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CHAPTER  1 

 
OVERVIEW  OF THE  CURRENT KNOWLEDGE  

 

1.1 OBESITY 

Obesity is a multisystem disorder that belongs to a major health problem of the 

21
st
 century with increased prevalence reaching an alarming rate all over the world. 

According to the World Health Organisation (WHO) it is characterized as a global 

epidemic, also called ñglobesityò, affecting people in both developed and developing 

countries. The last WHO estimation in 2005 has revealed that approximately 1.6 billion 

adults (aged 15 and older) in the world were overweight and at least 400 million of 

them were considered clinically obese. It is expected that by 2015 2.3 billion adults will 

be overweight and more than 700 million adults will be obese. In the European region, 

the prevalence of obesity has tripled since the 1980s. In 2005 it reached 5-20% in men 

and up to 30% in women; specifically in the Czech Republic 18.5% males and 20.7% 

females suffered from obesity [1, 2] (www.who.int). The alarming fact is that obesity is 

rapidly spreading among children and adolescents with a high impact on their health in 

later age. Obesity represents a risk factor for other metabolic and cardiovascular 

complications including insulin resistance, diabetes mellitus, atherosclerosis, 

cardiovascular diseases, hypertension, traditionally embodied in one term known as 

ñmetabolic syndromeò, and several types of cancers. [3, 4] (Table 1). Moreover, it has 

been proven that obesity affects longevity and the quality of life. Also, it is associated 

with an increased rate of mortality [5, 6].  

Obesity is a complex disease caused by the interaction between different factors: 

genetic, environmental, behavioural, cultural, and socio-economical acting through the 

physiological mediators of energy intake and expenditure. Individualôs exposure to 

ñobesogenicò environment high in sugars and fats together with sedentary life style 

(lower physical activity) could unmask latent/silent genetic factors leading to excessive 

weight gain. Also, it has been published that nutrition during prenatal development can 

contribute to earlier prevalence of obesity in adolescent [7]. Thus, obesity denotes a 

multifaceted problem in health care with no easy finding a solution.  
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Based on these facts, it is clear that obesity needs to have appropriate 

management that could decrease the health burden associated with treatment of obesity-

related complications. It has been shown that optimizing a balanced diet and increasing 

physical activity are the best tools in the treatment of obesity. Many clinical studies 

observed a positive effect on health already after 5-10% weight loss [8]. However, there 

are still some individuals with no response to these kinds of interventional programmes. 

A better understanding of physiological and molecular mechanisms controlling body 

weight could contribute to shed a light on one of the biggest health challenges of the 

21
st
 century and may bring substantial health benefits.  

 

Organ system Type of diseases associated with obesity 

Cardiovascular Hypertension, atherosclerosis, cardiomyopathy 

Gastrointestinal  Gall bladder disease, non-alcoholic 

steatohepatitis  

Metabolic Insulin resistance, diabetes mellitus, 

dyslipidemia 

Respiratory  Sleep apnoea, hypoventilation syndrome 

Musculoskelatal Osteoarthrosis 

Reproductive Polycystic ovary syndrome, early puberty 

All  Cancer of breast, prostate, gall bladder, colon 

 

Table 1 List of obesity-linked comorbidities.  

 

1.1.1 Characterization and classification of obesity 

Overweight and obesity are defined as an abnormal or excessive accumulation of 

body fat mass caused by an imbalance in energy intake and expenditure that may have 

an adverse effect on health. According to WHO, a generally used index for 

measurement of overweight and obesity is the body mass index (BMI), which is 

calculated as the ratio of weight in kilograms over height squared in meters (kg/m
2
). It 

defines overweight as BMI Ó 25 kg/m
2
 and obesity as BMI Ó 30 kg/m

2
. This 

classification is valid for both genders, male and female, and for all adult age groups 

(Table 2). However, there are some limitations to use BMI as a measure of obesity. For 

children, BMI cannot be used because it changes rapidly over time. Hence, obesity in 
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childhood is defined according to growth curves dependent on sex and age [9]. 

Furthermore, there are differences in BMI cut-off points among ethnic groups, e.g. the 

Asian population has a high risk of cardiovascular diseases and metabolic disorders at 

BMI lower than 25 kg/m
2 

[10]. Therefore, the question is raised whether waist 

circumference would not be a better indicator for obesity-related complications because 

BMI does not reflect the differences of body fat mass distribution amongst individuals. 

It is known that preferential accumulation of fat in the upper part of the body, also 

called ñcentral (abdominal) obesityò, is associated with an increased risk of morbidity 

[4, 11]. According to the International Diabetes Federation (IDF), central obesity is 

defined in the European population as a waist circumference Ó 94 cm in men and Ó 80 

cm in non-pregnant women. Taking all these aspects into account, further 

epidemiological surveys are required for estimation of the interaction between BMI, 

waist circumference and prevalence of health complications in different populations.    

 

 

 

 

 

 

 

 

 

 

Table 2 The International classification of underweight, overweight, and obesity 

according to body mass index (Adapted from WHO www.who.int) 

 

1.1.2 Genetics of obesity 

Human obesity is not a single disorder, but it is a complex of heterogeneous 

conditions (ñobesitiesò) caused by interactions among genetic, environmental and 

behavioural influences (Figure 1). Evidence for potent genetic contributions to body 

weight has been provided by family studies and the studies on twins and adopted 

children [12, 13]. These studies have revealed a heritability for the magnitude of fat 

mass between 40-70% [14]. The influence of genetic predisposition on the aetiology of 

Category  BMI (kg/m
2
) 

Underweight < 18.5 

Normal range 18.5 ï 24.9 

Overweight 25.0 ï 29.9 

Obese class I 30.0 ï 34.9 

Obese class II 35.0 ï 39.9 

Obese class III Ó 40.0  
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obesity may be attenuated or amplified by non-genetic factors. There is a ñsusceptible-

gene hypothesisò that a certain set of genes is more sensitive to the development of 

obesity complications than another. Therefore, people with this genetic outfit are more 

prone to obesity in any given environmental inductors [3]. This ñdisadvantageò, 

however, could be beneficial early in the human evolution, since these genes could 

protect their holders in periods of famine (so called ñthrifty geneò hypothesis). 

However, in the 21
st
 century of modern diet full of fats they could contribute to the 

onset of obesity [15]. Heritability of obesity in most cases is not Mendelian, but it 

involves interaction of multiple genes localized on different loci (polygenic obesity). 

Monogenic causes of obesity (mutation in single gene) are very rare with early onset of 

weight gain and hyperinsulinemia in childhood. Screening approach of candidate genes 

based on results from animal models revealed a mutation in 6 genes associated with 

obesity: gene for leptin (LEP), leptin receptor (LEPR), proopiomelanocortin (POMC), 

melanocortin 4 receptor (MC4R), prohormone convertase 1 (PC1), and neutrophin 

receptor (TrkB) [16]. They are involved in signalling pathways regulating metabolism 

and food intake according to signals coming from the hypothalamus. Other types of 

obesity represent less common recessive syndromes (more than 25 have already been 

identified), e.g. Prader-Willi syndrome or Bradet-Biedl syndrome with an incidence of 1 

in 15000-25000 and 1 in 150000 live births, respectively.     

Recently, all findings including the interindividual genetic polymorphisms 

associated with obesity have been summarized and published under the name ñThe 

Human Obesity Gene Mapò available for researchers on the website 

www.obesitygene.pbrc.edu with an annual update [17]. Nowadays, it consists of more 

than 600 genes, different chromosomal regions and DNA sequences. Another approach 

represents the ñHap-mapò project concerning on single nucleotide polymorphisms 

(SNP) in relation to obesity development. The recent discovery in this field has revealed 

SNP in FTO gene associated with an increased prevalence of abnormal fat accumulation 

and type 2 diabetes. Although the rapid pace in the development of modern 

technologies used for the wide-genome research helps to cover the ñgapsò in human 

genome, there is still not enough information about linkage between SNPs and 

expression of obesity phenotype. Since, the obesity-related SNPs explain only less than 

1% of the prevalence of obesity; it is obvious that a lot of undisclosed factors contribute 

to the development of this modern epidemic and they are waiting for their discovery.   
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Figure 1 Genetic and environmental factors of obesity (adapted from Kopelman et al., 

Nature 2000) [3] 

1.2 PHYSIOLOGY OF ADIPOSE TISSUE  

1.2.1 Adipose tissue as a heterogeneous organ  

Adipose tissue (AT) is a connective tissue primarily served as a storage site for 

fat in the form of triglycerides. The main type of AT in human body is white AT; 

another type is brown AT which can be found only in human neonates. However, recent 

data have revealed that active brown AT may exist also in adults under certain rare 

conditions (in the supraclavicular region and neck)[18]. White AT represents a 

heterogeneous organ composed mainly of mature adipocytes (60-70%), which are held 

in compact form by collagen fibers. Mature adipocytes are unilocular cells that contain 

a single large lipid droplet (consisting of triglycerides from 95%) surrounded by a 

phospholipid monolayer, pushing the cell nucleus into the peripheral edge and 

cytoplasm with organelles. The remainig cell populations in AT, so called ñstroma-

vascular fractionò (SVF) include different cell types, mainly fibroblasts, endothelial 

cells, preadipocytes, and immune cells [19] (Figure 2). It has been proven that this non-

adipocyte cell fraction plays a crucial role in the pathophysiology of obesity (more 

detailed in chapter 1.2.4) [20, 21]in relation to its secretory activity. Flow cytometry and 

immunohistochemistry analysis of human AT showed higher content of immune cells 
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(i.e. resident macrophages, lymphocytes and neutrophils) in positive correlation with 

adiposity[22-26]. Endothelial cells participate in building a functional capillary network 

within AT and a microcirculation around each adipocyte that is necessary for adequate 

oxygen and nutrient supply during AT development. Moreover, they serve as a surface 

for regulating leukocyte infiltration into AT [27]. Mature adipocytes are derived from 

preadipocytes, i.e. progenitor cells which differ from mesenchymal stem cells 

(characterized by expression of CD34+/CD31-) [28, 29]. Recently, it has been 

demonstrated that preadipocytes are able to proliferate and contribute to the expansion 

of fat mass during obesity [30]. There are two main changes in the structure of AT 

occurring in obesity: size enlargement (hypertrophy) and increasing the number of 

progenitor cells (hyperplasia) [31]. Mature adipocytes are not able to proliferate [32], 

but they can expand their volume. The size of adipocytes (in diameter) varies from 20 to 

200ɛm dependent on gender or location. During obesity, adipocytes are exposed to an 

environment high in lipids which leads to their hypertrophy accompanied by 

neovascularization. After reaching a critical cell size, new adipocytes are differentiated 

from stimulated progenitor cells. The mechanisms occuring in expanded AT involve not 

only structural changes, but also an interplay between adipocytes and the SVF immune 

cells that influence signalling pathways in AT through their secretory products. 

Therefore, it is necessary to know the cellular composition of AT in relation to the 

influence on AT secretory function with respect to different metabolic complications.     
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Figure 2 Cellular composition of adipose tissue (adapted from Schaffler et al. 2005, Nat 

Clin Pract Gastroenterol Hepatol 2: 103ï111) [33] 

 

1.2.2 Physiological function of adipose tissue (metabolism of fatty acids) 

AT represents the largest energy organ that stores energy in the form of 

triacylglycerols (TAG) during energy excess/load (postprandially) and releases in the 

form of free fatty acids (FFA) during times of energy need (e.g. during fasting or 

physical activity) [34-36]. TAG serves as a long-term metabolic fuel with a high energy 

content, e.g. 1kg of AT contains 800g of TAG what is about 7000 kcal of energy [19]. 

This fat energy mobility is coordinated by two processes in AT: synthesis of TAG 

(lipogenesis) and breakdown of TAG (lipolysis), which is tightly regulated by hormonal 

and endocrine factors.      

Lipogenesis, besides AT, occurs also in the liver (production of very-low-

density lipoproteins (VLDL)) and is positively regulated by insulin. TAG synthesis in 

adipocytes proceeds either in de novo lipogenesis from non-lipid precursors (glucose) or 

uptake of fatty acids (FA) circulating in the blood. However, de novo lipogenesis is rare 

in humans because of the low activity of ATP citrate lyase [37]. More often TAG arise 

from long chain FA in the form of chylomicrons coming from intestinal absorption of 

dietary fat or VLDL particles secreted by the liver, which are hydrolyzed to FFA by 

lipoprotein lipase (LPL) expressed in the adipocytes and anchored in the luminal 
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surface of the endothelial cells via glycosaminoglycans. Released FFA are translocated 

into the adipocytes by specific fatty acid translocase CD36 [38] or by fatty acid binding 

proteins (FABP) [39] where are together with glycerol 3-phosphate esterified to TAGs 

(Figure 3). Translocation of FFA across the membrane is accompanied by their 

esterification with co-enzyme A to form fatty acyl-CoA [40]. Glycerol 3-phosphate is 

produced from glucose by glycolysis in the adipocyte during a saturated state.   

Lipolysis (hydrolysis of TAG) is an opposite process occurring in adipocytes, 

which predominates over lipogenesis in times of starvation/energy supply. It is 

regulated on different levels, but the limiting factor for its rate is the hydrolysis of TAG 

by lipases (Figure 3). For long time, it has been considered that the initial enzyme for 

TAG degradation is hormone sensitive lipase (HSL). However, recent studies [41-43] 

have revealed another TAG hydrolase, known as adipocyte triglyceride lipase (ATGL) 

or desnutrin with a higher substrate specificity for TAG. According to these findings, 

the lipolytic process is initiated by ATGL/desnutrin, which hydrolyses TAG into 

diacylglycerol (DAG) and releases one molecule of FA. DAG is further hydrolyzed by 

HSL to monoacylglycerol (MAG) and generates a second FA, and MAG is finally 

hydrolyzed by monoglyceride lipase (MGL) to gain the third FA and glycerol [36]. 

Generated FFAs can be used for ɓ-oxidation in the mitochondria and to form adenosine 

triphosphate (ATP) or they can be released into the circulation, and thus be transported 

to other organs. Glycerol is transported to the liver for gluconeogenesis.  

Lipolysis is stimulated by catecholamines (adrenaline and noradrenaline) that 

bind to ɓ-adrenoreceptors which in turn activate adenylyl cyclase to produce cyclic 

adenosine monophosphate (cAMP) from ATP. cAMP subsequently activates protein 

kinase A (PKA), which in turn phosphorylates and activates HSL. Other stimulators of 

lipolysis are natriuretic peptides (e.g. ANP) [44], growth hormone [45], glucocorticoids 

[42] or tumour necrosis factor-Ŭ (TNF-Ŭ) [46]. Insulin has inhibitory effect on lipolysis 

via phosphodiesterase 3B, which reduces the concentration of cAMP. Additionally, Ŭ2-

adrenoreceptors [47], prostaglandins [48], adenosine receptors [49], neuropeptide 

Y/peptide YY and nitric oxide [50] belong to the anti-lipolytic group of mediators. 

Recently, new molecules with an important role in the regulation of lipolysis have been 

determined: lipid droplet proteins (perilipin) [51, 52], caveolin-1 [53], aquaporin-7 [54], 

cide-domain-containing proteins (CideN) [55], and sirtuins (SIRT) [56].  

Randle et al. [57] has demostrated that glucose (except of FA) can also enroll in 

these energy processes. It is known as the ñglucose-fatty acid cycleò representing the 
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substrate competition between FA and glucose as a fuel for oxidation in the 

mitochondrion. During nutritional overload the energy homeostasis in the body is 

impaired and leads to ñmetabolic inflexibilityò accompanied by decrease of 

responsiveness to insulin that consequently affect its controlling feature in lipid and 

glucose metabolism. The strict regulation of the balance between release and utilization 

of FA is necessary to avoid the development of metabolic complications. On the one 

hand, a higher lipolytic activity of adipocytes could reduce the total fat mass, however 

on the other hand, an increased levels of FA in the circulation, which are not effectively 

used by tissues, could impair carbohydrate and fat homeostasis in the body and lead to 

ñlipotoxicityò, i.e. ectopic accumulation of fat within non-fat tissues such as muscle or 

liver and cause insulin resistance. However, recent findings in knock-out mice in 

adipose specific phospholipase A2 (AdPLA) revealed that increased lipolysis in AT 

does not necessarily lead to elevated serum FA levels [58]. There could be a preference 

for FA utilization and oxidation for energy expenditure which avoids the onset of 

obesity. Therefore, an efficient manipulation of lipolytic pathways in AT could serve as 

a therapeutic tool ñin a never-ending fight with obesityò, but before this point there are 

still questions that need to be resolved. 
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Figure 3 Metabolism of fatty acids in the adipose tissue (adapted from Lafontan and 

Langin, 2009, Progress in Lipid Research 48: 275-297). In saturated state (after fed), FA 

are stored in adipocytes in form of TAG (lipogenesis stimulated by insulin) induced by 

insulin, whereas in a fasted state or during physical exercise, TAG from adipocytes are 

broken down into FA and glycerol in a lipolytical process, which proceeds 

spontaneously or is activated by various factors, such as catecholamines, ANP or 

indirectly by pro-inflammatory cytokines (e.g. TNF-Ŭ).    

LPL (liporotein lipase), ANP (atrial natriuretic peptide), GLUT4 (glucose transporter 4) 

 

1.2.3 Insulin signalling pathway and adipose tissue (metabolism of glucose) 

Insulin signalling pathway is important for the regulation of metabolic 

homeostasis in the body (besides cell differentiation and growth). Insulin is a hormone 

secreted by the pancreatic ɓ-cells. Its secretion is regulated by the glucose concentration 

in the blood and is involved in glucose uptake (to lower blood glucose levels), lipolysis 

and hepatic gluconeogenesis. Insulin acts through its single receptor that is localized on 

the cell membrane of energy organs, such as skeletal muscle, AT, liver, or other organs, 

e.g. brain[59], pancreas[60], placenta [61] etc. The density of insulin receptor (IR) 

coverage on a target cell is around 200 000 to 300 000 molecules/cell. In the liver, 
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insulin inhibits the process of glycogenolysis (glycogen breakdown to glucose) and 

gluconeogenesis. Even though, the skeletal muscle is a main insulin-sensitive organ that 

uses glucose from the circulation as a primary source of energy, AT (through insulin 

activity) has an important role in controlling the whole-body glucose homeostasis.   

On post-receptor level insulin signalling network is complex and divergent. IR 

(also able to bind insulin-like growth factor 1 (IGF-1)) belongs to the family of tyrosine 

kinase receptors that is composed of two Ŭ- and two ɓ-subunits linked together by 

disulfide bonds. Binding of a ligand to the extracellular Ŭ-subunits promotes 

autophosphorylation and dimerization of a receptor that leads to binding and activation 

(i.e. phosphorylation) of other signalling molecules, including insulin receptor substrate 

proteins (IRS), but also Src-homology-2-containing protein (SHC) and proto-oncogene 

c-Cbl (Cbl). The family of IRS proteins consists of 6 tissue specific isoforms [62-66]. 

However, only IRS1 and IRS2 have a key role in insulin cascade in humans. IRS1 

regulates anabolic function of insulin mainly in the muscle and AT, whereas IRS2 

works in the liver [67-69]. IRS molecules contain pleckstrin-homology (PH) and 

phosphotyrosine-binding domain (PTB), which are necessary for their affinity to IR. 

IRS take in up to 20 different tyrosine phosphorylation sites that serve as docking sites 

for proteins with Src-homology-2 (SH2) domain, e.g. p85 regulatory subunit of 

phosphatidylinositol 3-kinase (PI3K), growth receptor binding protein 2 (Grb2), or 

cytoplasmic tyrosine kinase (Fyn). IR/IRS binding partners activate two different 

signalling pathways: PI3K ï serine/threonine protein kinase B (PKB or AKT) pathway, 

which is responsible for most of the metabolic actions of insulin and Ras - mitogen 

activated protein kinase (MAPK) cascade, which control cell differentiation and growth 

[70]. PI3K activates second messenger, phosphatidylinositol 3-phosphate (PIP3), on 

plasmatic membrane, which downstream activates additional signalling molecules with 

PH domain, such as 3-phosphoinositide-dependent protein kinase 1 (PDK1) and further 

AKT/PKB or protein kinase C (PKC). Activation of PKB leads to phosphorylation of 

other target molecules, such as glycogen synthase kinase-3 (GSK3) necessary for 

glucose synthesis, forkhead box protein O (FOXO) involved in hepatic 

gluconeogenesis, mammalian target of rapamycin (mTOR) essential for the 

differentiation of preadipocytes, as well as Rab GTPase-activating protein (AS160) 

responsible for the translocation of glucose transporter 4 (GLUT4) to plasmatic 

membrane and glucose uptake into the target cell [71].     
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In this complicated network there are 3 critical nodes necessary for the 

regulation of the insulin action (Figure 4): IR/IRS, PI3K and AKT/PKB [71]. The initial 

event, i.e. phosphorylation of IRS proteins, can be negatively regulated by tyrosine 

phosphatases (e.g. PTP1B) or serine phosphorylation via protein kinases, such as 

extracellular signal-regulated kinase (ERK), c-Jun-N-terminal kinase (JNK). In IRS1 

molecule there are over 70 serine phosphorylation sites (e.g. Ser307, Ser270, Ser612) 

with an inhibitory effect. Serine phosphorylation has been observed in the obese states 

and has been associated with insulin insensitivity [72, 73]. Another manner to regulate  

insulin cascade is ligand-induced down-regulation of IR/IRS complex mediated by the 

suppressor of cytokine signalling-1 (SOCS1) and SOCS3 via ubiquitin-degradation of 

IR[74]. PI3K can be negatively regulated at the level of PIP3 by phosphatases such as 

PTEN or SHIP2 or by the concentration of its regulatory subunit. Additionally, the 

activity of AKT/PKB is also under control of phosphatase (PP2A). Importantly, it has 

been revealed that the down-regulation of the insulin signalling pathway may be 

induced by different extracellular stimuli, e.g. FFA, pro-inflammatory cytokines and 

adipokines (e.g. TNF-Ŭ, IL-6, leptin, RBP4) or nutrient components [75-77] that in an 

inappropriate rate leads to the development of insulin resistance. An insufficient activity 

of the insulin pathway during nutrients overload accompanied by a prolonged increased 

glucose concentration in the circulation has a detrimental effect on the secretory 

function of ɓ-cells and could further spread in type 2 diabetes.  

Insulin resistance is a characteristic feature of many obesity-related 

complications. However, the exact causes of insulin resistance are not clear. There is a 

body of evidence about various culprits that could contribute to its development. The 

summary scheme of possible mediators of insulin resistance is shown in Figure 5. In 

obesity, the elevated energy intake of the adipocytes leads to hypertrophy and expansion 

of fat mass which in turn activates the pro-inflammatory signalling pathways e.g. 

through nuclear transcription factor NF-əB and serine/threonine kinases JNK, which 

increases the production of pro-inflammatory cytokines, adipokines and chemokines, 

such as leptin, TNF-Ŭ, IL-6, MCP-1 (ñhumoral theoryò of insulin resistance) that finally 

inhibit insulin action in AT. The release of chemoatractants into the circulation 

subsequently causes the elevated recruitment of immune cells, i.e. macrophages into the 

inflamed tissue that amplify the inflammatory response (ñimmune cells-induced insulin 

resistanceò, discussed more detailed in 1.3). Regarding the hypertrophied adipocytes, it 

has been shown that these cells are faced to hypoxic condition because of insufficient 
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oxygen delivery to the tissue leading to the stimulation of inflammatory pathways [78]. 

Recently, a new hypothesis has been proposed about the endoplasmic reticulum (ER) 

stress, which plays a key role in the activation of many inflammatory pathways [79, 80]. 

The ER represents an important sensor for the nutrient balance in the cell. When its 

function is impaired, the unfolded protein response (UPR) arises. The activation of UPR 

pathway leads to decrease of protein synthesis and initiation of protein degradation. The 

ER stress is also a source of reactive oxygen species (ROS) contributing to insulin 

resistance. Another explanation for the origin of insulin resistance might be the 

increased oxidative stress induced by mitochondrial dysfunction that also activates 

inflammatory and stress molecules [81, 82]. At the beginning, the overload of FFA and 

glucose in the circulation induces a metabolic stress accompanied by insulin resistance 

and inflammation locally, in each insulin-sensitive organ (skeletal muscle, liver and AT) 

that could further spread via endocrine effects of cytokines, adipokines to systemic, 

whole body insulin resistance and inflammation. As shown in Figure 5, the vicious 

circle among putative culprits of insulin action impairment is very tangled and it is 

really hard to determine the first one, which triggers the cellular machinery in the obese 

state. Therefore, further functional studies are necessary to find a solution for a 

treatment of insulin resistance that could be potentially used in pharmacological 

therapy.          
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Figure 4 Insulin signalling pathway with 3 important highlighted nodes in its regulation: 

IRS, PI3K and AKT/PKB (adapted from Kido et al., 2001, J Clin Endocrinol Metab 86: 

972-979)[83]. 
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Figure 5 Possible culprits of the development of insulin resistance in an insulin-

responsive cell (adapted from Chen et al., 2006, Pharmacological research 53: 469-

477)[84]. Nutrient overload leads to hypertrophy of adipocytes, increased infiltration of 

macrophages, that activate pro-inflammatory signalling pathways through JNK/NFəB 

followed by an enhanced expression of pro-inflammatory molecules (e.g. TNF-Ŭ, IL-6, 

MCP-1) inhibiting insulin action. Nutrient overload could induce further molecular 

modulations in cellular organelles such as ER stress via UPR response or oxidative 

stress via ROS in insulin-sensitive cell, which finally also activate a pro-inflammatory 

signalling cascade and block insulin activity. 

 

1.2.4 Endocrine function of adipose tissue 

AT is no longer considered just as an inert energy storage reservoir, but as a real 

endocrine organ releasing, besides its classical metabolic products FFA and glycerol, 

also a large amount of bioactive molecules with paracrine and endocrine functions 

(Figure 6). In 1987, adipsin, a complement-related protein with serine protease activity, 

has been identified as one of the first proteins synthesized and secreted from the AT 

[85]. The theory about the endocrine function of the AT became apparent with the 
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discovery of leptin in 1994 [86], encoded in mice by the ob gene and in humans by the 

LEP gene, whose mutation was associated with the onset of obesity [87]. This discovery 

increased the interest of scientists to search for other substances released from AT in 

relation to obesity disorders. Today it is known that AT produces numerous bioactive 

peptides and cytokines, classified by the name adipocytokines [88] or adipokines [89], 

based on the site of their secretion, i.e. the adipocytes. However, recent studies 

determined that the majority of these molecules are also produced by the SVF cells [20, 

21, 23], which changed the view upon the ñadipocyte-centricò paradigm. Therefore, the 

classification of AT secreted proteins by the term adipokines with respect to the cellular 

origin might be confusing. There are only a few proteins (hormone-like proteins) that 

are almost exclusively secreted by the adipocytes, i.e. adiponectin and leptin. Other 

cytokines are produced by both adipocytes and the SVF cells. Nowadays, it has been 

characterized over 100 substances produced by AT with different functions [90, 91], 

including interleukins (e.g. IL-1, IL-1ɓ, IL-6, IL-10) [92-95] interferons (e.g. IFN-ɓ, 

IFN-ɔ) [96], TNF-Ŭ [97], chemokines (MCP-1, IL-8) [98-100], growth factors (IGF-1), 

peptides, such as resistin, apelin, visfatin, retinol-binding protein 4 (RBP4) [101-104], 

acute phase proteins (e.g. CRP, haptoglobin, SAA) [105-107] or very recently described 

vaspin, omentin, hepcidin [108-110]. It is expected that many of them are still waiting 

for their discovery or detailed functional analyses. Regarding the wide range of specific 

proteins, AT plays an important role in the integration of many physiological pathways. 

It is involved, besides energy homeostasis, in the thermogenesis, immune response, 

blood pressure control, haemostasis, neuro-endocrine regulation, bone marrow, thyroid 

and reproductive function [111]. Moreover, adipokines have been found to participate in 

the development of insulin resistance and obesity-related comorbidities (ñhumoral 

theoryò about the origin of insulin resistance). It has been observed that their mRNA 

and protein levels are modulated in the obese state. Besides adiponectin, the release of 

the majority of pro-inflammatory cytokines in obesity is increased. However, as it has 

been summarized in the review of Klimcakova et al. [112], this fact is not confirmed in 

each clinical study. Because the AT is composed not only of adipocytes, but also of 

other cells, mainly macrophages contributing to the additional secretion of cytokines, it 

is important to determine the cellular origin of the production of these molecules. 

Adipokines participate also in the recruitment of immune cells, i.e. macrophages, 

lymphocytes into the AT that further contribute to inflammatory state in the AT and the 

induction of insulin resistance. In the following paragraphs I will  only focus on the 
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description of the role of selected adipokines in relation to obesity, which were 

investigated in the clinical studies included in this work. 

 

 

 

 

Figure 6 Adipose tissue as an endocrine organ. AT secretes a variety of bioactive 

molecules, such as hormones, cytokines, chemokines, FFA, which act in a paracrine or 

endocrine way and influence the physiology of AT as well as other tissues in the body.  

ICAM-1: intercellular adhesion molecule, VCAM-1: vascular cell adhesion molecule, 

PECAM-1: platelet/endothelial cell adhesion molecule, PAI-1: plasminogen activator 

inhibitor, MIF: macrophage inflammatory factor, MCP-1: monocyte chemoattractant 

protein, RBP4: retinol binding protein 4, TNF-Ŭ: tumour necrosis factor-Ŭ  

 

1.2.4.1 Leptin  

Leptin (originating from the greek word leptos, i.e. thin) is a 16kDa non-

glycosylated peptide hormone, a member of the class I cytokine family, consisting of 

167 amino acids. It is encoded by the obese (ob) gene in mice and by the LEP gene in 

humans [86]. It is mainly produced by adipocytes and in a limited proportion expressed 

by the stomach and placenta [113, 114]. Leptin binds to its receptor, encoded by the db 

(ObR) gene in mice and the LEP-R gene in humans. 6 different isoforms of leptin 
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receptor have been identified as a result of alternative splicing (ObRa, ObRb, ObRc, 

ObRd, ObRe, ObRf), which differ in the sites of their expression. The leptin receptors 

are localized in several organs and tissues, such as the liver, skeletal muscle, adipose 

tissue, heart, pancreas, hypothalamus [115, 116]. Leptin action is mediated mainly via 

the long isoform ObRb that subsequently transfers the signal via various pathway 

activating Janus kinase (JAK)/signal transducer and activator of transcription (STAT), 

MAPK, PI3K or AMPK [117, 118].  

The main function of leptin is the regulation of food intake through its action, 

i.e. providing a satiety signal within the hypothalamus [119]. Moreover, it controls 

insulin sensitivity, glucose and lipid homeostasis through the activation of AMP-

activated protein kinase (AMPK) in insulin-responsive organs [117] (Figure 7). Leptin 

is also involved in the energy homeostasis, neuro-endocrine control, reproduction, onset 

of puberty, or angiogenesis. It has been observed that in obese subjects circulating 

levels of leptin are higher and gender different (2-3 times higher in women than in men, 

even when adjusted for BMI)[120, 121]. The plasma level of leptin in humans is 

expressed in terms of ng/ml. It correlates with fat mass and BMI and decreases with 

weight reduction [92, 122-126]. These beneficial results are almost reached in each 

intervention study. Therefore, it is now used as a ñreference adipokineò measured in 

weight loss programs. Mutations in leptin (ob/ob mice) or in leptin receptor in mice 

(db/db mice) induce obese phenotypes with increased appetite, weight gain and insulin 

resistance. In humans these rare genetic ablations cause early-onset morbid obesity 

[127] accompanied by hyperphagia, hyperinsulinemia and hyperleptinemia, which is 

contrary to the minimal plasma leptin levels in mice. Patients with this diagnosis can be 

treated with exogenous leptin, which decreases the detrimental effect of obesity[128]. 

However, in some of them this treatment fails. It might be explained by the 

development of ña leptin-resistantò state, which diminishes the effect of leptin on 

energy intake and expenditure [129]. Leptin resistance can lead to the activation of 

SOCS proteins that decrease the stimulation of leptin receptor in negative feedback of 

leptin signalling [130].      

Besides its metabolic and endocrine function, leptin plays an important role in 

the modulation of the immune response. It has been observed that it has a protective 

effect on T lymphocytes from apoptosis, regulates T cells and monocytes activation, 

and induces the switching of immune phenotype toward Th1 response. Additionally, it 

can participate in an induction of oxidative stress and an up-regulation of adhesion 
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molecules in endothelial cells [131, 132]. Moreover, plasma leptin levels are elevated 

by inflammatory stimuli, such as IL-6, IL-1, LPS [133]. It has been revealed in in vitro 

studies that leptin contributes to increase the accumulation of monocytes into the 

AT[23, 134].  

To summarize, it seems that leptin, besides its important role in the regulation of 

metabolic homeostasis, exerts also pro-inflammatory properties. Because of the ñtwo-

facedò (dual) character of this molecule, leptin represents a promising molecule that 

could contribute to the treatment of obesity.  

 

1.2.4.2 Adiponectin 

Adiponectin was discovered at the end of 20
th
 century almost simultaneously by 

four groups and it was given different names, such as GBP28, apM1, Acrp30, or 

AdipoQ[135-138]. Adiponectin is encoded by the apM1 gene and primarily produced 

by adipocytes, but also by skeletal muscle, cardiac myocytes and endothelial cells [139-

141]. It is a 30 kDa protein structurally similar to the complement protein 1q, which is 

characterized by a N-terminal collagen-like domain and a C-terminal globular domain. 

After synthesis it undergoes various post-translational modifications necessary for its 

bioactivity [142]. Adiponectin is secreted from adipocytes into the circulation in 

different isoforms, i.e. the complexes of several sizes: trimer (also known as low-

molecular-weight adiponectin (LMW), hexamer composed of two trimers connected by 

a disulphide bond (known as middle-molecular-weight adiponectin), and a high 

molecular weight (HMW) isoform consisting of up to 12-18 molecules [143, 144]. 

Adiponectin also exists in its cleavage form; known as globular adiponectin generated 

by leukocyte elastase [145] capable of trimerization, but not further polymerization. 

Each adiponectin complex exerts distinct biological functions. Recently it has been 

revealed that the HMW form has a more insulin-sensitizing effect and associates better 

with glucose tolerance than total adiponectin [143, 146, 147]. Moreover, the ratio 

HMW/LMW or HMW/total adiponectin has been suggested to be a good predictor of 

insulin resistance and metabolic complications [147, 148]. In respect to HMW, 

moderate weight loss or treatment with tiazolidindiones (TZD) selectively improves 

HMW levels in circulation [148, 149]. Adiponectin represents only 0.01% of all plasma 

proteins, but its normal plasma levels are higher compared to other adipokines (5-10 

ɛg/ml). Contrary to almost all cytokines, adiponectin plasma levels are lower in obese 
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or insulin resistant subjects and inversely correlated with BMI and body fat [150-152]. 

Its production by adipocytes can be negatively regulated by various mediators, such as 

TNF-Ŭ, IL-6, insulin, glucocorticoids [153-155]. 

The distribution of adiponectin complexes into the circulation is controlled at the 

level of its secretion from the adipocytes. The assembling of adiponectin complexes is 

realized in the ER through its chaperones. This is a critical point in the formation of the 

biologically active protein. Nevertheless, it has been observed that the proportion of its 

particular isoforms is different between plasma levels and secretion media obtained 

from AT explants of obese patients [156]. There is also evidence that mutation in the 

adiponectin gene leads to the impairment of protein multimerization and decrease 

secretion into the circulation [157, 158]. All these aspects could participate in 

hypoadiponectinemia in diabetes, hypertension, atherosclerosis, or endothelial 

dysfunction [159, 160]. 

Adiponectin transfers its signal through two transmembrane receptors AdipoR1 

and AdipoR2 [161]. AdipoR1 is preferentially expressed in the muscle, whereas 

AdipoR2 is predominantly expressed in the liver [162]. T-cadherin has recently been 

identified as a new molecule participating in the adiponectin signalling pathway, 

especially as a receptor for the MMW and HMW form of adiponectin [163]. Another 

member of this cascade is an adaptor molecule, called as an adiponectin receptor 

interacting protein (APPL1), which enhances the transduction of the signal downstream 

of the receptor and activates the AMPK and MAPK pathway [164], or peroxisome 

proliferator-activated receptor Ŭ (PPAR-Ŭ) [162]. Through the activation of AMPK 

(Figure 7), similar as leptin, adiponectin increases fatty acid oxidation in the skeletal 

muscle, GLUT4 translocation that leads to an enhanced insulin sensitivity [117]. 

Besides its beneficial metabolic functions, adiponectin also has an antiatherogenic and 

antiatherosclerotic effect [148, 163]. It inhibits the expression of adhesion molecules 

and scavenger receptors on monocytes [165]. Furthemore, it influences macrophage 

function by diminution of the expression of pro-inflammatory cytokines, such as IL-6, 

TNF-Ŭ and by increasing the production of the anti-inflammatory molecules IL-10, IL-

1Ra [166, 167]. Adiponectin has also been observed to participate in the inhibition of 

macrophage transformation to foam cells, the formation o f atherosclerotic plaques, as 

well as macrophage infiltration to AT [168].   

Taken together, adiponectin is one of the few molecules secreted by the AT with 

anti-inflammatory properties, which plays a key role in the modulation of the 
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inflammatory response and energy homeostasis in body. Thus it might be a target of 

new pharmacological therapy. However, it is still poorly understood how its secretion 

from adipocytes is regulated and what the reason for its diminished levels in obesity is.   

 

 

 

Figure 7 Role of leptin and adiponectin in the regulation of glucose and lipid 

metabolism through activation of AMPK, which downstream stimulates FA oxidation in 

the AT/muscle and glucose utilization in the liver (adapted from Langin et al., 2008, 

Obesity: Science to Practice)[19].  

1.2.4.3 Tumour necrosis factor-Ŭ (TNF-Ŭ)  

TNF-Ŭ was originally described as a cytokine inducing the necrosis of tumours 

after acute bacterial infection. Further, it has been identified as a factor inducing 

cachexia, also called cachectin in the catabolic disease and as a regulator of adipocyte 

metabolism, i.e. suppression of the expression of AT specific genes and 

lipogenesis[169, 170]. However, the first link between this pro-inflammatory cytokine 

and obesity came from a study of Hotamisligil in 1993, which revealed an increased 
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TNF-Ŭ expression in the AT of genetic obese (ob/ob) mice [97] leading to obesity-

related insulin resistance. These findings led to the conception about obesity as a low-

grade inflammatory condition.  

TNF-Ŭ is a 26 kDa transmembrane monomer that is enzymatically cleaved to a 

17 kDa soluble TNF-Ŭ molecule [171]. Both molecules are biologically active. The 

transmembrane form seems to exert autocrine and paracrine fuction, whereas the 

soluble molecule mediates endocrine effects [172]. TNF-Ŭ is produced by many types 

of cells, such as macrophages, lymphocytes, fibroblasts, and smooth muscle cells [173]. 

In AT it has been documented that the SVF cells (preadipocytes, immune cells) produce 

more TNF-Ŭ than adipocytes [20]. TNF-Ŭ mediates its signal in AT through two distinct 

transmembrane receptors: tumour necrosis factor alpha receptor 1 and 2 (TNFR1 and 

TNFR2) that after ligand binding trimerize. Both TNFRs, due to proteolytical cleavage, 

can be released to the circulation as soluble forms. They further activate other signalling 

molecules involved in the regulation of cell metabolism, such as cell differentiation 

(adipogenesis), proliferation, apoptosis of preadipocytes and adipocytes, as well as 

energy homeostasis [174-176]. Regarding obesity and IR, TNF-Ŭ inhibits insulin action 

through the activation of JNK or ERK phosphorylated Ser residues in IRS1 and NF-əB 

stimulating the expression of inhibitory molecules SOCS3, and generates increased 

lipolytic activity of AT leading to overload of FFA to the circulation that could further 

store in non-fat tissues, such as skeletal muscle, liver (ectopic storage of fat) and 

increase a risk of lipotoxicity [177-180]. TNF-Ŭ also down-regulates the expression of 

adiponectin, GLUT4, PPAR genes involved in glucose homeostasis [153, 181-183].  

The role of TNF-Ŭ in the development of insulin resistance has been provided on 

mice lacking of TNF-Ŭ function, which were resistant to high fat diet-induced obesity 

and improved insulin sensitivity [184]. The similar association has been observed in 

humans by administration of anti-TNF-Ŭ antibodies[185]. Additionally, mRNA and 

plasma levels of TNF-Ŭ, as well as TNFRs, have been reported to be increased in 

obesity and type 2 diabetes compared to lean control and furthermore positively 

correlated with BMI and insulin levels [92, 185-187]. Weight loss was shown to 

decrease their productions [188, 189]. However, this expression profile is not always 

standard in each clinical study [112]. It could be explained by the fact that TNF-Ŭ is not 

secreted by AT into the circulation and therefore AT does not contribute directly to the 

increased plasma levels of TNF-Ŭ [190]. Maybe other cells e.g. macrophages circulating 

in plasma could contribute to elevated TNF-Ŭ production. Neutralization of TNF-Ŭ by 
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antibody increased glucose uptake in response to insulin in obese mice [97]. However, 

the treatment of obese, insulin resistant or diabetic patients with anti-TNF-Ŭ antibody 

did not lead to positive results [191, 192]. One of the possible explanations could be the 

fact that TNF-Ŭ does not play a dominant role in th einduction of insulin resistance and 

predominantly acts in paracrine way.  

TNF-Ŭ is a typical pro-inflammatory cytokine that induces the production of 

other pro-inflammatory cytokines, such as IL-6, IL-1, IFNɔ and also adhesion 

molecules, monocyte chemoattractant protein-1 (MCP-1) [21, 193]. It has been 

observed that it participates in a macrophage-induced inflammation in AT as a mediator 

of immune response to overload of FFA [76] and influences macrophage phenotype. 

Vice versa, the production of anti-inflammatory cytokines, such as IL-10, IL-1Ra, and 

adiponectin could diminish its effect. This interplay between molecules with different 

characters in AT leads to ñthe competitionò of intracellular pathways that determine 

considering in which direction the cytokine production will be developed. Nevertheless, 

the triggers that induce the production of TNF-Ŭ in AT and its exact role in the onset of 

obesity require further investigation. 

 

1.2.4.4 Monocyte chemoattractant protein-1 (MCP-1) 

MCP-1, also known as chemokine (C-C motif) ligand 2 (CCL-2), belongs to the 

key factors mediating the chemoattraction and transendothelial migration of circulating 

monocytes and T lymphocytes to the site of inflammation via its receptor CCR2 on 

target cells. It exists in two predominant forms (9 and 13 kDa) due to different 

glycosylation with similar biological activity [194]. Its binding to the receptor activates 

the signalling pathway of PKC via formation of inositol triphosphate, release of 

intracellular Ca
2+

 and Rho family proteins leading to cell mobility [195]. MCP-1 is 

secreted by various cell types, such as fibroblasts, endothelial cells, vascular smooth 

muscle cells, monocytes and T cells [196]. Recently, it has been reported that MCP-1 is 

also produced by adipocytes and confirmed the findings about increased ATM 

infiltration during obesity [197]. However, it is important to note that the SVF cells 

contribute more to the production of MCP-1 than adipocytes [198]. Mice lacking MCP-

1 or its receptor have a decreased macrophage recruitment in AT accompanied by the 

improvement of insulin sensitivity and are protected against weight gain induced by a 

high fat diet [199, 200]. Nevertheless, in another study this result has not been 
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confirmed [201]. Hence, it raises the suggestion that MCP-1 is not the only critical 

mediator for the macrophage recruitment. There are also other possible candidates, such 

as macrophage inflammatory protein-1Ŭ (MIP-1Ŭ) or osteopontin that might participate 

in this process [202, 203].  

With respect to human obesity, it has been observed that obese patients have 

increased MCP-1 plasma levels compared to lean controls [98, 198] and after weight 

loss its circulating levels decreased [197]. Under normal conditions, however MCP-1 

plasma levels are undetectable [91]. In vitro experiments on adipocytes documented that 

MCP-1 decreases insulin-stimulated glucose uptake and trigger leptin secretion [204, 

205]. It has been determined that MCP-1 expression is regulated by TNF-Ŭ, IFNɔ, 

platelet-derived growth factor (PDGF) or stress factors [206] via the activation of 

p38MAPK and NFəB pathways [207]. 

Furthermore, MCP-1 is involved in the recruitment of monocytes in the arterial 

wall and so contribute to atherogenesis [208]. Recently, it has been revealed that an 

MCP-1 polymorphism associated with a high risk for atherosclerosis [209]. Taken 

together, these findings suggest that MCP-1 could play an important role in the 

development of inflammatory diseases.     

 

1.2.4.5 C-X-C motif chemokine 5 (CXCL5) 

 CXCL5, also known as epithelial neutrophil activating peptide (ENA-78), is a 

member of chemotactic cytokines sharing structural and biological features with IL-8 

and GroŬ. It is involved in the chemoattraction of immune cells in response to 

inflammatory stimuli via its receptor CXCR2, which is expressed on various types of 

cells like endothelial, pulmonary, or intestinal epithelial cells [210, 211]. Recently, it 

has been reported that CXCL5 represents a novel adipocytokine mainly secreted by 

ATM, which participates in worsening of insulin action in muscle and is associates with 

obesity and type 2 diabetes [212]. Moreover, CXCL5 plasma levels are elevated in 

obese patients compared to lean subjects and decrease after VLCD. In addition, obese 

insulin-resistant subjects have higher serum levels of CXCL5 than non-resistant [212]. 

Increased levels of CXCL5 have been also observed in other infammatory states, such 

as rheumatoid artridis, Crohn`s disease, or pulmonary disease [211].  

In vitro experiments revealed that CXCL5 inhibits insulin action in muscle via 

activating the JAK/STAT/SOCS signalling cascade [212]. Furthermore, in mice CXCL5 
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is up-regulated by TNF-Ŭ via NFəB stimulation and reduced by PPARɔ agonist 

rosiglitazone [212]. Blocking of CXCL5 function through anti-CXCL5 antibody or 

antagonist to its receptor CXCR2 improved insulin sensitivity in obese mice. Moreover, 

CXCR2 receptor has been determined to be present in macrophages-rich intimae in 

atherosclerotic plaques and participate in the accumulation of these immune cells into 

lessions [213]. 

Altogether, it seems that CXCL5 contributes to the onset of insulin resistance 

and other obesity comorbidities. However, the exact mechanism how it acts and 

influences other insulin-sensitive organs it is not well known. What`s more, its 

association to the activation of macrophages has not been studied yet. Therefore, it 

could be an object of further investigations in this scientific field.   

 

1.2.4.6 Visfatin/PBEF/NAMT   

Visfatin, a 52 kDa protein, was originally isolated (1994) from B cell precursors 

as a cytokine enhancing its maturation, also called pre-B cell colony-enhancing factor 

(PBEF) [214]. A decade later it was discovered to be predominantly expressed in 

visceral AT, from which the name visfatin was devoted. It was reported to exert insulin-

mimetic action via binding to IR at different site than insulin and enhance glucose 

uptake into cell [102] (Figure 8). This function has been observed in mice model. 

However, the subsequent studies in humans have not confirmed these findings and were 

partially retracted [215]. Nevertheless, this discovery stimulated a lot of researchers to 

study a role of visfatin in relation to metabolic complications. Recently, it has been 

shown that visfatin displays nicotinamide phosphoribosyltransferase (Nampt) activity 

essential for glucose homeostasis in pancreatic ɓ-cell function [216]. Three different 

functions gave rise to three different names of unique protein.  

With respect to visfatin production, besides AT it is also produced by skeletal 

muscle, liver, bone marrow, lymphocytes [217]. Especially in AT it is more expressed 

by SVF cells than adipocytes [218, 219]. Because of missing signal peptide in its 

structure visfatin is secreted from cell via non-classical secretory pathway.  

In human studies, there have not been found any differences between two fat 

depots in visfatin expression as it was published in the initial study [219, 220]. 

Additionally, increased mRNA and plasma levels of visfatin have been observed in 

condition of obesity, insulin resistance and type 2 diabetes [220-222]. However, these 
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results are controversial in some clinical studies, which determined either increased 

mRNA or plasma levels in lean subjects or people with lower BMI [219, 223, 224]. 

Furthermore, it has been shown that weight loss in morbidly obese patients or exercise 

training in diabetic patients has positive impact on visfatin plasma levels [225-227]. 

According to the findings obtained in above mentioned studies, there are not 

unequivocally association between visfatin expression and BMI and insulin resistance. 

Based on results from in vitro studies, production of visfatin is regulated by several 

factors, such as IL-6, TNF-Ŭ, hormones [228-232]. However, there are also some 

discrepancies due to different types of experimental model used in the studies. 

Regarding the visfatin action in glucose homeostasis, it has been shown that 

visfatin as a rate-limiting enzyme Nampt plays a key role in nicotinamide adenine 

dinucleotide (NAD) biosynthesis necessary for glucose-stimulated insulin secretion in 

pancreatic ɓ-cells. This activation pathway involves SIRT-1 molecule, whose activity is 

reduced by age [216].  

Recently, visfatin has been identified as an adipokine with immunomodulating 

properties because it induces chemotaxis, expression of IL-1ɓ, TNF-Ŭ, IL-6 in human 

monocytes[233]. Moreover, it is strongly expressed in lipid-rich macrophages localized 

in atherosclerotic plaques, in which it enhances the expression of metalloproteinase-9 

(MMP-9). Therefore, it is suggested that it may participate in plaque destabilization 

[234]. 

To sum up, visfatin works as intracellular enzyme, as well as extracellular 

cytokine. However, it is not clear if it acts as a pro- or anti-inflammatory molecule and 

what it is its role in the pathophysiology of obesity and insulin resistance.  
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Figure 8 Role of visfatin in insulin signalling cascade (adapted from Murphy et al 2006, 

Nature Medicine 12: 32-33)[235]. Visfatin acts through IR receptor binding to the 

distinct site (different from insulin) and activates downstream signalling molecules. 

 

1.2.4.7 Retinol binding protein 4 (RBP4) 

RBP4 is another recently discovered adipokine (2005), which is connected with 

pathogenesis of obesity [236]. It has been originally identified as a 21 kDa transport 

protein for retinol (vitamin A) in circulation, encoded by the RBP4 gene. The main 

source of RBP4 is liver, but it is also secreted by AT, especially by mature adipocytes 

[237, 238]. It has a binding partner, transthyretin (TTR) necessary for RBP4 renal 

clearance and regulation of its plasma concentration [239].  

The first link between RBP4 and obesity-induced disorders has been determined 

in GLUT4 knockout mice (Glut4-/-), which had selectively increased expression of 

RBP4 in AT, but not in liver. In addition, transgenic overexpression or peritoneal 

injection of recombinant RBP4 in mice led to the development of insulin resistance. 
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Moreover, genetic ablation of RBP4 in mice (Rbp4-/-) improved insulin 

sensitivity[236]. Based on these animal studies it seems that GLUT4 impairment in 

adipocytes induces enhanced release of RBP4 into circulation (Figure 9). It was also 

confirmed in human study of Graham et al (2006), in which GLUT4 expression in AT 

was inversely correlated with RBP4 plasma levels [103]. Nevertheless, this finding has 

not been confirmed in each investigation [237]. Notably, increased RBP4 plasma levels 

activate hepatic expression of a retinoid-regulated gene, phosphoenolpyruvate 

carboxykinase (PEPCK) inducing gluconeogenesis in liver that further leads to 

increased glucose in plasma with negative consequence on insulin sensitivity in muscle 

[236]. The mechanism, how RBP4 influence insulin action may involve retinol-

dependent binding of active retinol forms to retinoic acid receptors (RARs) and retinoic 

acid-X receptors (RXR) to regulate the expression of specific genes (e.g. PEPCK in 

direction of insulin resistance or PPARɔ in favour of insulin sensitivity) or retinol-

independent way via cell surface receptors, such as Megalin/gp320. In vitro experiments 

on human adipocytes have revealed that RBP4 inhibits the IRS-1 activation by 

phosphorylation at Ser307 [240].  

In humans, increased circulating levels of RBP4 have been observed in subjects 

with insulin resistance, obesity, type 2 diabetes or non-alcoholic fatty liver disease [103, 

236, 241-243]. In opposite to this, there are some studies, which did not find similar 

results [237, 244]. In some human studies it has been found positive correlation between 

plasma RBP4 and insulin resistance [103, 243, 245], whereas it has not been observed 

in other papers [237, 246-249]. Exercise training in insulin resistant subjects, weight 

loss induced by dietary intervention or gastric banding in morbidly obese subjects 

improves plasma levels of RBP4 [103, 250, 251]. Normalizing of circulating levels of 

RBP4 can be also reached by TZDs [236]. However, small decrease of weight loss did 

not reach positive effect on RBP4 production[237]. These discrepancies in the human 

studies could be caused by using different methods for the assessment of insulin 

sensitivity, different techniques for the measurement of RBP4 concentrations in plasma 

[103], or the composition of intervention group of subjects. 

Besides its association with adiposity and insulin resistance, RBP4 has been also 

found to correlate with macrophage markers suggesting its possible implication in 

obesity-induced inflammation [249]. Recently, it has been demonstrated that people 

with RBP4 haplotype are more susceptible to the development of type 2 diabetes [252, 

253].  
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Based on these findings, it is clear that RBP4 participates in regulation of 

glucose homeostasis in body and can be a target for diabetic pharmaco-therapy. 

However, its physiological function in the development of insulin resistance in human is 

uncertain and needs further studies.  

 

 

 

Figure 9 Role of RBP4 in the regulation of glucose homeostasis (adapted from Tamori 

et al. 2006, Nature Medicine 12: 30-31)[254]. A) In lean subjects, glucose is utilized via 

GLUT4 in the adipocytes and RBP4 secretion by AT is low. B) In obese subjects, 

glucose utilization into AT is decreased due to an inhibition of the insulin action leading 

to an increased secretion of RBP4. Consequently RBP4 diminishes the glucose uptake 

by the skeletal muscle and increases gluconeogenesis in the liver by stimulation of 

PEPCK expression. All these actions cause an elevated glucose level in the blood 

contributing to obesity-related complications.   
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1.3 OBESITY-INDUCED INFLAMMATION  

Nowadays, obesity is characterized as a chronic low-grade inflammatory state of 

the body accompanied by an increased production of inflammatory bioactive molecules, 

such as cytokines (TNF-Ŭ, IL-6), chemokines (MCP-1, IL-8), and acute-phase proteins 

(C-reactive protein (CRP), serum amyloid A (SAA), haptoglobin). Since inflammation 

and metabolic disorders share the same signalling mediators, it gave rise to a new term 

for this condition i.e. ñmetaflammationò (metabolically-induced inflammation) [255]. 

The first note of the association between obesity, insulin resistance and inflammation in 

AT came from 1993, when Hotamisligl and his colleagues determined an increased 

expression of cytokine TNF-Ŭ in the AT of obese rodents and its negative effect on 

insulin sensitivity [97]. Ten years later, two research groups of Weisberg and Xu 

independently identified an elevated infiltration of macrophages in the AT of obese 

mice and humans and their contribution to worsen the AT metabolic activity [26, 203]. 

Recently, it has been revealed that other immune cells, such as lymphocytes and 

neutrophils also recruit into the AT and compete in the machinery of an inflammatory 

response inducing changes of morphology and physiological function in target tissues 

and their activation states in relation to obesity [24, 25]. Moreover, these immune cells 

appear to be a major source of increased levels of pro-inflammatory molecules in the 

circulation [20, 21]. It has been suggested that hypertrophied adipocytes or dying 

adipocytes releasing FFA into circulation could attract immune cells into AT by the 

expression of various chemoattractants (MCP-1 or IL-8). Cinti et al. [256], using 

immunohistochemical analysis, demonstrated the presence of AT macrophages (ATM) 

accumulating around dead or dying adipocytes and building so-called ñcrown-like 

structuresò. However, FFA themselves can serve as a common agent for an immune, as 

well as a metabolic response [255]. In obesity, due to abnormal lipolytic activity of AT, 

the FFA flux increases in the circulation and the FFA bind to toll-like receptors (TLRs, 

e.g. TLR4) on the adipocytes that downstream activate inhibitory Ser kinases JNK or 

ERK influencing IRS-1. In parallel with this mechanism, TLRs can also activate an 

inflammatory signalling pathway through IəB kinase (IKK -ɓ), which further stimulates 

the transcription factor NF-əB subsequently inducing gene expression of other pro-

inflammatory molecules, e.g. TNF-Ŭ [76, 257] enhancing lipolysis (Figure 10). Studies 

inhibiting JNK or IKK function indicate their central role in the insulin signalling 

pathway [258-260]. This complicated scheme of production of molecules with a 

different character triggers a vicious circle between immune and metabolic system, i.e. 
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adipocytes and macrophages. Additionally, MCP-1 and CRP have been also reported to 

induce Ser phosphorylation of IRS-1 [261, 262]. Regarding the crosstalk between these 

two types of cells, macrophages are very similar to adipocytes in term of lipid 

metabolism and secretion activity [263]. They share functions with adipocytes; e.g. 

macrophages are capable of lipid droplet accumulation and adipocytes can produce 

most of cytokines, such as TNF-Ŭ, IL-6. These two cell types express similar gene 

products e.g. FABP, perilipin, PPARɔ, liver X receptor (LXR), matrix 

metalloproteinase (MMP) [264, 265] necessary for realization of their functions (Figure 

11). The macrophage function, which consists of taking up lipids from the circulation 

and participating in cholesterol metabolism, is associated with atherosclerosis. It has 

been shown that activating pathways through TLRs inhibits LXR action and enhances 

the accumulation of cholesterol in macrophages leading to the formation of foam cells 

as a consequence of atherosclerotic complications. These evidences confirm the 

hypothesis about the integrative crosstalk between the immune and metabolic system.  

In response to nutrient overload (glucose and lipids imbalance), other molecular 

processes could be stimulated within the insulin sensitive cell, such as ER, oxidative 

stress, or hypoxia, which contribute to the onset of obesity-induced inflammation via 

activation of pro-inflammatory NF-əB or Ser kinases [266]. Oxidative stress is caused 

by an inappropriate mitochondrial function to transform the excessive energy flux into 

the ATP molecule (during FA oxidation) leading to the accumulation of ROS and other 

metabolic intermediates e.g. DAG and ceramides having a detrimental effect on insulin 

action [267, 268]. ER stress is evoked by an accumulation of unfolded or misfolded 

proteins or facing to the environment with increased energy perturbation and toxic 

signals that also gives rise to ROS as a by-product [269, 270]. Regarding the ER 

activity, it might act as a sensor of metabolic stress, which translates into inflammatory 

response [79, 271]. Hypoxia is induced by an insufficient supply of oxygen to the tissue 

and by nutrients that consequently activated expression of hypoxic-inducible genes via 

the hypoxic inducible transcription factor (HIF) [272, 273]. It is important to highlight 

that all insulin-sensitive tissues like AT, muscle and liver are exposed to the condition 

of metabolic stress in obesity and so commonly contribute to systemic inflammatory 

state of the body. 

The perspectives for therapy of obesity-related complications could be anti-

inflammatory approaches. Chemicals targeting a single inflammatory molecule e.g. 

anti-TNF or anti-CCR2 (chemokine C-C motif receptor of MCP-1) have beneficial 



38 

results in animals, whereas their effect in humans is limited [191, 274]. Contrary to this 

application, the treatment with the recombinant anti-inflammatory molecule IL-1Ra in 

diabetic patients had a positive effect on glucose plasma levels and the improvement of 

insulin sensitivity [275]. Another category represents medicaments, such as salicylates, 

statins and TZDs, which have been shown to blunt the immune response in the body. 

However, their direct mechanism on the production of inflammatory cytokines in vivo 

is not clear yet [276, 277]. On the other hand, they could represent another possible tool 

in the treatment of the inflammatory state during metabolic disorders.  

The big challenge in this field could be ñan organelle therapyò directing to 

dysfunction in a particular organelle, i.e. the mitochondria or ER. It has been suggested 

that the use of chemical chaperones in obese mice leads to an increase of proper protein 

folding in the ER and an improvement of insulin sensitivity [278]. It is important to note 

that in applying prospective therapeutics with a beneficial outcome, one should not only 

look at a single targeting molecule, but also at the integrative implication [255]. 
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Figure 10 Macrophage-induced inflammation in obesity (adapted from Wellen et al. 

2003, JCI 112: 1785-1788)[279]. During a long-term expose to nutrient overload, 

hypertrophied adipocytes release increased levels of pro-inflammatory molecules e.g. 

TNF-Ŭ, MCP-1 into the circulation that attract macrophages into the AT. ATM further 

stimulate inflammatory signalling pathways via NF-əB and JNK which further induce 

insulin resistance in the AT.      
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Figure 11 Interplay between adipocytes and macrophages through common metabolic 

and inflammatory mediators (adapted from Wellen et al. 2005, JCI 115: 1111-

1119)[263]. They share similar functions, i.e. lipid metabolism and cytokine production 

that contribute to obesity-induced complication, such as insulin resistance. They are 

capable of lipid uptake due to FABP proteins (e.g. aP2, mal1), as well as secretion of 

inflammatory molecules (TNF-Ŭ, IL-6) via activation of transcription factors, such as 

LXR, PPAR.  

 

1.3.1 Macrophages and their phenotype in relation to obesity 

The attention of scientists to study macrophages in relation to different 

metabolic complications has been raised after the discovery in 2003 that obese AT is 

infiltrated by increased number of this kind of immune cells [26, 203]. These results 

have been subsequently confirmed in many animal and human studies [23, 280-284]. 

Moreover, the ATM content has been positively correlated with BMI and increased 

cytokine plasma levels [23, 281]. As it was mentioned above, ATM participate in the 

development of insulin resistance due to cytokine production and activation of 

inflammatory signalling pathways. The disruption of IKKɓ or JNK1 gene in myeloid 

cells of obese mice protected against diet-induced obesity and insulin resistance [258, 

285].  
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The general function of macrophages in the site of inflammation is to provide an 

immediate defence against a pathogen and to clear cellular debris by phagocytosis. 

Using flow cytometry analysis it has been demonstrated that the ATM content 

represents around 11% of the SVF cells isolated from AT of obese patients[23]. ATM 

differentiate from bone-marrow derived monocytes circulating in the blood capable of 

migration into the tissue in response to inflammation. However, recent evidences have 

revealed also other sources of ATM; they could be differentiated from preadipocytes 

[286] or are able themselves to proliferate in situ [280, 287]. Macrophage-induced 

inflammation could be realized through ña two hit processò, in which tissue 

macrophages increase cytokines production leading to subsequent activation of 

inflammatory pathways in neighbouring cells (adipocytes in AT, hepatocytes in 

liver)[266]. 

The stimuli of ATM infiltration into insulin-sensitive tissues are not clear. 

Possible determinants of their recruitment might be: the size of adipocyte, altered 

adipokine secretion, FFA flux, local hypoxia, or nutritional status [134, 288]. Adipocyte 

size (altered AT morphology) seems to be the main integrative factor in the AT 

inflammatory cascade that builds a complex network amongst all these mediators. In 

obesity, larger (hypertrophied) adipocytes produce increased levels of cytokines and 

chemokines (MCP-1) attracting circulating monocytes into the tissue compared to 

smaller cells [289, 290]. In vitro experiments have revealed that leptin, SAA, MCP-1 

enhance ATM infiltration into the AT, whereas adiponectin has the opposite effect [23, 

218, 291, 292]. Indeed, the deletion of MCP-1 (or CCL-2) and its receptor CCR-2 in 

mice reduced the ATM content in AT and improved insulin sensitivity compared with 

wild type mice [199, 200]. Recently, a new chemokine, osteopontin has been shown to 

contribute to the infiltration of new macrophages into the AT [202, 293]. Furthermore, a 

long-term AT hypertrophy is accompanied by cellular physiological changes, such as 

hypoxia, ER stress or cell death, which all may participate in ATM recruitment. 

Immunohistochemical analysis has localized ATM around large dead or dying 

adipocytes suggesting the scavenge cell debris and lipid droplets [256, 283]. An 

increased FFA release from hypertrophied adipocytes into the circulation may also 

mediate the inflammatory response via TLR4 signalling pathway [257]. The ATM 

recruitment is very dynamic process that could be affected by the nutritional status as 

well. Weight loss induced by bariatric surgery in morbidly obese subjects decreased the 
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number of ATM accompanied by down-regulation of pro-inflammatory genes[281, 

294].  

Macrophages are a heterogeneous cell population with a high plasticity to 

differentiate into various phenotypes according to stimuli coming from the 

microenvironment [295, 296]. From a wide range of characterized macrophage 

phenotypes, the most frequently described are ñclassical activatedò macrophages, also 

known as M1, producing pro-inflammatory cytokines and ñalternatively activatedò 

macrophages, known as M2, secreting anti-inflammatory cytokines. Besides the 

production of cytokines, they differ in function, expression of cell surface markers and 

production of chemokines (Table 3) [295, 297, 298]. M1 macrophage polarization is 

induced by pro-inflammatory signals and realizes a pro-inflammatory response in the 

tissue accompanied by increased reactivity to FA and LPS, while M2 macrophage 

polarization is mediated by anti-inflammatory stimuli and participates in an 

immunosuppressive response and tissue remodelling [295]. Therefore, it is important to 

know not only the total number of macrophages in the tissue, but also their phenotype in 

relation to pathobiological disorder. Two hypothesis have been suggested about changes 

of ATM phenotypes during obesity, either it is due to shift in ATM polarization or 

switch in phenotype of the same cell. In mice using macrophage pulse-labelling studies 

it has been revealed that macrophages resident in AT, positive for cell surface markers 

F4/80+ and CD11b+ display anti-inflammatory behaviour, while new recruited 

macrophages during high fat diet characterized as F4/80+, CD11b+ and CD11c+ 

positive cells are more pro-inflammatory [299, 300]. Regarding these results, the ratio 

M1/M2 phenotypes in AT during obesity appears to be changed in favour of pro-

inflammatory M1 subtypes which confirms the hypothesis about a shift in macrophage 

polarization. However, information about ATM phenotype in humans is not so clear. 

Recent cross-sectional studies have characterized that human ATM display ñan 

intermediateò phenotype able to express both pro- and anti-inflammatory genes [280, 

284]. It suggests that human ATM are not strictly polarized in either M1 or M2 and 

could be modulated in relation to stimuli from microenvironment (e.g. PPARɔ is a 

mediator of M2 polarization [301, 302]). In vitro experiments described that 

macrophages are able to repolarise after differentiation and change their expression 

profile [303]. With respect to characterization of ATM phenotype, there are some 

discrepancies between mice and humans. In contrast to the mice studies, human ATM 

do not express F4/80 and inducibile nitric oxide synthase (iNOS) which are typical 
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markers for M1 phenotype in mice [134, 280, 304] and are characterized by expression 

of cell surface markers CD14+/CD206+ [280, 284]. Reflection of ATM phenotype to 

weight loss has recently been demonstrated in study of Aron-Wisnewsky using 

immunohistochemistry analysis [305], in which the ratio M1/M2 phenotypes changed in 

behalf of the M2 subtype 3 months after gastric surgery. However, it is not known how 

moderate weight loss could influence the ATM phenotype in human.     

Moreover, the exact role of macrophages in AT is also not well-known. In vitro 

studies reported that ATM participate in tissue remodelling and angiogenesis via the 

stimulation of endothelial cells migration into AT which in turn build a capillary 

network. In addition to these effects, they also modulate the proliferation of 

preadipocytes and inhibit adipocyte differentiation [280, 306-308]. In respect to these 

findings, it is hypothesized that ATM affect AT plasticity and reduce the accumulation 

of FA into AT that indirectly participate in ectopic accumulation of fat in the liver, 

muscle and pancreas leading to lipotoxicity and IR [266]. Varma et al. (2009) observed 

that macrophage infiltration into intermuscular AT in the skeletal muscle was associated 

with BMI and IR complications [309]. Contrary to the skeletal muscle, the liver is not 

infiltrated by new recruited macrophages [26, 203]. On the other hand, resident 

macrophages in the liver, i.e. Kupffer cells are capable of an inflammatory activation 

related to fatty liver diseases [258]. 

To summarzite, ATM play a key role in the development of obesity-induced 

inflammation. However, their biology in AT and stimuli for their recruitment into AT 

remain to be analyzed, mainly in humans. Regarding the distinct phenotype of ATM, it 

seems to be promising strategy to regulate the inflammation in AT. Nevertheless, it is 

still not well-known the ATM characterization in human in relation to different 

physiological status.  
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 Classically activated as  

ñM1ò 

Alternative ly activated as 

ñM2ò 

Function Antibacterial,  

defence against pathogen, 

removal of necrotic cells 

Immunosupresive, 

Tissue  repair, remodelling,  

Removal of apoptotic cells 

Cytokines TNF- Ŭ, IL-6, IL-12 IL-10, Il-1Ra 

Chemokines MIP-1Ŭ AMAC-1 

Cell surface markers FcɔRI (CD64) 

FcɔRII (CD32) 

FcɔRIII (CD16) 

Mannose receptor CD206 

CD163 (RM3/1) 

Scavenger receptor I 

Killer molecules iNOS Arginase 

Activating signals LPS, IFNɔ, TNF-Ŭ IL-4, IL-10, glucocorticoid 

 

Table 3 Characterization of classically and alternatively activated macrophages in mice 

(adapted from Goerdt et al 1999, Immunity 10: 137-142 and Mosser et al 2003, Journal 

of Leukocyte Biology 73: 209-212)[297, 298] 

 

1.4. DIFFERENT ADIPOSE TISSUE DEPOTS IN RELATION  TO OBESITY-

RELATED  COMPLICATIONS  

The impact of body fat distribution in relation to obesity-related complications 

was first time highlighted by Jean Vague in 1947, who declared an important role of 

central (android) obesity [310]. This finding has been further confirmed by many 

etiological studies associating central obesity with metabolic complications, such as 

insulin resistance, type 2 diabetes, cardiovascular diseases and atherosclerosis [311-

313]. In addition, dysfunction of fat distribution, lipodystrophy is also accompanied by 

complications of insulin resistance and lipotoxicity because of inappropriate function of 

the AT to produce adipokines and store TAG [314]. 

The total body fat is usually subdivided into two main categories i.e. 

subcutaneous and internal AT that are further specified according to their anatomical 

location. However, this classification seems to be confusing, when the physiological 

function of particular fat depots is also considered [315]. Subcutaneous AT (SAT) 

consists of truncal, abdominal, gluteo-femoral and mammary fat depots. Internal fat 

includes visceral (VAT) and non-visceral AT. A special category of VAT represents 
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ectopic AT localized in non-fat tissues, such as muscle, liver, pancreas, heart. SAT is 

responsible for 80% of the total body fat mass compared to 20% of internal AT [316]. 

With respect to fat classification in relation to trunk location, there are often used 

categories the lower-body fat (SAT mainly gluteo-femoral depot in lower body region) 

and the upper-body fat (SAT and VAT in upper body region) [311]. Generally, the fat 

mass accounts for 10-20% of the total body weight in lean males and for 20-30% in 

females. In obesity, increased TAG accumulation leads to fat mass expansion, including 

VAT in the abdomen, which has been considered as a main contributor to central 

(abdominal) obesity and represents a risk factor for the development of most metabolic 

and cardiovascular diseases. A greater VAT accumulation has been observed in men 

than women [317]. Moreover, an ectopic accumulation of TAG in the liver and muscle 

increases the lipotoxic effect of fat and induces IR. Contrary to VAT, the gluteo-femoral 

depot seems to have protective effect against metabolic disorders [318]. Recent findings 

have demonstrated that gluteal AT is ñmetabolically silentò in terms of FA metabolism 

compared to abdominal SAT [319]. 

One possible explanation for the association of VAT with metabolic disorders 

could be the hypothesis, known as ñportal theoryò. It explains the contribution of intra-

abdominal fat to the onset of insulin resistance via an increased release of FA and other 

secretory molecules through the portal vein directly into liver [320-322]. It has been 

reported that VAT is more lipolytically active (after stimulation with catecholamines) 

and less sensitive to antilipolytic effect of insulin than SAT. Contrary to the higher 

lipolytic activity in VAT, the expression profile of some lipolysis-related genes (lipases) 

is not uniform in each study. Furthermore, VAT also differs from abdominal SAT in 

terms of morphology, production of adipokines, as well as macrophage-induced 

inflammation [313, 323, 324]. VAT compared with SAT is more cellular, vascular, 

contains more immune cells, has less preadipocyte differentiating activity, a greater 

capacity to take up glucose and produces more inflammatory molecules. However, there 

are also some discrepancies in these findings. In some studies, no significant distinction 

was observed between these two depots [26, 284, 325, 326] or the results regarding 

some adipokines (e.g. visfatin, adiponectin, the chemokines necessary for the migration 

of immune cells into the tissue) were not consistent [198, 325]. Regarding the size of 

VAT adipocytes, it has been determined that VAT fat cells are smaller than SAT which 

is paradoxical in relation to the greater production of adipokines by VAT [21, 311, 317, 

327, 328]. It could be explained by the VAT response to lipolytic signals that induce an 
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enhanced metabolic activity of this depot. The differences between SAT and VAT with 

respect to adipokines are summarized in Table 4, which I discussed in this work. All 

these facts about the greater metabolic and secretory activity of VAT suggest its key 

role in the pathophysiology of weight gain.  

According to the current knowledge in the literature, the mechanism how VAT 

contributes to the development of metabolic disorders, it is not completely clear. Further 

studies are necessary for understanding the regulatory machinery in regional fat depots. 

Despite of a small area of VAT in proportion to total body mass it is abnormally active 

and may be used as a predictor of a higher risk for metabolic complications.  

 

 Subcutaneous Visceral 

Morphology   

Size of adipocytes [317, 327, 328] Larger  Smaller  

Adipogenesis [329, 330] ŷ Ź  

Lipolysis   

HSL [331, 332] ŷŹ ŷŹ 

LPL [331, 333] ŷŹ ŷŹ 

ɓ-adrenoreceptors [334-336] Ź ŷ  

Ŭ -adrenoreceptors [335, 336] ŷ Ź  

Adipokines   

Leptin [337, 338] ŷ Ź  

Adiponectin [339, 340] Źŷ  ŷŹ 

TNF-Ŭ [326] ź ź  

Visfatin [102, 219, 220, 257] Źź ŷź  

RBP4 [243] Ź ŷ  

Chemokines [198, 325] źŹ ź ŷ 

Macrophage-induced inflammation 

[23, 26, 284, 341] 

Źź ŷ ź 

 

Table 4 Comparison of subcutaneous and visceral adipose tissue in relation to the 

expression of adipokines, bioactive molecules related to the lipolytic activity and 

macrophage-induced inflammation.  

(ŷ higher levels, Ź lower levels, ź no differences) 
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1.5. OBESITY MANAGMENT (TREATMENT OF OBESITY)  

Obesity is a multifaceted disorder, which represents a high risk for many 

metabolic and cardiovascular diseases associated with an increased burden on the health 

care system and consequently affects the quality of life. Hence, it needs appropriate 

obesity management to solve this world-wide problem that is not an easy task. It is a big 

challenge for lifelong period. The main goal of obesity management is to efficiently 

reduce the body weight, preferentially intra-abdominal AT leading to a decreased risk of 

mortality associated with health complications [342].  

The typical strategies for obesity treatment are divided into 3 categories: non-

pharmacological (diet and increased physical activity), pharmacological (anti-obesity 

drug treatment) and surgical (e.g. gastric banding). The non-pharmacological therapy is 

accompanied by cognitive behavioural intervention and psychological support [342]. 

The two last strategies are used in case of inefficient results with non-pharmacological 

treatment in morbidly obese, and some cases, obese patients. For overweight and obese 

patients, lifestyle modifications, such as changed dietary habits and increased physical 

activity, are primarily recommended to achieve weight loss. It has been revealed that 

combination of dietary intervention (DI) and exercise training reached greater 

improvement of the clinical parameters than each intervention alone [343, 344]. It is not 

necessary to achieve a normal or ideal weight that is rarely gained in practise. The 

results from epidemiological studies have demonstrated that the modest weight loss 

around 5-10% of the initial body weight is in most cases efficient to bring the 

appropriate health benefit [8, 345, 346].  

Todayôs diet is shifted towards the intake of energy-dense foods high in fat and 

sugar, but low in vitamins, minerals and fibers. From the dietary macronutrient, glucose 

and fat serve as major sources of energy for the body; secondly are the proteins, which 

have, however, the highest satiety feature and could decrease food intake through 

stimulation of the central nervous system [347]. In respect to glucose postprandial 

kinetics, the carbohydrate-containing food is categorized according to the glycaemic 

index (GI) [348] into food with low GI inducing low postprandial glycaemia and 

prolong the feeling of satiety and food with high GI causing a rapid glucose release into 

the circulation leading to an increased food appetite. Therefore, in design of DI it may 

be relevant to avoid the consumption of food with a high GI and keeping balanced 

nutrient distribution during all day. However, the components of the ideal diet are still a 

matter of discussion. The several types of DIs used in the obesity management are 
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shown in Table 5. Among short-term DIs we distinguish very-low calorie diet (VLCD), 

low calorie diet (LCD) and hypocaloric balanced diet. VLCD is usually recommended 

for patients with BMI> 35, but it could also be included in multi-phase programs 

followed by a weight maintenance period for reaching a greater weight reduction. LCDs 

are subdivided according to the macronutrient content into low-fat or low-carbohydrate 

(also called as Atkins diet). They have been involved in many clinical studies [122, 349-

355]. In addition, it should be mentioned that the type of dietary fat (saturated, 

monounsaturated, polyunsaturated (PUFA)) also influence a risk of metabolic and 

cardiovascular diseases. A positive effect of n-3 or n-6 PUFA consumption on health 

benefit has been shown [356-358]. Further, the diet with a higher content of fibers and 

low fat was efficient in weight loss and the improvement of metabolic complications 

[359]. However, no definite conclusion has been achieved about which type of diet is 

the most appropriate in obesity management. Most studies concluded that the total 

energy intake, but not the macronutrient component determines the beneficial effect 

(improvement of insulin sensitivity, decrease of inflammatory and cardiovascular risk) 

of low energy diets during short-term period [122, 350, 351, 353, 354].  

Regarding the responsiveness of different fat depots to lifestyle modifications, 

there are some weight loss inducing programs that preferentially reduce VAT depot, 

such as exercise, caloric restriction [360, 361]. There is no specific borderline defined 

for the necessary amount of reduction in visceral depot that is needed to obtain 

favourable metabolic changes. However, it is known that most of VAT is reduced 

during the first 2 weeks of caloric restriction [362]. It has been reported that VAT is 

more sensitive to weight reduction than SAT [363].  

Besides weight loss, another important goal of obesity management is to 

maintain weight loss and prevent the weight regain. Less than 10% of those who 

underwent DI could sustain their weight loss [32]. Recently, it has been suggested that 

repeated periods of weight gain and weight loss known as weight cycling or the ñyo-yoò 

effect could evoke a more hypoxic condition in the AT leading to enhanced pro-

inflammatory response. Weight cycling is often the consequence after a DI program 

with more difficult period to reduce body weight again [364]. Additionally, it is 

hypothesized that weight cycling might have higher impact on mortality than keeping 

the same body weight [365, 366]. Hence, a long-term DI (at least 6 months) including a 

weight maintenance period should be more prospective for patients to adapt to a new 

physiological condition and avoid their previous dieting habits. The clinical studies 
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including weight maintenance period, known as multi-phase DI are very rare in the 

literature [367-369]. Long-term follow up are recommended for improving metabolic 

parameters [370]. 

In each DI there are some non-responders, who are ñresistantò to the caloric 

restriction program and keep their body weight. Therefore, the development of ña 

personalized dietò individually tailored for every patient would be more efficient. 

 

 

 

Table 5 Commonly used dietary interventions in obesity management (adapted from 

Tsigos et. al. 2008, Obesity Facts 1: 106-116 and categories of International Diabetes 

Federation 2004)[371]. 

Dietary intervention  Comments 

VLCD (Very Low Calorie Diet) ~ 3300 kJ/day; liquid diet replacing normal 

food and supplying all essential nutrients 

LCD (Low Calorie Diet) ~ 3300-5000 kJ/day  

Hypocaloric balanced diets / Balanced deficit 

diets 

Ó 5000-6300 kJ/day 

Multi -phase dietary interventions combine different types of dietary 

interventions, often include weight 

maintenance phase 
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CHAPTER  2 

 
AIMS  OF THE  THESIS 

 
  

Obesity is characterized as a low-grade inflammation in the body accompanied 

by insulin resistant state in sensitive tissues and represents a risk factor for the 

development of many non-communicable diseases, such as type 2 diabetes or 

atherosclerosis. However, the causes of their development are still not clarified and 

attract attention of researchers. There exist many hypotheses about induction of insulin 

resistance. There is a complex network of orchestrated changes involved in the initiation 

of insulin resistance in obese AT, such as activation of inflammatory signalling 

pathways inducing increased secretion of pro-inflammatory molecules produced by 

different cells, enhanced accumulation of macrophages, as well as elevated release of 

FA by adipocytes into the circulation. All of these factors might be potential culprits of 

obesity-induced inflammation and insulin resistance.  

Recently, novel adipokines, visfatin and RBP4 have been discovered to be 

associated with a pathophysiological function of AT in obesity. However, their role in 

the development of obesity-linked comorbidities in humans is poorly understood. 

Furthermore, little is known about a modulation of their expression profile in AT during 

longitudinal interventional studies in humans. Additionally, macrophages due to their 

secretory activity seem to be a crucial player in obesity-induced inflammatory 

machinery leading to insulin resistance. The cross-sectional studies in human have 

revealed their abundant number in AT of obese patients compared to lean, while their 

content declined after rapid weight reduction in morbidly obese patients. However, the 

effect of moderate weight loss as a result of long-term DI on ATM accumulation has not 

been investigated yet. It is known that DI in most cases leads to the improvement of 

clinical parameters. Nevertheless, molecular mechanisms of adaptations proceeded in 

AT during dietary-induced weight loss wait for unveiling. 

A few of these tasks have been solved in this thesis. The goals of this work are 

subdivided into two parts according to objects, which are investigated in particular 

papers: 
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Part 1 Role of novel adipokines in the development of obesity and insulin resistance. 

ǐ To investigate the role of novel adipokines, visfatin and RBP4, in relation to weight 

loss-induced changes of metabolic variables in obese women undergoing a short-term or 

multi-phase DI (Paper 1 and 2). 

ǐ To study and compare the expression of novel adipokine RBP4 in different AT depots 

(SAT and VAT) in relation to insulin resistance in patients with or without metabolic 

syndrome (Paper 3). 

 

Part 2 Role of tissue macrophages in obesity-induced inflammation and insulin 

resistance. 

ǐ To investigate the effect of diet-induced weight loss on AT composition, particularly 

the content of macrophage population in SAT of obese women (Paper 4). 
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CHAPTER  3 

 
RESULTS 

 
 

3.1 LIST OF ORIGINAL PAPERS  

 

PART 1 

Paper 1: Kovacikova M., Vitkova M.
 
, Klimcakova E., Polak J., Hejnova J., Bajzova 

M., Kovacova Z., Viguerie N., Langin D., Stich V.  

Visfatin expression in subcutaneous adipose tissue of premenopausal women: relation 

to hormones and weight reduction.  

Eur J Clin Invest. 2008 Jul;38(7):516-22.  

Paper 2: Vitkova M, Klimcakova E, Kovacikova M, Valle C, Moro C, Polak J, 

Hanacek J, Capel F, Viguerie N, Richterova B, Bajzova M, Hejnova J, Stich V, Langin 

D.  

Plasma levels and adipose tissue messenger ribonucleic acid expression of retinol-

binding protein 4 are reduced during calorie restriction in obese subjects but are not 

related to diet-induced changes in insulin sensitivity.  

J Clin Endocrinol Metab. 2007 Jun;92(6):2330-5. Epub 2007 Apr 3.  

Paper 3: Bajzova M*, Kovacikova M* , Vitkova M, Klimcakova E, Polak J, Kovacova 

Z, Viguerie N, Vedral T, Mikulasek L, Sramkova P, Srp A, Hejnova J, Langin D, Stich 

V. 

Retinol -binding protein 4 expression in visceral and subcutaneous fat in human obesity.  

Physiol Res. 2008;57(6):927-34. Epub 2007 Nov 30, * equally contributed to the work 

 

PART 2 

Paper 4: Kovacikova M , Sengenes C, Kovacova Z, Siklova-Vítkova M, Klimcakova 

E, Polak J, Rossmeislova L, Bajzova M, Hejnova J, Hnevkovska Z, Bouloumié A, 

Langin D, Stich V.  

Dietary intervention-induced weight loss decreases macrophage content in adipose 

tissue of obese women. 

IJO, In press, accepted on 6th May 2010  
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3.2 COMMENTS ON THE ORIGINAL PAPERS  

 

PART 1 

AT represents the largest endocrine organ in the body and secretes a number of 

bioactive substances, which influence the physiological function of AT and other non-

adipose organs. Most of them are associated with obesity-related comorbidities. It has 

been documented in many epidemiological studies that lifestyle modifications, 

including dietary interventions and regular physical activity, ammeliorate the clinical 

parameters ñhand in handò with the modulation of expression profile of inflammatory 

proteins like cytokines, chemokines and adipokines. Additionally, the contribution of 

different fat depots to the circulating levels of these molecules in obesity disturbances is 

important issue to examine. However, a lot of recently discovered molecules released 

from AT into the circulation have missing information about their role in the onset of 

obesity and the associated complications, such as insulin resistance and type 2 diabetes. 

Therefore, in the first part of this work I would like to comment on the studies, which 

are focused on the investigation of novel adipokines, visfatin and RBP4 in relation to 

dietary-induced metabolic changes and body fat distribution.    

In the first paper we examined the effect of a short-term DI (3 months) on 

visfatin mRNA in SAT and plasma levels in a group of overweight/obese pre-

menopausal women together with its potential regulatory factors. 47 subjects 

participated in this study. They were further subdivided into the particular groups 

according to BMI as lean, overweight and obese women. Subsequently, overweight and 

obese patients underwent 3 months dietary program. We started to investigate the effect 

of moderate weight loss induced by longitudinal study on visfatin expression (mRNA in 

SAT and plasma levels), since no clinical study had published the results solving this 

issue. Nevertheless, Haider et al. [226] has noted that weight reduction after gastric 

banding surgery in morbidly obese subjects decreases visfatin plasma levels.       

In our study, 3 month hypocaloric diet led to the improvement of most clinical 

parameters, including BMI, waist circumference, fat mass, insulin sensitivity 

determined by HOMA-IR index. Regarding the hormone and adipokine plasma levels, 

insulin, free testosterone, leptin and TNF-Ŭ significantly decreased as a result of diet; 

however their values did not reach levels similar to lean subjects. mRNA levels of 

visfatin in SAT obtained by needle biopsy increased in response to weight loss induced 

by 3 monthsô intervention, while visfatin plasma levels had a tendency to decrease after 
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diet in a group of overweight/obese subjects. Moreover, mRNA levels of TNF-Ŭ did not 

change after the diet whereas its mRNA levels were surprisingly higher in lean controls 

compared to overweight/obese subjects. 

In addition, we investigated the possible regulatory factors, including insulin, 

testosterone, and TNF-Ŭ in relation to visfatin expression. We found negative 

correlation between visfatin mRNA levels and circulating levels of free testosterone and 

the positive correlation with TNF-Ŭ mRNA levels in group with a wide range of BMI. 

In respect to anthropometric parameters, we determined negative correlation between 

visfatin mRNA levels and BMI.  

To sum up, we presented here that moderate weight loss induced by 3 month 

hypocaloric diet led to increase of visfatin mRNA levels in SAT of overweight/obese 

women. Based on correlation analyses, we determined the relationship between visfatin 

mRNA levels and TNF-Ŭ expression and circulating free testosterone levels. 

Furthermore, visfatin expression was changed dependent on BMI. Thus, we could 

hypothesize that visfatin and TNF-Ŭ expression in SAT are co-regulated; however the 

exact molecular mechanism occurring in tissue is not clear.  

 

In the second paper we investigated the effect of a long-term DI including 

weight maintenance period on RBP4 mRNA and plasma levels in a group of obese pre-

menopausal women in relation to insulin resistance. In this study we recruited 24 obese 

women, who underwent a 6 month multi-phase DI consists of particular dietary phases: 

4 weeks of VLCD, followed by 2 weeks of LCD and subsequently 3-4 months of WM 

phase. The patients were examined at the beginning and the end of each successive 

phase. This approach was novel, since most of studies researched this bioactive 

molecule in relation to obesity-related complications in cross-sectional design or in 

animal models [103, 236, 237].  

In our longitudinal study, we demostrated besides the improvement of 

anthropometric parameters, including weight, BMI, and waist circumference, also 

positive effect on plasma levels of triglycerides, insulin, leptin, glycerol and cortisol in 

each phase of DI. Insulin sensitivity was measured in this study by the euglycaemic 

hyperinsulinemic clamp, which is considered as a ñgold standardò technique among the 

methods used for the assessment of insulin sensitivity. Moreover, we examined the 

glucose disposal rate during a whole dietary program, which increased after VLCD and 

remained elevated till the end of DI. Regarding the adiponectin plasma levels measured 
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in this study, we did not find significant changes during the DI. In respect to RBP4 

expression in AT, we confirmed that the primary source of its production is mature 

adipocytes and its expression increases during the differentiation of adipocytes. During 

a weight loss program, mRNA levels of RBP4 in SAT obtained by needle biopsy 

rapidly decreased after VLCD and increased in subsequent dietary phases. Nevertheless, 

RBP4 mRNA levels at the end of a whole DI did not reach higher values than the levels 

at the beginning. The similar gene expression profile was observed for GLUT4, whose 

activity is associated with RBP4. In plasma, we determined significant decrease of 

RBP4 after VLCD with consequent increase at the end of DI in group of obese women; 

however RBP4 plasma levels were lower at the end of diet compared to basal levels. 

Additionally, plasma RBP4 levels and glucose disposal rate had different profile in 

response to DI in particular phases, but we did not find any correlation between these 

values. Unexpectedly, we did not observe significant difference between RBP4 plasma 

levels in lean and obese women.  

Taken together, we determined that RBP4 is predominantly produced by mature 

adipocytes compared to the SVF cells in AT and its mRNA and plasma levels were 

diminished during energy restriction phase, probably due to changed adipocyte 

metabolism. However, RBP4 decline was not correlated with the improvement of 

insulin sensitivity in obese subjects. Therefore, we suggest that RBP4 mirrors adipocyte 

function in different nutritional status of body, but it cannot be considered as a marker 

of insulin resistance.   

 

In the third paper we examined RBP4 mRNA levels in the paired samples of 

SAT and VAT in a group of 59 women with a wide range of BMI (20 to 49 kg/m
2
) in 

relation to insulin resistance. We focused on this objective because of the missing 

information about RBP4 production by different AT depots in the literature at that time.  

In our cross-sectional study, the entire group of patients was subdivided into 

non-obese and obese women, whereas the obese subjects were further classified 

according to the IDF criteria [372] as the subjects with or without metabolic syndrome 

(MS). We found significant differences in clinical parameters between these three 

investigated subgroups, including BMI, waist, visceral fat mass, blood glucose and 

insulin levels, as well as glucose disposal rate. The insulin sensitivity was measured by 

the euglycemic-hyperinsulinemic clamp and the relative ratio between VAT and SAT 

area was calculated according to the results evaluated by computer tomography scans. 
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Notably, VAT ratio to SAT area was higher in a group of obese women with MS than in 

a group of obese without MS. We observed the same results for triglycerides. However, 

there was no difference between obese and lean subjects in these terms. Regarding the 

RBP4 mRNA levels in fat depots, we determined higher gene expression of RBP4 in 

SAT than VAT together with GLUT4 and leptin as a ñstandard adipokineò produced by 

AT in each subgroup, as well as in the entire group. On the other hand, we did not find 

any differences in plasma RBP4 levels between the investigated subgroups. Also we did 

not observe any correlation between plasma and mRNA levels of RBP4 in any fat 

depot, independently on the group of subjects. Moreover, we did not reveal any 

association between RBP4 levels (mRNA or plasma) and adiposity. However, in the 

entire group we found positive correlation between RBP4 plasma levels and 

triglycerides, as well as blood glucose. Additionally, mRNA levels of RBP4 in both fat 

depots positively correlated with GLUT4 mRNA levels in VAT.  

To summarize, our cross-sectional study determined that RBP4 gene expression 

was higher in SAT than VAT together with other insulin signalling-associated genes 

like GLUT4 and leptin, independently on BMI and obesity-related complication, i.e. the 

presence of MS. According to these results, we cannot suggest that RBP4 production is 

in direct association with metabolic comorbidities induced by obesity. 

 

PART 2 

According to a huge body of evidence accumulated during more than last 

decade, obesity is characterized as a ñlow-grade inflammationò not only due to an 

increased secretion of pro-inflammatory molecules, but also because of the increased 

accumulation of immune cells in AT, such as macrophages, lymphocytes and 

neutrophils. Hovewer, their nature and role in AT is still not clear. The findings from 

animal and in vitro studies suggest a possible crosstalk between immune and metabolic 

cells in insulin-sensitive tissues, which triggers the production of many bioactive 

molecules finally inducing the systemic insulin resistance and other metabolic and 

cardiovascular disorders. Many researchers try to identify the missing knowledge on the 

vicious cycle between macrophages and adipocytes and disclose the first culprit in this 

complicated machinery in AT. Various approaches how to clarify these tasks were 

developed (e.g. in vitro co-culture systems, immunophenotyping of cells, target 

silencing of genes in particular cell populations etc.). One of them is the 

characterization of AT composition, i.e. particular cell populations in different dietary 
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conditions. It is a topic of second part of the thesis, which is focused on the 

determination of ATM content using flow cytometry method during a multi-phase DI 

and observation how the content of these immune cells reflect metabolic changes due to 

lifestyle modification.  

 

In the fourth paper we investigated the effect of long-term DI including weight 

maintenance period on the ATM content in SAT of obese women in relation to 

metabolic parameters and plasma levels of specific inflammatory molecules. In 

addition, we aimed to characterize ATM phenotype in different nutritional status of the 

body. In this longitudinal study we enrolled 27 pre-menopausal women, who underwent 

the same 6 month multi-phase DI as that described in our previous clinical study 

investigating mRNA levels of RBP4 (see page 59) and consisting of two dietary 

periods: VLCD and weight stabilisation phase (WS) composed of LCD and WM phase.  

For characterization of ATM in biopsy samples, we used flow cytometry 

method, which was previously applied only in the cross-sectional studies on AT 

samples obtained from plastic surgery [23, 28, 218, 280]. Because this method has not 

been established in needle biopsy samples with a small amount of tissue yet, we 

performed the preliminary study in a group of 16 women. In the SVF cells obtained 

from SAT, we characterized the content of monocyte/macrophage population by 

combination of cell surface markers CD45+/14+. With respect to DI, CD45+/14+ 

content in SAT changed only at the end of DI (WS), but not after VLCD (energy 

restriction). To confirm the flow cytometry results, we performed gene expression 

analyses of specific macrophage markers, such as CD14, CD68, CD163 and LYVE-1, 

whose expression profile supported the results from cytometric method. According to 

these findings, we performed another clinical study with the same design of DI and with 

newly recruited patients (a group of 11 women). In this subgroup of patients we 

determined a macrophage population using a wider panel of markers: CD45, CD14 and 

additional markers CD206 for characterization of tissue macrophages and CD16 to 

distinguish between two subtypes of ATM. During a multi-phase DI, the ATM content 

determined as CD45+/14+/206+ decreased only at the end of WS, at the end of the 

whole intervention, but not after VLCD phase. In respect to ATM phenotype identified 

according to expression of CD16 marker, we observed similar response to DI in both 

ATM subtypes CD45+/14+/206+/16+ and CD45+/14+/206+/16-, i.e. no change after 
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VLCD and reduction after WS. However, the relative ratio between these two subtypes 

did not change during the whole DI.   

Use of needle biopsy samples for flow cytometry method has some limitations 

because of bleeding accompanied the process of AT gain as we revealed in the 

preliminary study. Despite the proper wash with saline, we detected a high content of 

granulocytes as a result of blood contamination in AT samples. On the other hand, their 

content did not change during the whole DI. In addition, we did not find any correlation 

between granulocyte and macrophage content in biopsy samples. Therefore, we could 

exclude the possible influence on the interpretation of results from flow cytometry. To 

clarify the characterization of ATM, in the following clinical study we used CD206, 

specific cell surface marker for tissue macrophages, which eliminates possible 

contribution of circulating monocytes in the proportion of macrophage population 

expressed by cytometric analysis.   

With respect to monocyte/macrophage dynamic during dietary intervention, we 

analyzed plasma levels of selected chemokines and cytokine associated with 

macrophage function, such as MCP-1, CXCL5 and TNF-Ŭ. We observed the diet-

induced decrease of chemokines MCP-1 and CXCL5, whereas TNF-Ŭ plasma levels did 

not alter during the whole protocol.  

Regarding the statistical analyses of clinical parameters, we pooled both 

investigated subgroups into one group of 27 subjects because they underwent the same 

type of DI and moreover they were not statistically different in measured parameters at 

the baseline. From anthropometric and metabolic variables BMI, fat mass, waist 

circumference, cholesterol, triglycerides, insulin and HOMA-IR improved during a 

whole DI, whereas the marked diminution of these variables was reached after VLCD. 

In this study we measured insulin senstivity using HOMA-IR index. With respect to 

correlation analyses, we did not find any relationship between the diet-induced changes 

in metabolic parameters and plasma levels of bioactive molecules and ATM content. 

This lack of significancy could be explained by a small number of subjects enrolled in 

this study or the participations of other insulin-sensitive tissues on metabolic changes in 

the body. 

Taken together, we demonstrated that a 6 month multi-phase DI, which induced 

beneficial metabolic effects, led also to a diminution of ATM content in SAT of obese 

women. However, the reduction of ATM content was reached only at the end of the 

whole DI and was not accompanied with any changes in ATM phenotype. Due to 
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different profile of metabolic changes and macrophage content during the long-term DI, 

we could suggest that immune system needs longer time for adaptation to a new 

metabolic homeostasis in the body. 
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