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Obesity has reached epidemic proportions globally. Obesity is accompanied by co-

morbidities affecting multiple peripheral tissues. Obesity associated non-alcoholic fatty 

liver disease (NAFLD) is the leading cause of chronic liver disease in the US. The 

molecular mechanisms underlying the development and the progression of NAFLD, 

however, remain poorly understood. Stomach is an important endocrine organ that 

produces a number of bioactive peptides with important roles in the metabolism of 

energy. Stomach is located in the vicinity of the liver, but so far it has been largely 

neglected as an organ with potentially important role in obesity and associated NAFLD. 

This study provides the evidence for the contribution of the stomach-specific expression 

changes in a number of molecules previously implicated in inflammation and energy 

homeostasis to the pathogenesis of obesity-associated NAFLD.  

White adipose tissue (WAT) represents the majority of adipose tissue in humans, is the 

main fat storage organ. In contrast, brown adipose tissue (BAT) has a unique ability to 



 

spend energy through producing heat in mitochondrial ñuncouplingò. The facultative 

nature of BAT activity and its distribution within WAT depots complicate the detection 

of BAT in adult humans. In this study, the expression of genes involved in transcriptional 

regulation of brown adipocyte-specific UCP1 gene and BAT differentiation was assessed 

as quantitative indicator of BAT activity in adipose of adult humans.  
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CHAPTER 1: Introduction 
 

 

 

Obesity: 

Obesity is the abnormal or excessive increase in adiposity. It is 

currently defined by World Health Organization (WHO) as Body Mass 

Index (BMI) of > 30kg/m
2
. In the 21

st
 century, it has reached epidemic 

proportions in various parts of the Western World (Alkhouri et al., 2009) 

and it continues to increase globally (Hossain et al., 2007), (MacLaren et al., 

2010). In developing countries, the prevalence of obesity is increasing in the 

younger age groups (Hossain et al., 2007).  

Obesity can be explained from a biochemical as well as a 

thermodynamic standpoint. From a biochemical perspective, the disruption 

in the homeostasis between food intake and energy expenditure results in the 

subsequent deposition of excess fatty acids in the adipocytes in the form of 

triglycerides (TGA) (Kypreos et al., 2009). From a thermodynamic point of 

view, obesity is the result of a positive imbalance between food intake and 
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energy expenditure (Sethi and Vidal-Puig, 2007). Obesity, alters metabolic 

and endocrine function of adipose tissue (AT) and leads to an increased 

release of free fatty acids (FFA), hormones, and pro-inflammatory molecules 

that contribute to obesity associated complications (Arner P, 2001), 

(Weisberg et al., 2003). Importantly, obesity is accompanied by changes in 

not only the AT, but also in non-adipose tissues, for example, in the liver 

and the muscles (Coppack S W, 2005). 

Adiposity, the fraction of total body mass comprised of lipids stored 

in the AT, is closely correlated with important physiological parameters such 

as blood pressure, systemic insulin sensitivity, serum TGA and leptin 

concentrations (Weisberg et al., 2003). A strong positive correlation between 

the degree of adiposity and several obesity-associated disorders such as 

hypertension, dyslipidemia, and glucose intolerance is well known 

(Weisberg et al., 2003). In particular, among the obesity associated 

conditions is a spectrum of liver abnormalities known as non-alcoholic fatty 

liver disease (NAFLD), which is characterized by increased intrahepatic 

triglyceride content (steatosis) often accompanied by inflammation, 
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ballooning degeneration and/or Mallory-Denk bodies and fibrosis (non-

alcoholic steatohepatitis) (Fabbrini et al., 2010).  

Obesity has received attention as the state of low grade chronic 

inflammation characterized by both macrophage infiltration of the AT and 

increased production of pro-inflammatory cytokines (Arner P, 2001), 

(Weisberg et al., 2003), (Alkhouri et al., 2009), (Hajer et al., 2008). 

Compared with the AT of lean individuals, increased amounts of pro-

inflammatory proteins such as Tumor necrosis factor-alpha (TNF-Ŭ), 

Interleukin-6 (IL-6), Inducible nitric oxide synthase (iNOS), Transforming 

growth factor-beta (TGF-ɓ), C-reactive protein (CRP), soluble intercellular 

adhesion molecule (ICAM), and monocyte chemotactic protein-1 (MCP-1), 

and pro-coagulant proteins such as plasminogen activator inhibitor type-1 

(PAI-1), tissue factor, and factor VII have been reported in the AT of obese 

individuals (Weisberg et al., 2003). The increased pro-inflammatory 

cytokine levels in circulation play a role in insulin resistance (IR); this 

notion is supported by the observation that the prevention of macrophage 

accumulation in the AT protects against inflammation and the development 

of IR (Alkhouri et al., 2009). 
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However, there is still a debate concerning the pathogenic 

mechanisms that result in macrophage recruitment (Alkhouri et al., 2009). 

Increase in hypoxia in the expanded AT is believed to result in the 

production and the release of certain chemokines (Alkhouri et al., 2009). 

Furthermore, adipocyte death by necrosis results in a crown-like structure 

formation, which also attracts macrophages. However, whether these events 

are a consequence of inflammation or they precede it remains unclear 

(Alkhouri et al., 2009).  

Obese subjects also differ in their degree of IR, levels of adipokine 

production and presence of associated co-morbities (MacLaren et al., 2010). 

It is obvious that obesity is an important risk factor for IR, but many obese 

individuals remain insulin sensitive (Despres and Lemieux, 2006), (Koska et 

al., 2008), (Younossi et al., 2008). Interestingly, a subgroup of obese 

individuals have been found with normal triglyceride, glucose, and high-

sensitivity CRP levels, decreased high-density lipoprotein (HDL) cholesterol 

levels, insulin resistance, and hypertension and are classified as 

metabolically healthy obese (MHO) (Sims, 2001). Adding to this 

complexity, not all forms of obesity are genetically or etiologically similar. 
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For instance, visceral obesity presents a greater risk for obesity-related 

disorders than subcutaneous obesity (Weisberg et al., 2003), (Koska et al., 

2008). 

i. Obesity And Inflammation: 

Obesity is a state of chronic low grade inflammation (Trayhurn, 

2005), (Stienstra et al., 2007). This concept may be illustrated by the 

increased plasma levels of several pro-inflammatory markers including 

cytokines and acute phase proteins like CRP in obese individuals. Many of 

the inflammatory markers found in plasma of obese individuals appear to 

originate from the AT (Baranova et al., 2007), (Estep et al., 2009). 

For many years, human AT was considered as a passive fat reservoir 

(Mora and Pessin, 2002). However, less than 10 years ago it was shown to 

actively alter homeostasis of energy and other aspects of body functioning 

(Kershaw and Flier, 2004). AT releases over 50 bioactive peptides 

collectively called adipokines (Ahima and Flier, 2000). These molecules are 

shown to be involved in the modulation of the fat mass (Greenberg and 
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Obin, 2006), long term appetite regulation (Stanley et al., 2005), immune 

response, the blood pressure and bone mass control, as well as thyroid and 

reproductive function (Trayhurn, 2005). Inflammation is a phenomenon 

originating largely from the fat compartment (Baranova et al., 2007), (Estep 

et al., 2009). AT derived adipokines have a systemic influence (Faintuch et 

al., 2007) as mediators of inflammation and nutrient status signaling 

components (Lee et al., 2009) such as glucose homeostasis and lipogenesis.  

Stomach is a central organ involved in the process of digestion. Thus, 

its role in the nutrient status signaling would not be surprising (Weigt and 

Malfertheiner, 2009). However, studies of obesity focusing on the role of 

stomach are limited. The stomach is shown to be an important source of 

paracrine peptides such as leptin (Bado et al., 1998), (Baratta, 2002), ghrelin 

(Badman and Flier, 2005) and obestatin (Sakata and Sakai, 2010). The latter 

two gastric peptides along with AT derived leptin have been shown to play a 

critical role in regulating appetite (Murphy and Bloom, 2006), (Sakata and 

Sakai, 2010). 
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One of the tissues that might be directly affected by the pro-

inflammatory secretion profile of AT is the liver. Liver is also located in the 

proximity of the stomach via portal circulation. The molecular mechanisms 

underlying the development of steatosis and progression to steatohepatitis in 

NAFLD remains poorly understood. Lipid peroxidation, cytokines, and other 

pro-inflammatory compounds are all believed to play a vital role in the 

transition (Stienstra et al., 2007). The close interplay of AT and stomach in 

regulating appetite and thus energy homeostasis suggests the likelihood of 

the influence of AT derived inflammatory molecules on stomach (Figure1). 

It is likely that the gastric mucosa is one of the target organs of AT pro-

inflammatory cytokines. Conversely, cytokines of stomach may have both 

systemic and, probably, liver-specific impacts, which may increase the 

susceptibility of obese individuals to NAFLD and metabolic syndrome 

(MS). Thus, gastric mucosa of obese individuals needs to be investigated. 
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Figure 1: Obesity and Inflammation. The close interplay of the adipose 

and gastric tissue in energy homeostasis suggests the likelihood of the 

influence of AT derived inflammatory molecules on gastric tissue. 

Conversely, cytokines of gastric tissue may have both systemic and, 

probably, liver-specific impact, which may increase the susceptibility of 

obese individuals to NAFLD. 
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ii.  Obesity and NAFLD: 

NAFLD is a common disease of this modern time. It comprises a 

morphological spectrum of liver pathologies ranging from simple TGA 

accumulation in hepatocytes (fatty liver or hepatic steatosis; HS) to 

inflammatory and hepatocellular ballooning injury (NASH), eventually 

leading to fibrosis and cirrhosis (Figure 2).  NAFLD has burst out onto the 

clinical landscape over the past 25 years and since then has got recognition 

as the most common cause of liver enzyme levels abnormalities in adults 

(Marchesini et al., 2003), (Qureshi and Abrams, 2007). The prevalence of 

NAFLD in the general US population is approximately 20% (Vernon et al., 

2011). Similar data has been obtained in the Japanese and Italian populations 

(Qureshi and Abrams, 2007). Although a number of medical conditions have 
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been identified risk factors for development of NAFLD, obesity is by far the 

most dominant factor (Haynes et al., 2004). 

The pathophysiology of NAFLD is complex. The available data 

suggests that environmental factors such as diet, exercise, and/or toxins are 

likely to be important in its causation and progression. Although in most 

cases fatty liver does not progress to a more severe liver disease, 

approximately 20% to 30% of patients have histological signs of fibrosis and 

necroinflammation, indicating the presence of NASH (Vernon et al., 2011). 

These patients are at higher risk of developing cirrhosis, terminal liver 

failure, and hepatocellular carcinoma (Marchesini et al., 2003). Lipid 

peroxidation, cytokines, and other pro-inflammatory compounds produced 

by the AT are believed to play a vital role in the transition to NASH 

(Stienstra et al., 2007). 

The great majority of NAFLD occurs in the setting of MS, in which 

IR plays a pivotal role (Marchesini et al., 2003). 
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Figure 2: NAFLD spectrum. Liver lesions ranging from simple triglyceride 

accumulation in hepatocytes (fatty liver or hepatic steatosis; HS) to 

inflammatory and hepatocellular ballooning injury (non-alcoholic 

steatohepatitis; NASH), eventually leading to fibrosis and cirrhosis.   
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Clearly, obesity is a complex disease. It involves both genetic and 

environmental perturbations to a complex array of networks connecting 

peripheral tissues such as adipose, gut, muscle, intestine, liver, and pancreas 

tissues with the hypothalamus (Figure 3). Consequently, the resulting energy 

imbalance has a systemic effect (Dobrin et al., 2009). Importantly, after 

several years of research on AT, the molecular mechanisms leading to or 

underlying obesity and its associated disorders are still ambiguous. Thus, it 

is essential to explore the role of additional peripheral tissues such as 

stomach in the pathogenesis of obesity and associated co-morbidities. 
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Figure 3: Energy Homeostasis. A complex interplay of multiple tissues and 

hormones ensures homeostasis between energy intake, expenditure and 

storage (Image Source: Ahima, 2008).  
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iii.  Obesity And Metabolic Syndrome:  

Obesity is a dominant underlying factor for MS. MS is recognized as 

a constellation of metabolic abnormalities that serves as a major indicator for 

cardiovascular diseases (CVDs) (Despres and Lemieux, 2006). The five 

screening variables used to identify those with MS are high waist 

circumference, high circulating levels of  TGA and low circulating levels of 

HDL-cholesterol, high fasting glycemia and blood pressure (Despres and 

Lemieux, 2006). The presence of any three of these factors amounts to 

definite MS diagnosis, which paves the path to IR and Type 2 diabetes 

(T2D). 

There is ample evidence indicating that impaired FFA metabolism in 

the visceral AT could contribute to the insulin-resistant state observed 

among individuals with visceral obesity (Despres and Lemieux, 2006). 

However, another mechanistic possibility is failure of subcutaneous AT to 
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act as an óenergy sinkô. This would lead to resistance to insulin when an 

individual has to handle a calorie surplus due to excess energy intake and/or 

reduced energy expenditure (Despres and Lemieux, 2006). According to this 

compelling hypothesis, the relative deficits in the capacity of subcutaneous 

fat to store excess energy would result in increased accumulation of fat at 

undesired sites such as the liver, the skeletal muscle, the heart and even  

pancreatic ɓ-cells; a phenomenon that has been described as ectopic fat 

deposition (Despres and Lemieux, 2006). This ectopic accumulation of lipid 

in liver, muscle and pancreatic ɓ -cells is apparently associated with IR, MS 

and T2D (Ferré and Foufelle, 2007). The support for this theory comes from 

the fact that essentially fatless transgenic mice show liver and muscle IR and 

eventually develop diabetes (Gavrilova et al., 2000), (Kim et al., 2000). 

Surgical implantation of AT in these mice improves the insulin sensitivity of 

their liver and muscles, consistent with the idea that subcutaneous fat is a 

metabolic sink to buffer an energy surplus. In humans, the severe insulin-

resistant states found in patients with lipodystrophic conditions are also 

consistent with the role of subcutaneous AT as a depot buffering an excess 

of energy (Gavrilova et al., 2000), (Kim et al., 2000). 
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Hence, the relationship between amounts of subcutaneous and visceral 

AT with IR, a proxy for MS, in obesity is not straightforward.  

 

A. Adipose Tissue 

Human AT is a heterogeneous, metabolically active organ (Arner P, 

2001). In fact, with the current knowledge on its ability to alter metabolic 

signaling, it can most appropriately be considered to be a peripheral organ. 

i. Structure: 

AT is described by histologists as a loose connective tissue with 

collagen as a major contributor of non-cellular mass (Mariman and Wang, 

2010). In adult mammals, the major bulk of AT is a loosely held association 

of lipid-filled parenchymal adipocytes which are embedded in a framework 

of collagen fibers containing stromal-vascular cells namely fibroblastic 

connective tissue cells, leukocytes, macrophages, pre-adipocytes and nerve 

cells (Kershaw and Flier, 2004), (Qureshi and Abrams, 2007).  
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In humans, AT is the only organ with unlimited growth potential at 

any stage of life (Qureshi and Abrams, 2007). Its size fluctuates as a 

function of both adipocyte number and volume (Qureshi and Abrams, 2007). 

In the first phase of adipogenesis, pre-adipocytes are believed to differentiate 

into adipocytes and are hence committed to TGA storage. This involves 

considerable alteration in cell shape (Mariman and Wang, 2010). In the 

second phase of adipogenesis, the mature adipocytes apparently continue to 

accumulate vast amounts of TGA. The increased uptake of fat by mature 

adipocytes results in increased cell size (hypertrophy) and eventually 

increased tissue mass (hyperplasia) (Mariman and Wang, 2010). Thus, AT 

has the potential to expand by increase in adipocyte number (hyperplasy) 

and/or by increase in the size of adipocytes (hypertrophy) (Qureshi and 

Abrams, 2007).  

However, there is a limit to the amount of fat that can be taken up by 

mature adipocytes. This is believed to be determined by a number of factors 

like: the ability of the extracellular matrix (ECM) to expand and the limited 

oxygen supply to the cell contents as a result of altered cell surface-volume 

ratio (Mariman and Wang, 2010). The later creates a condition of hypoxia 
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which induces apoptosis in some of the adipocytes. This may give rise to the 

vicious cycle of increased infiltrating macrophages and inflammation. 

Alternatively, the expanding adipocytes may release cytokines to attract 

macrophages. These macrophages through the release of matrix 

metalloproteases (MMPs) may stimulate adipose tissue remodeling. Under 

conditions of positive energy balance, the persistent macrophage infiltration 

may trigger a systemic inflammatory state that is typical for obese 

individuals (Figure 4). 
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Figure 4: Adipose Tissue Inflammation. Under conditions of positive 

energy, expansion of adipose tissue may result in hypoxia. The resulting 

adipocyte apoptosis gives rise to vicious cycle of increased and persistant 

infiltration of macrophages and subsequent inflammation. Alternatively, 

expanding adipocytes may release cytokines to attract macrophages. 

Macrophages may trigger an inflammatory state characteristic of obesity. 
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ii.  Function: 

Traditionally, AT was considered to be a passive tissue that served as 

a fat storage organ mainly in the form of TGAs and FFA (Mora and Pessin, 

2002). This view is however, no longer valid (Kershaw and Flier, 2004).   

Adipose Tissue as an Endocrine Organ: 

The first report suggesting an active metabolic role for AT and a role 

beyond repository for lipids was published by Von Gierke (Von Gierke E, 

1906), who recognized the role of AT in glycogen storage. After the 

discovery of leptin in 1994, an endocrine role of AT became obvious. Now, 

AT is commonly viewed as a complex, dynamic endocrine metabolic organ 

(Kershaw and Flier, 2004) with key roles in mammalian physiology 
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(Trayhurn and Beattie, 2001), (Arner P, 2001), (Klein et al., 2006), 

(Mariman and Wang, 2010). The ability to expand in size during periods of 

positive energy balance and shrink under conditions of limited food intake 

and excessive energy spending, affords this organ the function of long term 

energy reservoir. This unique capability is conferred by insulin, which, in 

adipocytes, markedly stimulates both glucose uptake and lipogenesis (Mora 

and Pessin, 2002). In addition to fat storage, the AT is also capable of 

mobilizing stored fat for oxidation in other organs (Trayhurn and Beattie, 

2001). Further, AT functions as an endocrine/paracrine regulator of energy 

metabolism, provides thermal insulation to the body in adverse weather 

conditions and protects internal organs from mechanical damage by 

providing shock insulation (Mariman and Wang, 2010).   

Collectively, over 50 hormones and bioactive peptides are released by 

the AT. The list continues to increase to include adiponectin, resistin, 

visfatin, apelin, vaspin, hepcidine, TNF-Ŭ, chemerin, omentin, MCP-1, PAI 

and others. These hormones modulate AT function (Greenberg and Obin, 

2006), act as systemic inflammatory mediators and nutrient status sensors 

for glucose homeostasis and lipogenesis (Lee et al., 2009).  
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Adipose Tissue as a Participant in Lipid Homeostasis: 

AT, especially white AT, is the main reservoir of energy. Adipocytes 

store energy in the form of cytoplasmic TGA fat droplet. The TGAs come 

either from dietary FA or from de novo synthesis of TGA from non-lipid 

substrates such as glucose (Ferré and Foufelle, 2007) by the process of 

lipogenesis. Lipogenesis encompasses fatty acid synthesis from acetyl-CoA 

and malonyl-CoA precursors through the action of enzymes called fatty acid 

synthases (FAS). This is followed by esterification of fatty acids with 

glycerol to produce TGA (Figure 5) (Kersten, 2001). 

The AT is considered as the body's largest storage organ for energy in 

the form of TGAs, which are mobilized through lipolysis process, to provide 

fuel to other organs and to deliver substrates to liver for gluconeogenesis 

(glycerol) and lipoprotein synthesis (free fatty acids;FFA). The release of 

glycerol and FFAs from the AT is mainly dependent on hormone-sensitive 

lipase which is intensively regulated by hormones and agents, such as 

insulin (inhibition of lipolysis) and catecholamines (stimulation of lipolysis) 

(Large et al., 2004). 
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Adipocytes not only store fat, but also release FFA into the 

circulation, which are used by most other organs for fuel when glucose is 

limiting (Figure 6). These FFAs are generated by breaking down TGAs 

(lipolysis). TGAs contain more energy per unit mass than glycogen which is 

another source of energy. The ability to be stored anhydrously, further adds 

to the importance of TGA as an energy source. By contrast, glycogen has 

only half the energy content per unit of pure mass, and must be stored in 

association with water, thus decreasing its efficiency as an energy source 

(Rosen and Spiegelman, 2006). Upon specific stimuli such as food scarcity 

and/or increase in energy expenditure, TGA reserves are released to provide 

fuel for energy generation (Sethi and Vidal-Puig, 2007). This ability of AT 

is conferred by the action of lipases. Lipases enzymatically break down 

TGA into glycerol and FFA (Figure 6) that can then be transported by the 

blood to mitochondrial dense tissues such as the liver and muscle where they 

are used up in fatty acid oxidation (Trayhurn and Beattie, 2001). There is 

also evidence that both glycerol and FFA can be re-esterified in adipocytes, 

thereby allowing precision for FFA flux regulation (Figure 6) (Sethi and 

Vidal-Puig, 2007). 
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Figure 5: Lipogenesis. The origin of triglycerides (TGA) can be either from 

dietary source or de novo synthesis from non-lipid substrates such as 
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glucose.The process of lipogenesis encompasses fatty acid synthesis from 

acetyl-CoA and malonyl-CoA precursors through the action of enzymes 

called fatty acid synthases. This is followed by esterification of fatty acids 

with glycerol to give rise to TGA. 

 

 

 

Dietary TGAs: 

Most of the plasma TGA is provided by dietary lipids. Dietary TGAs 

are digested by pancreatic lipase in the small intestine, forming 

monoacylglycerol and fatty acids (Large et al., 2004). These end products 

are then taken up by the intestinal enterocytes and reconverted back to 

TGAs. The TGAs are then packaged along with cholesterol and 

aplolipoproteins into chylomicron particles within the enterocytes. The core 

of each chylomicron consists of TGAs along with cholesterol esters whilst 
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apolipoproteins, cholesterol and phospholipids form the external layer 

(Large et al., 2004), (Pattrick et al., 2009). Chylomicrons are then 

transported from the intestine to the liver (Qureshi and Abrams, 2007) and 

via mesenteric lymphatic channels also to the AT and muscle. Here the 

chylomicrons are taken up by the adipocytes, hepatocytes or muscles and are 

either stored or oxidized for energy. The liver is the major organ for 

processing chylomicrons into various lipoprotein forms such as VLDL and 

LDL which are then transported to peripheral tissues such as the AT. In the 

AT, under stimulation by hormones, such as insulin, the cellular lipoprotein 

lipases hydrolyze these lipoproteins to release FFA. These FFAs are either 

released into blood stream to serve as energy source or are repackaged with 

glycerol to form TGAs. TGAs are then added to the central lipid droplet in 

the AT (Large et al., 2004) (Figure 6). 
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Figure 6: Fat Homeostasis. Role of liver and WAT in fat storage and 

mobilization.  

 

 

 

De novo TGAs: 
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In addition to dietary TGAs, the liver synthesizes TGAs de novo from 

circulating FFA and glycerol by the process of de novo lipogenesis taking 

place in the postprandial state. De novo lipogenesis facilitates glucose 

utilization under the influence of insulin. Newly synthesized TGAs are 

secreted into blood as very low density lipoproteins (VLDL) and low density 

lipoproteins (LDL) (chylomicrons) that are then either stored in AT as re-

esterified TGA or metabolized into FFA during conditions of energy 

expenditure or starvation (Figure 6). Thus, the sources of FFA for hepatic 

TGA formation are either the diet derived plasma pool of FFA or the lipids 

synthesized de novo.  

The energy rich Western diet provides surplus of dietary TGA and an 

FFA in plasma, further augmented by high levels of the blood glucose 

available for the conversion into FA (Qureshi and Abrams, 2007). Together 

with a sedentary lifestyle, Western diet amounts to a positive energy balance 

and an accumulation of surplus energy in the form of fat droplets in the 

storage organ ï AT. While adipocytes have a unique capacity to store excess 

FFAs as TGA droplets, cells of non-adipose tissue have a limited capacity 

for storage of lipids. Hence, when the FFAs levels exceed the storage 
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capacity of adipocytes, it is expected that fat gets deposited at ectopic sites 

such as heart, kidney, blood vessels, liver, muscle and pancreas  (Schaffer, 

2003), (Montani et al., 2004), (Qureshi and Abrams, 2007). Importantly, the 

hepatic uptake of FFA from the plasma pool is not regulated as evidenced by 

the influx being directly proportional to the plasma FFA concentration. This 

increases the susceptibility of liver to ectopic accumulation of TGA in the 

presence of high levels of circulating liposomes and FFAs.  

This ectopic accumulation of fat could result in mechanical stress on the 

organ by physical compression or altered metabolism of the organ because 

of altered TGA metabolism and secretion of bioactive peptides from 

metabolically stressed tissue (Unger and Orci, 2001).The  lipid accumulation 

may eventually lead to cell dysfunction or cell death, a phenomenon known 

as lipotoxicity (Schaffer, 2003). 

Adipose Tissue as a Participant in Glucose Homeostasis: 

Relatively steady serum glucose levels are maintained despite a habit 

of intermittent food consumption. The glucose homeostasis is achieved 
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through the concerted action of several different organs such as AT, liver, 

pancreas, muscle and hypothalamus (Herman and Kahn, 2006), (Rosen and 

Spiegelman, 2006) mediated by both endocrine and non-endocrine 

mechanisms. The importance of AT for glucose homeostasis is supported by 

the development of hyperglycemia and IR under conditions of obesity as 

well as lipodystrophy (Rosen and Spiegelman, 2006).  

In postprandial state, insulin secretion by pancreas promotes glucose 

uptake in AT and muscle. Insulin also prevents the liver from overproducing 

glucose by suppressing glycogenolysis and gluconeogenesis. Many AT-

derived molecules such as leptin, TNF-Ŭ and IL-6 are also involved in 

insulin sensitivity. Leptin, for instance, increases insulin sensitivity in 

muscle and liver (Rosen and Spiegelman, 2006), while the reports on role of 

IL-6 and TNF-Ŭ on insulin sensitivity are conflicting. Fasting AT releases 

FFA that reduces glucose output by adipocytes and muscle and promote 

hepatic glucose production. Another mechanism by which AT regulates 

glucose homeostasis is by acting as a glucose sponge through its abundance 

of insulinïdependent glucose transporters such as GLUT4. 
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The process of glucose homeostasis and lipogenesis are closely related. 

Plasma glucose can stimulate lipogenesis through several mechanisms. 

Firstly, glucose is the substrate of lipogenesis. Glucose is converted to 

pyruvate via glycolysis with the release of adenosine triphosphate (ATP) in 

the cell cytoplasm. In the presence of oxygen and pyruvate dehydrogenase, 

pyruvate undergoes conversion to acetyl CoA in the mitochondria which 

then enters the Krebôs cycle. This begins a series of reactions culminating in 

the generation of citrate. Mitochondrial citrate is then shuttled to the cytosol 

where it is converted to acetyl-CoA by ATP citrate lyase. The Acetyl-CoA 

carboxylase 1 (ACC1) enzyme then converts acetyl-CoA to malonyl-CoA, 

which is used by fatty acid synthase to form different long chain FA in the 

cytosol thus, concluding de novo lipogenesis (Figure 7) (Ferré and Foufelle, 

2007), (Qureshi and Abrams, 2007).   
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Figure 7: Glycolysis-Lipogenesis. The process of glycolysis and de novo 

lipogenesis are closely related.  
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AT is targeted by a number of signaling molecules. A variety of 

membrane receptors (Kershaw and Flier, 2004) including receptors for 

several well-known pro-inflammatory molecules (e.g., TNF-Ŭ, IL-6) are 

expressed on adipocytes (Weisberg et al., 2003). This notion supports the 

models in which adipocytes are both the source and target of pro-

inflammatory signals (Weisberg et al., 2003). The milieus of adipocyte 

hormones and their respective receptors trigger regulatory downstream 

responses in AT and several other target tissue. These responses modulate 

AT crosstalk with other tissues and maintain the homeostasis of energy 

(Mora and Pessin, 2002). 

Hence AT, with its adipokine repertoire and various receptors is at the 

crossroads of multiple signal exchanges (Lee et al., 2009). For instance, 

lipogenesis involves AT along with liver; glucose homeostasis involves AT, 

pancreas, liver and muscle (Rosen and Spiegelman, 2006). Apart from the 

crosstalk between AT and other organs, there is crosstalk between different 

cells within the AT which contributes to the overall impact of this organ 

(Lee et al., 2009). Thus, adipocyte biology can no longer be considered in 

isolation and must take into account a complex interplay amongst several 
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tissues (Mora and Pessin, 2002). However, despite the large number of 

molecules secreted by adipocytes and the large repertoire of receptors on 

adipocytes, knowledge of pathways and mechanisms involved in energy 

homeostasis are limited. Deregulation of any of these processes can disrupt 

homeostasis of body weight and result in manifestation of obesity.  

iii.  Adipose Tissue Classification: 

In mammals, adipocytes are present in many different sites throughout 

the body and generally occur in areas of loose connective tissue (Sethi and 

Vidal-Puig, 2007). The two largest depots are subcutaneous AT (SAT) and 

visceral AT (VAT) (Figure 8). SAT is located beneath the skin; it 

corresponds to more than 80% of total body fat. VAT is located around 

internal organs, corresponding to about 10 - 20% of the total body fat (Oka 

et al., 2009). VAT is often referred to as abdominal fat, intra-abdominal fat 

or organ fat.  Anatomically, it is present mainly in the mesentery and 

omentum. Transcriptome and metabolome profiling technologies have 

revealed depot-specific differences in these types of AT (Lefebvre et al., 

1998). Notably, VAT is substantially more metabolically active as compared 
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to SAT (Hajer et al., 2008), (Ibrahim, 2010). The classical perception of AT 

as a storage place of FFA has been replaced over the last years by the notion 

that the AT has a central role in lipid and glucose metabolism and produces 

a large number of hormones and cytokines, e.g. TNF-Ŭ, IL-6, adiponectin, 

leptin, and PAI-1.  

In addition to the commonly recognized VAT and SAT depots, most 

mammals also have structural AT that provide mechanical padding but 

contribute relatively little to energy homeostasis. Examples include the fat 

pads of the heels, fingers and toes, and the periorbital fat supporting the eyes 

(Ouchi et al., 2011). Additionally, adipocytes are also found in the bone 

marrow, lungs and the adventitia of major blood vessels (Ouchi et al., 2011).  
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Figure 8: Major AT depots. Subcutaneous AT (SAT) occurs beneath the 

skin and visceral AT (VAT) occurs around intra-abdominal organs (Image 

Source: http://www.bloomtofit.com/danger-below-visceral-fat-vs-

subcutaneous-fat)  

 

 

 

http://www.bloomtofit.com/danger-below-visceral-fat-vs-subcutaneous-fat
http://www.bloomtofit.com/danger-below-visceral-fat-vs-subcutaneous-fat
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There is an ongoing debate concerning the role of each of the fat 

depots in obesity. Different AT depot have different morphological 

characters, replicative potential, metabolic response, function and adipokine 

profile (Rosen and Spiegelman, 2006). In general, visceral adipocytes are 

smaller than subcutaneous adipocytes in both lean men and women. 

Interestingly, while this size difference is lost in obese men, it persists in 

obese women (Lafontan and Girard, 2008).  

VAT, as compared to SAT, is more cellular, vascular, innervated and 

contains larger number of inflammatory and immune cells. Additionally, 

VAT has lesser pre-adipocyte differentiation capacity and greater percentage 

of large adipocytes (Ibrahim, 2010). Apart from structural differences, VAT 

adipocytes are metabolically more active, more sensitive to lipolysis and 

more insulin-resistant than SAT adipocytes (Ibrahim, 2010), (Hajer et al., 

2008). In humans, VAT has a greater capacity to generate FFA and has more 

glucose uptake than SAT (Ibrahim, 2010). VAT has been shown to contain 

more glucocorticoid and androgen receptors than SAT (Ibrahim, 2010). The 

higher lipolytic activity in visceral adipocytes triggers the rapid mobilization 

of FFA from VAT. This could be attributed mainly to the regional variation 
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in the action of the major lipolysis-regulating hormones, catecholamines and 

insulin. Relative to VAT, the lipolytic effect of catecholamines is weaker 

and the anti-lipolytic effect of insulin is more pronounced in SAT. This 

depot-specific variation is shown to involve the function of different 

adrenoceptor subtypes (in particular, Ŭ2 and ɓ3) and the function of the 

insulin receptor. In addition to initiation of lipolysis, inhibition of lipolysis is 

also different among the depots. Inhibition of lipolysis is more pronounced 

in SAT than in VAT (Arner, 1998).  

The relative sizes of VAT and SAT depots are shown to be 

differentially associated with metabolic risks. Even though greater 

cardiovascular and metabolic risks are reported to be associated with VAT 

accumulation, increased volume of SAT has also been associated with 

insulin resistance and metabolic disorders (Fox et al., 2007), (Sam et al., 

2008).  These differences raise a number of questions such as - What is the 

mechanism behind regional fat distribution? Why is it more dangerous to 

accumulate fat in the visceral region? Does the direct access of VAT to the 

liver contribute to observed association of NAFLD with obesity? 
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There are two possibilities explaining why VAT maybe a greater 

contributor to glucose intolerance, insulin resistance, lipid abnormalities and 

liver damage. The first view is the óPortal Viewô, initially proposed by 

Bjorntorp (Bjorntorp, 1990). VAT drains directly into the portal circulation; 

thus, it has direct access to the liver. Additionally, the higher lipolytic 

potential of VAT and lower sensitivity to inhibition of lipolysis enables 

rapid mobilization of FFA into portal circulation. A high concentration of 

ñportalò FFA may have undesirable effects on the liver, including 

stimulation of gluconeogenesis, increased triglyceride synthesis and 

inhibition of insulin breakdown (Arner, 1998). Specifically, VAT-derived 

FFA have been shown to alter several liver functions such as glucose uptake, 

insulin sensitivity, reduced mitochondrial fatty acid oxidation (Girard and 

Lafontan, 2008). Furthermore, increase in portal FFA when accompanied 

with an increased rate of hepatic fatty acid uptake from plasma and de novo 

fatty acid synthesis (Fabbrini et al., 2010), can manifest as hepatic steatosis. 

The second approach to explain the association of VAT with altered 

glucose homeostasis, lipid homeostasis and liver damage is the óEndocrine 

Viewô. VAT, in addition to its metabolic differences from SAT, also differs 
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in its protein and adipokine profile. For example, genes for angiotensinogen 

(blood pressure regulation), complement factors, and fatty acid-binding 

protein 4 (involved in fatty acid trapping in adipocytes), are expressed at 

higher levels in VAT than in SAT (Hajer et al., 2008). Leptin, however, is 

mainly produced by human SAT, while TNF-Ŭ is produced equally by both 

fat depots (Hajer et al., 2008). IL-6 levels in SAT, increase with BMI and 

decline with weight loss (Fried et al., 1998). In morbidly obese individuals, 

VAT, produces more IL-6 and IL-8 than SAT (Fried et al., 1998). The 

release of VAT proteins into portal circulation raises the potential of altered 

gene expression and metabolic profile of the liver. For instance, IL-6 levels 

have been found to be elevated in the portal vein of obese patients (Fontana 

et al., 2007) and these peptides have multiple effects on liver (Kershaw and 

Flier, 2004), (Trayhurn and Wood, 2004). 

The observed increase in the infiltration rate of monocytes into VAT 

versus SAT (Hajer et al., 2008), adds support to the hypothesis. A study in 

extremely obese patients indicated that visceral fat is the main contributor of 

IL-6 in plasma (Hajer et al., 2008). In-turn, IL-6 is an inducer of liver C-

reactive protein (CRP) production and the proteins involved in hemostasis 
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(PAI-1, fibrinogen, tissue plasminogen activator). IL-6 also contributes to 

dyslipidemia via transcriptional repression of microsomal TG transfer 

protein which controls the hepatic assembly of apolipoprotein B (ApoB)-

containing lipoproteins (Navasa et al., 1998). It is therefore conceivable that 

VAT directly influences liver function because of direct portal draining of 

VAT derived adipokines into the liver. 

Both VAT and SAT are innervated by the autonomic nervous system, 

with different motor neurons separately serving each depot and firing under 

the control of neuro-endocrine feedback (Hajer et al., 2008). Stimulation of 

the parasympathetic nervous system leads to an anabolic state with 

decreased lipolysis, while stimulation of the sympathetic nervous system 

leads to a catabolic state with reduced adipogenesis and stimulated lipolysis 

(Hajer et al., 2008). However, at present it is unclear whether and how these 

different modes of neural innervations lead to functional differences in AT 

(Hajer et al., 2008).  

The increased prevalence of excessive visceral obesity and obesity-

related risk factors is closely associated with the rising incidence of 
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cardiovascular diseases and T2D. This clustering of vascular risk factors 

such as blood pressure, circulating triglyceride levels, glucose, insulin 

resistance, low-grade inflammation indicated by CRP levels is often referred 

to as MS. The close relationship between an increased quantity of visceral 

fat, metabolic disturbance and cardiovascular diseases has led to increased 

interest in VAT. In addition, VAT has direct access to the liver via portal 

circulation (Shoelson et al., 2007). These differences are of importance when 

considering the role of various AT depots in obesity and related disorders 

(Sethi and Vidal-Puig, 2007) and have resulted in an intense endeavour to 

unravel the specific endocrine functions of this depot.  

In addition to AT classification based on location, another widely 

accepted classification of AT refers not to its location; but to its function 

(Fantuzzi, 2005), (Sethi and Vidal-Puig, 2007). There are two known forms 

of AT, white AT (WAT) and brown AT (BAT), which perform essentially 

opposite functions. These two forms of adipose also differ at the 

morphological and molecular levels (Frühbeck et al., 2009). 
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The WAT has adipocytes with a single, but large droplet of TGA and 

a few mitochondria; whereas the brown fat cell has numerous small lipid 

droplets, abundant mitochondria and is supported by rich vascularization 

which gives BAT the characteristic brown color (Enerbäck, 2009).  

The principle function of WAT is as an storage organ for TGA that 

can be released in the form of FFA in times of energy requirements (Figure 

6) (Sethi and Vidal-Puig, 2007). BAT, on the other hand, is characterized 

mostly by its remarkable capacity to oxidize fat, producing heat but not 

synthesizing ATP from ADP (Arch, 1989). BAT plays a central role in both 

non-shivering and diet-induced thermogenesis (Frühbeck et al., 2009). 

White Adipose Tissue (WAT): 

WAT represents the majority of the AT in humans (Fantuzzi, 2005). 

Approximately 60% - 85% of the weight of WAT is composed of lipids, 

with 90% - 99% being TGA (Qureshi and Abrams, 2007). Small amounts of 

FFA, diglycerides, cholesterol and phospholipids are also present (Qureshi 

and Abrams, 2007). Quantitatively, FA are the major secretory product of 
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WAT, reflecting the role of this tissue as a fuel reservoir (Trayhurn and 

Beattie, 2001). WAT also stores cholesterol and is involved in the 

metabolism of steroid hormones (Trayhurn and Beattie, 2001). This tissue 

however, does not synthesize steroid hormones de novo but rather expresses 

enzymes which are involved in the conversion of both glucocorticoids and 

sex hormones, which are subsequently released in circulation (Trayhurn and 

Beattie, 2001). In WAT, estrone is converted to estradiol and 

androstenedione to testosterone, while androgens can be aromatized to be 

converted to estrogens (Trayhurn and Beattie, 2001). The enzyme 

lipoprotein lipase was in effect the earliest recognized secretory protein 

product of adipocytes. Other secreted proteins from WAT directly involved 

in lipid and lipoprotein metabolism include cholesteryl ester transfer protein 

(CETP) and apolipoprotein E (ApoE) (Trayhurn and Beattie, 2001). CETP 

plays an important role in the accumulation of cholesteryl ester by AT 

(Trayhurn and Beattie, 2001). ApoE is highly expressed in AT where it 

plays an important role in modulating adipocyte
 
triglyceride metabolism, 

triglyceride mass and adipocyte size (Huang et al., 2006). 
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Apart from the above mentioned proteins, a wide range of protein 

factors are secreted from WAT, such as leptin, adiponectin, resistin, visfatin, 

IL-6, IL-8, TNFïŬ, ASP, PAI-1 and so on (Trayhurn and Beattie, 2001), 

(Pattrick et al., 2009). These soluble molecules include cytokines as well as 

proteins directly involved in lipid metabolism, complement system and in 

vascular homeostasis (Trayhurn and Beattie, 2001). 

There are several key challenges in the continuing investigation of the 

secretory functions of WAT such as identification of the complete repertoire 

of proteins secreted from adipocyte, establishing specific roles for each of 

these proteins, quantifying their impact on adipocyte function and 

understanding the response to major changes in AT mass.  

Brown Adipose Tissue (BAT): 

In contrast to WAT, BAT adipocytes stores TGA in multilocular 

droplets. This pool of TGAs is available for quick access and aimed at heat 

production through mitochondrial ñuncouplingò of oxidative 

phosphorylation of FFA (non shivering thermogenesis) (Sethi and Vidal-
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Puig, 2007).  Despite its small contribution to whole body weight (2% in 

rodents, substantially less in humans), BAT has a unique and extraordinary 

ability to generate heat by non-shivering thermogenesis. It is estimated that 

during maximal activation, BAT is able to produce as much heat as the rest 

of the body through markedly enhanced rates of fatty acid and glucose 

oxidation (Cannon and Nedergaard, 2004). Thus, BAT can potentially 

constitute a significant FFA and TGA-clearing organ especially under 

sympathetic activation with possible implications in the treatment of 

dyslipidemia, hyperglycemia, and IR.  

i. BAT and Thermogenesis:  

The regulation of body temperature is essential in homeotherms and 

brings into play the importance of thermogenic mechanisms, which are 

triggered by a change in internal or external temperature. Thermogenic 

processes are not only induced by exposure to cold or heat, and by 

hibernation in some species, but also by a variety of pathophysiological 

situations that result in changes in body temperature. Such situations include 

fasting, food intake, physical exercise, hypo- and hyperthyroidism, alcohol 
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consumption, infection and malignant tumors (Ricquier and Bouillaud, 

2000).  

In animals, the oxidation of food substances is coupled to the 

reduction of nicotinamide adenine dinucleotide (NAD) to nicotinamide 

adenine dinucleotide hydride (NADH). The NADH generated is then 

oxidized by the mitochondrial electron transport chain (oxidative 

phosphorylation) which in turn, is coupled to the setting up of a proton 

gradient across the inner mitochondrial membrane. The process of oxidative 

phosphorylation involves electron transport between the redox carriers 

(Complex I-V) present within the mitochondria (Figure 9). The energy 

generated during this process is used to transport protons out across the inner 

mitochondrial membrane generating an electrochemical gradient. The 

electrochemical gradient is then used to push back protons via ATP synthase 

into the mitochondrial matrix. This process allows ATP synthase to generate 

ATP.  
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Figure 9: Electron Transport Chain (ETC). ETC couples electron transfer 

between spatially separated redox carriers (Complex I-IV). These redox 

reactions occur with the transfer of proton (H
+
) across the inner membrane 

of mitochondria into the intermembrane space, creating a transmembrane 


