6520 per year for both men and women (4).  The proof of its 

effectiveness at ΨǘǊŜŀǘƛƴƎΩ type 2 diabetes in morbidly obese populations is documented (84), as 

well as reducing overall mortality in morbidly obese patients (85,86). Its effectiveness at 

improving an MHO metabolic profile is much less studied: with only a single study reporting 6 

month follow-up information regarding an MHO/PO population of morbidly obese patients 

carried out by Sesti et al. (87). This study showed that regardless of insulin sensitivity, which was 

supposedly better in the MHO individuals to begin with, the MHO subgroup of morbidly obese 

patients showed a significant weight loss and improvement in cardio metabolic risk markers 

compared to before gastric banding. At the same time, recent developments from the Swedish 

Obesity Study (SOS) in which 2,010 morbidly obese patients undergoing bariatric surgery were 

matched up to an equal population of patients receiving standard medical care, and the results 

indeed showed a reduced prevalence of cardio-metabolic abnormalities, although it was 

recognized that surgical benefits of bariatric surgery did not correlate with baseline BMI or post-

operative weight loss, and the only predictive factor for cardiovascular events was fasting insulin 

levels suggesting that insulin resistance, and not obesity, being important for the development 

of cardiovascular comorbidity (88).  Also, recent data from the American NHANES III study has 
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shown that despite the lack of a common definition for metabolically healthy obesity, by looking 

at commonly used diagnostic criteria for MHO status used more frequently, the varying MHO 

population still did not seem to exhibit the same all-cause mortality risk as the remaining 

unhealthy obese patients (89).  

 Therefore, the conclusion that can be drawn from these human studies is that healthy 

metabolic profiles, even in the morbidly obese, have less immediate benefit to gain from 

bariatric surgery than insulin resistant ones, and this could be a very solid reason to discern MHO 

patients from PO patients in a clinical context, in order to decide different therapeutic 

approaches for the two groups by also looking at how this  group of patients  avoid metabolic 

abnormalities across various BMI and age ranges. The varying evidence from this field of study 

is also a clear signal that more is needed to understand the phenomenon and learn from the 

different metabolic profiles of the patients in order to target specific mechanistic differences 

involved in the onset of the PO phenotype. 

1.6 Mechanistic causes for MHO vs. PO differences 

1.6.1 Adipokine profile differences 

The differences in the secretory profile of adipose tissue with respect to its expansion could 

suggest an inherent difference in the levels of specific circulating adipokines such as resistin 

(associated with increased insulin resistance), adiponectin (known to be an endogenous insulin 

sensitizer) and TNF-ʰ όŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƛƴǎǳƭƛƴ ǊŜǎƛǎǘŀƴŎŜύΣ all of which have been seen to be 

altered in the presence of insulin resistance in humans (90).  Since these and other adipokines, 

like IL-6, all have autocrine and paracrine effects on glucose metabolism, lipolysis and insulin 

sensitivity (43) they could be different between MHO and PO in their levels and effects on insulin 

resistance and local inflammation.  A difference in secretion levels of these adipokines could 

also be used as a biomarker for the onset of insulin resistance and the metabolic syndrome, 

which makes quantification of these adipokines and their metabolic effects important. Ratios of 

adiponectin to HOMA-IR index have already been used as a predictive tool for metabolic 
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syndrome in humans (91), and adipokine levels have been observed during weight loss (92), 

making the need for a biomarker that could distinguish MHO/PO patients important.  

1.6.2 Inhibition of Adipogenesis 

The possible mechanisms for the differences between the MHO and PO phenotype are being 

explored at the molecular level.  Adipocyte hypertrophy has been reported in the subcutaneous 

adipose tissue of human patients as being predictive for type 2 diabetes (93).  Similarly adipocyte 

hypertrophy has been shown in certain ethnic groups such as Pima Indians (58) and South Asian 

populations more prone to insulin resistance (94). Also hypertrophied, older adipocytes had 

been associated with insulin resistance and adipogenesis-associated genes are more poorly 

expressed in the adipose tissue of type-2 diabetic compared to non-diabetics (95,96). This 

inhibition of adipogenesis in insulin resistant adipose tissue is worthy of further exploration. 

However data from various studies are inconclusive: some confirm the hypothesis that MHO 

patients have smaller adipocytes in various depots (yet with the omental being the only depot 

to be significantly correlated to the metabolic syndrome (97)), with lower expression of 

adipogenesis-inhibiting genes such as preadipocyte-factor 1 (PREF-1) in MHO patients. These 

data suggest an inhibition of adipogenesis in PO adipose tissue (98). Other studies point towards 

smaller adipocytes in both depots, despite impaired adipogenesis, as the possible cause of the 

difference between MHO and PO individuals.  The emergence of studies also pointing towards 

lower tt!wʴ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ŀŘƛǇƻŎȅǘŜǎ either caused by inflammatory cytokines (99), or even 

xenobiotic molecules present in western diets such as naringenin (100) shows that a variety of 

factors can affect healthy adipocyte turnover and that the exploration of this difference is 

important to understanding metabolic variability. Also, an association between smaller 

adipocyte size and heightened local inflammatory signalling has been observed in some studies 

(101,102). This is contrary to the suggestion that inhibition of adipogenesis, adipocyte 

hypertrophy and necrosis could lead to local inflammation (48). These differences in data could 

arise from the different criteria used to select patients for the two groups, MHO and PO, 

therefore making the need for a common definition ever more important.  
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1.6.3 Dysfunction in the regulation of SREBP Proteins and the lipogenic/lipid homeostasis 

pathway 

Lipogenesis and cholesterol homeostasis stimulated by insulin signalling in adipose tissue 

appears to be mediated by the transcription factor Sterol Regulatory Element-binding Protein 

1-c (SREBP-1c) (103). This factor is a member of a family of three transcription factors, with the 

most prevalent one in adipose tissue being SREBP-1c. The SREBP-1c transcription factor is 

responsible for transcriptional activation of the entire monounsaturated fatty acid synthesis 

pathway (103), and is also activated during the adipocyte differentiation process (104). The 

regulation of SREBP-1c is complex and involves steps at the transcriptional and post-

translational levels with initial transcripts encoding a membrane-bound precursor protein kept 

anchored to the endoplasmic reticulum via Insig proteins. When sterol depletion ensues the 

Insig proteins dissociate from SREBPs, allowing them to translocate to the Golgi apparatus 

where they are cleaved by proteases, and the N-terminal fragment of the SREBP is cleaved from 

the membrane and can finally translocate to the nucleus to regulate gene transcription (105), 

which involves several genes involved in fatty acid metabolism (see Figure 11). Regulation of 

SREBP levels by insulin signalling is supported by various pieces of evidence. Rat hepatocytes 

express higher levels of SREBP-1c after insulin treatment, as well as decreasing SREBP-1c levels 

after streptozotocin-induced diabetes in rat hepatocytes (106). Insulin also induces liver X 

receptor which in turn is known to activate SREBP-1c transcription (107), therefore linking 

insulin and insulin resistance to the possibility of improper lipid homeostasis, specifically with 

cholesterol levels (108). 
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Figure 11: Genes regulated by SREBP activity in cholesterol and fatty acid synthesis 

pathways (Source:(105)) 

 

¢ƘŜ ŘƛǎŎƻǾŜǊȅ ǘƘŀǘ ŘƛŜǘŀǊȅ Ŧŀǘǘȅ ŀŎƛŘǎ ǎǳŎƘ ŀǎ ˖-о ŀƴŘ ˖-6 polyunsaturated fatty acids 

(PUFAs) are responsible for the down-regulation of the SREBP transcription factors in mouse 

livers (109), as well as the evidence showing that overexpression of SREBP-1c in mouse white 

adipose tissue led to an insulin-resistant phenotype of hypertrophied adipocytes in the adipose 

tissue of mice (110) suggest that a possible difference in metabolic regulation of lipid 

homeostasis maybe due to diet or genetic factors, leading to adipocyte hypertrophy due to 

excess lipid accumulation, and inhibition of adipogenesis by SREBPs  as well as its target lipid 

metabolism genes like SCD1. 

1.6.4 The need for a biomarker 

As previously mentioned, studying and gaining an understanding of the differences in the 

local functioning of the adipose tissue can also be useful for determining a viable and detectable 

biomarker for the recognition of specific metabolic profiles. Despite the previous studies cited, 

there is still a difference in opinions as to whether the actual use of high molecular weight 

adiponectin or other adipokines such as C-reactive protein can give an indication of metabolic 
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status (111).  Other types of biomarker types, namely neurotransmitters like epinephrine (112), 

are under study for their effects on the function of the adipose tissue and will be discussed in 

the next section of this thesis, or specific circulating serum microRNA types (113) which have 

been observed to be altered during the onset of insulin resistance and type 2 diabetes (114), 

and of which the signalling properties are only just being explored in these past years.  Once a 

common definition for MHO is agreed upon and a common biomarker found, the process of 

discrimination could allow for a more stratified and accurate approach to the clinical treatment 

of obesity. 

 

1.7 Sympathetic nervous system activity and metabolism 

1.7.1 The sympathetic nervous system in breathing and blood pressure control 

Blood pressure (BP) in humans is regulated by two concerting factors: vascular resistance 

and cardiac output. Both are directly controlled by the autonomic nervous system through 

specific mechanisms which not only determine the initial άǎŜǘ Ǉƻƛƴǘέ ŦƻǊ ōŀǎŀƭ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭǎ 

but also react to changes in the external environment that require homeostatic regulation (115).  

One of the most studied parts of the autonomic nervous system, specifically due to its activity 

regarding the regulation of blood pressure and its relevance in hypertension is the sympathetic 

portion, the SNS (116). The SNS controls the level of blood pressure in the body via three main 

types of neurons activated by different stimuli, barosensitive, thermosensitive and 

glucosensitive, which innervate the circulatory system, the heart, the kidneys and the adrenal 

medulla. Barosensitive sympathetic neurons are under the control of arterial baroreceptors in 

the carotid body. This large group of neurons is chiefly responsible for both short-term and long-

term BP regulation and its level of activity at rest is thought to be the most important parameter 

for long-term BP control (116). 
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Figure 12: Sympathetic control of BP in humans. 
Black arrows indicate external factors, green arrows interactions in the network. SFO = 

Sufornical organ OVLT = organum vasculosum lamina terminalis NTS = nucleus tractus 
solitarius AP = area postrema Ang II = Angiotensin II SPGN = sympathetic pre-ganglionic 

neuron SGN = sympathetic ganglionic neuron (Source: (116)) 
 

The core sympathetic network responsible for BP control in the human body is summarized 

in Figure 12, which comprises of three main neural control networks (all responsive to various 

types of circulating hormones): the Hypothalamus, the Nucleus of the Solitary Tract (NTS) and 

the Rostral Ventrolateral Medulla (RVLM). These are responsible for relaying external inputs 

(mainly from the reninτangiotensin system which will be discussed later in this introduction) 

and responding via the spinal cord ganglionic neurons in eliciting the change in blood pressure 

via the control of heart rate, vascular contraction or sodium retention by the kidneys  (115,116).  

Elevated SNS activity concerted with hypertension has been observed as a common occurrence 

for decades (117), and dysfunction in sympathetic tone appears to be caused by other obesity-

related comorbidities such as obstructive sleep apnoea (21). This correlation between 

sympathetic nervous system activity, obesity and hypertension makes the study of how brain 

stem control mechanisms in general are affected in the obese state, and the onset of obesity-

related comorbidities extremely important. 
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1.7.2 The sympathetic nervous system and adipose tissue 

Adipose tissue is innervated by the sympathetic nervous system, which is responsible for 

the stimulation of lipolysis in the tissue during fasting and exercise conditions (118,119). The 

presence of sympathetic neuron fibres in adipose tissue has been observed histologically and 

via in situ hybridisation for quite some time (120), and the main neurotransmitters responsible 

for lipolysis stimulation, namely adrenaline and noradrenaline (NA), have effects on adipose 

tissue lipolysis via adrenoceptors present on adipocytes (121).  

The lipolytic pathway is mediated by the expression of these adrenoceptors as previously 

shown by studies carried out by Langin and Lafontan (118)Σ ǿƛǘƘ ʲн ŀŘǊŜƴƻŎŜǇǘƻǊǎ ōŜƛƴƎ ǘƘŜ 

ƭƛǇƻƭȅǘƛŎ ƳŜŘƛŀǘƻǊ ƻŦ ƴƻǊŀŘǊŜƴŀƭƛƴŜ ǎƛƎƴŀƭƭƛƴƎ ǿƘŜǊŜŀǎ ʰн adrenoceptors act in an anti-lipolytic 

fashion.  

 

 

Figure 13: The HPA axis. CRH = Corticotropin releasing hormone, AVP= Vasopressin, 
ACTH = Adrenocorticotropic hormone (Source: (122)) 

The presence of sympathetic neurons also appears to co-localise with other neuropeptides 

in the adipose tissue, such as neuropeptide Y. The correlation between SNS activity and 
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metabolic function observed through the innervation and the activity of the SNS during the 

stimulation of lipolysis leads to many questions regarding a possible link between stressors, 

metabolism and the Hypothalamic-Pituitary-Adrenal (HPA) axis, shown in Figure 13.  

The reason why these questions make the HPA axis so important is due to its differential 

function in obesity and visceral obesity (123ς125), and its direct link with gluconeogenesis 

mediated by the liver (126), which could be altered by chronic stress levels and other mediators 

of chronic SNS activity in stress, such as neuropeptide Y.  

The HPA axis is the main endocrine pathway responsible for the stress response consisting 

of CRH release from the hypothalamus, which in turn causes ACTH release from the pituitary 

and ultimately the release of glucocorticoids from the adrenal cortex. Since glucocorticoids 

affect adipose tissue as mediators of lipolysis via the activation of lipolytic enzyme activity such 

as Lipoprotein Lipase (LPL) (127), levels of circulating glucocorticoids (and other mediators of 

stress and SNS activity) mediated by chronic stress are a link between the HPA axis, metabolism 

and the obese state.  Therefore circulating glucocorticoids could be important in the 

understanding of metabolic differences between individuals in an obese or morbidly obese 

population. 

 

1.7.3 Direct effectors of the SNS: catecholamines and adrenoceptors 

Catecholamines such as noradrenaline are the neurotransmitters of the SNS. The synthesis 

of these catecholamines are carried out by a number of enzymes such as tyrosine hydroxylase 

(TH) in SNS neurons which can be histologically stained to reveal innervation in tissues, including 

adipose tissue (128,129). 

The effects of catecholamines on adipose tissue lipolysis has been extensively studied, 

especially in WAT (130). The signalling pathway involved in the regulation of lipolysis is 

summarised in Figure 14.  
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Figure 14: lipolysis pathway. 

AC = adenyl cyclase, cAMP = cyclic AMP, PKA = protein kinase A, HSL = hormone-sensitive 
ƭƛǇŀǎŜΣ ¢D Ґ ǘǊƛƎƭȅŎŜǊƛŘŜΣ 5D Ґ ŘƛƎƭȅŎŜǊƛŘŜΣ aD Ґ ƳƻƴƻƎƭȅŎŜǊƛŘŜΣ !atY Ґ рΩ !at activated 

protein kinase, ATGL = adipose triglyceride lipase (Source: (131)) 
 

NƻǊŀŘǊŜƴŀƭƛƴŜ ōƛƴŘǎ ǘƻ ǘƘŜ ʲ-adrenoceptors of the adipocyte is through the activation of 

the G-protein coupled receptors responsible for adenyl cyclase activation, resulting in a build-

up of cytosolic cyclic AMP and the resulting activation of protein kinase A, which in turn 

phosphorylates hormone-sensitive lipase (HSL) activating the enzyme responsible for 

triglyceride breakdown, which results in the release of non-esterified (free) fatty acids and 

glycerol into the circulation. Within the cell the triglycerides are stored in the cytoplasm in lipid 

droplets surrounded by phosphorylated perilipin (118,127). This regulation of lipolysis denotes 

a direct effect of the SNS on the adipose tissue, and shows an important link between nervous 

system function and metabolism. 

  


















































































































































































































