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LIST OF ABBREVIATIONS 
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HOMA: homeostasis model assessment 
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ICAM: inter cellular adhesion molecule 

IL: interleukin 

iNOS: inducibile nitric oxide synthase 

IRS: insulin receptor substrate 

JAK: Janus protein kinase 

LCD: low calorie diet 

LEP: leptin 
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LMW: low molecular weight 

LPL: lipoprotein lipase 

MAG: monoacylglycerol 

MAPK: mitogen activated protein kinase 

MCP-1: monocyte chemoattractant protein 1 

MGL: monoacylglycerol lipase 

MMW: medium molecular weight 

NEFA: nonesterified fatty acids 

NFκB: nuclear factor kappa B 

PAI-1: plasminogen activator inhibitor-1 

PDK1: phosphoinositide-dependent protein kinase 1 

PI3K: phosphatidylinositol 3-kinase  

PIP3: phosphatidylinositol 3-phosphate  

PKA: protein kinase A 

PPAR: peroxisome proliferator-activated receptor 

PTM: post-translational modification 

RBP-4: retinol binding protein 4 

ROS: reactive oxygen species 

SAA: serum amyloid A 

SAT: subcutaneous adipose tissue 

SIRT: sirtuin 

SNP: single nucleotide polymorphism 

STAT: signal transducer and activator of transcription 

SVF: stroma-vascular fraction 

T2DM: type 2 diabetes mellitus 

TAG: triacylglycerol 

TNF-α: tumor necrosis factor alpha 

TZD: tiazolidindiones 

VAT: visceral adipose tissue 

VCAM: vascular cell adhesion molecule 

VLCD: very low caloric diet 

VLDL: very-low-density lipoprotein 

WAT: white adipose tissue 

WHO: World Health Organisation  
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1 INTRODUCTION – OVERVIEW OF THE LITERATURE

 
 

1.1 OBESITY 

Over the past several decades, we have reached the period where overweight and 

obesity are linked to more deaths worldwide than underweight. The rising prevalence of 

obesity in most parts of the world has grown into a major global epidemic called 

„obesity epidemic‟. According to the World Health Organization (WHO) worldwide 

obesity has more than doubled since the 1980s, particularly among children. In 2008, 

1.5 billion adults over the age of 20, were overweight. Of these over 200 million men 

and nearly 300 million women were obese. At least 2.8 million adults die each year as a 

result of being overweight or obese. It is expected that by 2015 2.3 billion adults will be 

overweight and more than 700 million adults will be obese. Alarming notice is that 

nearly 43 million children under the age of five were overweight in 2010. 24% of 

children between the ages of 6 and 9 were overweight or obese (www.who.int). The 

greatest annual increases in obesity since 1970 in school children have been in North 

America and Western Europe [1]. Over 60% of children who are overweight before 

puberty will be overweight in early adulthood. Childhood obesity is strongly associated 

with risk factors for cardiovascular disease (CVD), type 2 diabetes mellitus (T2DM), 

orthopaedic problems, mental disorders, underachievement in school and lower self-

esteem [2]. Based on the latest estimates in European Union countries, overweight 

affects 30-70% and obesity affects 10-30% of adults. In fact, mean BMI in Czech 

Republic is 26.8 and only 40.9 % of adult people in Czech Republic have normal weigh 

(BMI under 25 kg/m²).  

Enormous social and economic resources are wasted due to the obesity or dedicated to 

the attempts to prevent or to treat obesity. A 2010 Brookings Institute study [3] 

estimated costs (including health and productivity costs) in US due to obesity to be $217 

billion. Obesity is already responsible for 2–8% of health costs and 10–13% of deaths in 

different parts of Europe. Health costs for obese adults may be 100% higher than for 

normal weight adults. 
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1.1.1 Definition and classification of obesity 

The recognition of obesity as a disease was first established in 1948 by WHO's 

International Classification of Diseases (http://www.who.int/classifications/icd). Obesity 

is characterized as an excess of adipose tissue caused by an energy imbalance between 

calorie intake and calorie expenditure. The most commonly used measurement to assess 

weight status is body mass index (BMI), defined as the ratio of weight in kilograms and 

the square of the height in meters (kg/m
2
). Obesity in adults is generally defined as BMI 

of 30.0 or greater, BMI of 25.0–29.9 is categorized as overweight. However, there are 

differences in BMI cut-off points among ethnic groups, e.g. the Asian population has a 

high risk of CVDs and metabolic disorders at BMI lower than 25 kg/m
2
 [4]. In children, 

the terminology for different levels of weight or BMI varies considerably and the 

definitions are generally based on age and sex-specific comparisons (sex-specific BMI-

for-age) [5]. 

The WHO recommends the following BMI cutpoints to classify weight status in 

adults over the age of 20 (Table 1):  

 

Classification BMI (kg/m
2
) 

Underweight <18.5 

Normal range 18.5–24.9 

Overweight 25.0–29.9 

Obese class I 30.0 – 34.9 

Obese class II 35.0 – 39.9 

Obese class III ≥ 40.0 

 

Table 1. The international classification of adult underweight, overweight and obesity according 

to BMI (adapted from www.who.int). 

 

Obesity is a complex disease caused by interactions of heterogeneous conditions. The 

most significant impact on people‟s development of obesity, include: genetic and 

nutrigenomic factors, environmental and psychosocial factors (such as family and eating 

habits and access to healthy foods), neuroendocrine regulation, prenatal and neonatal 

factors (e.g., gestational diabetes of the mother), dietary factors (from nutrient content to 

food preferences), and physical activity. Obesity varies by age and sex, and by race-
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ethnic group among adult women [5]. A higher body weight is associated with higher 

risk for several serious health conditions, such as hypertension, T2DM, 

hypercholesterolemia, CVD, stroke, some types of cancer, and premature death. 

However, it is difficult to quantify the total effect of overweight and obesity on 

morbidity and mortality. Evidence suggests that even without reaching an ideal weight, 

a moderate weight loss (e.g. 5-10%) can have beneficial effects on health in terms of 

reducing levels of some risk factors, such as improving risk factors for CVD [6, 7], 

decreasing blood pressure [8], improving lipid profile [9] and reducing serum markers 

of inflammation [10]. 

Obesity is highly heritable and arises from the interactions of multiple genes, 

environmental factors, and behavior. Polygenic/common obesities are caused by 

interaction of several genetic variants and likely involve both gene-gene and gene-

environment interactions. Due to this complex etiology of obesity, less is known about 

the absolute genetic contribution. Nevertheless, there is a strong evidence that within a 

population the variance in BMI is largely genetically determined, with heritability 

estimates ranging between 40% and 70% [11, 12]. The increasing evidence of influence 

of genetic factors has come through studies of twins and families with obesity [13]. 

 

1.2 ADIPOSE TISSUE 

 

1.2.1 Adipose tissue as a heterogenous organ 

Adipose tissue is a heterogeneous organ composed of many cell types. Adipocytes are 

the main cell type with variable cell size and compose 60-70% of fat mass [14]. Mature 

white adipocytes are unilocular cells that contain a single large lipid droplet, they store 

large amounts of triacylglycerols (TAGs) during periods of energy excess and deliver 

fatty acids to other tissues as required. Besides adipocytes, adipose tissue comprises of 

other different cell types (called “stroma-vascular fraction” (SVF)) which consists of 

fibroblasts, preadipocytes as well as immune, endothelial, progenitor and stromal cells. 

This multivarious composition of adipose tissue puts it into the position of an important 

mediator/regulator of metabolism and inflammation. 

Adipose tissue develops in many different sites throughout the body. Two basic types of 

adipose tissue coexist: brown adipose tissue (BAT) and white adipose tissue (WAT) 
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with essentially antagonistic roles in energy homeostasis. WAT provide a long-term fuel 

reserve for the whole organism and is specialized on energy storage in periods of 

positive energy balance and its mobilization in the time of body energy demand. BAT is 

specialized in heat production by non-shivering thermogenesis, the part of energy 

expenditure induced by cold exposure or diet. The major deposit of BAT in newborn 

humans (between the shoulder blades) regresses shortly after birth. BAT stores 

triglycerides in multilocular adipocytes as quick-access fuel for heat production through 

mitochondrial oxidative phosphorylation [15].  

WAT is now recognized to be a multifunctional organ; in addition to the central role of 

energy storage it has a major endocrine function secreting several hormones and a 

diverse range of other protein factors. WAT has a dynamic metabolism and is acutely 

regulated according to the nutritional state of the whole body.  

To fulfill its biological functions, WAT possesses a unique ability to expand mediated 

by two distinct mechanisms: increasing the adipocytes size (hypertrophy) and 

differentiation of new adipocytes (hyperplasia) including production of new blood 

vessels (angiogenesis). Adipocyte hypertrophy prevails in obesity, however the factors 

determining fat mass in adult humans are not fully understood. Some debate remains as 

to whether adipocyte number stays constant in adulthood with setting of total number of 

fat cells during adolescence and weight changes are predominantly accompanied by 

changes in adipocyte volume, or whether development of obesity is due to both an 

increase in fat cell size and fat cell differentiation [16]. It was recently shown that 

significant cellular turnover occurs within the human adipocyte population [17-19]. 

However, development of hyperplastic adipose tissue is associated with the most severe 

forms of obesity and has the poorest prognosis for treatment [20]. 

 

1.2.2 Adipose tissue depots 

In mammals, adipose tissue develops in many different sites throughout the body. 

WAT is primarily located in three major anatomical areas – subcutaneous (mainly in 

abdominal, gluteo-femoral regions), dermal (a relatively continuous sheath of lipid), and 

intraperitoneal (mesenteric, omental, perirenal, epididymal and parametrial fat depots) 

[20]. However, adipose-specific depots also form around the heart, kidneys, and other 

internal organs (Figure 1). It is well established that the relationship between obesity 

and insulin resistance is characterized by marked interindividual variation at a given 
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BMI, implying that factors other than the total amount of fat contribute to degree of 

insulin sensitivity [21]. Ectopic fat accumulation in the liver and skeletal muscle in 

humans is critical determinant of insulin resistance and may also predispose to the 

development of T2DM. However, our understanding of the causes and mechanisms 

underlying ectopic fat accumulation are limited [21]. 

In the period of positive energy balance adipose tissue expands throughout the body and 

fat accumulates mostly in two main depots – subcutaneous (SAT) and visceral (VAT) 

adipose tissue. VAT surrounds internal organs in the abdominal cavity and is 

responsible for 20% of the total body fat mass in men and 6% in women  [22-24]. A 

greater VAT accumulation is connected to worse metabolic features, increased mortality 

and risk CVDs [25]. The anatomical distribution of adipose tissue is a strong and 

independent predictor of adverse health outcomes [26]. Visceral fat appears to have 

larger effect on metabolism and stronger correlation with metabolic risk factors than 

subcutaneous fat [27, 28]. 

 

Figure 1. Adipose tissue depots (from Ouchi at al. 2011, Nat Rev Immunology 11(2):85-97).  

 

The metabolic function of adipose tissue is mediated, mainly, by its ability to secrete 

numerous products with wide whole-body metabolic impact. The secretory status of 

adipose tissue can be modified by changes in the cellular composition of the tissue, 

including alterations in the number, phenotype and localization of immune, vascular and 
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structural cells [29]. SAT and VAT differ in their cellular composition, their molecular 

properties, production of adipokines and their role in regulation of the whole body 

metabolism [30, 31]. A few studies observed that human visceral fat in obesity becomes 

more extensively infiltrated by immuno-inflammatory cells, including macrophages and 

T-lymphocytes, than subcutaneous fat [32-34] and significantly contributes to the 

chronic inflammation related to obesity [35].  

Differential metaboli and endocrine action of various adipose tissue depots may 

selectively affect organ function and systemic metabolism. There are two main 

candidate pathways underlying metabolic disturbances and showing differences between 

depots; (1) fatty acids pathway, (2) and adipokine pathway.  

1) The basal lipolytic rate of visceral fat cells is higher than that of subcutaneous fat 

cells and the response to antilipolytic effect of insulin appear to be less sensitive in 

visceral fat cells. Visceral fat accumulation is supposed to be uniquely deleterious 

because of its anatomical site with its direct venous drainage to the liver. This is the 

basis for so called ”portal theory”. Higher lipolytic activity of visceral adipocytes with 

direct free fatty acid (FFA) flux into the liver, which in turn may modify hepatic lipid 

metabolism (increase triacylglycerol (TAG) synthesis and very-low-density lipoprotein 

(VLDL) production), impair insulin-inhibition of hepatic glucose production and result 

in hepatic insulin resistance [23].  

2) dysregulation of adipocytes function leads to overproduction of proinflammatory 

adipokines (e.g. IL-6, TNFα, MCP-1) and hypoproduction of antiinflammatory 

adipokines (e.g. adiponectin) and their production significantly differs between adipose 

tissue depots [36-38]. 

 

It may be hypothesized whether biological differences between SAT and VAT underlie 

the pathogenicity of visceral fat in the metabolic disruptions. The processes responsible 

for the different impact of the depots on metabolism remain unclear. Multiple genes 

demonstrating different expression level between the two depots have been identified 

[38-42] highlighting the distinct biological role of SAT and VAT. New genome-wide 

profiling technologies have revealed depot-specific differences in the gene expression 

profiles, which may link depot-specific susceptibility to obesity and related disorders. In 

our recent study we examined associations of fat depot-specific gene profiles in relation 

to metabolic status and obesity [42]. However, we have found that molecular 

adaptations in SAT in relation to obesity status and metabolic complications were as 
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discriminating as those in VAT. The increase in adiposity and the worsening of 

metabolic status were associated with a coordinated downregulation of metabolism-

related and upregulation of immune response-related gene expression. Immune and 

metabolic systems showed to be tightly interconnected and significantly associated to 

obesity. Dysregulation of these pathways in both, SAT as well as VAT depots, are 

pivotal in the worsening of metabolic status and both depots discriminate the 

development of obesity related co-morbidities and contribute to proinflammatory and 

insulin resistant state consequently emerging metabolic syndrome [39, 41, 42]. 

Moreover, recently we found that in humans, expression of adipose tissue macrophage 

(ATM)-specific markers increases with the degree of adiposity and correlates with 

markers of insulin resistance and the metabolic syndrome to a similar degree in SAT 

and in VAT [43]. 

The role of the SAT depot in relation to the obesity-related disturbances appears 

therefore as relevant. Moreover, it was described in our clinical dietary study [44]. We 

found that the molecular adaptations occurring within human SAT were differentially 

regulated during different phases (i.e. initial phase with high energy restriction as 

compared with the weight maintenance phase with energy homeostasis) of a weight loss 

program. Improvement of metabolic state was associated with different response of 

adipocyte genes involved in metabolism when compared with macrophage genes 

involved in inflammatory pathways. The interactions between the metabolic state of 

adipocytes and the activation state of macrophages in SAT appears critical for our 

understanding of the beneficial effects and complexity of long-term dietary weight loss 

program on health. 

 

1.2.3 Adipose tissue as energy storage organ - lipid metabolism 

Adipose tissue is a main energy storage organ with important role in whole body lipid 

and energy homeostasis. Two principal functions of WAT are: to store excess energy in 

the form of neutral TAGs (synthesis of TAG - lipogenesis), and to release it in the 

period of energy deprivation (fasting, exercise) in the form of nonesterified fatty acids 

(NEFA) (breakdown of TAG - lipolysis) (Figure 2). These processes are mediated by 

key lipogenic and lipolytic enzymes. At the molecular and biochemical levels, 

adipocytes are well equipped with the machinery to respond to both hormonal (e.g. 
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insulin) and sympathetic (e.g. noradrenergic) stimulation [45] to keep the energy 

balance and suit the body energy demands. 

During normal, eucaloric conditions or postprandially most of the TAGs deposited in 

adipose tissue arises from the pathway mediated by adipocyte lipoprotein lipase (LPL). 

In humans, the major source of adipocyte TAG comes from chylomicrons produced 

postprandially from fatty acids in the intestine, via lymphatic system enter the 

circulation and transport dietary lipids to the rest of the body; and VLDL, molecules 

formed in liver to transport endogenously derived TAGs to extra-hepatic tissues. TAG 

in the lipoprotein particles are hydrolyzed by LPL located in the vesel walls and 

originating from adipocytes followed by uptake of the FFA, and esterification with 

glycerol 3-phosphate that is produced in the adipocyte from glucose by glycolysis [46]. 

Both the activities of adipose tissue LPL and the pathway of esterification are stimulated 

by insulin [47] and provide an efficient pathway for storage of dietary TAG in the 

postprandial period. 

Adipose tissue has also the capacity for de novo lipogenesis, i.e. synthesis of fatty acids 

from carbohydrates [48], however, this process appears to be low in humans [49].  

 

 

 

Figure 2. Lipid metabolism in white adipose tissue (Lafontan and Langin, 2009, Progress in 

Lipid Research 48: 275-297). 

 

In the situations of negative energy balance, lipid reserves are released to provide fuel 

for energy generation by the process of lipolysis - hydrolysis of TAG to generate fatty 
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acids and glycerol that are released into the bloodstream for use by other organs as 

energy substrates (e.g. liver, skeletal muscle) [50]. Stimulation of fat mobilization in 

humans requires activation of three major lipases for complete lipolytic process: adipose 

triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and monoacylglycerol 

lipase (MGL) and presence of plasma membrane transporters, fatty acid binding 

proteins and proteins associated with the lipid droplets (perilipin).   

ATGL selectively performs the first and rate-limiting step hydrolyzing TAG to generate 

diacylglycerols (DAG) and NEFA. HSL has been considered for a long time the key 

enzyme catalyzing adipose tissue lipolysis able to catalyze all hydrolytic steps during 

lipolysis in vitro. Within the TAG hydrolysis cascade this enzyme is rate-limiting for 

DAG catabolism. Finally, the action of MGL is required in he final hydrolysis of MAG 

into glycerol and NEFA [51]. HSL additionally has the capacity to hydrolyze MAG in 

vitro, however in vivo MGL is required for complete hydrolysis of MAG [46]. 

 

Catecholamines, natriuretic peptides and insulin are considered to represent the major 

regulators of lipolysis in humans through modulation of cAMP and cGMP levels [52, 

53]. Obesity is associated with an increase in basal lipolysis but a decrease in 

catecholamine-stimulated lipolysis [54]. Specific proteins produced by adipose tissue – 

adipokines (e.g. adiponectin, tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1) 

have been investigated to have a role in lipolysis regulation [55, 56]. For example, 

adiponectin, an adipocyte-derived hormone that sensitizes cells to insulin and improves 

energy metabolism in tissues seems to have a role in lipid metabolism in adipocytes and 

inhibits lipolysis through AMP-activated protein kinase (AMPK) - dependent 

mechanism [57, 58]. AMPK is a key regulator of cellular energy metabolism including 

regulation of lipogenesis, β-oxidation and lipolysis [59]. 

 

1.2.4 Adipose tissue in insulin sensitivity – insulin signaling pathway 

Adipose tissue is an important regulator of energy balance and insulin signaling 

pathway which is substantial for the regulation of metabolic homeostasis in the body. 

Insulin exerts a critical control on anabolic responses in adipose tissue by stimulating 

glucose and FFA uptake, inhibiting lipolysis, and stimulating de novo fatty acids 

synthesis in adipocytes [60]. 
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Insulin is a hormone produced by pancreatic β-cell and a potent regulator of glucose 

metabolism that controls the level of blood glucose in three ways: First, insulin signals 

the cells of insulin-sensitive peripheral tissues, primarily skeletal muscle, to increase 

their uptake of glucose [61]. Second, insulin acts on the liver to promote glycogenesis 

[62]. Finally, insulin simultaneously inhibits glucagon secretion from pancreatic α-cells 

which results in a suppression of hepatic glucose output [63]. The primary action of 

insulin is to stimulate glucose uptake into the cells (e.g. fat, liver, and muscle cells).  

Insulin is a hormone produced by pancreatic β-cell and exerts its biological actions in 

the adipose tissue through binding to specific cell-surface tyrosine kinase receptors 

consisting of two ligand binding α subunits and two tyrosine kinase β subunits [64]. 

Insulin binding to the β subunit induces autophosphorylation and the activation of the 

protein tyrosine kinase. Tyrosine phosphorylation of the insulin receptor substrate (IRS) 

proteins (IRS1-4, which signal to both metabolic and mitogenic processes), and the Shc 

family of proteins, which are primarily involved in the activation of mitogen activated 

protein kinase (MAPK) and are coupled to mitogenic effects [60], trigger the signaling 

cascades (see Figure 3). Ultimately, these signaling events lead to stimulation of insulin-

mediated glucose uptake into adipocytes via enhanced translocation of GLUT4 

molecules to the cell membrane, leading to an increase in adipocyte glucose uptake [65]. 

Glucose transport, the rate limiting step in glucose metabolism, is mediated by glucose 

transporters (GLUT4, GLUT1) translocated to the cell surface and can be activated in 

skeletal muscle by two separate and distinct signaling pathways; one stimulated by 

insulin and the second by muscle contractions [66]. Level of physical exercise has been 

linked to improved glucose homeostasis and enhanced insulin sensitivity [67]. 

In insulin-resistant adipocytes, the insulin signal is reduced at several stages, including 

insulin receptor binding, phosphorylation and tyrosine kinase activity, phosphorylation 

of IRS proteins, activation of downstream insulin-sensitive protein kinases (e.g. 

Akt/PKB), and the synthesis/translocation of GLUT4 to the adipocyte plasma membrane 

[68]. Emerging insulin resistance is clearly recognized to be one - if not the most - 

important predictor of the development of T2DM. 

 

 

 



 14 

 

 

Figure 3. Insulin signaling transduction pathways (adapted from www.endotext.org/diabetes). 

Insulin receptors trans phosphorylate several immediate substrates (on Tyr residues) including 

IRS1-4, and proteins of the Shc family. These events lead to the activation of downstream 

signaling molecules including PI-3 kinase. The PI3kinase/Akt pathway has been demonstrated 

to be upstream of GLUT4 translocation and allows glucose transport inside of the cell. 

 

Also, adipose tissue itself produces substances that modulate insulin resistance and play 

a role in insulin sensitivity by regulating insulin signaling pathways. Adipocyte-derived 

factor adiponectin increases insulin sensitivity by improving glucose and lipid 

metabolism (see above). The molecular mechanism underlying the insulin-sensitizing 

action of adiponectin includes activation of AMPK, thereby directly regulating glucose 

metabolism and insulin sensitivity [69]. 

 

1.2.5 Adipose tissue as endocrine organ - adipokines 

Since the discovery of the adipokine leptin by Jeffrey Friedman and colleagues in 1994, 

and its role in regulation of body weight [70, 71] our understanding of the adipose tissue 

function has changed. The classical concept considering adipose tissue as an inert long-

term energy storage organ has been abandoned and led to the reclassification of adipose 

tissue as an endocrine organ. 

Adipose tissue was firmly established as a real endocrine organ with abundant 

production of a wide range of bioactive substances known as adipose-derived secreted 

factors or adipokines that are classified as classical cytokines, chemokines and 
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hormone-like proteins. These adipose tissue secreted factors act as endocrine hormones 

having systemic effects on the appetite regulation and energy expenditure or interactions 

with other organs and tissues modulating their metabolism peripherally. Several proteins 

produced by adipose tissue may act locally as autocrine and paracrine factors. An 

important aspect of adipose tissue endocrinology is the recognition that numerous other 

cell types (SVF) present in adipose tissue, in addition to adipocytes, secrete a specific 

spectrum of bioactive molecules that play an important role in adipose tissue function 

and pathophysiology and contributes to the metabolic dysfunction. Different adipokines 

have been identified: either those promoting inflammatory responses and metabolic 

disturbances (pro-inflammatory adipokines) or those that contribute to the resolution of 

inflammation and have beneficial effects on obesity-linked metabolic disorders (anti-

inflammatory adipokines).  

Clinical and epidemiological studies indicate that a state of low-grade chronic 

inflammation, occuring in obesity, is closely related to the development of obesity-

linked metabolic dysfunction [29]. Excess of fat mass is associated with increased levels 

of the pro-inflammatory marker C-reactive protein (CRP) in blood [72]. In obesity, the 

production and/or secretion of adipokines are altered and this may play a role in the 

pathogenesis of obesity-linked complications. In addition, interventions aimed to weight 

loss may lead to modulations of the levels of pro- and anti- inflammatory proteins [73].  

Nowadays, adipose tissue is known to produce numerous bioactive peptides and 

cytokines (over 100 characterized) with constantly rising number of newly characterized 

ones. Different adipokines possess different functions and have a different cellular 

source of production (briefly described in Table 2) [29, 74, 75]. Recent investigations 

have emphasized the important role of many cytokines in pathophysiology of obesity-

related  metabolic disorders including; interleukins (e.g. IL-1, IL-1β, IL-6, IL-10), TNF-

α, plasminogen activator inhibitor-1 (PAI-1), chemokines (monocyte chemoattractant 

protein (MCP)-1, IL-8), acute phase proteins (e.g. CRP, serum amyloid A (SAA)), or 

other peptides like resistin, visfatin, omentin, retinol binding protein 4 (RBP-4). With 

respect to cellular origin of adipose tissue adipokines, only few proteins (hormone-like 

proteins) are almost exclusively secreted by the adipocytes (e.g. adiponectin and leptin). 

Most of the adipose tissue-secreted factors are produced by various cell components 

present in adipose tissue as SVF cells, including macrophages and other immune cells. 

The fact that expression and secretory balance of adipose tissue in obese state is shifted 

towards the proinflammatory spectrum has supported the hypothesis on the development 
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of dysfunctional adipose tissue that contributes to the state of chronic inflammation and 

insulin resistance, and it seems to be a fundamental link between metabolic and 

cardiovascular complications of obesity. 

1.2.5.1 Leptin 

 

Lepin  was discovered in 1994 as the product of the obese gene (in mice by the ob gene; 

in humans by the LEP gene) identified by positional cloning [71]. Leptin is principally 

produced by adipocytes of WAT and was originally thought to signal to the brain to 

inhibit food intake and decrease weight [71, 76]. Leptin was identified as an adipose 

tissue-specific secreted protein and an essential signal between adipocytes to the 

hypothalamus that regulates food intake and energy expenditure in an endocrine 

manner. Moreover, it controls insulin sensitivity, glucose and lipid homeostasis through 

the activation of AMPK in insulin-responsive organs [77]. Humans and rodents lacking 

a functional leptin or its receptor, particularly found in regions of the hypothalamus, 

manifest severe obesity and insulin resistance and the administration of leptin to ob/ob 

mice reverses these changes [78]. However, the original idea of leptin as an anti-obesity 

hormone was questioned because obesity is typically associated with high leptin levels 

and not leptin deficiency [79]. Leptin levels correlate in the blood positively with 

adipose mass, indicating the occurrence of leptin resistance, and obese individuals have 

high levels of leptin without the expected anorexic responses [78].  

Leptin is structurally similar to the family of helical cytokines and is thought to have 

pro-inflammatory activities. Indeed, leptin increases the production of TNF-α and IL-6 

by monocytes and stimulates the production of CC-chemokine ligands (e.g. CCL-5) by 

macrophages by activating the JAK2-STAT3 (Janus kinase 2 signal transducer and 

activator of transcription 3) pathway [80]. Leptin levels fall rapidly in response to 

fasting suppressing energy expenditure, thyroid and reproductive hormones, and 

immunity and evoke profound changes in energy balance and hormone levels [76]. 
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Taking together, these studies demonstrate that the dominant role of leptin is to signal 

energy deficiency to the brain. Weight loss and maintenance of a reduced body weight, 

with decline in circulating concentrations of leptin, is accompanied by decreased energy 

expenditure and increased hunger/food intake that act coordinately to favor the regain of 

lost weight in humans and rodents [81, 82]. Increased hunger and food intake during 

attempts to maintain weight loss are a critical problem in clinical management of 

obesity. The pivotal role of leptin in body weight regulation puts leptin as an important 

point of therapeutic strategies, targeting especially the central processing of food 

stimuli. 

 

1.2.5.2 Adiponectin 

 

Adiponectin was first identified by four independent groups using different approaches 

[83-86] and called Acrp30 (Adipocyte complement-related protein of 30kDa), apM1 

(Adipose Most Abundant Gene Transcript 1), GBP28 (gelatin-binding protein of 28 

kDa) and AdipoQ (encoded by ADIPOQ gene). Adiponectin is produced abundantly by 

adipose tissue and its mRNA levels are markedly increased during adipocytes 

differentiation [83]. This adipocyte derived hormone is secreted into the blood and 

reaches high plasma concentrations of 2-30 µg/ml in humans.  

 

1.2.5.2.1 Structure of adiponectin 

Primary structure of adiponectin is a 244-amino-acid protein encoded by adiponectin 

gene (ADIPOQ gene) located on chromosome 3q27 [87] a region identified as a 

susceptibility locus for the metabolic syndrome and T2DM in Caucasians [88]. 

Adiponectin is 30 kDa protein composed of an amino-terminal signal sequence that 

targets the hormone for secretion outside the cell; followed by a species-specific 

variable domain; a collagen-like domain of 22 Gly-X-Y repeats (Gly-X-Y repeats); and 

a carboxyl-terminal globular domain that binds to the adiponectin receptors and shares 

sequence homology to the complement factor C1q, collagen VIII and X, and high 

structural similarity to TNF-α despite their opposite metabolic effects [89, 90] (Figure 

4). Adiponectin can exist as full length and/or globular form. Commonly, adiponectin in 

plasma occurs as full lenght, just a small amounts of globular form were detected 

(Fruebis 2001).  
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Figure 4. Structure of human adiponectin. (Nakano, 2006 Journal of Lipid Research, 47, 1572-

1582). The protein consists of an N-terminal signal sequence of 18 amino acids followed by a 

sequence of 24 amino acids in which two O-glycoside chains are attached to threonine 22 and 

threonine 37. This region is followed by a stretch of 22 collagen repeats, and the C-terminal 137 

amino acids form a globular domain. By means of the C-terminal globular domain and collagen-

like domain, three adiponectin monomers form one stable trimer, and these trimers further 

multimerize to form bouquet forms. HMW, high-molecular-weight.  

 

1.2.5.2.2 Multimerization of adiponectin 

Adiponectin is present intracellularly and in the circulation in various homomultimeric 

complexes [91, 92]. It is synthesized as a single polypeptide which is assembled in the 

endoplasmic reticulum (ER) into different molecular weight isoforms. The basic 

adiponectin isoform consists of low molecular weight (LMW) trimers which is formed 

throughout noncovalent interactions within the collagenous domains in a triple helix. 

The oxidizing environment within the lumen of the ER favours disulfide bond formation 

mediated by Cys36 (Cys39 in mouse adiponectin) at the N-terminal end, through which 

trimers can associate into middle molecular weight (MMW) hexamers and high 

molecular weight (HMW) multimers composed of 12-18 monomers [89, 93]. Amino 

acid substitution of this Cys residue produces a protein unable to form multimers larger 

than trimer, and reduction of disulfide bonds similarly collapses hexamer and HMW 
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species to a trimer formation [93, 94]. Adiponectin complexes are stable in serum and 

do not interconvert post-secretion [94]. Therefore, multimerization of adiponectin 

appears to be a regulated process and the composition of adiponectin multimers is 

critical in the physiological action of the hormone. 

 

Extensive post-translational modifications (PTMs) (Figure 5) are required for efficient 

adiponectin multimerisation, secretion, clearance and function. Hydroxylation and 

subsequent glycosylation of several highly conserved prolines and lysines within the 

collagenous domain is crucial for the intracellular assembly and secretion of high-order 

polymeric isoforms of adiponectin [95]. The amino acid substitution of the collagenous 

domain lysines in murine adiponectin produced a variant that was no longer 

glycosylated and was largely unable to enhance insulin action in hepatocytes [95]. 

Another important PTM that facilitates multimerisation and secretion of adiponectin is 

thiol-mediated retention that occurs during transit through the ER, via direct interactions 

with ER chaperones - ERp44 (ER protein of 44 kDa)  and DsbA-L (structure homolog 

to bacterial disulfide-bond A oxidoreductase, thus renamed DsbA-like protein) [96]. 

ERp44 inhibits the secretion of adiponectin multimers through a thiol-mediated 

retention by disulfide bond via Cys39 on the adiponectin backbone. DsbA-L also binds 

directly to adiponectin and evidence suggests that it may play a similar, or 

complementary, role to ERp44 as the interaction is also dependent on Cys39, the only 

exposed cysteine in adiponectin, can form a covalent bond between 2 monomers. High 

levels of expression of these chaperones result in efficient adiponectin maturation and 

secretion associated with high circulating adiponectin levels, particularly the HMW 

adiponectin [97]. In contrast, another ER chaperone Ero1-Lα (ER oxidoreductase 1-Lα) 

releases HMW adiponectin trapped by ERp44. The levels of both ERp44 and Ero1-Lα 

are differentially regulated in adipocytes under different metabolic conditions and the 

PPARγ (peroxisome-proliferator-activated receptor γ) agonists – thiazolidinediones 

(TZDs) selectively enhance the secretion of HMW adiponectin through up-regulation of 

Ero1-Lα [96]. Disulphide bond formation and further chaperones involved in the 

maturation of adiponectin, such as BiP, GGA1, PDI, all of which work in tandem to 

ensure correct formation of the tertiary and quaternary structure of adiponectin [97].    
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Figure 5. Cellular pathways involved in the biosynthesis of the three adiponectin oligomers in 

adipocytes (Wang, 2008, Biochem. J. 409: 623–633). PPARγ agonists have been shown to 

increase adiponectin production at the transcriptional as well as the post-translational levels. In 

particular, activation of PPARγ induces expression of Ero1-Lα, which in turn binds to ERp44 as 

a preferred partner, leading to the release of HMW adiponectin trapped by thiol-mediated 

retention. Nutritional changes can modulate the biosynthesis of adiponectin through SIRT1.  

 

 

Opposing to this, adiponectin succination on Cys36 (Cys39 in mouse adiponectin) 

appears to block adiponectin multimerisation [98]. Intriguingly, only intracellular 

monomeric adiponectin is succinated suggesting that this modification prevents the 

formation of all multimers, including trimers, and that it also blocks secretion of 

monomeric isoforms. The extent of succination is increased in states of high glucose or 

in diabetes due to accumulation of intermediates from Krebs cycle, highlighting the 

potential significance of this modification in the context of hypoadiponectinemia [98]. 

Adiponectin is also modified by sialic acids through O-linked glycosylation/sialylation 

situated on threonine residues within the hypervariable region, which affects the half-
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life of circulating adiponectin [99]. Loss of sialylation, or the underlying O-glycans, has 

no effect on adiponectin multimerisation, secretion or activity. However, desialylation 

of adiponectin resulted in rapid clearance from the circulation. Activity of enzymes 

responsible for adding (sialyltransferases) and removing (sialidases/neuraminidases) 

sialic acids are upregulated in inflammatory states including diabetes and CVD [100] 

raising the possibility that decreased sialic acid content may lead to increased clearance 

and thus contributes to hypoadiponectinaemia.  

The studies are showing that multimerisation and regulation of multimerisation is a 

critical process for adiponectin function and may play a significant role in 

pathophysiology of hypoadiponectinaemia. Increasing evidences indicates that the 

various multimers have different target tissues and/or differing biological effects [101] 

(Figure 6).  

In several reports, the major biological effects of adiponectin in liver, muscle and 

endothelium have been attributed to HMW isoform of adiponectin [93, 102]. Plasma 

levels of the HMW isoform and/or the ratio of HMW to total adiponectin 

are more tightly associated with glucose tolerance and insulin sensitivity than total 

adiponectin [103, 104]. Clinical studies showed that patients with T2DM and coronary 

heart disease have selective reduction of HMW polymers [105, 106] and this decrease is 

reversed following moderate weight reduction and/-or treatment with PPARγ activators, 

TZDs [107, 108]. Several authors have raised the possibility that TZDs, which are  

widely used to ameliorate insulin resistance and improve glucose tolerance in T2DM, 

may exert their effects through increased production and secretion of adiponectin from 

adipocytes [109, 110], especially the HMW form [111]. Upregulation of adiponectin 

might be one of the partial causes of the insulin-sensitizing and antidiabetic actions of 

TZDs.  

Contrary to this, study of Tsao at al. [112] showed that only globular and trimeric 

adiponectin activate AMPK in skeletal muscle and only MMW and HMW isoforms can 

effectively activate NFκB. These results are consistent with the findings of Pajvani et al. 

[94] showing that trimeric adiponectin was the most potent isoform in suppressing 

hepatocyte glucose production. Together, these studies indicate that individual 

adiponectin isoforms have different biological activities and the state of oligomerization 

of adiponectin determines its signalling specificity and may suggests the HMW form as 
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a storage pool for cleaved isoforms that get locally generated upon reduction of the 

HMW form [112, 113].  

 

1.2.5.2.3 Function of adiponectin  

Adiponectin is an important protein with wide pleiotropic effects in the whole body and 

multiple actions in metabolism and cardiovascular system.  

The main effects include: 

A) metabolic effects - antiobesity and antidiabetic character 

 Insulin sensitivity improvement (muscle) 

 Supression of hepatic glucose uptake/output (liver) 

 Regulation of energy expenditure (hypothalamus) 

Adiponectin is distinguished as one of the most important adipokines involved in 

multiple biological processes in the human body. Adiponectin appears to have an 

important physiological role in relation to insulin sensitivity and diabetes acting as an 

insulin sensitising agent and a protective factor for the cardiovascular system [114].  

Key metabolic effects improving insulin sensitivity include; (1) regulation of glucose 

and lipid metabolism via stimulation of fatty acid oxidation in muscle and liver, (2) 

suppression of hepatic glucose production, and (3) regulation of energy expenditure in 

the hypothalamus [69, 115, 116]. 

Complete mechanism underlying the insulin-sensitizing effects of adiponectin are not 

fully understood. Major adiponectin actions are attributed to its ability to activate 

AMPK, a key enzyme of energy metabolism. Data from animal models show that 

adiponectin exerts its effects on energy homeostasis and glucose and lipid metabolism 

primarily through phosphorylation and activation AMPK in liver and skeletal muscle 

[69]. Other mechanisms of adiponectin action that ameliorate insulin sensitivity, 

including phosphorylation of p38 MAPK, or PPARα mediating effects, have been 

revealed. Moreover, adiponectin administration has been shown to increase whole body 

insulin sensitivity through increased insulin-induced tyrosine phosphorylation of the 

insulin receptor in rodents [117].  

 

B) antiatherogenic effects 

Adiponectin is a key component of the ‚adipo-vascular axis„ and acts on both, adipose 

tissue and vasculature. Besides anti-diabetic features, evidence suggests that adiponectin 

posseses cardioprotective properties through its vasodilator, anti-apoptotic, anti-
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inflammatory, anti-atherogenic and anti-oxidative activities in both cardiac and vascular 

cells. Transgenic mice overexpressing adiponectin in ApoE-deficient background, an 

animal model of atherosclerosis, are protected against atheroclerosis [118], while 

adiponectin knockout mice showed severe neointimal thickening and increased 

proliferation of smooth cells in response to mechanically vascular injury [119, 120].  

Adiponectin exerts beneficial effects at many stages of the atherogenesis process and the 

molecular mechanisms involve: 

 (1) reduced activity of inflammation-related factors and decreased expression of 

adhesion molecules on vascular endothelial cells (VCAM-1, ICAM-1, E-selectin, MCP-

1)  [114, 121]; 

(2) suppressed proliferation and migration of vascular-smooth muscle cells [122];  

(3) suppressing the transformation of monocyte-derived macrophages into foam cells 

[118, 123];  

(4) anti-oxidant and anti-inflammatory properties described below. 

Kim et all [124] suggested that adiponectin inhibits palmitate-induced
 
apoptosis of 

endothelial cells by suppression of reactive oxygen species (ROS) generation via both 

the cAMP/PKA
 
and AMPK pathways. 

Besides atherosclerosis, hypoadiponectinemia also plays a role in the pathophysiology 

of hypertension [125]. Treatment of hypertension by angiotensin II inhibitors or 

angiotensin-converting enzyme inhibitors dramatically increase adiponectin plasma 

levels in T2DM patients [126, 127]. 

 

C) antiinflammatory effects and antioxidant properties 

A new AMPK-independent pathways implemented in adiponectin pleiotropic actions 

has been recently described. Adiponectin potently stimulates a ceramidase activity 

through both of its receptors, AdipoR1 and AdipoR2, and enhances ceramide catabolism 

and formation of its antiapoptotic metabolite sphingosine-1-phosphate (S1P), 

independently of AMPK [128].  Ceramide and S1P are sphingolipids of considerable 

interest - ceramide is linked to the induction of apoptosis, inflammation and is crucial in 

the etiology of obesity-induced insulin resistance, whereas S1P has potent cell-survival 

and anti-inflammatory actions [129]. 

Adiponectin has been shown to exert anti-inflammatory actions on multiple cell types 

and tissues. The majority of antiinflammatory actions of adiponectin are governed 

through its suppression of nuclear factor kappa B (NFκB) binding to the DNA leading to 
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suppression of NFκB target genes such as CRP, TNF-α, and IL-6. Adiponectin further 

has a distinct antiinflammatory action inducing the expression of antiinflammatory 

cytokines IL-10 and IL-1 receptor antagonist in macrophages and other monocyte-

derived cells [130-132]. 

Obesity is well known by chronic increased levels of proinflammatory cytokines (MCP-

1, TNF-α, IL-6, IL-8, etc) due to increased macrophage infiltration into adipose tissue 

[133] which plays an important role in the obesity related chronic inflammatory state 

and adipose tissue dysfunction. Recent studies show that TNF-α neutralization can 

increase not only total plasma adiponectin levels  [134, 135] but also the ratio of HMW 

to total adiponectin in obese subjects [135]. Several studies demonstrate that adiponectin 

acts in an autocrine/paracrine manner to inhibit obesity induced macrophage infiltration 

and production of proinflammatory cytokines in adipose tissue. Altered macrophage 

polarization plays a key role in obesity-induced inflammation in adipose tissue [136]. 

Macrophages in lean adipose tissue behave as „alternatively activated‟ macrophages 

with an anti-inflammatory phenotype that expresses M2-markers and is associated with 

wound repair and angiogenesis. By contrast, obesity leads to a reduced expression of 

these M2 markers with an increased expression of M1 markers leading to a phenotype 

of „classically activated‟ macrophages with pro-inflammatory properties [137]. 

Adiponectin promotes macrophage polarization towards an anti-inflammatory 

phenotype by stimulating the expression of M2 markers (IL-10, mannose receptor) but 

inhibiting that of M1 (including TNF-α, MCP-1, IL-6, and iNOS) in macrophages and 

SVF cells derived from murine as well as human adipose tissue [137, 138]. In addition, 

adiponectin was shown to suppress in vitro macrophage phagocytic activities [131]. 

1.2.5.2.4 Adiponectin signaling pathways 

In 2003, Yamauchi et al. [89] identified two subtypes of receptors (AdipoR1 and 

AdipoR2) that serve as a major receptors for adiponectin and are downregulated in 

obesity-linked insulin resistance. AdipoR1 and AdipoR2 belong to a new family of 

membrane receptors predicted to contain seven transmembrane domains but structurally 

and topologically distinct from G-protein coupled receptors. Adiponectin binds to the 

extracellular C-terminal domains of AdipoRs while the cytoplasmic N-terminal domains 

interact with an adaptor protein. Both appear to be integral membrane proteins and can 

mediate adiponectin function for globular as well as full-lenght adiponectin.  
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AdipoR1 and AdipoR2 are ubiquitously expressed in many tissues and mediate AMPK 

activation, PPARα ligand activities, p38 MAPK, and adiponectin-induced biological 

functions. AdipoR1 is abundantly expressed in skeletal muscle, whereas AdipoR2 is 

predominantly expressed in the liver and their action on improvement of insulin 

sensitivity in the body include inhibition of gluconeogenesis together with increased 

fatty acid oxidation and glucose uptake in muscles and liver and decreased inflammation 

and oxidative stress in adipose tissue [139] (Figure 6). Adiponectin-induced activation 

of AMPK, one of the main cellular target of adiponectin signaling, is attenuated when 

RNA expression of both adiponectin receptors is blocked, and this impairs fatty acid 

oxidation and glucose uptake [89]. Molecular mechanisms of the insulin sensitizing 

effects downstream of adiponectin receptors are not fully revealed.  

 

 

 

Figure 6. Signal transduction by adiponectin receptors (Kadowaki, 2006, J Clin 

Invest.;116(7):1784–1792). 

 

AMPK is a key sensor of energy balance at both cellular and whole-body level. In 

mammalian cells AMPK regulates glucose and lipid metabolism and is activated by 

increases in the cellular AMP:ATP ratio caused by metabolic and other stresses [140, 

141]. AMPK is an evolutionarily conserved serine/threonine protein kinase comprising 

heterotrimers formed from a catalytic α subunit and regulatory β and γ subunits [142]. 
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An increase in AMP level stimulates the binding of AMP to the γ subunit, which 

induces a conformational change in the AMPK heterotrimer and results in direct AMPK 

activation. Critical for activation of AMPK is its phosphorylation of the α subunit at 

Thr
172

 [143] catalysed by two recently identified AMPK upstream kinases, LKB1 

(serine/threonine kinase 11 encoded by STK11/LKB1 gene) and CaMKK 

(Ca
2+

/calmodulin-dependent protein kinase kinase). Once activated, AMPK switches on 

catabolic pathways that generate ATP (stimulates fatty acid oxidation, glucose uptake in 

muscle), while switching off ATP-consuming anabolic processes (such as hepatic 

gluconeogenesis, biosynthesis and cell growth and proliferation).  

Studies suggest, under conditions of high cellular energy stress, LKB1 acts as the 

primary AMPK kinase through an AMP-dependent mechanism on AMPK 

phosphorylation while activation mediated by CaMKK is independent of AMP and is 

dependent only on Ca
2+

/calmodulin signaling, which is triggered by a rise in the 

intracellular Ca
2+

 concentration  [144-146]. Binding of the adaptor protein APPL1 (a 

protein containing pleckstrin homology domain, phosphotyrosine binding domain and 

leucine zipper motif 1) to adiponectin receptors is necessary for adiponectin-induced 

AMPK activation in muscle [147]. Overexpression of APPL1 increases, and suppression 

of APPL1 level reduces adiponectin signaling and adiponectin-mediated downstream 

events (such as lipid oxidation, glucose uptake and the membrane translocation of 

GLUT4) [148]. APPL1 interact directly with adiponectin receptors and enhances LKB1 

translocation from the nucleus to the cytosol, leading to increased AMPK 

phosphorylation. LKB1 has been considered as a constitutively active serine/threonine 

protein kinase that is under normal physiological conditions predominantly localized in 

the nucleus [149]. In case of high cellular energy stress, LKB1 is translocated to the 

cytosol and through an AMP-dependent mechanism activates AMPK to exert its 

biological function [150].  

Adiponectin also activates another AMPK upstream kinase CaMKK by activating 

phospholipase C (PLC) and subsequently inducing Ca
2+

 release from the ER, which 

plays a minor role in AMPK activation. Results of Zhou et al. [147] proved that in 

muscle cells adiponectin is able to activate AMPK via two distinct mechanisms as 

follows: a major pathway (the APPL1/LKB1 signaling axis) that promotes the cytosolic 

localization of LKB1 and principally is performed in skeletal muscle and liver; a minor 

pathway (the PLC/Ca
2+

/CaMKK signaling axis) that stimulates Ca
2+

 release from 

intracellular stores and may play a more predominant role in the brain signalization. 
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APPL1 is also a critical regulator of the crosstalk between adiponectin signaling and 

insulin signaling pathways. It has been found that adiponectin reduces serine 

phosphorylation of IRS mediated by p70 S6, a kinase mediating negative regulation of 

insulin signaling, leading to enhanced IRS tyrosine phosphorylation and Akt 

phosphorylation, providing a mechanism by which adiponectin increases insulin 

sensitivity in cells [151].  

Regulation of AMPK activity in multiple tissue types is coordinated by a growing 

number of hormones and cytokines secreted from adipose tissue, skeletal muscle, 

pancreas and the gut, including leptin, adiponectin, insulin, IL-6, resistin, TNF-α and 

ghrelin. Understanding how these secreted signaling proteins regulate AMPK activity to 

control fatty acid oxidation, glucose uptake, gluconeogenesis and appetite may yield 

therapeutic treatments for metabolic disorders such as diabetes, insulin resistance and 

obesity [152]. 

One of the best studied physiological processes that activates AMPK is exercise or 

contraction in skeletal muscle, where AMPK stimulates uptake of glucose and oxidation 

of fatty acids [153]. Adiponectin has been shown to stimulate fatty acid oxidation and 

enhance insulin sensitivity through the activation of AMPK in the peripheral tissues. 

The AMPK system may be partly responsible for the health benefits of exercise and is 

the target for the antidiabetic drug metformin. It is a key player in the development of 

new treatments for obesity, T2DM, and the metabolic syndrome. 

 

AMPK plays a key role in regulating lipid metabolism. The activated AMPK 

phosphorylates and, thus, inhibits acetyl-CoA carboxylase (ACC) and 3-hydroxy-3-

methylglutaryl (HMG)-CoA reductase, the key regulatory enzymes of fatty acid and 

cholesterol synthesis, thereby decreasing their synthesis. Activated AMPK stimulates 

fatty acid oxidation by decreasing malonyl-CoA levels through the inhibition of ACC as 

well as by activation of PPARα  resulting in mitochondrial fatty acid oxidation[154-

156]. Activated AMPK also stimulates and upregulates the expression of peroxisome 

proliferator-activated receptor-γ coactivator-1α (PGC-1α), which consequently increases 

mitochondrial biogenesis [157]. These pathways are thought to be crucial to the effects 

of AMPK to reduce lipid stores in muscle and liver and hence to its insulin-sensitizing 

effects. AMPK acts also on HSL by blocking its translocation to the lipid droplet and 

ultimately inhibit catecholamine-stimulated lipolysis in adipocytes [158], thus lowering 

the plasma level of fatty acids – one of the major factors of the insulin resistance 
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induction. Biguanides and TZDs, widely used drugs for the treatment of T2DM are able 

to activate AMPK, thus counteracting lipolysis induced by lipolytic agents [158, 159]. 

These AMPK actions might seem as opposing in regard to fatty acids battle, however 

Gauthier and collegues [160] propose that, AMPK would not be acting as a simple on 

and off switch but as a rheostat that controls the lipolytic rate to protect the fat cell from 

energy depletion. 

Biochemical regulation of AMPK activation occurs through various mechanisms. 

AMPK activity is regulated as response to pathological conditions and wide variety of 

different stresses that deplete ATP including metabolic poisons (azide, arsenide), drugs 

and xenobiotics, pathological stresses such as glucose deprivation, ischemia, hypoxia, 

oxidative stress, and hyperosmotic stress, and also by physiological stimuli including 

hormones and nutrients. 

AMPK also has a broader role in metabolism through the control of appetite [161]. An 

increasing amount of evidence suggests that adiponectin stimulates food intake and 

decreases energy expenditure during fasting through its effects in the central nervous 

system [116]. AdipoR1 and AdipoR2 are both expressed by neurons and astrocytes in 

the rat´s hypothalamic nuclei. Adiponectin is able to enhance AMPK phosphorylation in 

the rats and mice hypothalamus via its receptor AdipoR1 [116, 162]. Adiponectin-

deficient mice showed decreased AMPK phosphorylation in the hypothalamus, 

decreased food intake, and increased energy expenditure, exhibiting resistance to high-

fat-diet-induced obesity. Serum and cerebrospinal fluid levels of adiponectin and 

expression of AdipoR1 in the hypothalamus were increased during fasting and 

decreased after refeeding [116]. Under starvation conditions, MMW adiponectin 

activates AMPK in the hypothalamus, and promotes food intake, and at the same time 

HMW adiponectin activates AMPK in peripheral tissues, such as skeletal muscle, and 

stimulates fatty-acids combustion [163]. Due to its role as a central regulator of both, 

lipid and glucose metabolism, AMPK is considered to be a key therapeutic target for the 

treatment of obesity-linked diseases characterized by insulin resistance. 

 

1.2.5.2.5 Epidemiology of adiponectin and hypoadiponectinemia 

Although plasma levels of most other adipocytokines are higher in obese individuals, 

Arita et al. reported that plasma levels of adiponectin are lower in obese individuals and 

are negatively correlated with BMI [164]. A series of clinical and experimental studies 
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have reported that adiponectin functions as an anti-atherogenic, antiinflammatory and 

anti-diabetic adipocytokine, and protects against obesity-related cardiovascular and 

metabolic diseases. Environmental factors, such as overnutrition and physical inactivity 

and/or genetic factors can lead to low plasma adiponectin level (hypoadiponectinaemia). 

Further, impairement of adiponectin has been demonstrated in relation to obesity-related 

metabolic disturbances (dislipidemia, hypertension, metabolic syndrome, T2DM, 

atherosclerosis) (Figure 7). Adiponectin has been shown to improve whole-body insulin 

sensitivity in models of genetic and diet induced obesity [165, 166]. Scherer and co-

workers [165, 167] have reported that an acute increase in circulating adiponectin levels 

lowers hepatic glucose production. Lodish and co-workers [115] have reported that a 

globular adiponectin increases fatty acid oxidation in muscle and causes weight loss in 

mice. Own treatment with recombinant adiponectin increased fatty acid oxidation in 

muscle, thereby ameliorating insulin resistance in obese mice [166]. 

 

 

 

Figure 7. Adiponectin in the metabolic syndrome and related disturbances (Okamoto, 2006, 

Clinical Science, 110:267–278). 

 

In contrast to most other adipokines and despite the fact that adiponectin is produced 

largely by adipocytes, its serum levels are decreased in obese subjects, in patients with 

T2DM or CVD [168-170] and inversely correlate with BMI [164]. The negative 

correlation becomes even more apparent in visceral obese people [171]. Expression of 

adiponectin mRNA is significantly reduced in the adipose tissues of obese and diabetic 
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mice and humans [172, 173]. Several mutations in human adiponectin gene have been 

reported to significantly relate with diabetes and hypoadiponectinemia [174]. A number 

of genetic studies have demonstrated clear associations of polymorphisms and resulting 

in hypoadiponectinemia with insulin resistance, diabetes, and CVDs [175]. Plasma 

adiponectin levels are reduced in animal models of obesity and insulin resistance, and 

chronic administration of adiponectin reverses this resistance and induces weight loss 

[166]. A number of adiponectin-deficient mice models display insulin resistance and 

other features of the metabolic syndrome such as dyslipidemia and hypertension [176]. 

It was also revealed that plasma adiponectin levels were lower in Pima Indians, a unique 

cohort with a high prevalence of obesity and T2DM [177]. Some studies found an 

inverse association between adiponectin and inflammatory markers such as TNF-α, IL-

6, and CRP in normal subjects and patients with CVD or metabolic syndrome [178-

180].  

In obesity, increased energy storage in adipose tissue causes that adipocytes become 

hypertrophic and it has been suggested that their oxygen availability does not match the 

demand of the surrounding tissue resulting in the presence of hypoxic areas. Hypoxia 

has been suggested to have a potential role in the induction of chronic inflammation and 

inhibition of adiponectin production in the adipose tissue in obesity [181]. 

Marked gender dimorphism have been reported in regard to adiponectin. Women have 

been proven to have a higher adiponectin concentrations than men independently of fat 

mass or distribution, most likely as the result of differences in circulating estrogens or 

androgens [182]. Testosterone administration suppresses serum total and HMW 

adiponectin concentrations in mice and in men and also reduces adipocyte their 

secretion in vivo and in cultured adipocytes [183, 184]. These findings suggest that sex 

hormones regulate adiponectin production and that decreased levels of adiponectin may 

be associated with increased insulin resistance and high risks of insulin resistance and 

atherosclerosis in men. 

Adiponectin appears to play an important role in the development and progression of 

several obesity-related malignancies. Recent studies showed that circulating adiponectin 

levels in vivo are inversely associated with the risk of malignancies associated with 

obesity and insulin resistance [185]. Adiponectin may influence cancer risk either 

indirectly by regulating whole-body insulin sensitivity or directly on tumor cells. 

Several cancer cell types express adiponectin receptors that may mediate the effects of 

adiponectin on cellular proliferation [186]. In vitro, recombinant adiponectin showed 
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potent antiangiogenic impact by inhibition of endothelial cell proliferation and 

migration and induced caspase-mediated endothelial cell apoptosis [187]. 

 

1.2.5.2.6 Regulation of adiponectin expression 

Adiponectin is a protein that is closely related to glucose and lipid metabolism and 

lifestyle (i.e. dietary factors, physical activity, smoking, alcohol consumption) 

influences considerably adiponectin levels [188]. Dietary factors may modulate plasma 

adiponectin concentrations. Adherence to a Mediterranean type of diet, is associated 

with higher plasma adiponectin levels of healthy adults and diabetic women [189, 190] 

and may partially explain beneficial effects of this traditional healthy diet (rich of 

essential nutrients, polyunsaturated fatty acids (PUFAs)) on the cardiovascular system 

and insulin sensitivity. Results of studies on animal models indicate that the 

consumption of hyperlipidemic diets rich in saturated fat reduces the levels of 

adiponectin [191], while the diets rich in PUFAs and supplementation with omega-3 

increase both gene expression and plasma adiponectin levels [192, 193]. Modulation of 

adiponectin gene and protein expression by dietary PUFAs were documented also in 

vitro on cultured mice and human adipocytes demonstrating the increase of cellular 

adiponectin mRNA and secreted protein possibly by a mechanism involving PPARγ 

[194, 195]. 

The natural polyphenol resveratrol (RSV), a compound found in a wide variety of plant 

species including grapes, berries, and peanuts displays antioxidant, antiinflammation 

and other health beneficial properties. RVS was shown to increase adiponectin levels 

[196], yet the precise mechanisms remain to be fully elucidated. Wang et al. [197] 

recently showed that RSV promotes the multimerization and cellular levels of 

adiponectin in 3T3-L1 adipocytes. The stimulatory effect of RSV was regulated by both 

the Akt/FOXO1 and the AMPK signaling pathways and that DsbA-L, a recently 

identified adiponectin-interactive protein that promotes adiponectin multimerization, 

plays a critical role in the promoting effect of RSV on adiponectin multimerization and 

cellular levels [197]. 

 

Adiponectin and weight loss (diet, surgery, exercise) 

Significant long-term weight loss, caloric restriction, a diet with a low glycemic load 

and high cereal fiber or magnesium intake have been shown to be associated with higher 

adiponectin concentrations, especially among subjects with T2DM [198, 199]. 
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Adiponectin production is impaired in obesity and related metabolic disorders, however 

it must be noted that weight reduction human studies manifest discrepancies regarding 

adiponectin improvement. Dietary interventions in combination with [200] or without 

[201-203] increased physical activity leading to intensive weight loss of 10% or more 

have been shown to have a significant positive effect on adiponectin plasma levels and 

may be greater with low-carbohydrate diets comparing to low-fat diets [204]. Moderate 

dietary induced weight loss (less than 10% of body weight) does not change adiponectin 

levels [205, 206]. 

Another approach leading to significant adiponectin improvement is marked weight loss 

achieved by gastric surgery (gastric bypass, gastric partition, gastric banding). Profound 

weight loss after gastric banding (about 25% and more) and improvements of metabolic 

status increase adiponectin gene expression in adipose tissue and are associated with 

marked increases in plasma adiponectin [207-211].  

Exercise, another tool promoting body weight loss or insulin sensitivity improvement, 

also shows variability in relation to adiponectin increase. Exercise with no loss of body 

mass or fat mass but with insulin action improvement did not influence plasma 

adiponectin concentration [212]. Similarly, other studies using exercise interention have 

shown that weight loss is a necessary condition for an increase of plasma adiponectin 

concentrations, and that exercise alone does not alter adiponectin plasma levels 

(Esposito et al. 2003; Hulver et al. 2002). Also, studies in diabetic subjects show that the 

improvement of insulin sensitivity induced by short-term aerobic exercise is not 

mediated by changes in plasma adiponectin [213] and these results are consistent with 

the findings of other observations targeting healthy subjects [206, 212]. Exercise alone 

and in combination with a diet-induced weight loss enhanced mRNA expression of 

adiponectin in adipose tissue and of AdipoRs in adipose tissue and in sceletal muscle 

but only a pronounced hypocaloric-induced weight loss increased circulating 

adiponectin in obese subjects. All the adiponectin isoforms changed in a similar manner 

as total adiponectin, indicating no specific regulation of any of the subforms by the 

intervention [214]. However, a specific condition of maximal acute exercise induced 

significant changes of adiponectin concentration [215]. 
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Adiponectin and pharmacological treatment 

Besides lifestyle modifications, adiponectin levels can be affected by drugs, especially 

those headed for insulin sensitivity improvement and treatment of T2DM, although the 

detailed mechanism of action of these drugs on adiponectin levels is unclear.  

For example, statins (e.g. pravastatin, atorvastatin) - a class of drugs with antioxidant 

and inflammatory properties used for lowering of cholesterol and improving endothelial 

dysfunction, have been shown to increase adiponectin levels simultaneously with 

improving lipid profile and endothelial dysfunction and the mechanism seems to be 

independent of the lipid parameters improvement [216-218]. This suggest another anti-

inflammatory feature of these drugs, i.e. through the normalization of adiponectin 

expression. A mechanism of statin effects on adiponectin has been suggested, namely 

via amelioration of oxidative stress [218] and/or through a reduction of proinflammatory 

cytokines and their deleterious effects [216, 217]. 

 

TZD, a major group of antidiabetic medications, promote the transcriptional activity of 

the PPARγ receptors and PPARγ ligands (including FFAs, eicosanoids, prostaglandin 

derivates, non-steroidal anti-inflammatory drugs, and TZDs) function as transcription 

factors regulating the expression of adiponectin gene affecting insulin sensitivity by 

multitude actions (regulate adipogenesis, glucose and lipid metabolism). Many 

therapeutic benefits of the TZDs are attributed to upregulation of adiponectin 

expression, secretion and/or improving adiponectin profiles. Iwaki et al. [219] identified 

a PPARγ response element in the promoter region of human adiponectin gene and 

different TZDs were shown to stimulate directly its gene transcription, protein 

production and/or increased circulating levels of adiponectin [109, 110]. These changes 

correlate most closely with increases in the proportion of HMW adiponectin [102]. The 

effect of TZDs seems to be at different levels of adiponectin generation and plasma 

levels do not always reflect changes in gene expression [220] suggesting independent 

and multistep regulation of adiponectin production. Recent reports suggest that TZDs 

regulate the expression of key ER chaperones, ERp44 [96, 221, 222], Ero1Lα [96, 97, 

223] and DsbA-L [97], involved in multimerisation and secretion of adiponectin via a 

process involving disulphide-mediated retention (thiol-mediated protein retention). 

Recently, Phillips et al. [221] has shown TZDs selectively increase the percentage of 

circulating adiponectin in the potent, HMW form, while no effects were evident on 

multimer distribution in the cell. Therefore, the regulation of adiponectin multimeric 

http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Transcription_factor
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isoforms might occur at the level of gene transcription, translation of mRNA into 

protein, as well as at the post-translational level, including protein modification, 

oligomerization and secretion. 
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2 AIMS OF THE THESIS 

 
 

 

One of the most abundant hormones produced by adipose tissue is adiponectin; 

adipocytokine with important role in glucose and lipid metabolism. Contrary to the vast 

majority of adipose tissue-derived factors, adiponectin production is significantly 

decreased in obesity, insulin resistance and T2DM. It has been suggested that obesity 

impairs not only the total levels of adiponectin in circulation, but affects the production 

of specific isoforms of adiponectin that differ in their biological function. The 

mechanism causing the decrement of adiponectin levels and its particular isoforms in 

obesity is of interest particularly when considering its positive pleiotropic effects in the 

body. It is known that weight loss in the most cases leads to the improvement of clinical 

parameters and overall heath. Nevertheless, molecular mechanisms and intermediates of 

the metabolic changes proceeded in adipose tissue during dietary-induced weight loss 

that affect the whole body metabolism remain to be elucidated yet. 

 

Therefore, the general aim of my research within the frame of my PhD study was to 

investigate the regulation of the production of adipose tissue derived proteins in obesity 

with special focus on adiponectin and its isoforms; to examine the relation of its 

impaired production with the state of obesity and insulin resistance; to observe changes 

induced by non-pharmacological weight-reducing interventions achieved by caloric 

restriction in different groups of subjects; and to reveal role and possible depot specific 

regulations of adiponectin production in obesity. The main novely of my studies was 

that, in all the investigations, we paid attention to the regulation of total adiponectin as 

well as to the regulation of the profile of adiponectin isoforms (that is a determinant of 

biological action of adiponectin).   
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The particular goals were: 

 

 Examine the impact of weight-reducing dietary interventions on the levels of 

adiponectin and adiponectin isoforms in circulation of obese people; 

 

 

 Investigate relationship between the diet-induced modifications of insulin resistance 

and those of adiponectin isoforms;   

 

 

 Investigate the changes of adiponectin and adiponectin isoforms secretion in human 

adipose tissue during the caloric restriction-induced weight loss; 

 

 

 Compare adiponectin and adiponectin isoforms production in subcutaneous  versus 

visceral adipose tissue and investigate the impact of obesity on the adiponectin isoforms  

production in these two fat depot  
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COMMENTS TO THE RESULTS 

 

Following the goals a several clinical studies were performed and the results were 

published as four original papers and summarized in this thesis. Three longitudinal 

dietary studies were designed to examine the effects of diet-induced weight loss on 

metabolic improvements in relation to adiponectin and specifically to the multimeric 

isoforms of adiponectin (PART 1, study 1-3) and one cross-sectional study was 

performed to examine the contribution of different fat depots (SAT and VAT) in the 

regulation of adiponectin isoform production (PART 2, study 4). 

 

Caloric restriction induced weight loss is a powerful and effective tool to improve 

metabolic parameters and insulin sensitivity and could be a tool of enhancement of 

adiponectin by dietary interventions. Therefore, in the first study, we examined 

whether the caloric restriction-induced changes in body weight and insulin sensitivity 

are associated also with changes in the profile of adiponectin multimeric complexes. 

20 pre-menopausal women with the BMI classified as overweight or obese were 

recruited. All subjects underwent 12 weeks of low caloric diet (LCD) resulting in 

significant loss of weight and improvement of whole-body insulin sensitivity. Similarly, 

parameters of lipid and glucose metabolism improved following the diet.  

This study was specifically focused on investigation of the diet-induced changes of 

particular adiponectin isoforms based on the knowledge that particular isoforms show 

differences in their function and thus possible differential diet-induced response of the 

isoforms  could be assumed. So far, published data regarding changes in adiponectin 

multimeric complexes following dietary intervention have yielded contradictory results; 

some showing no changes in their distribution [107], whereas others found increased 

quantities of HMW and MMW complexes [224, 225]. Our study, in the meantime, 

provided the data of the most consistent group of studied subjects and showed that low 

calorie diet (LCD) induced an increase in plasma levels of all the adiponectin 

multimeric complexes (HMW, MMW and LMW) with the biggest increase of the LMW 

isoforms. To understand the physiological relationship and involvement of adiponectin 

isoforms in diet-induced improvement of the metabolic parameters, the correlations 

between adiponectin multimeric complexes and biochemical and anthropometrical 

indices have been performed. HMW isoform has been shown to have an important role 
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in the regulation of insulin sensitivity. Our data proved a close association of the HMW 

isoform with fasting glucose levels, however, no associations between the HOMA 

(homeostasis model assessment) index with any of the adiponectin multimeric 

complexes have been detected. Moreover, the HMW adiponectin was negatively 

associated with WHR (waist/hip ratio) and diet-induced changes in the HMW form 

negatively related with changes in the percentage of fat mass suggesting its impairment 

with central body fat mass expansion. 

To summarize, our study showed that moderate weight loss induced by 3 months 

hypocaloric diet led to an increase in the amounts of HMW, MMW and LMW 

adiponectin multimeric complexes in plasma. No direct relationships between the diet-

induced changes in individual adiponectin complexes and parameters of insulin 

sensitivity were found. 

In the second study, we investigated whether diet-induced changes in insulin 

sensitivity relate with plasma adiponectin levels and changes of adiponectin multimeric 

isoforms. Adiponectin production is impared in obesity and positive associations 

between adiponectin and insulin sensitivity, especially for the HMW isoform has been 

suggested [102]. However, the role of adiponectin in the weight loss-induced 

improvement of whole body insulin sensitivity remained to be revealed.  

Therefore, we analyzed a prospective study performed in a well defined two groups of 

obese subjects (each, n= 20) undergoing 10-weeks´ low-calorie low-fat diet. Obese 

women and also control lean women (n=20) were selected from a total of 292 female 

subjects participating in a multicentre interventional study NUGENOB. The 

stratification of subjects into the two groups (called as „responders‟ and „non-

responders‟) was based on the evaluation of the highest and lowest reduction of HOMA 

index of the participants after the diet-induced weight loss. Both responders and non-

responders, achieved comparable reduction of body weight and fat mass and did not 

differ in other anthropometric or metabolic parameters before and after weight loss 

(body weight, fat mass, BMI, waist circumference, fasting plasma glucose, FFAs) 

except of insulin levels and plasma triglycerides. Our data showed that total plasma 

adiponectin levels did not change during the diet-induced weight loss in both groups, 

however both groups had significant lower levels of total adiponectin as compared to the 

lean group. A strong negative associations between total plasma adiponectin and indices 

of insulin sensitivity (HOMA index and fasting insulin levels) were found in the entire 
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obese group at the beginning of the diet. The quantity of all three studied isoforms of 

adiponectin (HMW, MMW, and LMW) was not different between the responders and 

non-responders following the diet. In our study, neither the quantity of the HMW 

isoform nor the HMW/total adiponectin ratio were different between obese responders 

and non-responders at baseline or following the diet. The only diet induced changes 

were for the LMW form in a group of non-responders. Among the analyzed multimeric 

complexes, a negative association between the LMW and MMW forms and baseline 

fasting insulin levels and between HOMA index and the MMW forms were observed. 

Despite the expected associations between adiponectin and parameters of insulin 

sensitivity due to suggested insulin sensitizing effects of adiponectin, the results of our 

study have not supported the role of adiponectin or its particular isoforms in diet-

induced whole body insulin sensitivity improvement. Therefore, factors other than 

adiponectin presumably mediate the major improvements of the insulin sensitivity 

changes during the moderate weight reduction induced by hypocaloric diet. 

 

In the third study, we investigated the effect of 8-weeks of a weight reducing very 

low-calorie diet (VLCD) on the distribution of adiponectin isoforms in plasma and on 

their secretion in intact subcutaneous adipose tissue explants (obtained by needle 

biopsy) from obese subjects since no data was reported about this topic. Arvidsson et al. 

[226] examined effect of moderate calorie restriction on the production and secretion of 

adipose tissue-derived proteins during weight reduction and found no changes regarding 

total adiponectin secretion. However, the dietary intervention might influence secretion 

of  individual isoforms without affecting the total adiponectin secretion.  

Particular isoforms were suggested to be affected selectively in obese, insulin-resistant 

or T2DM patients [105, 106] and weight reduction and/or treatment with TZD might 

reverse its levels, targeting preferencially the HMW form [111]. The mechanism of this 

decline in production of this adipose tissue derived hormone due to deteriorated 

secretory function of adipose tissue has not been clarified. The process of the protein 

secretion might be critical especially since multimeric proteins and selective regulations 

in the secretion pathway might be expected. Therefore, we aimed to study how the loss 

of weight induced by a strict caloric restriction affected the secretion of adiponectin 

isoforms from subcutaneous abdominal adipose tissue of obese people. 20 obese 

subjects underwent eight weeks of VLCD leading to an average weight loss of 11kg and 

significant improvement of parameters of lipid and carbohydrate metabolism. At 
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baseline and at the end of the dietary intervention, a needle biopsy of SAT was 

performed and tissue samples were subsequently used for cultivation in culture media 

that were afterwards used for an assessment of adiponectin multimeric isoform profiles. 

The quantity of isoforms was determined by a novel ELISA system based on the 

selective measurements of human adiponectin multimers using a specific protease 

digestions directed to particular multimers disruption. Semiquantitative Western blot 

was also used for the determination of the relative representation of particular isoforms 

in relation to total adiponectin. The effect of VLCD on adiponectin multimers was 

examined also in plasma and the pattern of multimers was compared with that secreted 

by adipose tissue explants. We found that the profile of adiponectin isoforms secreted 

by adipose tissue explants differs from the profile in plasma. We have not observed any 

changes in total adiponectin or in the isoforms of adiponectin after weight loss in plasma 

or in secreted media. Furthermore, some evidence from humans and rodents suggests 

that the ratio of HMW to total adiponectin is more closely associated with measures of 

insulin sensitivity than the absolute amount of total adiponectin [102, 225]. However, in 

our study, the ratio of HMW to total adiponectin was not different before and after the 

diet both in plasma and in secreted media of the explants. 

To summarize, our data show that 8 weeks of intense dietary intervention does not 

induce changes in secretion and plasma levels of adiponectin multimeric isoforms. 

Adipose tissue secretion of total or HMW adiponectin are not major determinants of 

diet-induced improvement in insulin sensitivity. Additionally, we found that HMW is 

the major form that is released by adipose tissue and the profile of circulating 

adiponectin isoforms is different from the profile released by adipose tissue. The 

secretion pathway and post-secretion events influencing the adipose tissue – blood 

adiponectin delivery remain unclear and the factors behind adipose tissue that might 

have a role in the regulation of adiponectin complex distribution in the circulation 

warrant further investigation.  

 

The fourth study was designed to study the contribution of two main human adipose 

tissue depots – SAT and VAT on the secretion of adiponectin and its multimeric 

isoforms and the impact of obesity.  

In line with the studies of  the role of different fat depots in pathophysiology of obesity-

related disturbances, we hypothesized that the production of total adiponectin and its 

isoforms may be affected by depot-related manner. Few studies examined total 
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adiponectin production by different adipose tissue depots [227-230]. The results are 

conflicting and no data were available regarding the production of particular isoforms of 

adiponectin by the intact adipose tissue. Therefore, we directed this study to investigate 

the secretion of adiponectin and its multimeric isoforms by explants derived from SAT 

and VAT of lean and obese subjects. To analyze the expected effect of obesity on 

impairment of production of adiponectin and of particular multimeric isoforms we 

included 23 subjects undergoing abdominal surgery and divided them into two groups 

based on BMI: non-obese and obese. Paired samples of adipose tissue were obtained 

from every subject and used for determination of adiponectin secretion. The adiponectin 

isoforms were determined using the well-established native Western blot analyses that 

enabled us to establish all three isoforms of adiponectin and provided reliable data on 

the proportions of adiponectin isoforms. Quantity of total adiponectin was measured by 

standard ELISA method. 

The two groups differed significantly in anthropometric and metabolic variables like 

insulin, HOMA index and parameters of lipid metabolism (HDL cholesterol, 

triglycerides). Further, lower levels of total plasma adiponectin were found in the obese 

group. When looking at the distribution of adiponectin isoforms in plasma, no 

differences in the adiponectin isoforms were found between the two groups. However, 

the profile of secreted adiponectin isoforms was different in the two fat depots: the ratio 

of HMW/total adiponectin secreted into the conditioned media was higher in VAT than 

in SAT explants in the group of non-obese and this significant difference was 

diminished in the obese group. The quantity of total adiponectin secreted into 

conditioned media was lower in SAT in obese when compared to non-obese while no 

significant difference was observed for production in VAT. Comparison of the 

adiponectin isoform profiles secreted by fat tissue and the profile in plasma showed 

substantial difference. In both, culture media of SAT and VAT explants, the most 

abundant isoform was the HMW confirming the data from our previous study and 

proving that HMW is the predominant form secreted from adipose tissue in vitro. 

This study demonstrated that depot-specific regulations in adiponectin production, 

namely in  the distribution of adiponectin isoforms, exist and that the adipose tissue 

dysregulation in obesity might be associated with the composition and release of 

adiponectin and its particular isoforms. 
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4 DISCUSSION  

 
 

Two theories are emerging that provide a molecular understanding of obesity-related 

insulin resistance [45]. First, enduring nutritional overload causes a failure of effective 

metabolic buffering in adipose tissue through well-controlled release and uptake of 

FFAs on demand. Overnutrition results in exhaustion of the adipocytes storage 

capability concomitant with overflow of fatty acids to other organs, such as liver and 

muscle. This improper fatty acids accumulation negatively impacts the normal 

metabolic functions and affects the sensitivity of these organs to insulin action. The 

second hypothesis, and not mutually exclusive to the first one, suggests that caloric 

excess causes a remodeling of adipose tissue with increased macrophage content, 

changes of tissue cellularity, and dysregulation of the adipocytes function with a variety 

of stresses (hypoxia, oxidative stress, ER stress) and inflammatory processes within 

adipose tissue [231]. Expansive adipose tissue triggers qualitative and/or quantitative 

changes in adipokine production with variable effects on lipid synthesis, lipolysis, 

insulin action, adipogenesis and the overall adipocyte metabolism. Dysregulation of 

adipokines production by adipose tissue, with the shift to the production of a 

proinflammatory, atherogenic, and diabetogenic adipokine pattern, is supposed to be one 

of the major culprits of metabolic disorders and chronic low-grade inflammatory state 

occuring in obesity [232]. Higher levels of proinflammatory adipokines may modulate 

insulin sensitivity and lead to both local and systemic insulin resistance. In contrast to 

many other adipokines, levels of adiponectin has been proved to be reduced in a number 

of obese and insulin resistant states [164, 170, 233] and weight loss and/or improvement 

of insulin sensitivity might increase adiponectin expression or plasma levels [234-237]. 

However, it is unrevealed yet whether decreased adiponectin production is a cause or a 

consequence of the dysregulated metabolic state [238]. Therefore, looking for the 

regulations that could contribute to lower levels of adiponectin in obesity and especially 

for dysregulations of particular adiponectin isoforms could help to understand the 

physiological impact of this protein and could contribute to alleviating obesity related 

deteriorations of metabolic state. 
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In our clinical studies we investigate the relationship of beneficial effects of weight loss 

induced by calorie-restriction dietary intervention with adiponectin and, namely, with its 

particular isoforms, since the isoforms differ in their biological action and appear to be 

selectively regulated in obesity. We tried to investigate possible molecular mechanisms 

that underlie regulation of this protein and observe the impact of obesity state on this 

regulation. 

There are several types of dietary interventions in obesity management (shown in Table 

3) and some of then were used in our studies.  

 

Dietary intervention Comments 

Very-low-calorie diet ~3300 kJ d
-1

; liquid diet replacing normal food 

and supplying all essential nutrients 

Low-calorie diet ~3300–5000 kJ d
-1

 

Hypocaloric-balanced diets/balanced 

deficit diets 

≥5000–6300 kJ d-1 

Multiphase dietary interventions combine different types of dietary interventions, 

often include weight maintenance phase 

 

Table 3. 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). 

 

Adiponectin and its isoforms  and diet-induced weight loss 

Many studies have demonstrated a strong negative correlation between BMI and plasma 

adiponectin concentrations [164, 170, 179]. Particular adiponectin isoforms manifest 

different biological functions and HMW adiponectin is supposed to be the most 

biologically active isoform, hence selective regulation after fat mass reduction could be 

expected. Caloric restriction is a logical strategy for weight reduction and could 

modulate adipokine levels in a favourable way (reviewed in [73]). 5–10% reduction of 

initial body weight was shown to produce a clinically positive health outcome in 

overweight or obese people [239]. Contrasting data on the effect of weight loss on 

adiponectin multimeric complexes have been reported showing no changes in multimers 

or only changes of HMW and MMW form [107, 224]. Therefore, we examinated if a 

weight loss induced by a 3 months LCD affected plasma adiponectin multimeric 

complexes and the relation to changes in biochemical and anthropometrical parameters 
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in a cohort of obese pre-menopausal women. Previous investigations suggested that 

HMW levels or HMW/total adiponectin and HMW/LMW ratios could be a better 

predictor of insulin resistance and metabolic syndrome than total adiponectin levels 

[102, 240]. Also plasma HMW adiponectin levels are positively associated with insulin 

sensitivity indices [102, 241], whereas a negative association with BMI (body mass 

index) and central body fat mass has been observed [241]. 

In our study, we showed for the first time that weight loss induced by a LCD in obese 

and overweight women is accompanied by an increase in plasma levels of all of the 

adiponectin multimeric complexes (HMW, MMW and LMW), while the most 

responsive form was the LMW isoform. Experimental and clinical data suggest that the 

oligomeric complex distribution of adiponectin is essential for its anti-diabetic and anti-

atherogenic activity [225, 240]. The biologic activity of each isoform has not been 

firmly established, but it appears that HMW adiponectin has a beneficial role in humans 

and rodents with regard to its insulin-sensitizing and anti-atherosclerotic effects. 

However, animal and in vitro studies have proved that only globular and trimeric 

adiponectin activate AMPK in skeletal muscle and MMW and HMW isoforms can 

effectively activate NFκB [112]. This is consistent with the findings of Pajvani et al. 

[94] showing that trimeric adiponectin was the most potent isoform in suppressing 

hepatocyte glucose production. Another study suggested that HMW adiponectin might 

have dual action, both pro and anti-inflammatory on vascular endothelial cells by 

promoting AMPK phosphorylation in endothelial cells, which appears to play a 

protective role against endothelial inflammation and atherogenesis, and, on the other 

hand, HMW and even more potently globular adiponectin (a proteolytic cleavage 

product of full length adiponectin) was observed to dose-dependently activate NFκB-

mediated gene transcription suggesting some proinflammatory properties [242]. Other 

studies showed that recombinant adiponectin, specifically HMW form, dose-

dependently suppressed apoptosis in human endothelial cells emphasizing the vascular-

protective activities of this adipocytokine [225]. Together, these studies indicate that 

individual adiponectin isoforms have different biological activities and the state of 

oligomerization of adiponectin determines its functional and signalling specificity and 

their sole response to diet induced improvements of metabolic state need to be further 

elucidated.  

In our study, we found an association between the HMW form and fasting glucose 

levels before the weight loss, which was compatible with the hypothesis of an important 
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role of the HMW form in the regulation of insulin sensitivity under basal steady-state 

conditions. The dietary intervention induced improvement of lipid profile and whole-

body insulin sensitivity estimated by the HOMA index. No direct relationship between 

the diet-induced changes in individual adiponectin multimeric complexes, ratios or total 

plasma adiponectin with insulin sensitivity improvement was observed. This data 

suggests that adiponectin is not a major contributing factor to the diet-related 

improvements in insulin sensitivity and other factors play a role in the regulation of the 

changes in insulin sensitivity during the moderate weight loss. So far, results of the 

dietary studies in regard to adiponectin changes deviate and some diet trials have 

demonstrated improvements in adiponectin along with weight decline while others 

found no change in adiponectin despite a loss of body weight (comprehensively 

summarized in review of Klimcakova et al. [73]).  

 

Adiponectin and its isoforms and diet-induced increase in insulin sensitivity  

A recent study of Kou et al. [243] examined whether obesity independently affected the 

plasma levels of adiponectin on a large pooled data analyses of many epidemiological 

studies and the results did not support the association between adiposity and plasma 

adiponectin levels in healthy lean subjects to obese subjects. However, plasma levels of 

adiponectin were shown to be more closely related to insulin resistance or T2DM than 

to adiposity [106, 170].  

Whether the association of adiponectin with insulin resistance is dependent on its 

relation to obesity remained unclear and it is possible that the association between 

obesity and adiponectin is in part due to metabolic changes frequently associated with 

obesity. Some investigations suggest that adiponectin may play a direct role in 

determining insulin mediated glucose uptake [119, 166] and at least mice studies 

showed its important role as a skeletal muscle and hepatic insulin sensitizer [115, 167]. 

It is noteworthy that these actions appear to be independent of the presence of obesity: 

adiponectin-null mice showed diet-induced insulin resistance despite increases in body 

weight similar to those in control mice [119, 244]. In humans, no similar direct evidence 

exists yet for an insulin-sensitizing action of adiponectin that can be exploited 

therapeutically in human metabolic disease [238]. Many observations suggested that 

adiponectin could play a role in counteracting the development of diet-induced insulin 

resistance [166, 167]. The correlations of adiponectin levels with markers of insulin 

sensitivity appear to be even stronger than with adiposity [170, 245, 246]. Moreover, 
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studies with metabolically healthy obese patients with high adiponectin levels 

exaggerate this assumption [247]. In addition, closer relations with glucose tolerance 

and insulin sensitivity was demonstrated for HMW adiponectin and for the HMW/total 

adiponectin ratio [102-104] making HMW more promising biomarker for the insulin 

resistance and metabolic syndrome than total adiponectin. Understanding of this 

association is important because it may clarify mechanisms of insulin resistance and 

influence our awareness and use of therapeutic approaches, such as weight loss or 

exercise to enhance insulin sensitivity. 

Weight reduction approach is a common tool to achieve improvement in insulin 

sensitivity [248] and some studies demonstrated also significant enhancement of 

adiponectin production after weight loss [211], thus the causative role of adiponectin in 

weight loss induced enhancing of insulin sensitivity is assumed. One way to determine 

whether insulin resistance is associated with adiponectin independently of obesity is to 

examine obese groups with different state of insulin sensitivity or different changes of 

insulin sensitivity due to weight loss. 

We have used this approach to study whether the changes in insulin sensitivity promoted 

by diet-induced weight reduction were associated with changes in the profile of the 

adiponectin isoforms in plasma. The retrospective approach allowed us to stratify well 

characterized groups based on the antropometric variables and responses to weight 

reduction.  A significant difference in adiponectin levels was found between obese and 

non-obese subjects in our study, however not between the two obese groups that 

differed by the diet-induced change of the whole body insulin sensitivity. The two 

groups reduced body weight by similar degree and did not differ in  the diet-induced 

changes of hormonal and metabolic variables (except insulin).  Despite the reduction of 

body weight, diet intervention did not induce changes in total plasma adiponectin levels 

either in responders or in non-responders. Likewise, the quantity of the HMW, MMW, 

and LMW forms was not different between the responders and non-responders at 

baseline or at the end of the study. Neither the associations of the diet-induced changes 

in the anthropometric and biochemical parameters with changes of adiponectin 

multimeric complexes in responders or non-responders were found. 

In accordance to other studies our study has not shown the predominant role of the 

HMW form in the determination of the diet-induced changes of whole body insulin 

sensitivity and more studies are needed to explain the physiological impact of 

multimeric complexes of adiponectin with respect to obesity and insulin resistance. 
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Other studies, similarly to ours, did not support the hypothesis of adiponectin major 

relevance in modulation of the weight loss-induced changes in insulin sensitivity 

(induced by caloric restriction or exercise) [213] or showed similar utility of total 

adiponectin, HMW and the HMW/total adiponectin index for the identification of 

insulin resistance and related metabolic conditions [249]. 

The insulin sensitizing effect of adiponectin or its particular multimers might be more 

specific during changes in insulin sensitivity induced by TZD treatment than those we 

induced by LCD. Specific effects of PPARγ agonist on adiponectin have been 

demonstrated. TZD treatment was shown to stimulate selectively the secretion of the 

HMW form in human adipocytes [111] and might increase adiponectin plasma levels 

independently of the presence of other TZD effects on insulin sensitivity [250] or even 

in insulin sensitive subjects [109, 251]. This suggests the possible mechanism of TZDs 

on insulin sensitivity mediated partly through adiponectin improvement. Although TZD-

induced changes in insulin levels may also explain the changes in adiponectin levels 

observed in the studies, they are unlikely to represent the complete effect of these 

agents, since in vitro studies have shown that TZDs can directly increase adipocyte 

mRNA and plasma adiponectin levels [110].  

Since insulin resistance is associated with hyperinsulinemia, the relationship between 

adiponectin levels and insulin sensitivity also implies an inverse relationship between 

adiponectin and insulin levels [250]. Patients carrying mutant insulin receptor genes that 

lead to functionally impaired receptors or subjects with anti-insulin receptor 

autoantibodies present very high levels of adiponectin [252].  Hyperinsulinaemia has 

been shown to decrease circulating adiponectin levels during a hyperinsulinemic 

euglycemic clamp [253], indicating that high levels of insulin might reduce plasma 

adiponectin concentrations. There is also a report showing that the HMW form of 

adiponectin is selectively down-regulated in hyperinsulinaemia and T2DM [246]. 

Previous experiments in rodents [94] also suggest that the impact on HMW adiponectin 

levels is primarily mediated through insulin and not hyperglycemia.  

This suggests a vicious cycle; high insulin levels in obesity lead to a down regulation of 

adiponectin levels, which in turn decreases insulin sensitivity further, prompting an even 

higher level of circulating insulin to maintain glucose homeostasis [246]. If the low 

adiponectin levels in the insulin resistance state are caused by the compensatory 

hyperinsulinemia, improvement of insulin action might affect the adiponectin levels 

and/or affect the oligomers distribution. However, studies examining if IS improvement 
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caused by weight loss, including our dietary studies, were accompanied by 

improvements of adiponectin they did not emphasize this direct association. Changes of 

circulating adiponectin levels as a consequence of insulin resistance/hyperinsulinemia 

improvement by dietary intervention seems to be related to the amount of weight loss 

and may depend on many factors including; duration of the diet, degree of caloric 

restriction, macronutrient composition of the diet, etc. [73, 204, 254]. 

 

However, despite numerous studies examining the relationship between plasma insulin 

and adiponectin levels, the role of insulin in adiponectin biosynthesis and secretion 

remains controversial [255]. The above mentioned compelling circumstantial data 

indicates that hyperinsulinemia can trigger a selective reduction of the circulating HMW 

adiponectin or dysregulated adiponectin oligomerization, suggesting and showing a 

negative relationship between insulin and adiponectin levels in vivo. Fasshauer et al 

[256] showed a dose- and time-dependent inhibition of 3T3-L1 adipocyte adiponectin 

mRNA levels. However, most of the studies on adipocytes reported a direct stimulatory 

effect of insulin on adiponectin gene expression or secretion [257-259]. The reason that 

insulin has a different effect on adiponectin levels in vitro and in vivo remains unknown. 

 

Secretion of adiponectin and its isoforms in adiposoe tissue and diet-induced 

weight loss  

Adiponectin is present in plasma in relatively high levels (µg/ml) and its levels are 

significantly decreased in obesity and insulin resistance. Different approaches (caloric 

restriction, physical intervention, surgical intervention) targeting body weight reduction 

or insulin sensitivity improvement have been used to investigate the association of 

circulating adiponectin levels with body weight and fat mass reduction. It has previously 

been demonstrated that adiponectin is very abundant and relatively stable in plasma 

[260]. Acute physiological changes in plasma adiponectin concentrations are rarely seen 

which might reflect that a large change in adiponectin secretion is required to change the 

plasma adiponectin concentration because of the relatively large pool of adiponectin in 

plasma. However, the factors affecting secretion of adiponectin and especially its 

multimers are not known so far. 

Studies of diet-induced weight loss have shown that this approach may have effects on 

adiponectin improvement, however the results vary significantly and there is no clear 

evidence that the adiponectin changes contribute to the beneficial effects associated with 
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diet-induced weight loss. Since our two above mentioned dietary studies, multiple other 

dietary interventions with different level of weight loss focused on measurement of the 

changes of adiponectin mRNA or plasma levels.  

Adiponectin production is regulated at many levels and changes in gene expression does 

not necessarily reflect changes in circulating levels of the protein [229] suggesting a 

complexity of adiponectin expression and secretion pathways. It has been also 

demonstrated that secretion of adiponectin might be induced by various stimulators 

(insulin, TZDs, acute exercise) independently of changes in mRNA or plasma protein 

concentrations [220, 258, 261] and posttranscriptional regulation might play a crucial 

role in the regulation of adiponectin production especially for assembling particular 

isoforms of adiponectin. A recent study by Murdolo [262] showed that hyperinsulinemia 

may differentially affect the compartmental distribution of the adiponectin complexes 

and that the regulatory mechanism underlying insulin-mediated hypoadiponectinemia 

might be reflected at the level of adipose tissue. Low adiponectin secretion is a hallmark 

of impaired adipocyte function; its secretion is inhibited by cytokines such as TNF-α, 

IL-6 and PAI-1 and by high oxidative stress induced by increased fatty acids [263] and 

improvement of adiponectin production could contribute to the amelioration of 

metabolic state. 

In our study, we examinated the potency of VLCD-induced weight loss on the 

production and secretion of specific adiponectin polymers by biopsy-derived SAT 

explants in vitro. We have not found any changes of adiponectin secretion from SAT for 

total as well as the multimeric isoforms, after significant weight loss and improvements 

of antropometric and metabolic parameters. Comparing to previous results, any changes 

of adiponectin multimers in plasma in relation to changes of body weight or insulin 

sensitivity caused by the VLCD have been proved as well. Altogether, the studies 

suggest that adiponectin plasma levels are not as sensitive to the effect of dietary 

intervention as those of for example leptin [254] and weight loss of at least 10% is 

necessary to raise the plasma adiponectin levels [73, 254, 264]. Dietary interventions in 

combination with [200] or without [201-203] increased physical activity leading to 

intensive weight loss of 10% or more have been proved to have a significant positive 

effects on adiponectin plasma levels, however, moderate dietary induced weight loss in 

obese women does not change adiponectin levels [205, 206]. Large reductions in weight 

resulting from gastric surgery has shown moderate elevations of adiponectin [208, 211] 
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and the increase in plasma adiponectin levels observed after bariatric surgery is 

attributable to the HMW isoforms [209, 265]. 

In agreement with our above mentioned dietary studies, in this third dietary study we 

have not find any changes in adiponectin plasma levels induced by dietary intervention. 

A common lifestyle intervention weight loss programs using dietary caloric restriction 

and/or increased physical activity with only moderate weight loss do not appear to alter 

adiponectin levels [266, {Ryan, 2003 #283]. 

To summarize, our data obtained in dietary intervention studies do not  bring 

evidence that adiponectin, total or HMW adiponectin alone are major determinants of 

the diet-induced improvement in insulin sensitivity in moderately obese women during 

moderate weight loss. It is to be pointed out that this finding is limited to our „model“, 

i.e. moderately obese women, who did not fulfill criteria of either diabetes or metabolic 

syndrome and, in addition, to the moderate weight loss. As mentioned above a high 

degree of weight loss in subjects with high degrese of obesity (and, thus, with obesity-

related metabolic disturbances) is reported to be associated with plasma adiponectin 

changes. Neverthless, further studies are required to clarify relationship between the 

actual secretion of adiponectin and its isoforms in adipose tissue and their plasma levels 

in response to dietary intervention. Based on all the recent dietary trials it seems that 

only massive weight loss allows sustained recovery of normal fat cell function as 

reflected by adiponectin secretion. 

 

Secretion of adiponectin and its isoforms in subcutaneous vs visceral fat 

Adiponectin is almost exclusively produced by adipose tissue. Within the human body 

adipose tissue is distributed in many different sites and blood content of adipose tissue-

derived products are results of endocrine activity of many fat depots. An individual 

contribution of particular depots might influence the final composition of adiponectin 

and its complexes in the blood. Abnormal fat mas accumulation in obesity results in 

dysregulation of adipose tissue function and both depots may contribute markedly to 

obesity related disorders. 

The differences in adiponectin production by different fat depots (e.g. SAT and VAT as 

the major fat depots in the body) may also contribute to the above-mentioned 

differences between secretion and plasma as both fat depots contribute to the circulating 

levels of adiponectin.  
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Different protein production or gene expression of many adipocytokines, including 

adiponectin, was demonstrated in VAT when compared with SAT. There exists 

controversy as to which adipose tissue depot adiponectin is most highly expressed: 

lower adiponectin protein and mRNA levels in VAT versus SAT were evidenced in 

several studies [230, 267, 268] while opposite results were reported by other authors 

[228, 229]. To study the possible differential production of  adiponectin isoforms by 

adipose tissue depots and the influence of obesity we performed the cross-sectional 

study comparing the production of adiponectin isoforms by adipose tissue of non-obese 

and obese subjects as no data was available so far. We showed that SAT and VAT 

manifest distinct regulation of multimeric isoforms secretion and the profile is devoted 

to the presence of obesity. In our in vitro secretion model we have proved that obesity is 

associated with lower secretion of total adiponectin in SAT but not in VAT. 

Furthermore, the composition of particular adiponectin isoforms secreted by adipose 

tissue is affected in a fat depot-related manner and the profiles differ between lean and 

obese. Thus, we can speculate that the depot specific regulation of the adiponectin 

isoform secretion might contribute to the selective decline of the metabolically most 

active HMW isoform in obesity, T2DM or other metabolic and related disturbances.  

The factors regulating the depot specific influence on the adiponectin composition 

remains to be clarified. For example, hyperinsulinemia and other factors, (e.g. ER stress, 

hypoxia, oxidative stress induced in obesity), were shown to influence production of 

adiponectin and its isoforms in lean and obese state [181, 262, 269, 270] and these 

factors might act differently in SAT and VAT.  For example, recent studies on statins 

suggest that the mechanism of their action on increasing of adiponectin levels by 

amelioration of HMW form, are mediated through amelioration of oxidative stress [218] 

and these effects seem depot-dependent with upregulation of adiponectin in the VAT 

[271]. 

Also TZD treatment increase adiponectin levels in mice and humans [109, 272] and the 

beneficial effects have been shown to correlate most closely with improvements in 

adiponectin profiles rather than changes in total adiponectin levels [102]. Recently, the 

study of Zhou et al [273] showed that ER stress provides an important mechanism 

underlying obesity-induced adiponectin downregulation in adipocytes. Identification of 

TZD-responsive chaperones has provided a potential molecular explanation for the 

observations [274]. Recent studies have demonstrated that the secretion of adiponectin 

oligomers from adipocytes is tightly regulated by a molecular chaperones in the ER and 
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their decreased expression in adipose tissue is associated with the reduced ratio of 

HMW to total adiponectin in the circulation [101]. Fat depot difference in regulation of 

the adiponectin secretion and responsiveness to TZD treatment exist [230] and possible 

depot related differences in the secretion machinery regulating adiponectin complex 

distribution and relase from adipose tissue might be hypothesized. Also other possible 

factors that are known to differ between the adipose tissue depot (e.g. greater 

macrophage infiltration and inflammatory cytokine production reported in VAT 

compared with SAT) could negatively impact adiponectin secretion and contribute to 

the observed depot differences. Among factors playing a role in the differential isoform 

secretion in respect to the fat depot, the regulatory interaction between adipokines might 

play an important role. For instance, TNF-α show differential expression in SAT and 

VAT [275, 276] and this adipocytokine directly contributes to the reduction of 

adiponectin in adipocytes [110]. TNF-α neutralization increases not only total plasma 

adiponectin levels [134] but also the ratio of HMW to total adiponectin in obese subjects 

[135]. This suggests other potential mechanisms in the differential regulation of 

adiponectin isoforms in fat depots. 

Our study also allowed the comparison of plasma and secretion profile of adiponectin 

multimeric isoforms and we have shown and confirmed our previous results that the 

secretion profile of abdominal adipose tissue depots is distinct from the plasma profile. 

The main isoform secreted by both, SAT and VAT, is the HMW isoform. This is in 

agreement with the secretion profile investigated in interstitial fluid of SAT [262] or 

from isolated human or mice adipocytes or adipose tissue [111]. HMW form represents 

the predominant secretory product, which appears, according to some studies, to be  

selectively down-regulated in obesity. The underlying cause of differential isoform 

composition in adipose tissue and blood and the factors and sites of the regulation of the 

protein assembling remain to be investigated. Several hypotheses may arise: 1. 

processes taking place in the interstitium of adipose tissue; 2. transport between 

interstitial space of adipose tissue and circulation; 3. possible role of differential 

turnover (clearance) of respective multimers in circulation.  

1. Interstitium of adipose tissue. Before reaching the body´s circulation 

adiponectin must pass through the microenvironment of the interstitial space and cross 

the endothelial barrier. The cross-talk between adipocytes and endothelial cells involves 

numerous paracrine factors and matrix composition, interstitial microenvironment and 

other adipose tissue-derived cells. It is to be pointed out, that in vivo, a number of 
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stimuli from other adipose tissue cells – and not present in vitro – might influence the 

adiponectin profile. However, the similar profile of secreted adiponectin multimers 

found in the interstitium of SAT in the study of Murdollo [262] suggests that after 

secretion from the adipocyte, no major change in the compartmentalization of multimers 

occurs in the SAT interstitium in vivo. In addition, it might be speculated that the profile 

of adiponectin isoforms in the interstitium of VAT could be different from SAT due to 

the fact that the expression of receptors for adiponectin has been found to be different 

between SAT and VAT [277] and autocrine/paracrine action of adiponectin in adipose 

tissue might contribute to adiponectin clearance before reaching the circulation.  

2. Transport between interstitial space of adipose tissue and circulation. Large 

molecular size of adiponectin protein, especially the HMW form (>300 kDa) denotes 

transport limitations that might be tissue dependent. Limited translocation of HMW 

adiponectin across the blood-brain barrier was demonstrated and only trimeric form was 

found in cerebrospinal fluid [278]. This observation might suggest, as a parallel, an 

endothelial barrier exist between adipose tissue and circulation. However, the 

endothelial barrier represents a barrier different from the blood-brain and, up to date we 

have no evidence of a differential transendothelial transport of adiponectin multimeric 

isoforms. The permeability properties of the endothelial barrier are regulated through 

interactions of endothelial cells, basement membrane and supporting matrix and cells in 

the surrounding tissue. Concerning the comparison between VAT and SAT it might be 

speculated that variations in angiogenic capacity and vascular factors (e.g. matrix 

metaloproteinases) among SAT and VAT [279] might influence endothelial 

permeability and the adipose tissue – blood adiponectin transport. However, the results 

of Ledoux et al. [280] suggest that despite metabolic differences between VAT and 

SAT, the main factors of angiogenesis regulation are conserved in both depots and the 

expression of important angiogenic factor VEGF (vascular endothelial growth factor) 

was similar between the depots and no evidence for functional differences in endothelial 

barrier between depots exist.   

3. Plasma protein turnover.  Studies on mice showed that adiponectin injected 

intravenously does not interconvert once in circulation [94, 281]. However, more recent 

study showed different clearance rates of plasma adiponectin isoforms in vivo 

suggesting HMW as a storage compartment for lower subunits generated upon reduction 

of the HMW form [113]. The generation and factors influencing final composition of 

adiponectin isoforms in plasma are still unrevealed but proteins found in plasma may act 
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as regulators of protein size and multimer formation. For example a protein disulphide 

bond reductase thrombospondin-1 (TSP-1), secreted from endothelial cells reduces the 

average multimer size of von Willebrand factor [282] and thus impairs the efficacy of 

this protein. TSP-1 was recently found as a true adipokine produced by adipocytes [283] 

and increased gene expression of TSP-1 in adipose tissue and its elevated plasma protein 

levels were observed in obese, insulin resistant and diabetic patients and animal models 

of obesity [283-285]. This leads us to hypothesize the existence of proteins with 

reductase activity acting on adiponectin multimeric isoforms and having different 

activity in obese versus lean subjects. 

In addition, differential clearance of adiponectin isoforms from circulation could play a 

role.  For example, liver is one of the main site for adiponectin action and evidence from 

both in vitro and animal-based studies support the role of the HMW oligomer as the 

major active form in mediating the multiple actions of adiponectin in the liver [286]. 

Therefore, HMW form might be preferentially utilized by liver or other target organs 

[113, 286] and subsequently may selectively lower its plasma levels. A recent study 

proved that in mice liver and kidney accumulate exogenously administered adiponectin 

most efficiently, however the multimerisation state of the utilized adiponectin was not 

determined [113].  

Briefly, based on existing data, we could speculate that human HMW adiponectin, once 

reaching plasma, serves either as a storage pool for other isoforms or is preferentially 

utilized by target tissues/organs to render its biological effects. The fate and factors that 

regulate isoform composition after secretion from adipose tissue, their profile and levels 

in plasma are not revealed yet and await future investigations.    
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5 CONCLUSIONS  

 
 

 

The aim of the presented  set of  studies was to investigate the  role of  adiponectin and 

its isoforms in pathogenesis of insulin resistance. It was based on recent findings 

providing evidence of differetial metabolic effects of the individual isoforms of 

adiponectin. We examined in prospective and cross-sectional studies association between 

insulin sensitivity and plasma levels and adipose tissue secretion rate of adiponectin and 

its isoforms.    

 3 months low calorie diet that resulted in a reduction of body weight by 7.4% and 

improvements of metabolic parameters and insulin sensitivity increased the amounts of 

adiponectin multimeric isoforms in plasma. No direct relationships between the diet-

induced changes in adiponectin and individual adiponectin complexes in respect to 

parameters of insulin sensitivity were found. 

 In a next prospective dietary study we used a different approach and compared the 

diet-induced changes in adiponectin and its isoforms in two groups of subjects with 

markedly different diet-induced responses of insulin sensitivity. There were no 

differences in the diet-induced changes of adiponectin and its isoforms between 

“responders” and “non-responders”. Thus, the study did not bring evidence – similarly to 

the previous one – of a role of adiponectin isoforms in the diet-induced modification of 

insulin sensitivity.  

 As plasma levels of adiponectin isoforms need not necessarily reflect their actual 

secretion from adipocytes we paid attention, in the next study,  to the diet-induced 

changes of secretion of adiponectin and its isoforms in explants of subcutaneous adipose 

tissue obtained during the dietary intervention.  No diet-induced changes in the profile of 

secreted adiponectin isoforms were detected. However, a clear difference between the 

profile secreted from adipose tissue and that in the circulation was found.  

 In the last study we paid attention to differences in the secretion of adiponectin and its 

isoforms between SAT and VAT and demonstrated that obesity is associated with lower 

secretion of total adiponectin in SAT and, in a fat depot-related manner, with alternations 

in the profile of secreted adiponectin multimeric isoforms. Extending the results of the 
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previous study, we found, that the profile of adiponectin isoforms secreted by both, SAT 

and VAT, is different from that in the circulation. The latter finding warrants further 

studies on the regulation of adiponectin transport between adipose tissue and circulation.   
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6 SUMMARY  

 
 

 

The imbalance in energy intake and expenditure coming hand-to-hand with the 

„westernisation“ of our lifestyle lead to an elevated number of overweight and obese 

individuals. Obesity is a chronic disease characterized as a low-grade inflammatory state 

accompanied by insulin resistance which can actually develop into a broad clinical 

complications. Overweight and obese individuals have a substantially greater risk of 

developing chronic complications such as T2DM, CVD and some cancers. The 

development of obesity-related complications closely relate with dysfunction of adipose 

tissue leading to the peripheral insulin resistance and metabolic disruption of insulin 

sensitive organs (e.g. muscle, liver) subsequently inducing whole body insulin 

resistance. Since adipose tissue is the biggest endocrine organ in the human body 

producing many hormones influencing functions of adipose tissue itself or other organs, 

alteration of their spectrum has been revealed as one of the possible inductors or 

contributors disturbing body energy homeostasis. 

Adipose tissue serves as a major site for storage of surplus nutritions, however, long-

term positive energy imbalance and high dose calorie intake lead not only to expansion 

of fat mass but mainly to the pathological changes of the tissue. In states of obesity, 

adipose tissue is under constant metabolic stress, resulting in the activation of the stress 

and inflammatory response. It leads to the remodeling of adipose tissue with increased 

macrophage accumulation, the important source of proinflammatory cytokines in 

adipose tissue. Abnormal release of cytokines, adipokines and FFAs, that act in a 

paracrine or autocrine fashion amplify the proinflammatory state within adipose tissue 

and cause local insulin resistance. Increased fat load increases adipocyte cell size that 

leads to a shift in the pattern of secreted adipokines as a result of dysregulated adipocyte 

metabolism. This might have different pathological consequences regarding location of 

the fat tissue. A number of products secreted by adipose tissue (e.g. adipokines, fatty 

acids) are affected in a depot-related manner. In fact, differences in protein production 

or gene expression of many adipocytokines were demonstrated in VAT when compared 

to SAT.  
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Adiponectin stands out among multiple adipokines due to its most abundant expression 

in adipose tissue, high plasma levels, its pleiotripoc beneficial effects not only in 

metabolism and its unusual negative correlation with fat mass and obesity-related 

complications. Adiponectin has been suggested to play an important role in pathogenesis 

of obesity-related complications, e.g. insulin resistance and T2DM.  

Therefore, adiponectin and its regulation has attracted an enormous attention and has 

become a promising target in treating of obesity-related disorders. Two main 

thearapeutic approaches might be applied to manipulate a protein levels, namely, 

administration of the recombinant protein, or augmentation of its endogenous 

production. The production of recombinant adiponectin has met number of difficulties 

due to its complicated multimeric but biologically important structure. Because of this 

and adiponectin relatively high plasma levels [113] the effort to improve adiponectin 

endogenous production and to increase its plasma levels by pharmacological or non-

pharmacological approaches has became more attractive field of preclinical research. 

Many pharmacological drugs (e.g. TZDs, statins) have been proved to manipulate 

adiponectin production at different levels (mRNA expression, post-translational 

processing or secretion process). Next approach is to treat obesity itself and in 

consequence to normalize adiponectin levels. 

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). Caloric restriction-induced weight 

loss is a powerful and effective tool to improve metabolic parameters and insulin 

sensitivity and the possibility of increasing adiponectin levels promoted by dietary 

interventions has attracted increased attention and has been also one of the goal of our 

studies in frame of this work.  

In our studies we focused particularly on the adiponectin isoforms regulation in relation 

to molecular adaptations of human adipose tissue by dietary interventions. With respect 

to the secretory activity of adipose tissue we investigated possible mechanisms 

influencing the profile of adiponectin isoforms expressed in obesity. Based on our 

results and results of many other studies it seems that production of adiponectin and the 

increase of its levels in circulation might be effectively achieved by lifestyle 

modifications, however, relatively large weight reduction is needed. Our study 
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comparing the secretion of adiponectin by the two main adipose tissue depots (SAT and 

VAT) revealed that adiponectin isoform profile differs between depots with regard to 

obesity state. Therefore, differential metabolism and functions of the fat depots might 

play a role in adiponectin regulation and suggest one of the possible mechanisms 

affecting adiponectin isoform expression in obesity.  

Further investigations of adiponectin regulation, particularly the isoforms processing, 

are needed to understand mechanism of its deterioration in obesity and to be able to 

reveal novel approaches of increasing adiponectin levels in obesity-related disorders. 
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7 ANNEXE 

 

  

 

Macrophage gene expression is related to obesity and the metabolic syndrome in 

human subcutaneous fat as well as in visceral fat 

Klimcakova E, Roussel B, Kovacova Z, Kovacikova M, Siklova-Vitkova M, Combes 

M, Hejnova J, Decaunes P, Maoret JJ, Vedral T, Viguerie N, Bourlier V, Bouloumie A, 

Stich V, Langin D. 

Diabetologia. 2011 Apr;54(4):876-87.   

 

Worsening of Obesity and Metabolic Status Yields Similar Molecular Adaptations 

in Human Subcutaneous and Visceral Adipose Tissue: Decreased Metabolism and 

Increased Immune Response 
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