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I. Obesity, inflammation and metabolic syndrome 

1. Obesity 

The incidence of obesity defined as body mass index (BMI) ≥ 30 kg/ m
2
 has increased 

drastically worldwide during recent decades. According to the World Health Organization, 

more than 1 billion adults (~15% of the world population) are overweight (BMI >25) and over 

300 million rank as truly obese (BMI ≥ 30), and these numbers are expected to increase by 

more than half again by the year 2025 (1). Obesity is a major cause of morbidity and mortality, 

associated with many health problems, including increased risk of insulin resistance, type 2 

diabetes, fatty liver disease, atherosclerosis, and certain forms of cancer (Figure 1). 

Consequently, obesity and associated disorders now constitute a serious threat to global 

human health and welfare.  

 

Figure 1:  Clustering of metabolic diseases. Obesity is considered to be a central feature that increases the risk 

for a vast array of diseases, with significant morbidity and mortality. In general, the mechanistic basis of the link 

between obesity and the diseases listed on the right is poorly understood compared with that of those listed on 

the left (2). 

 

Obesity is characterized by excessive expansion of adipose tissue (AT). White AT is mainly 

composed of adipocytes, the other part corresponds to the stromal-vascular fraction, which 

contains preadipocytes, endothelial cells, fibroblasts, macrophages, monocytes, and 

lymphocytes. Although AT’s principal function deals with energy storage, it serves as an 

active secretory organ as well. A number of bioactive peptides or proteins, collectively named 

“adipokines”, are produced and secreted by fat and/or non-fat cells of white AT (3; 4). They 

act in an autocrine/paracrine manner to regulate local AT function, and also act in an 

endocrine manner to influence the functions of distant tissues such as liver, skeletal muscle, 

cardiovascular and central nervous systems (4).  
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White AT is distributed throughout the body in a variety of locations including subcutaneous 

depots and visceral depots (5). It has been well recognized that fat distribution rather than 

total body fat is an important risk factor for obesity-related disorders. Individuals with excess 

of intra-abdominal visceral fat (central obesity) are at a greater risk of developing type 2 

diabetes, dyslipidaemia, hypertension and cardiovascular disease (CVD) than those with 

excess of subcutaneous fat (peripheral obesity). Heterogeneity of function and responsiveness 

of the adipocytes from visceral and subcutaneous depots may contribute to this higher risk (6). 

First, visceral adipocytes are more insulin resistant than subcutaneous fat cells. This may be 

explained by various functional differences in these cells at the level of the insulin receptor 

and the post-receptor insulin signaling cascade. Second, visceral AT has higher lipolytic rate 

than subcutaneous AT due to higher β-adrenoceptor responsiveness and lower α2-

adrenoceptor responsiveness, which results in excessive release of free fatty acids (FFA) into 

circulation. Elevation in circulating FFA and ectopic accumulation of FFA are highly 

associated with increased cardiovascular risk and systemic insulin resistance. Finally, 

adipocytes and resident macrophages of the visceral depot produce more pro-inflammatory 

cytokines like TNF-α, IL-6 and less protective adipokines like ApN (6). This depot-specific 

release of adipokines may also have a substantial impact on systemic glucose homeostasis, 

insulin resistance and vascular disorders (6). The most accurate way to measure central 

obesity is by magnetic resonance imaging or computer-assisted tomography scanning, but this 

approach is too expensive for routine use. Simple waist circumference measurements can be 

used. In Europe, waist circumference values greater than 94 cm in men and 80 cm in women 

are recomended as cutoff points for abdominal obesity. In Asia, values greater than 90 cm for 

men and 80 cm for women are recomended as optimal cutoffs (7). 

 

2. Metabolic syndrome 

The metabolic syndrome (MS) refers to the clustering of cardiovascular risk factors that 

include central obesity, hyperglycaemia, dyslipidaemia and hypertension. The ultimate 

importance of this cluster is to identify individuals at high risk of both type 2 diabetes and 

CVD. In 2005, the International Diabetes Federation (IDF) proposed a definition based on 

clinical criteria and designed for global application in clinical practice. This definition places 

emphasis on visceral obesity (measured by waist circumference) as the core feature of the 

syndrome (8). However in 2009, the IDF and American Heart Association/National Heart, 

Lung, and Blood Institute modified the definition. Both scientific associations agreed that 



 

12 
 

abdominal obesity should not be a prerequisite for diagnosis but one of the criteria. The 

presence of any 3 of the 5 risk factors constitutes a diagnosis of MS (Table 1) (7). The IDF 

consensus group had also recommended additional criteria that should be part of further 

research into MS, including elevated circulating inflammatory and/or thrombotic markers [C-

reactive protein (CRP), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and 

plasminogen activator inhibitor type 1 (PAI-1)] or reduced levels of anti-inflammatory 

molecules like ApN (8; 9). This syndrome has become one of the major public-health 

challenges. In the San Antonio Heart Study performed in ~2.600 individuals (age range 25–64 

years), 25–40% participants have the MS. In a European Study, 30% of an Italian cohort (n = 

3000; age range ~55 years) also have the MS (4).  

 

Table 1: Metabolic syndrome definition (7) 

 

HDL-c indicates high-density lipoprotein cholesterol 

 

 

3. Obesity-induced inflammation as a mechanism linking obesity to 

metabolic syndrome 

During the past decade, it became clear that inflammation is a key feature of obesity (2). The 

inflammatory response triggered by obesity involves many components of the classical 

inflammatory response to pathogens and includes increases in circulating inflammatory 

cytokines and acute phase proteins (e.g. C-reactive protein), recruitment of leukocytes to 
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inflamed tissues, activation of tissue leukocytes, and generation of reparative tissue responses 

(e.g. fibrosis). However, the nature of obesity-induced inflammation, referred to as 

“metainflammation” (metabolically triggered inflammation), is unique compared with other 

inflammatory paradigms (e.g. infection and autoimmune disease) in several key aspects. First, 

the chronic nature of obesity produces a low-grade activation of the innate immune system 

that affects metabolic homeostasis over time. Second, childhood obesity may place 

individuals at risk for lifelong inflammation, since inflammatory markers are elevated in 

obese children as young as 3 years old. Third, this chronic inflammation is composed of 

recurrent acute episodes of nutrition-related immune activation induced by nutrient 

availability (fasting or high-fat meals). This fluctuation may be associated with the induction 

of pro- or anti-inflammatory mediators. Finally, obesity-induced chronic inflammation is 

unique by its multi-organ involvement (10).  

Growing evidence implicates obesity-induced inflammation as an important mechanism 

linking obesity to the MS in metabolically active organs. Assessment of gene expression 

networks in obese AT has identified a robust pattern of overexpressed inflammatory genes 

associated with metabolic disease (11; 12). Multiple inflammatory mediators abnormally 

secreted by AT and the crosstalk between immune and metabolic cells can impair insulin 

signaling and induce oxidative stress and endothelial dysfunction, leading to systemic insulin 

resistance and cardiovascular disease (4). Deregulated macrophage-myocyte and macrophage-

hepatocyte signaling can impair insulin sensitivity as well (13; 14). Hypothalamic 

inflammation, which is induced very rapidly by a high-fat diet (15) may provoke hyperphagia 

and has been documented to impair insulin release from β cells, peripheral insulin action, and 

potentiate hypertension (16-18). Thus, chronic excess of nutrients, such as lipids and glucose 

may simultaneously trigger inflammatory responses, which further disrupt metabolic function, 

enhancing stress and inflammation. Such a vicious cycle is identified as a mechanism leading 

to further metabolic deterioration. Therefore, breaking this vicious circle by resetting the 

immunological balance in obesity is a crucial approach for the management of MS.  

 

4. Insights into anti-inflammatory therapies 

Several drugs in current clinical practice have been shown to have anti-inflammatory 

properties.  
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One of these is the agonists of the peroxisome proliferator-activated receptor (PPAR) family. 

A growing number of studies strongly support the anti-inflammatory properties of PPARs 

including PPARα and PPARγ. They are ligand-activated transcription factors which regulate 

gene expression by binding with their heterodimeric partner retinoid X receptor (RXR) to 

specific PPAR-response elements (PPREs). PPARα reduces hepatic fat accumulation mainly 

by stimulating fatty acid oxidation. It can also downregulate inflammatory gene expression in 

the liver by interacting several proinflammatory transcription factors including signal 

transducer and activator of transcription (STAT), activator protein-1(AP-1), and NF-κB. The 

synthetic PPARα agonists Fibrates are widely used for the treatment of dyslipidemia. They 

can also effectively reduce circulating levels of TNF-α, IL-6, fibrinogen and CRP, as 

demonstrated by several clinical trials in type 2 diabetic or hyperlipidemic patients (19; 20). 

PPARγ is indispensable for adipogenesis and lipogenesis in AT, PPARγ is also involved in 

governing the AT inflammatory response through two different molecular mechanisms: (a) 

interacting with proinflammatory transcription factors including STAT, NF-κB, and AP-1, 

and (b) preventing removal of co-repressor complexes from gene promoter regions (20; 21). 

The PPARγ agonist thiazolidinedione (TZD) class reduces markers of inflammation besides 

their primary insulin-sensitizing action. The mechanisms for the anti-inflammatory effects of 

TZD include PPARγ-independent activation of the glucocorticoid receptor (22) and PPARγ-

dependent transrepression of inflammatory genes (21; 23).  

 

Members of HMG CoA reductase inhibitors (commonly referred to as statins) have also been 

recognized for their ability to reduce CRP (24). However, some recent trials revealed an 

increased risk of new-onset type 2 diabetes for the use of statins (25).  

Recent studies also suggest that the nonacetylated salicylates, a class of non-steroidal anti-

inflammatory drugs may have promising glucose-lowering effects due to NF-κB inhibition 

(26). The clinical trial TINSAL-T2D (Targeting Inflammation Using Salsalate in Type 2 

Diabetes) further confirmed that salicylates are an effective and relatively safe treatment for 

insulin resistance in humans (27). New trials with more patients and longer exposure times are 

now under way.  

Finally, some other potential therapeutic approaches have also been investigated to control 

obesity-induced inflammation. Although there have been some encouraging results by 

targeting the cytokines, chemokines or their receptors (e.g., the anti-TNF or anti-CCR2 

(chemokine (C–C motif) receptor 2) therapies), it is likely that the benefits of targeting a 

http://en.wikipedia.org/wiki/Non-steroidal_anti-inflammatory_drug
http://en.wikipedia.org/wiki/Non-steroidal_anti-inflammatory_drug
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single cytokine or signaling receptor are limited (2). For example, short-term TNF-α blockade 

with etanercept had a significant beneficial effect on systemic inflammatory markers in obese 

subjects, but did not improve vascular or metabolic insulin sensitivity (28; 29).  

Because several inflammatory mediators associated with metabolic disorders are secreted by 

AT, reducing chronic inflammation of AT could be a primary goal of pharmacological 

intervention. In the next section, I shall therefore focus on the pathogenesis of AT 

inflammation. 
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II. Adipose tissue inflammation 

1. Adipokine dysregulation in obesity 

Numerous adipokines including pro-inflammatory cytokines, chemokines, growth factors, 

acute-phase proteins and complement-like factors secreted by adipocytes or nonadipocytes 

point to a fundamental role of AT in the pathogenesis of the MS (4) (Figure 2). Virtually all 

known adipokines are deregulated via multiple mechanisms triggered by obesity, type 2 

diabetes or MS. Many adipokines implicated in the pathogenesis of inflammation and insulin 

resistance are overproduced with increasing adiposity, thereby promoting metabolic 

complications. On the contrary, some adipokines with anti-inflammatory or insulin-sensitizing 

properties, such as adiponectin, are decreased. Such a deregulation ultimately shifts the 

immune balance in AT toward a pro-inflammatory phenotype and further exacerbate 

metabolic function (4). Herein, I shall introduce the representative adipokines implicated in 

the pathogenesis of the MS. These adipokines are classified into “deleterious” or “beneficial” 

ones depending on whether their major net effect is to promote or slow down the development 

of obesity related complications. 

It is important to note that the actions of most adipokines are well established in rodents while 

their roles in humans are not so directly proven and may be distinct due to differences 

between species. For example, recombinant leptin increases energy expenditure in ob/ob 

(lacking leptin) mice, but has no such an effect in leptin-deficient humans (30). Resistin was 

originally described as an adipocyte-secreted peptide that induced insulin resistance in rodents. 

However, human resistin is predominantly expressed in bone marrow and it serves as a pro-

inflammatory mediator rather than an insulin resistance inducer in human (31).  
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Figure 2: Adipose tissue is a highly active and regulated secretory organ. White adipose tissue (AT) 

produces a large variety of adipokines regulating metabolism and inflammation and contributing to the 

pathogenesis of obesity-related metabolic and vascular complications.  

 

1.1  Deleterious adipokines  

1.1.1 Pro-inflammatory cytokines 

Tumor necrosis factor-α (TNF-α) Circulating levels of TNF-α are elevated in obese subjects 

and fall after weight loss (32). TNF-α gene is also overexpressed in AT of obese mice and 

humans (33; 34). Increased TNF-α in obese AT has provided the first clear link between 

obesity, chronic inflammation and insulin resistance. Mice lacking TNF-α or TNF-α receptors 

are resistant to the development of diabetes, while neutralization of TNF in rodents reduces 

the severity of insulin resistance (35). The molecular mechanisms underlying TNF-α induced 

insulin resistance involve two transcription factor-signaling pathways: the nuclear factor-κB 

(NF-κB) pathway and the c-Jun NH2-terminal kinase (JNK) pathway. NF-κB activation 

induces transcription of various pro-inflammatory markers and mediators that can cause 

insulin resistance. JNK activation promotes phosphorylation of insulin receptor substrate 1 

(IRS-1) at serine sites that inhibit normal tyrosine phosphorylation of IRS-1 and downstream 

insulin signaling (36; 37). The other effects of TNF-α on adipocytes include increased 

lipolysis, increased leptin secretion (3), decreased adiponectin secretion (38) and antagonism 
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of TZDs/PPAR-γ (39). TNF-α also contributes to cardiovascular disease by inducing an 

increased expression of adhesion molecules in vascular wall, increasing the scavenger 

receptor class A expression and oxidized LDL uptake in macrophages and stimulating their 

infiltration in vascular wall (40). 

Interleukin-6 (IL-6) It has been estimated that white AT contributes to ~25 % of the 

circulating IL-6 in humans (41). During LPS-induced systemic inflammation in mice, adipose 

tissue is the major source of systemic IL-6 (42). As described for TNF-α, circulating levels 

and AT production of IL-6 are increased in obesity (43). IL-6 is a major stimulator of acute-

phase protein response in liver and AT during inflammation (44). Increased production of IL-

6 by AT induces hepatic insulin resistance (36). This hepatic insulin resistance could be 

mediated, in part, by the increased expression of suppressor of cytokine signaling (SOCS)-3, a 

protein that binds and inhibits the insulin receptor and also targets IRS proteins for 

proteosomal degradation and negatively regulates the IRS-1 transcription (36). Finally, IL-6 

also induces fatty acid oxidation and lipolysis (45). 

Interleukin-1 (IL-1α, IL-1β) IL-1α and IL-1β are pro-inflammatory cytokines that exert 

similar but not redundant functions. They induce acute-phase proteins, proliferation of 

different cell types (fibroblasts, smooth muscle and mesangial cells) and secretion of other 

pro-inflammatory cytokines. IL-1α-knockout mice have lower fasting glucose and insulin 

levels and improved insulin sensitivity when compared with wild-type controls (46). 

Expression and secretion of IL-1β are increased in obese insulin-resistant mice and humans 

(47). A combined elevation of IL-1β and IL-6 levels has been reported to predict the risk for 

type 2 diabetes better than each cytokine alone (48). IL-1 (IL-1α, IL-1β) also have pro-

angiogenic actions and direct effects on adipocytes, where they increase lipolysis and impair 

adipocyte differentiation through the inhibition of PPARγ (49). 

1.1.2 Chemokines  

Monocyte chemoattractant protein-1 (MCP-1) MCP-1, also known as chemokine (C-C 

motif) ligand 2 (CCL-2), is potent chemoattractant which plays a crucial role in recruiting 

monocytes/macrophages into the AT (4; 50). Circulating and AT levels of MCP-1 are 

elevated in obesity (51). MCP-1 and its receptor (CCR2) are required for macrophage 

infiltration into AT.  When compared to wild-type mice, MCP-1-or CCR2-deficient (knockout, 

KO) mice fed a high-fat diet exhibited fewer macrophages and a lower inflammatory gene 

profile in AT together with reduced insulin resistance and hepatic steatosis (52; 53). 
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Treatment of 3T3-L1 differentiated adipocytes with MCP-1 decreased insulin-stimulated 

glucose uptake and the expression of several adipogenic genes (50). Eventually, in a large 

cohort of Caucasians, a polymorphism in the MCP-1 gene, which may impair MCP-1 

expression at the transcriptional level, was negatively correlated with plasma MCP-1 levels 

and the prevalence of insulin resistance and type 2 diabetes (54). MCP-1 is also an 

inflammatory factor linking obesity to the development of CVD. Recruitment of 

monocytes/macrophages into the arterial vessel wall by MCP-1 is a major event leading to 

atherosclerotic lesions. Circulating MCP-1 levels were elevated in patients with coronary 

artery disease (55). Conversely, mice prone to develop atherosclerosis crossed with MCP-1-

KO mice had a reduction in atherosclerotic lesions (56). 

Regulated on activation normal T-cell expressed and secreted (RANTES) RANTES is a 

chemokine implicated in in cardiovascular inflammatory disorders after organ transplantation 

or arterial injury (57). In patients with end-stage renal disease and type 2 diabetes, RANTES 

(or CCL5) gene polymorphisms have also been associated with increased mortality due to 

cardiac events (58). Veillard et al. showed that antagonism of RANTES receptor reduced 

atherosclerotic plaque formation in a hypercholesterolemic mouse model (57). Furthermore, 

systemic concentrations of RANTES have been reported to be higher in individuals with 

impaired glucose tolerance or type 2 diabetes than in control subjects. It has therefore been 

suggested that this chemokine could be involved in the development of type 2 diabetes, 

independently of other risk factors that are classically related to the metabolic syndrome (59). 

Interleukin-8 (IL-8) IL-8 (or CXCL-8) is another chemokine involved in atherogenesis. 

Adipocytes secrete significant amounts of IL-8, whose circulating levels are increased in 

human obesity (60). IL-8 is known to recruit and activate monocytes and induce the migration 

of different cell types including neutrophils, T-cells, basophils and smooth muscle cells in  

inflammatory conditions (61). Mice lacking the IL-8 receptor CXCR2, showed a significant 

reduction in atherosclerotic lesions and leukocyte accumulation (62). 

 

1.1.3 Growth factors  

Adipose tissue secretes growth factors, some of which have angiogenic properties such as 

vascular endothelial growth factor (VEGF), Granulocyte colony-stimulating factor (GCSF), 

Granulocyte-macrophage colony-stimulating factor (GMCSF), placenta growth factor (PlGF) 

and thrombopoietin (TPO), …(63; 64). They may control adipose vasculogenesis and 

adipocyte development. They can control immunity, blood pressure and atherosclerosis as 
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well (65). Localization studies have shown that omental adipocytes are the primary source of 

VEGF, which accounts for most of the angiogenic activity of AT (66). Inactivation of a 

VEGF family member (PlGF) has been shown to impair AT development by reducing 

angiogenesis in diet-induced obese mice (67). VEGF also acts as a pro-inflammatory cytokine 

by increasing the permeability of endothelial cells, inducing the expression of endothelial 

adhesion molecules and by acting as chemoattractant (68). GCSF and GM-CSF are potent 

determinants for inflammatory cell recruitment in AT (69; 70). In addition, Kim et al. 

reported GM-CSF knockout mice submitted to a high-fat diet exhibited reduced insulin 

resistance, as a result of decreased production of pro-inflammatory cytokines in AT (IL-1β, 

TNF-α, MIP-1α) (70). TPO has been reported to be oversecreted by omental AT from obese 

subjects (64). It stimulates the proliferation and differentiation of megakaryocytes, increasing 

both platelet count and size. High systemic TPO levels could participate to the pathogenesis 

of the acute coronary syndrome (71).  

 

1.2  Beneficial adipokines 

1.2.1 Anti-inflammatory cytokines 

IL-10 IL-10 is produced by immune cells of AT and acts on adipocytes to improve insulin 

signaling, decreasing further macrophage recruitment. A significant positive association has 

been reported between circulating IL-10 levels and whole-body insulin sensitivity in young 

healthy individuals (72). This report is in agreement with other studies linking low IL-10 

production with type 2 diabetes in an elderly population and low IL-10 levels with the 

metabolic syndrome and obesity (69). IL-10 treatment of 3T3-L1 adipocytes has been shown 

to inhibit MCP-1 secretion via signal transducer and activator of transcription-3 (STAT-3) 

and to reverse TNF-α-induced decreases in GLUT4 and IRS-1 tyrosine phosphorylation (73). 

IL-1Ra (Interleukin-1 receptor antagonist) IL-1Ra is a naturally occurring cytokine 

limiting inflammation by competing with IL-1β for binding to its receptor. IL-1Ra is largely 

produced in AT in response to stress and by M2 macrophages to create an anti-inflammatory 

AT milieu in physiological conditions (74). 

1.2.2 C1q/TNF-related protein family members  

Proteins with a gC1q domain similar to that of TNF, C1q and adiponectin have been classified 

as members of the newly described C1q/TNF molecular superfamily (75; 76). Some of the 
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secreted C1q/TNF family proteins, such as adiponectin, C1q and CORS-26 (collagenous 

repeat containing sequence of 26 kDa protein, also known as CTRP-3), are highly expressed 

and secreted by AT. CORS-26 may be regarded as a potent anti-inflammatory adipokine, 

which can reduce LPS-induced IL-6 and TNF-α secretion from monocytes by suppressing 

NF-κB signaling (77). Moreover, recombinant CORS-26 stimulates ApN secretion from 

mature adipocytes (78). Adiponectin will further be described in Section Ⅲ. 

1.2.3 Omentin 

Omentin is highly produced by visceral AT compared to subcutaneous AT, with a main 

contribution of SVC (79). Both Omentin expression in AT and circulating levels are 

decreased in obesity (80) and its circulating levels are negatively correlated with insulin 

resistance (80; 81). Omentin exerts an insulin-like action in vitro: it enhances insulin-

stimulated glucose uptake in both subcutaneous and omental human adipocytes through the 

involvement of Akt pathway (79). Omentin has also been reported to play beneficial role in 

CVD by causing vasodilatation in isolated blood vessels (82) and decreasing migration and 

angiogenesis in human endothelial cells induced in vitro by VEGF and CRP (83).  

1.2.4 Leptin  

Leptin is secreted almost exclusively by adipocytes and its circulating levels reflect fat mass. 

The implication of leptin in energy homeostasis has been well described at the central level. 

Leptin binding to its receptors in the hypothalamus suppresses the production of “orexigenic 

peptides” (e.g., neuropeptide Y and agouti-related protein) while increasing those of 

“anorexigenic peptides” (e.g., proopiomelanocortin and cocaine-and amphetamine-regulated 

transcript), thereby inducing satiety (4; 84). The metabolic actions of leptin on peripheral 

tissues include enhanced glucose uptake and fatty acid oxidation and subsequent prevention 

of lipid accumulation in AT and non-adipose tissues as well. These metabolic effects of leptin 

are in part centrally mediated by activation of the hypothalamic–sympathetic nervous system 

axis (85; 86). Leptin replacement therapy in subjects with congenital complete leptin 

deficiency or in subjects with partial leptin deficiency (e.g., lipoatrophy, hypothalamic 

amenorrhea) reverses the metabolic and endocrine abnormalities associated with these 

conditions. In contrast, leptin’s effects are largely absent in the obese hyperleptinemic state, 

probably due to leptin resistance (87). In addition to its role in energy homeostasis, leptin has 

an important immunomodulatory role. Leptin is involved in development, proliferation and 

activation of immune cells. High levels of leptin induce inflammation by activating pro-

inflammatory cells, promoting T-helper 1 (Th1) responses and mediating the production of 
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other pro-inflammatory cytokines in mice (88). On the contrary, leptin deficiency may impair 

immune response, leading to increased susceptibility to infections. Immune deficiencies have 

been observed in both ob/ob (lacking leptin) and db/db (lacking leptin receptor) mice, as well 

in patients with leptin mutations and in malnourished children, which have low plasma leptin 

(87; 88). 

 

2. Adipokine receptors and signal transduction 

AT not only secretes multiple adipokines, but also responds to immunological signals by 

expressing a wide variety of receptors for cytokines, chemokines, complement factors and 

growth factors (89). Some receptors are also dysregulated in obesity, which together with 

their adipokine ligands contribute to pathogenesis of MS. It has been demonstrated that 

human adipocytes express leptin receptors, both the long form (huOb-R) and the short forms 

(90). Two structurally distinct TNF-α receptors, TNFR1 and TNFR2 have been identified in 

AT. Most biological effects of TNF-α such as lipolysis and insulin resistance are mediated by 

TNFR1 but not TNFR2 (34; 91). The soluble IL-6 receptor (sIL-6R), ligand binding IL-6R 

(IL-6Rα) and its signal transduction component, glycoprotein 130 (gp130) are expressed in 

adipocytes (92; 93). Long-term combined treatment with IL-6/sIL-6R gradually suppresses 

ApN release from human adipocytes. IL-6 alone is unable to influence ApN synthesis, and the 

presence of sIL-6R is necessary to disclose IL-6 bioactivity in human adipocytes (94). The 

gp130 is a common signal transducer of IL-6 family, which typically activates STAT3 via the 

Janus kinase (JAK). gp130-mediated signaling is involved in adipocyte differentiation and 

function (95). One receptor of VEGF, VEGFR1 mediates the increased angiogenic action of 

PlGF in AT of obese mice (67), while blockade of the other receptor, VEGFR2 limits diet-

induced expansion of AT in mice (96). The adiponectin receptors will be described in the next 

section. 

The signaling pathways, which are activated by the adipokines in AT include those which are 

commonly involved in inflammation such as the NF-κB, JNK and JAK/STAT pathways. 

Activation of NF-κB and JNK signaling pathways is mainly responsible for insulin resistance 

(97).  

 

3. White adipose tissue remodeling during obesity  
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In obesity, white AT is remodeled dynamically by adipocyte hypertrophy (increased size), 

hyperplasia (increased number), macrophage infiltration, endothelial cell proliferation and 

fibrosis (64; 98-100). This remodeling contributes to low-grade inflammatory state in white 

AT. 

3.1  Adipocyte changes  

Expansion of adipose tissue mass is a major characteristic of obesity. Enlarged fat cells 

(hypertrophy) is thought to be the most important determinant whereby fat depots increase in 

adults (101). Adipocyte hypertrophy, which commonly occurs in obese state at relatively 

early stage, has been speculated to initiate AT inflammation by triggering initial secretion of 

critical monocyte chemotactic factors (102). Moreover, adipocyte hypertrophy results in 

altered production of some adipokines which adversely affect the remodeling of AT (103; 

104). Increased adipocyte number (hyperplasia) also contributes to fat mass expansion. Obese 

subjects have higher total adipocyte number than lean individuals (101). However, Spalding 

et al. have shown that the increased adipocyte number of obese subjects is set during 

childhood and adolescence and stays constant in adulthood. Any alterations in fat mass during 

adulthood are merely credited to alterations in adipocyte hypertrophy (101). Obesity is also 

associated with a higher adipocyte turnover due to an elevated rate of cell death, which is a 

prominent phagocytic stimulus for macrophage infiltration (105; 106). Increased adipocyte 

death is accompanied by a subsequent increased emergence of smaller adipocytes, thus 

restoring the adipocyte number (106). One speculation is that adipocyte hypertrophy, which 

commonly occurs in obese state at relatively early stage, may initiate AT inflammation by 

triggering macrophage infiltration into AT. Once macrophages infiltrate into AT and get 

activated, they become the major source of inflammatory molecules and continue to attract 

more macrophages to further amplify the harmful cycle (102). However, recent study 

proposed that B cells may infiltrate AT very early in response to high-fat feeding and 

modulate T cells which may contribute to the recruitment, differentiation and activation of 

macrophages. 

3.2  Macrophage and lymphocyte infiltration  

Macrophages recruited into obese AT are responsible for the majority of AT proinflammatory 

cytokine and chemokine secretion. Eventually, a positive feedback cycle is formed whereby 

infiltrating macrophages recruit and sustain the presence of new macrophages, thus resulting 

in further propagation of inflammation (2). Increased levels of macrophage markers are 
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observed in AT of obese mouse models (107). Large clusters of macrophage-related 

inflammatory genes are positively correlated with body mass in human and mice (53). 

Macrophage infiltration is reduced after surgery-induced weight loss in morbidly obese 

subjects (69). The majority of macrophages in obese AT aggregates in “crown-like structures”, 

surrounding dead (necrotic-like) adipocytes and scavenging adipocyte debris (69; 105).  

Besides increasing macrophage number, obesity also induces a phenotypic switch in AT 

macrophage polarization. Macrophages migrating to mouse AT upon high fat feeding differ 

from those that reside under normal diet conditions (73). Resident or M2 ('alternatively 

activated') macrophages are characterized by the expression of the chitinase-like protein Ym1, 

Arginase (an enzyme that blocks iNOS activity) and the production of anti-inflammatory 

cytokines (e.g. IL-10, IL-1Rα), while recruited or M1 (‘classically activated’) macrophages 

express the CD11c surface marker, iNOS and produce high levels of pro-inflammatory 

cytokines (e.g. TNF-α, IL-6) (108). Diet-induced obesity leads to a shift in the activation state 

of AT macrophages from an M2-polarized state in lean animals that may protect adipocytes 

from inflammation to an M1 proinflammatory state. This shift in the M2/M1 balance is due to 

the migration of inflammatory monocytes from the circulation to macrophage clusters 

surrounding dead adipocytes, and not to the conversion of resident M2 macrophages (109). 

However, obesity does not induce a strict M1 or M2 polarization in human AT (98; 110).  

In addition to macrophages, recent studies have revealed the infiltration of other immune cells 

that may orchestrate AT remodeling. These include subsets of the lymphocyte lineage, 

including CD8+ and CD4+ T cells, Tregs, Natural killer T cells (NKT) and B cells. Early 

lymphocyte accumulation in AT of diet-induced obesity (DIO) mice may precede macrophage 

infiltration and insulin resistance. Interestingly, a few studies have reported that B cell 

infiltration into AT in response to high-fat diet, is earlier than T cell or macrophage 

infiltration and prior to the appearance of insulin resistance (111).  

3.3  Endothelial cell activation 

In obesity, endothelial cells are highly activated by macrophages and adipocyte secretory 

products (adipokines) to form new vascular network which is crucial for pathogenic 

adipogenesis and further expansion of AT. In humans, the proportion of endothelial cells (Vv 

in % adipose tissue) is 10-fold higher in omental AT from obese (average BMI ~41kg/m
2
) 

than from lean subjects (64). Activation of endothelial cells results in intracellular signaling 

pathways leading to the production, in a coordinated regulated fashion, of a series of cell 
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adhesion molecules (CAMs), as well as chemokines and cytokines, which guide leucocytes 

into underlying tissues and co-stimulate them to become fully activated (112). For example, 

circulating levels of soluble ICAM-1 (intracellular adhesion-1), VCAM-1 (vascular cell 

adhesion molecule-1) and endothelial cell selective E-selectin are increased in obese adults 

and decreased after weight loss (113). Moreover, angiogenesis and adipogenesis are 

functionally linked. In animal models of genetic or induced obesity, the expansion of AT is 

associated with active angiogenesis, whereas inhibition of angiogenesis prevents AT 

development (114; 115). 

3.4  Extracellular matrix overproduction  

During AT hypertrophy, the extracellular matrix (ECM) is overproduced to accommodate the 

excessive growth and limit further expansion. Up-regulated ECM components, including 

collagen types (notably fibrillar collagens I and III) and glycoproteins (integrins, laminin, 

fibronectin, elastins) lead to AT fibrosis, a characteristic of inflamed tissue. This may 

ultimately impair cell-cell contact and adipocyte biology. Histological examination of 

subcutaneous AT has shown that the percentage of fibrosis was increased by ~3-fold in obese 

subjects compared to lean ones and remained high three months after bariatric surgery, in 

spite of the regression of the local inflammatory phenomena. This may indicate some degree 

of irreversibility in the evolution of obesity (100). The excessive stiffness of ECM in obese 

AT are mediated by fibrinolytic plasminogen, plasmin, matrix metalloproteinase (MMP), a 

disintegrin and metalloprotease (ADAM), and tissue inhibitors of MMP (TIMP) systems. 

Plasminogen activator inhibitor-1 (PAI-1) is highly expressed in obese AT (116). MMPs are 

over-expressed in AT during obesity with increased matrix degradation (increased plasticity) 

(117; 118). In addition, the cysteine proteases, Cathepsins, may also contribute to the 

remodeling process through their proteolytic activity toward extracellular elastins and 

collagens. Expression of adipose Cathepsin K and S is increased in obesity (119; 120) and 

decreases after weight loss (121).  

 

4. Mechanisms leading to adipose tissue inflammation in obesity 

AT remodeling that is pathologically accelerated in the obese state may trigger metabolic and 

hypoxic stress, leading to activation of multiple inflammatory signaling pathways (Figure 3) 

(4). Herein, I am going to highlight several prominent mechanisms that coordinately lead to 

AT inflammation. 
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Figure 3: Scheme for the mechanisms leading to obesity-induced inflammation. Adipocyte hypertrophy 

initiates a state of cellular stress (hypoxia and ER stress), resulting in upregulation of pro-inflammatory 

adipokines. Some of these are chemokines that bind to specific receptors (CCR and CXCR) of monocytes (Mo)-

macrophages to recruit them into AT. Increased pro-inflammatory adipokines also upregulate the expression of 

endothelial adhesion molecules (e.g., ICAM-1 and VCAM-1), that bind integrins of monocytes to further recruit 

them. In turn, these activated macrophages secrete pro-inflammatory adipokines. Additionally, increased 

lipolysis by hypertrophied adipocytes and metabolic endotoxemia (increased circulating LPS) contribute to 

inflammation. Saturated FFA and LPS bind to the TLR4 on the surface of both adipocytes and macrophages and 

further activate NF-κB and JNK signaling. Local inflammation worsens and propagates systemically via 

adipokines (4; 37). 

 

 

 

4.1  Hypoxia 

In obesity, the growing AT is submitted to hypoxia induced by hypoperfusion at the earliest 

stages of expansion. The reduced blood flow velocity per vessel seems to be the main cause of 

hypoxia rather than the enlarged cells, because in obese animals, hypoxia has been detected in 

small as well as in large adipocytes (122). Observations have proved that AT is poorly 

oxygenated in the obese state in humans and rodents (123; 124). This hypoxia could be a 

determinant mechanism to trigger obesity-induced inflammation in AT by altering expression 

of many adipokines. In several models of cultured adipocytes, hypoxia decreased mRNA 

levels of ApN, while increasing those of pro-inflammatory genes [Plasminogen activator 

inhibitor-1 (PAI-1), TNF-α, IL-1, IL-6, Macrophage migration inhibitory factor (MIF), MCP-

1, Transforming growth factor β (TGF-β), leptin ...］together with those of hypoxia response 

genes［Hypoxia Inducible Factor 1-α (HIF-1α), Glucose transporter (GLUT-1), VEGF)］

(122; 125; 126). In addition, some studies reported that hypoxia also up-regulates ECM 



 

27 
 

components including elastin, collagens I and III, as well as matrix metalloproteinases MMP2, 

MMP9 and TIMP1, thereby causing local fibrosis (127; 128). Thus, hypoxia-induced fibrosis 

in white AT may be another factor that contributes to local inflammatory responses. The 

molecular mechanisms underlying deregulated gene expression is related to activation of the 

transcription factors NF-κB, c-AMP-Response-Element-Binding protein (CREB) and HIF-1α, 

and to ER stress and posttranscriptional alterations (122; 125).  

4.2  Endoplasmic reticulum stress 

The endoplasmic reticulum (ER) is responsible for much of a cell’s protein synthesis and 

folding, but it has also a role in sensing cellular stress (129). Obesity results in conditions that 

increase the demand on the ER, such as hypoxia, excess of cytokines, lipids or glucose. 

Subsequently, the ER stress induces a complex response known as the unfolded protein 

response (UPR), which alters a cell’s transcriptional and translational programs to cope with 

these stressful conditions and resolve the protein-folding defect (129). The UPR functions 

through three branches, denoted for the three stress-sensing proteins found in the ER 

membrane: PKR-like eukaryotic initiation factor 2a kinase (PERK), inositol-requiring 

enzyme-1 (IRE-1), and activating transcription factor-6 (ATF-6). 

ER stress and the UPR lead to obesity-induced inflammation and metabolic abnormalities by 

several distinct mechanisms, including the activation of JNK-AP1 (activator protein 1) and 

IKK-NFκB pathways, induction of the acute-phase response, and the production of reactive 

oxygen species (ROS) (129). JNK activation by IRE-1α during ER stress is one key pathway 

to increase inflammation. IRE-1α can also activate the IKK-NF-κB inflammatory signaling 

pathway. The NF-κB pathway may also be activated through PERK signaling during the UPR. 

PERK-mediated phosphorylation of eIF2α inhibits the translation of IκB, a major negative 

regulator of NF-κB, thereby allowing the activation of NF-κB. Moreover, prolonged 

activation of the UPR may also generate oxidative stress, causing a toxic accumulation of 

ROS within the cell. This occurs as a result of the UPR-stimulated up-regulation of chaperone 

proteins involved in disulfide bond formation in the ER lumen. The enzymes responsible for 

forming disulfide bonds (Ero1p and Erv2p) perform oxidative reduction reactions that use 

molecular oxygen as the final electron recipient (130). This reduced molecular oxygen 

accumulates during UPR-increased protein folding and acts as cellular toxic ROS (131). It is 

well known that toxic ROS levels may elicit inflammatory response, thus making another 

connection between UPR activation and inflammation. 
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4.3  Lipotoxicity 

Obesity is characterized by a positive energy balance, and the classical response to this 

nutrient oversupply is AT hypertrophy. However, the capacity for lipid storage in 

hypertrophied subcutaneous AT is limited. This limited storage capacity, coupled with the 

overstimulation of hormone-sensitive lipase, leads to massive increase in free fatty acid (FFA) 

release. The resulting spill-over of FFAs is the starting point of lipid deposition in visceral AT 

and non-adipose tissue. This metabolic toxicity is associated with increased pro-inflammatory 

cytokine production, which can induce the pro-inflammatory state. FFAs are potent ligands 

that activate Toll-like receptor (TLR) signaling (132). TLRs are a family of pattern-

recognition receptors that play a critical role in the innate immune system by activating pro-

inflammatory signaling pathways in response to microbial pathogens. AT expresses a broad 

spectrum of TLRs. In human AT, all TLR subtypes (TLR1–9) are expressed (133-135). TLR 

expression in AT is inducible by inflammatory stimulation and linked to downstream 

activation of NF-κB or JNK and subsequent release of pro-inflammatory cytokines and 

chemokines (Figure 4) (78; 133; 134). TLR4 has been proposed as a molecular link between 

lipids, inflammation and insulin resistance (136). TLR4-deficient mice and C3H/HeJ mice 

(which have a loss-of-function mutation in TLR4) are partially protected from fat-induced 

inflammation and insulin resistance in their visceral AT (136-139). Excess of FFAs treatment 

in adipocytes induces NF-κB-driven proinflammatory response via activation of TLR2 and 

TLR4 (140). In addition, activation of both TLR2 and TLR4 can mediate FFA-induced 

activation of JNK in adipose tissue of obese individuals (141). Stimulation of TLR1, 

TLR2/TLR6, TLR3 and TLR4 with their specific lipid ligands induces the expression of IL-6 

and MCP-1 in murine adipocytes (133; 142). FFAs also increase the infiltration and activation 

of macrophages, especially the CD11c+ subset, thereby exacerbating their pro-inflammatory 

activity (143). 

4.4  Metabolic endotoxemia  

Excess dietary fat can cause moderate increases in plasma Lipopolysaccharide (LPS) 

concentrations. High-fat diet given to mice chronically increased plasma LPS concentration 

two to three times, a threshold that has been defined as metabolic endotoxemia (144). Obese 

subjects with type 2 diabetes have 76% higher circulating LPS than healthy controls (135) and 

this high level of LPS decreased significantly after surgical weight loss (145). Elevated 

plasma LPS levels result from increased absorption of LPS across the intestinal barrier 

triggered by high-fat diet. Recently, three underlying mechanisms have been proposed. First, 
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changes in gut microbiota environment. A high-fat diet changes gut microbiota toward a 

decreased number of bifidobacteria, a group of bacteria which has been shown to reduce 

intestinal LPS levels in mice and to improve the mucosal barrier function (144). Second, 

increased availability of chylomicrons. Because LPS has affinity for chylomicrons, 

chylomicron formation induced by long-chain fatty acids promotes LPS absorption (146). 

Third, increased permeability of the gut epithelium. Recent data has shown that obese and 

diabetic mice displayed impaired intestinal integrity and reduced expression of genes coding 

for proteins of the tight junctions such as ZO-1 and Occludin (147). Decreased response of 

glucagon-like peptide-2 (GLP2), decreased number of specific bacteria (e.g., Bifidobacterium 

spp.), as well the increased endocannabinoid system tone in obesity may contribute to the 

enhanced intestinal permeability (148-150). 

LPS in plasma is transported by a specific acute phase response glycoprotein, the LPS-

binding protein (LBP) to target tissues. LBP is a facilitator of LPS action. In murine 

adipocytes, LBP-bound LPS initiates inflammation via TLR4 and induces the secretion of 

proinflammatory cytokines via downstream activation of NF-κB or mitogen-activated protein 

kinases (MAPK) signaling pathways (151) (Figure 4). In addition, LPS induces lipolysis in 

3T3-L1 adipocytes via TLR4, which liberates FFA into the circulation, resulting in systemic 

insulin resistance (152). In human adipocytes, stimulation by LPS increases TNF-α, IL-6 and 

MCP-1-release by NF-κB activation, and upregulates TLR2 expression. Newly expressed 

TLR2 further amplifies pro-inflammatory signals in AT (135). 
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Figure 4: Signal transduction of Toll-like receptor 4 (TLR4). LPS forms a complex with LPS-binding protein 

(LBP), which binds to cell surface CD14. This then forms a complex with TLR4. On the cytoplasmic side of the 

membrane, TLR4 interacts with MyD88 (myeloid differentiation protein 88) and Mal/Tirap (myeloid 

differentiation protein 88 adaptor-like/Toll-IL-1-receptor-domain-containing adaptor protein), which then 

activates a cascade involving IRAK (IL-1 receptor associated kinase), TRAF6 (TNF-receptor-associated factor 

6), and eventually NF-κB and MAPK, which result in transcriptional activation of inflammatory genes. IKK, IκB 

kinase; MEKK, mitogen-activated protein kinase/ERK kinase; TIR, Toll/Interleukin-1 receptor, the cytoplasmic 

domain of TLR-4; Mal/TIRAP, Toll-interleukin 1 receptor (TIR) domain containing adaptor protein; IRAK, 

Interleukin-1 receptor-associated kinase; TRAF6, TNF receptor associated factors 6 (153). 

 

http://en.wikipedia.org/wiki/TLR-4
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III. Adiponectin 

1. Molecular structure 

Adiponectin (ApN) is also named Acrp30 (adipocyte complement-related protein of 30kDa), 

AdipoQ (for its homology with the complement factor C1q), apM1 (adipose most abundant 

gene transcript 1) or GBP28 (gelatin binding protein of 28 kDa).  

ApN, the most abundant adipokine, belongs structurally to the soluble defense collagen super-

family sharing significant homology with collagen X, VIII and complement factor C1q. Full-

length ApN protein is composed of a signal peptide, a variable N-terminal domain, followed 

by a collagenous domain and a C-terminal C1q-like globular domain (Figure 5). Full-length 

ApN can be processed by proteolytic cleavage into a smaller globular fragment (globular ApN) 

(Figure 5). The amino acid sequences of ApN are highly conserved, sharing over 80% 

identities among all the species so far (154). ApN in human or mouse serum forms a wide 

range of multimers including low molecular weight trimers (LMV, ～67kDa), medium 

molecular weight hexamers (MMV, ～ 150kDa) and high molecular weight oligomers 

(HMV,～300kDa) (Figure 5). HMW form has been shown to possess the most potent insulin-

sensitizing activity (155). ApN circulates in the concentration range of ~3–30μg/ml in healthy 

individuals, with lower levels in males compared to females, which is mainly attributed to 

lower amounts of HMW form (156; 157). However, almost all ApN exists in plasma as full-

length ApN, only a few globular ApN might circulate in human plasma (158).  

 

Figure 5: Schematic structure and multimerformation of adiponectin (ApN). LMW, low molecular weight; 

MMV, Medium molecular weight; HMW, high molecular weight. Adapted from (159) 



 

32 
 

2. Adiponectin receptors and signal transduction 

 

2.1 Receptors  

By now, 2 classical ApN receptors have been discovered and well described: adiponectin 

receptor 1 (AdipoR1) and receptor 2 (AdipoR2). Both AdipoR1 and AdipoR2 are surface 

membrane proteins with seven trans-membrane domains. Their N terminus is internal, and the 

C terminus is external, which is opposite to the topology of all reported G protein-coupled 

receptors. These two receptors are highly homologous in amino acids (67% identity). 

AdipoR1 is ubiquitously expressed and most abundantly expressed in skeletal muscle, 

whereas AdipoR2 is predominantly expressed in mouse liver. Scatchard plot analysis revealed 

that AdipoR1 is a high-affinity receptor for globular ApN, whereas AdipoR2 has with a 

relative higher affinity for full-length ApN (154) (Figure 6). Studies including our own data 

(160) have confirmed that most effects of ApN in muscle are mediated via AdipoR1(154; 

160). Suppression of AdipoR1 with siRNA greatly reduced the stimulation of PPAR-α 

activity, fatty-acid oxidation and glucose uptake by globular ApN in C2C12 myocytes (161). 

In liver, AdipoR1 and AdipoR2 mediate different effects of ApN. Overexpression of AdipoR1 

activates AMPK, thereby reducing hepatic glucose production; on the contrary, AdipoR2 

predominantly activates PPAR-α signaling pathways, which induces fatty-acid oxidation. 

These findings have been further proved in vivo: AdipoR1-knockout (KO) mice have 

impaired glucose tolerance and insulin resistance; AdipoR2-KO mice have normal hepatic 

gluconeogenesis but increased insulin levels (162). Double transgenic AdipoR1/2-KO 

presented marked glucose intolerance and a more severe insulin resistance than the AdipoR1 

or R2-KO models, together with an increased inflammation and oxidative stress (162). 

However, other studies on AdipoR-KO mice provided controversial data (163-165). With 

regard to AT, both receptors are expressed in this organ. AdipoR1 mRNA levels are 

approximately 10-fold higher than AdipoR2 in both cellular fractions. The presence of 

AdipoRs in both fractions suggests an autocrine/paracrine effect of ApN in AT. AdipoR1 

expression in AT is reduced in obese subjects and is increased after weight loss (166).  

In addition, Hug et al. isolated a third ApN receptor, T-cadherin, which binds to hexameric 

and high-molecular-weight species of ApN, but not to the trimeric or globular species. T-

cadherin is a unique cadherin molecule that is anchored to the surface membrane, not through 

a trans-membrane domain but instead via a glycosylphosphatidyl inositol moiety. T-cadherin 

is expressed on vascular endothelial cells and smooth muscle where it is positioned to interact 
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with ApN (167). However, whether T-cadherin is a functional receptor for ApN or simply an 

ApN-binding molecule needs more evidence.  

2.2 Adaptor proteins  

Several ApN receptor binding proteins have now been identified. The best characterized is 

APPL1 (adaptor protein containing pleckstrin homology domain, phosphotyrosine binding 

(PTB) domain, and leucine zipper motif) (168). APPL1 associates with both AdipoR1 and 

AdipoR2 and directly interacts with the N-terminal intracellular region of ApN receptors 

through its PTB domain (168) and sequentially activates downstream signaling (Figure 6). It 

has been shown that APPL1 expresses in various tissues, which mediates many effects of 

ApN including metabolic effects in liver, skeletal muscle (168-172) as well as cardio-

protective effects in vascular endothelial cells (173; 174). In adipocytes, although the 

presence of APPL1 has been demonstrated, it is not established whether ApN signaling is 

mediated through APPL1. One study showed that APPL1 is involved in insulin-mediated Akt 

phosphorylation and subsequent glucose uptake in muscle and adipose tissues (175).  

 

 

Figure 6: Schematic structure of adiponectin receptors (AdipoR1 and AdipoR2) and adaptor protein. 

Adapted from (159) 
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2.3 Adiponectin signaling  

Results from various in vitro and in vivo studies suggest the contribution of two major 

signaling pathways to ApN signal transduction. Both AMPK and PPAR-α pathways have 

been shown to mediate the metabolic properties of ApN (176). In the skeletal muscle and the 

liver, the modulation of the lipid and glucose metabolism by ApN is inhibited by blocking 

AMPK activation, indicating that stimulation of glucose utilization and fatty-acid oxidation 

by ApN occurs through activation of AMPK. Likewise, ApN activates PPAR-α in C2C12 

myocytes in vitro and also increases the expression levels of PPAR-α in vivo, leading to 

increased fatty-acid oxidation and energy consumption(154). As AdipoRs are ubiquitously 

expressed, the ApN signaling is not restricted to muscle and liver. In endothelial cells, several 

in vitro studies have shown that ApN induces the production of nitric oxide (NO) as a 

consequence of increased endothelial NO synthase (eNOS) activity mediated by AMPK 

phosphorylation of eNOS (177-179). Moreover, ApN prevents the TNF-α-induced expression 

of vascular cell adhesion molecule-1 (VCAM-1), E-selectin, intracellular adhesion molecule-

1(ICAM-1), IL-8 and reactive oxygen species (ROS) generation in human endothelial cells by 

its ability to promote signaling through cAMP-PKA (179; 180). Beyond its vasoprotective 

effects, ApN prevents the myocardium against ischemia-reperfusion injury through COX-2-

mediated anti-inflammatory and AMPK-mediated anti-apoptotic mechanisms (179; 181). In 

macrophages, ApN attenuates the production of pro-inflammatory cytokines (TNF-α, IL-6) 

through suppressing NF-κB activation; it also acts to inhibit macrophage-to-foam cell 

transformation and reduce intracellular cholesteryl ester content by suppressing expression of 

class A scavenger receptor (SR-A) (179; 182). Both AdipoRs are expressed in AT. As yet, the 

signaling mechanisms underlying the autocrine effects of ApN on AT are still largely 

unknown. One study showed that activation of AMPK mediates the stimulatory effect of ApN 

on glucose uptake in primary mice adipocytes (183). Another group found that suppressed 

NF-κB activation is involved in the inhibitory effect of ApN on LPS-stimulated release of 

TNF-α and IL-6 in 3T3-L1 adipocytes (184) (Figure 7). 
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Figure 7: Adiponectin (ApN) signaling. Effects of ApN are mediated via various signaling pathways in 

different cell types. ApN activates AMPK and PPAR-α pathways in myocytes and hepatocytes, inducing fatty-

acid oxidation and glucose uptake as well reducing hepatic glucose production. ApN inhibits production of ROS, 

IL-8 and VCAM-1 in endothelial cells via cAMP-PKA pathway. ApN also stimulates AMPK activation in 

endothelial cells, leading to increased activation of eNOS.  In cardiac cells, ApN inhibits TNF-α production and 

cell apoptosis through its ability to stimulate the COX-2-PGE2 pathway. In macrophages, ApN attenuates 

production of pro-inflammatory cytokines through suppressing NF-κB activation, and inhibits foam cell 

formation by repressing SR-A expression. In AT, ApN stimulates AMPK activation and inhibits LPS-stimulated 

NF-kB activation. Arrows indicate stimulation, blunted arrows indicate inhibition. ROS, reactive oxygen species; 

SR-A, scavenger receptor; eNOS, endothelial nitric oxide synthase; Cox-2, Cyclooxygenase-2; PGE2, 

prostaglandin E2. Drawn from (179). 
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3. Regulation of adiponectin expression and secretion 

 

3.1  Structure of adiponectin gene 

The ApN gene is primarily expressed in white AT, but its expression has been further 

demonstrated in various tissues such as brown AT, skeletal muscle, liver, cardiac myocytes, 

bone forming cells, salivary gland, epithelial cells and placenta, and has also been detected in 

cerebrospinal fluid, although at incomparably lower levels (176). The Human ApN gene is 

localized on the chromosomal locus 3q27, while in mouse the gene is mapped to the telomere 

of the chromosome 16. The genomic structure of ApN gene, which is composed of three 

exons separated by two introns, is conserved between human and mouse species (185). Both 

mouse and human ApN promoters lack a TATA-box but contain multiple transcription-factor-

binding sites, suggesting that the transcription of the ApN gene is subject to an elaborate 

regulation by diverse upstream signals. Among the different transcription-binding-sites, the 

promoter contains a PPRE (PPAR-responsive element), several C/EBP response elements, a 

LRH-RE (liver receptor homolog-1) and SREs (Sterol-regulatory element) (186) (Figure 8).  

 

Figure 8: The basic structure of mouse and human adiponectin gene promoter. Both mouse and human 

adiponectin gene promoters contain one PPRE, one LRH-RE, two SREs, several c/EBPα enhancer elements and 

a different number of  E-boxes (187). 
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3.2  Transcriptional regulation 

Several transcription factors, cytokines have been demonstrated as important regulators for 

ApN gene expression (Figure 9). 

Positive regulation PPARγ, which is mainly expressed in AT, leads to increased ApN gene 

transcription by binding to a PPRE site localized in ApN promoter. In adipocytes, point 

mutation of the PPRE markedly reduced the basal transcriptional activity and completely 

blocked thiazolidinedione (TZD)-induced transactivation of ApN promoter (188). Likewise, 

FoxO1 (Forkhead box O1), C/EBPα (CCAAT/enhancer-binding protein) and SREBPs are 

also positive regulators. FoxO1 forms a complex with C/EBPα, and this complex is stimulated 

by Sirtuin 1 (Sirt1), resulting in ApN promoter activation (189). C/EBPα interacts with the 

CCAAT-box motif and recruits co-activators such as CBP (CREB-binding protein) that, in 

turn, regulates the target gene. In C/EBPα-deficient adipocytes, ectopic expression of PPARγ 

only modestly increased the levels of ApN. But ApN mRNA level could be markedly 

enhanced by co-expression of both PPARγ and C/EBPα, suggesting that C/EBPα is required 

for full activation of the ApN gene promoter (190). SREBP-1c activates ApN gene promoter 

by binding to SREBP-responsive element which is required for basal promoter activity and 

has been identified in the human ApN promoter (191).  

Negative regulation On the contrary, recent studies indicate that CREB (cAMP-response-

element-binding protein) acts as transcriptional repressor of ApN gene expression. CREB 

indirectly inactivates ApN promoter through up-regulation of the transcriptional repressor 

ATF3 (Activating transcription factor 3) (192). In addition to CREB, several other 

transcription factors including NFAT (Nuclear factor of activated T-cells), AP-2β (Activating 

enhancer-binding protein) and Id3 (inhibitor of differentiation-3), have also been implicated 

in the negative regulation of ApN gene expression (70; 193-195).  

Some inflammatory cytokines are also well documented to negatively regulate ApN mRNA 

abundance. TNF-α suppresses ApN gene expression through inhibition of transcription factors 

PPARγ, C/EBP and SREBP.  The effect of TNF-α on ApN transcription is mediated by JNK 

signaling pathway, which has been shown to phosphorylate PPARγ and decrease its DNA-

binding activity. IL-6 has been shown to down-regulate ApN mRNA levels through p44/42 

MAPK pathway in 3T3-L1 adipocytes (193; 196). IL-18 treatment in 3T3-L1 adipocytes 

induces ERK1/2 (extracellular signal regulated kinase)-dependent phosphorylation and 

activation of NFATc4, the transcriptional repressor of ApN gene (193). 
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3.3  Post-translational regulation  

ApN is synthesized as a single polypeptide and is then assembled in the ER (Endoplasmic 

reticulum) into multimeric forms. There are four conserved lysine residues in the collagenous 

domain of ApN, which are modified by hydroxylation and subsequent glycosylation, both of 

which are required for intracellular assembly of ApN multimers (Figure 9) (150; 197). 

Subsequently, the disulfide bond formed via Cys39 (mouse) or Cys36 (human) is critical for 

ApN to form higher molecular weight multimers based on its trimeric form. ApN 

multimerization and secretion by post-translational modification is critical for its biological 

function (Figure 9).  

Positive regulation Ero1-Lα (ER membrane-associated oxidoreductase) and its associated 

protein ERp44 facilitate ApN’s HMW formation and secretion by disulfide bond formation 

(198; 199). Another ER-associated protein DsbA-L (Disulfide-bond A oxidoreductase-like 

protein) has also been shown to promote ApN multimerization in 3T3-L1 adipocytes (200). 

PPARγ may not only stimulate ApN transcription as mentioned above, but also stimulate 

ApN multimerization by increasing expression of Ero1-Lα (198; 199).  

Negative regulation ER stress, oxidative stress and pro-inflammatory cytokines such as 

TNF-α and IL-6 suppress ApN secretion by inhibiting expression of ER-associated proteins or 

inactivating PPARγ (201-205). As mentioned above, sexual hormone Testosterone has a 

negative effect on ApN serum levels, although the mechanisms involved have not been 

clarified. Insulin may also inhibit secretion of ApN. Hyperinsulinaemia induced by 

hyperinsulinemic euglycemic clamp significantly decreased human plasma ApN levels (206).  

3.4  Hypoadiponectinemia in obesity and MS 

Decreased mRNA expression and plasma levels of ApN are found in obese/diabetic mice and 

humans despite the increasing mass of AT. As the pro-inflammatory cytokines, ER stress, 

oxidative stress and hyperinsulinaemia are largely induced by obesity and MS, their negative 

regulation on ApN transcription, multimerization and secretion could contribute to the 

hypoadiponectinaemia associated with obesity and MS (187). 
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Figure 9: Schematic representation of the steps involved in transcription, translation, post-translational 

modification, oligomerization, and secretion of ApN. Several transcription factors (top left) which mediate 

ApN gene transcription are regulated to increase or decrease ApN expression. Monomeric ApN is 

posttranslationally modified and further oligomerized to form trimers (LMW), hexamers (MMW) and oligomeric 

(HMW) forms. Various mechanisms (bottom right) mediate this oligomerization and secretion resulting in 

secretion of HMW, MMW and LMW forms (207). 

 

 

 

 

3.5  Adiponectin as a therapeutic target 

Drugs like rosiglitazone and pioglitazone, belonging to the TZD class of PPARγ agonists and 

used for treatment of type 2 diabetes have been clinically and experimentally proven to be 

potent inducers of ApN production. By using ApN-KO mice, it has been shown that 

pioglitazone decreased insulin resistance and diabetes via ApN-dependent pathways in the 

liver and via ApN-independent mechanisms in skeletal muscle (208). Several studies suggest 

that the enhanced multimerization of ApN is a main effect of TZDs, besides the stimulation of 

ApN mRNA expression (209). Six months of metformin therapy in humans also leads to 

increased plasma ApN levels together with improved insulin sensitivity (210). It has been 

shown that metformin directly up-regulates ApN production in cultured human subcutaneous 

AT explants (211). The endocannabinoid receptor 1 antagonist, rimonabant has been 

developed as an anti-obesity drug due to its central effect leading to reduced food intake. 

Growing evidence including our own data has revealed that rimonabant also exerts peripheral 
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effect on several metabolic tissues including AT, thereby further improving several facets of 

the MS. We have shown that rimonbant directly up-regulated ApN in cultured human omental 

adipose explants and adipocytes. This may explain the increase in plasma ApN levels 

observed after rimonabant treatment of patients with the MS (212; 213). 

 

4. Biological function of adiponectin 

The biological actions of ApN are implicated in multiple tissues. Its pleiotropic properties 

play a role against various diseases including diabetes, non-alcoholic fatty liver disease 

(NAFLD), cardiovascular disease, obesity, and cancer (Figure 10) (214). ApN could thus be a 

therapeutic target for management of MS. 

 

Figure 10: Adiponectin exerts beneficial effects on multiple targets. EC, endothelial cells; EPC, endothelial 

progenitor cells; NO, nitric oxide; ROS, reactive oxygen species (214). 
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4.1  Insulin-sensitizing action 

Clinical data have shown that low plasma ApN concentration is associated with reduced 

insulin-stimulated tyrosine phosphorylation of insulin receptor in skeletal muscle of Pima 

Indians, and these low levels precede a decrease in whole body-insulin sensitivity (215). In 

cultured myocytes, ApN can increase both basal and insulin-stimulated glucose uptake by 

promoting GLUT4 translocation to the cell membrane through the activation of AMPK 

pathway (216). Improvement of insulin sensitivity may also be secondary to lower ectopic TG 

content. This may result from enhanced P38MAPK and PPAR-α activity and subsequent 

increased expression of molecules involved in both fatty-acid combustion and energy 

dissipation in muscle (217). These effects are summarized in transgenic mice overexpressing 

ApN: the transgene successfully corrected high-fat diet-induced insulin resistance in skeletal 

muscle and decreased TG content in the liver and skeletal muscle (218; 219), thereby further 

improving insulin sensitivity in vivo. 

ApN also exerts an insulin-sensitizing role on liver. It decreases gluconeogenesis, thereby 

reducing glucose levels in vivo. This effect of ApN is mediated by increased phosphorylation 

of AMPK, which reduces the expression of gluconeogenic enzymes such as 

phosphoenolpyruvate carboxykinase and glucose-6-phosphatase (220). Like in skeletal 

muscle, ApN also protects hepatic insulin signaling against the hurt of TG excess through its 

ability to activate PPAR-α in hepatocytes (217). It is worth noting that hepatic insulin 

resistance is a key feature in the pathogenesis of NAFLD, which has been considered as the 

hepatic manifestation of the MS (221). There is increased evidence for a protective role of 

ApN on NAFLD.  Low serum ApN levels have been reported to be associated with the 

presence of NAFLD, and serum ApN has been proposed in combination with other factors as 

a biomarker for nonalcoholic steatohepatitis (NASH), a component of NAFLD. Moreover, 

exogenous ApN depleted lipid accumulation and attenuated hepatic inflammation in animal 

models of NASH (222). 

4.2  Cardiovascular protection 

Extensive studies suggest that hypoadiponectinemia is associated with coronary heart disease 

(223-225) and hypertension (226; 227). Indeed, ApN deficiency more than conventional 

cardiovascular risk factors correlates to early atherosclerosis in obese children (228). 

Transgenic mice overexpressing ApN in ApoE-deficient background are protected against 

atherosclerosis (218). The molecular mechanisms by which ApN prevents the development of 

atherogenesis are mediated by (a) down-regulating adhesion molecules including ICAM-1, 
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VCAM-1 and E-selectin (223; 229-231); (b) attenuating growth factors-induced proliferation 

of vascular-smooth muscle cells (232); (c) inhibiting macrophage-to-foam cell transformation 

(182; 218) and (d) reducing vascular inflammation (229; 230) and oxidative stress (233). 

Moreover, ApN-knockout (ApN-KO) mice display larger infarct sizes and increased apoptosis 

resulting from myocardial ischemia-reperfusion injury (181); these mice also exhibit 

enhanced concentric cardiac hypertrophy in response to pressure over-load (234; 235). 

Besides atherosclerosis and cardioprotection, ApN may also play crucial role in blood 

pressure by regulating the vascular tone. When fed a high-salt or an atherogenic diet, ApN-

KO mice exhibited hypertension, which is associated with reduced eNOS production and 

impaired endothelium-dependent vasodilatation, while adenovirus-mediated recruitment of 

ApN reversed these abnormalities (236; 237). Recent studies suggest that ApN could affect 

blood pressure by a central action. ApN injection into cerebral ventricle in rats decreased 

blood pressure and sympathetic nerve activity through stimulation of the suprachiasmatic 

nucleus (238). 

4.3  Anti-obesity effect 

Decreased plasma ApN levels have been found in patients with obesity despite the increased 

adipose tissue mass (239; 240). The anti-obesity function of ApN could be explained by 

impaired preadipocyte differentiation as well as by increased energy expenditure (241; 242). 

When ApN is administered to rodents, body temperature and oxygen consumption increased 

possibly because of an increase in UCP1-2 in white and brown AT and UCP3 in skeletal 

muscle (243).   

4.4  Anti-inflammatory effect 

Hypoadiponectinemia negatively correlates with elevated plasma CRP levels in obese and 

diabetic subjects, suggesting that ApN is linked to obesity-induced chronic inflammatory state 

(244-246). ApN attenuates inflammatory responses to multiple stimuli by modulating 

signaling pathways in a variety of cell types (see Figure 7). Herein, I will focus on the anti-

inflammatory effect of ApN on adipose tissue as it is the main purpose of my thesis. Before 

my thesis, only a few in vitro studies have investigated this field. It has been reported that 

ApN attenuated LPS-induced IL-6 and TNF-α release in primary pig adipocytes (140). The 

globular ApN was also found to reduce the secretion of several pro-inflammatory adipokines 

as shown by protein array analysis of culture medium from human mammary adipocytes 

differentiated in vitro (247). 
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4.5  Anti-cancer 

Circulating ApN levels are lower in patients with breast, endometrial, prostate and colon 

cancer. It has been proposed that ApN may be a link between obesity and increased cancer 

risk. ApN can also act on tumor cells directly, as several cancer cell types express ApN 

receptors. The anticarcinogenic effects could be explained by the anti-proliferative effects of 

this adipokine (248). 

 

5. Adiponectin transgenic mouse models 

To address the chronic effects of ApN and the underlying mechanisms, several ApN 

transgenic mouse models have been created so far. Herein, I briefly summarize the 

characteristics of some of these mouse models. 

5.1  Adiponectin overexpression targeted to white adipose tissue 

The group of Scherer et al. generated a transgenic mouse model using a deletion mutant of 

ApN (lacking 13 repeats in the collagenous domain) under the control of the adipocyte-

specific aP2 promoter. This mouse model exhibited a chronic 3-fold elevation of serum ApN, 

which improved hepatic insulin sensitivity. However, because of the ApN mutation, an 

unusual phenotype with bilateral exophthalmia and expansion of interscapular tissue was 

observed in those mice at a later age (219). 

Our lab has also generated a transgenic mouse model overexpressing ApN specifically in 

white AT. In our model, the native full-length ApN cDNA was placed under the control of 

aP2 (Figure 11). These mice exhibited moderate overexpression of ApN exclusively in white 

AT and moderate enhanced ApN secretion in circulation with no changes in the distribution 

of ApN multimers (242). When fed a high-sucrose diet, five-month-old transgenic mice 

showed improved insulin sensitivity and lipid profile, they also had lower fat mass than WT 

littermates resulting from increased energy expenditure and impaired preadipocyte 

differentiation (242). 
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Figure 11: Schematic representation of the aP2 promoter/mouse ApNcDNA fusion gene. The black arrows 

represent the primers used for the identification of mice carrying aP2-ApN transgene (242). 

 

5.2  Adiponectin overexpression targeted to liver 

Some teams placed ApN under the control of a liver promoter, serum amyloid P component 

(SAP). Yamauchi et al. created a fusion gene comprising the human SAP promoter and 

mouse gApN coding sequences so that the overexpression of gApN was targeted to the liver. 

Plasma gApN concentrations were very high in transgenic mice. These mice showed partial 

amelioration of insulin resistance and hyperglycemia on a high-fat diet, but not of obesity 

(218). To study the effects of ApN on life span, the cDNA encoding human full-length ApN 

was also placed under the control of SAP. Interestingly, a prevention of premature death was 

observed in these mice, probably due to an attenuation of oxidative DNA damage (249).   

5.3  Adiponectin knockout mice 

The ApN-knockout mice (ApN-KO) used in our lab were generated by Maeda et al. (38). 

They disrupted the ApN gene by replacing exon 2 (which contains the translation initiation 

sites) with the neomycin-resistance gene. These mice are characterized by a complete lack of 

ApN mRNA in fat and ApN protein in plasma. When challenged with high-fat diet/high 

sucrose diet, ApN-KO mice developed insulin resistance, which is associated with increased 

TNF-α mRNA levels in AT (38).  
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IV. microRNAs  

1. microRNA biogenesis and function 

microRNAs (miRNAs) are endogenous ～22nt RNAs that can bind to the 3’-untranslated 

region (3’-UTR) of target mRNAs to repress mRNA expression at the posttranscriptional 

level. As a group, miRNAs may directly regulate expression of over 30% of human and 

mouse genes and more than 60% of human protein-coding genes have been under selective 

pressure to maintain pairing to miRNAs (250). miRNAs play important regulatory roles in 

broad biological processes in plants and animals. 

 

1.1  microRNA genes  

 Most miRNA genes come from regions of the genome that are quite distant from previously 

annotated genes, implying that they derive from independent transcription units. Nonetheless, 

a minority (e.g. about quarter of human miRNA genes) are not transcribed from their own 

promoters but are instead processed from the introns of pre-mRNAs. Other miRNA genes (e.g. 

over half of the known Drosophila miRNAs) are clustered in the genome with an arrangement 

and expression pattern implying transcription as a multi-cistronic primary transcript. Nearly 

all of the cloned miRNAs are conserved in closely related animals, such as human and mouse, 

or C. elegans and C. briggsae (251). 

1.2  microRNA biogenesis  

miRNA genes are transcribed by either RNA polymerase II or III into primary miRNA 

transcripts (pri-miRNA) (Figure 12, step ). In the nucleus, the pri-miRNA is cleaved 

resulting in a 60–70nt stem loop intermediate, known as the miRNA precursor or the pre-

miRNA (Figure 12, step ). This cleavage is performed by the RNase III enzyme Drosha and 

the DGCR8 (DiGeorge critical region 8) protein. The pre-miRNA is next actively transported 

from the nucleus to the cytoplasm by Exportin-5 in complex with Ran-GTP (Figure 12, step 

). In the cytoplasm, the pre-miRNA is further processed by another RNase III endonuclease, 

Dicer (Figure 12, step ). Dicer together with TRBP (Tar RNA binding protein) cleaves off 

the loop of the pre-miRNA and produces a mature miRNA duplex, which comprises the 

functional guide strand and the passenger strand. However the miRNA duplex exists as a 

transit intermediate, it is subsequently separated by a helicase-like enzyme (yet to be 

identified). The functional miRNA strand is then incorporated into a ribonucleoprotein 

complex, known as RNA-induced silencing complex (RISC) (Figure 12, step ), and the 

passenger strand is degraded (Figure 12, step ). This functional asymmetry depends on the 
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thermodynamic stability of the base pairs at the two ends of the duplex: the miRNA strand 

with the less stable base pair at its 5’ end in the duplex is loaded into RISC. The functional 

core component of RISC is the Argonaute protein (Ago), which can guide RISC to bind to the 

complementary sequence located in 3’-UTR of target mRNA and lead to mRNA degradation, 

destabilization or translational inhibition (Figure 12, step ) (251; 252).  

 

Figure 12: microRNA biogenesis.  miRNA gene is transcribed into Pri-miRNA by RNA polymerase II or III. 

 Pri-miRNA is cleaved into Pre-miRNA by the microprocessor complex Drosha–DGCR8 in the nucleus.  

Pre-miRNA is transported from nucleus to cytoplasm by Exportin-5–Ran-GTP.  In the cytoplasm, the RNase 

Dicer in complex with the double-stranded RNA-binding protein TRBP (Tar RNA binding protein) cleaves the 

pre-miRNA hairpin to its mature length.  The miRNA duplex unwinds, the passenger strand (black) is 

degraded.  The functional strand of the mature miRNA (red) is loaded together with Argonaute (Ago2) 

proteins into the RNA-induced silencing complex (RISC).  Ago2 guides RISC to silence target mRNAs 

through mRNA cleavage, translational repression or deadenylation (252). 
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1.3  microRNA function: mRNA posttranscriptional repression  

Once incorporated into a cytoplasmic RISC, the miRNA can direct the RISC to down-regulate 

gene expression by two main posttranscriptional mechanisms: mRNA degradation or 

translational inhibition. Over the past few years, it has been proposed that the miRNA will 

specify mRNA degradation if the mRNA has sufficient complementarity to the miRNA, 

otherwise the miRNA will repress mRNA translation (251). Perfect complementarities mainly 

exist in plants, while in animals all but a few targets lack the extensive paring for cleavage. 

Thus, animal miRNAs were originally thought to mainly repress target translation by slowing 

the ribosomes or degrading newly synthesized polypeptides, with little or no influence on 

mRNA abundance, whereas the reverse was thought to be true in plants. Now, however, 

numerous studies have provided strong evidence that the predominant repression mode in 

animals is miRNA-mediated mRNA degradation. This evidence comes from studies on 

specific miRNA-target pairs and, more generally, from transcriptome studies showing that the 

abundance of miRNA targets inversely correlates with the level of the miRNA (253). One 

recent study has compared mRNA abundance and translational rates in human embryonic 

kidney (HeK)-293T cells transfected with miR-124: it revealed that mRNA degradation 

accounted for about 75% of the changes observed in protein synthesis, regardless of the 

magnitude of the regulation (254). Likewise, the group of Bartel et al. found, by using 

ribosome profiling, that mammalian miRNAs caused a decrease in steady-state mRNA levels, 

which can explain most of the reduction (84%) in protein production (255). The mechanism 

of miRNA-mediated target mRNA degradation is proposed to be a 5’-to-3’ mRNA decay 

pathway. mRNAs are primarily deadenylated by the deadenylase complex, and then decapped 

by the decapping enzymes. Decapped mRNAs are ultimately degraded by the major 

cytoplasmic 5’-to-3’ exonuclease XRN1 (Figure 13). The role of mRNA decay factors in 

miRNA-mediated mRNA destabilization is evidenced by the observation that the abundance 

of miRNA targets increases when these factors are depleted or antagonized (253). 
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Figure 13: Mechanisms of miRNA-mediated gene silencing in animals. The minimal requirements for 

microRNA (miRNA)-mediated gene silencing in animals are: an Argonaute protein (Ago), a GW182 

trinucleotide-repeat-containing protein, cytoplasmic poly(A)-binding protein (PABPC), components of the major 

deadenylase complex (CAF1, CCR4 and the NOT complex), the decapping enzyme DCP2 and several 

decapping activators (for example, DCP1, EDC4 and DDX6, also known as RCK).   A. miRNA loaded into 

RISC recognizes its mRNA target by base-pairing to partially complementary binding sites in the mRNA 3’UTR.  

B. AGO interacts with GW182, which in turn interacts with PABPC bound to the mRNA poly (A) tail. The 

AGO-GW182 complex directs the mRNA to deadenylation.  C. Depending on the cell type and/or specific target, 

deadenylated mRNA can be stored in a translationally repressed state. D, E.  In animal cell cultures, 

deadenylated mRNA is decapped and rapidly degraded by the major 5’-to-3’ exonuclease XRN1 (253). 
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1.4  microRNA targets prediction   

miRNA target genes can be computationally predicted. The computational algorithms are 

developed based on several principles (256): (1) Base pairing pattern in the binding sites. (2) 

Thermodynamic stability of miRNA-mRNA hybrid, which is assessed by calculating free-

energy (ΔG) of the putative binding. (3) Comparative sequence analysis to check whether 

target sequences are evolutionarily conserved across species. (4) Examination of the presence 

of multiple target sites and take the number of target sites into account for prediction.  

 

The most established and widely used miRNA target prediction algorithms are TargetScan 

(257), PicTar (258) and miRanda (259; 260). TargetScan integrates thermodynamics-based 

modeling of miRNA-mRNA interactions and comparative sequence analysis to predict 

miRNA targets conserved across multiple genomes; its estimated false-positive rate varies 

between 22 % and 31%. PicTar checks the alignments of 3' UTRs for those displaying seed 

matches to miRNAs, and filters the retained alignments based on their thermodynamic 

stability. This algorithm has been shown to correctly identify some known miRNA targets and 

its false positive rate is estimated to be around 30%. miRanda selects target genes based on 

sequence complementarities, free energies of RNA-RNA duplexes and conservation of target 

sites in related genomes. miRanda was described to correctly identify 9 out of 10 currently 

characterized target genes, and its false-positive rate is around 24% (256).  

 

Since computational methods are not perfect, the predicted miRNA targets should be 

validated experimentally in biological systems. A gene reporter assay may be useful to check 

directly the interaction between the miRNA and its target mRNA. Additionally, quantitative 

real-time PCR (RT-qPCR), Western blot, or in situ hybridization are often performed to 

examine the expression of predicted miRNA target genes in either in vitro or in vivo systems 

where the miRNA has been overexpressed or knocked out (256). 

 

 

2. Role of microRNA in inflammation 

I shall briefly review the role of miRNAs in the immune system. 

Role of microRNAs in adaptive immunity Studies conducted by many groups have 

demonstrated that miRNA regulation is indispensable for stable immune process. miRNAs 

appear to have a key role in the differentiation of B-cells. Ablation of whole miRNAs by 
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deletion of Argonaute 2 (Ago2) or Dicer impairs pre-B-cell differentiation and the succeeding 

peripheral B-cell generation (261). Several individual miRNAs have also been reported to be 

involved in the B-cell biology. For example, over-expression of miR-17~92 cluster enhances 

B-cell proliferation and survival (262), while miR-150 profoundly affects early B-cell 

differentiation and mature B-cell responses (263).  

miRNAs have been shown to be key regulators of the T-cell lineage induction pathways. 

Deletion of Dicer at an early stage of T cell development compromised the survival of T cell 

lineage (264). The best evidence for miRNA playing a role in specific developmental stages 

of T-cell differentiation is from miR-181, which, as well as reducing the number of T cells in 

haematopoietic over-expression systems (265),  increases the sensitivity of T-cell receptor 

signaling (266). 

In addition, miRNAs also play pivotal roles in the induction, function and maintenance of the 

regulatory T cell (Treg) lineage. miRNAs can enhance thymic and peripheral induction of 

Treg cells (264; 267). Dicer-deficient Treg cells almost lost their suppressive capacity and 

anergic profile (267).  

Role of microRNAs in innate immunity Several miRNAs (including miR155, miR146a, 

miR21, miR9) have been consistently found to be rapidly induced by innate immune 

activation (e.g. Toll-like receptor), indicating that they may regulate the innate immune 

response (268). Target prediction analyses indicate that up to a half of innate immune genes 

could be under the direct regulation of miRNAs. A study on 613 genes, which regulate 

immunity utilizing a computational approach, identified 285 genes as miRNA targets. Major 

targets include transcription factors, cofactors and chromatin modifiers whereas upstream 

factors, such as ligands and receptors (cytokines, chemokines…) were, in general, poor or 

non-targets (269).  

The mechanisms by which miRNAs regulate cytokine expression include direct regulation by 

binding to seeding sites in mRNA 3’-UTR and indirect regulation. Computational analyses 

predict that most cytokines lack miRNA target sites in 3’-UTRs (269). For example, of the 

interleukin genes (IL1-29) studied, 9 had predicted miRNA binding sites. Of 20 interleukin 

receptor genes examined, only 2 had high probability miRNA target sites. These findings 

suggest the regulation of cytokine genes by miRNAs occurs often via indirect mechanism. 

Recent studies indicate indeed that miRNAs could indirectly regulate cytokine genes via AU-
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rich elements (ARE) located in the mRNA 3’-UTR by targeting ARE-binding proteins 

(Figure 14). ARE are the cis-acting structural RNA motifs that are important determinants of 

cytokine message stability. ARE-mediated mRNA degradation is regulated by a number of 

trans-acting factors, called the ARE-binding proteins (which include TTP, AUF1 and 

members of the HUR family) (270). These ARE-binding proteins are heavily predicted targets 

of miRNAs (271). Repression of several ARE components by miRNAs may alter the levels of 

inflammatory cytokines as well as of other immune genes (269; 271).   

 

 

Figure 14: Scheme for indirect regulation of cytokine genes by miRNAs.  Cytokine mRNA 3’UTR have AU-

rich element (ARE) site. miRNAs potentially repress the expression of the ARE binding proteins (TTP, HUR, 

AUF1), which interact with ARE site to alter cytokine mRNA levels. Adapted from (271). 

 

 

 

 

3. Role of microRNAs in obesity and metabolic syndrome 

 

3.1  microRNAs regulate adipocyte differentiation and mature adipocyte 

function 

Adipogenesis is a multi-step process involving a cascade of transcription factors and cell-

cycle proteins regulating gene expression and leading to adipocyte development (272). There 

are two key steps to mature adipocyte development: determination and terminal 

differentiation. In the determination step, multipotent mesenchymal stem cells (MSCs) are 

induced to become preadipocytes, which are morphologically similar to MSCs but have lost 

the ability to differentiate into non-adipocyte cell types. Following commitment to the 

adipocyte lineage, preadipocytes undergo terminal adipocyte differentiation, acquire a mature 

adipocyte morphology, and express mature adipocyte markers such as ApN, leptin and 

glucose transporter type 4 (GLUT4) (273) (Figure 15).  
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The first evidence for participation of individual miRNAs in “adipose tissue” came from a 

genetic screen in Drosophila. Xu et al. found that miR-14 knockout flies displayed significant 

larger lipid droplets and a roughly two-fold increase in triglyceride content in adipocytes, 

thereby suggesting the importance of miR-14 in lipid metabolism of mature adipocytes (274). 

However its mammalian homologue has not yet been discovered. Subsequent studies carried 

in mammals showed that knocking down Dicer (the essential enzyme for miRNA maturation) 

in mouse preadipocytes dramatically impaired lipogenesis and downregulated adipocyte 

markers (275; 276). Moreover, Ortega et al. profiled the global changes of miRNA expression 

during adipogenesis using miRNA array in human preadipocytes and mature adipocytes. They 

showed that expression of approximately 70 miRNAs (8.8%) significantly differed between 

premature and mature adipocytes (277). These findings imply that miRNAs may be 

indispensable for controlling adipocyte development (278). Some miRNAs are able to 

accelerate adipocyte differentiation, while some miRNAs appear to act as negative regulators 

of adipogenesis. 

microRNAs and acceleration of adipocyte differentiation Several miRNAs have been 

identified to accelerate adipocyte differentiation (Figure 14). A screening study of adipogenic 

miRNAs in human subcutaneous preadipocytes revealed that inhibition of miR-143 

suppressed the adipogenic markers and triglyceride accumulation, indicating the promoting 

role of miR143 in normal adipocyte differentiation (279). Conversely, ectopic miR-143 

expression during differentiation of 3T3-L1 preadipocytes resulted in increased triglyceride 

accumulation (280). Several evolutionarily conserved signaling pathways, such as wingless-

related MMTV integration site (WNT) and TGF-β signaling disfavor adipogenic fate in MSCs 

(278). As an example, ectopic expression of Wnt10b in a murine stromal cell line favors 

osteogenesis at the expense of adipogenesis (278). In a high-throughput microarray analysis 

performed in 3T3-L1 cells, 18 miRNAs might promote adipogenesis by repressing WNT 

signaling. Among them, miR-210 blocked the Transcription factor 7-like 2 (TCF7L2), which 

is a key transcription factor triggering the downstream responsive genes of WNT signaling 

(281). Another miRNA, miR-21 also promotes adipogenesis; miR-21 is a negative regulator 

of TGF-β signaling in human adipose-tissue-derived mesenchymal stem cells (hASCs) by 

silencing TGF-β receptor 2 (TGFBR2) (282).  

microRNAs and suppression of adipocyte differentiation Some studies have focused on 

miRNAs which appear to act as negative regulators of adipocyte differentiation (Figure 14). 

One report showed that overexpression of miR-448 in 3T3-L1 preadipocyte reduced the 
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expression of adipogenic genes and triglyceride accumulation. The anti-adipogenic effect of 

miR-448 was mediated by silencing the Krüppel-like factor 5 (KLF5), a transcription factor 

that induces the key adipogenic transcription factor PPARγ (283). miR-27a and miR-27b are 

also negative regulators of adipogenesis, and both have been shown to directly suppress the 

PPARγ mRNA (284-286). Likewise, miR-31 directly suppresses the adipogenic transcription 

factor C/EBPα mRNA (287). Another miRNA, let-7 has been reported to reduce protein of 

high-mobility group AT-hook 2 (HMGA-2) (288), a transcription factor that regulates growth 

and proliferation. Mice lacking HMGA-2 have marked reduction in adiposity (289), while 

ectopic introduction of let-7 into 3T3-L1 cells inhibited clonal expansion as well as terminal 

differentiation (288).  

 

Figure 15: miRNAs in regulation of adipocyte differentiation. (1) Fat cell development: Multipotent 

mesenchymal stem cells can develop into lineage committed pre-adipocytes. PPAR and C/EBP transcription 

factors co-ordinate adipogenic gene expression during terminal differentiation into lipid storing mature 

adipocytes. (2) Mammalian miRNAs regulate target genes during adipogenesis. Adapted from (290). Wnt, 

Wingless-related MMTV integration site; TCF7L2, Transcription factor 7-like 2; HMGA2, High-mobility group 

AT-hook 2; KLF, Kruppel-like factor 5; TGFBR2, TGF-β receptor 2. 

 

 

microRNAs and regulation of mature adipocyte function  There are several miRNAs that 

have been implicated as regulators of mature adipocyte metabolic functions. Recently, miR-

27a was found to be able to accelerate lipolysis, while miR-143 could promote triglyceride 
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accumulation in porcine adipocytes (291). Some miRNAs are also associated with adipose 

tissue insulin sensitivity. Overexpression of miR-103/107 in mouse adipocytes impaired 

insulin signaling and insulin-stimulated glucose uptake by directly targeting caveolin-1, a 

critical regulator of the insulin receptor. Silencing caveolin-1 resulted in diminishing the 

number of insulin receptors in caveolae-enriched plasma membrane microdomains, thereby 

reducing downstream insulin signaling (292). Likewise, overexpression of miR-29 in 3T3-L1 

adipocytes largely repressed insulin-stimulated glucose uptake, presumably through inhibiting 

Akt activation (293). 

3.2  Adipose depot specific expression of microRNAs 

Kloting et al. performed a global miRNA gene expression assay in different fat depots of 

overweight or obese subjects (n=15). Their study showed that miRNA expression is adipose 

depot-specific. Expression of 16 miRNAs differed between omental and subcutaneous fat 

with higher expression in omental fat (294). Another study identified 136 miRNAs, which 

were significantly differentially expressed between abdominal and gluteal adipose tissue of 

human subjects (295). Taken together, these data suggest that miRNA expression differences 

may contribute to intrinsic differences between specific fat depots. 

3.3  Deregulation of microRNAs in adipose tissue during obesity and the 

metabolic syndrome  

Xie et al. showed an inverse correlation of miRNA expression during adipocyte 

differentiation (3T3-L1 cells) and mouse obesity. miRNAs up-regulated during adipogenesis 

tended to be downregulated in the obese state, and vice-versa (280; 296). A recent study also 

identified 21 miRNAs, which were differentially expressed in epididymal AT between lean 

mice fed a standard diet and mice rendered obese by a high-fat diet (297). Ortega et al. 

performed miRNA array on human subcutaneous adipose tissue: 50 of the 799 miRNAs tested 

(6.2%) significantly differed between obese (n=9) and lean (n=6) subjects (277). Among these 

50 miRNAs, 17 were highly correlated with BMI and metabolic parameters (fasting glucose 

and/or triglycerides) (277). These data are concordant with those obtained in overweight or 

obese subjects by Kloting et al. They showed significant correlations between the expression 

of selected miRNAs and both AT morphology and key metabolic parameters, including 

visceral fat area, HbA1c, fasting plasma glucose, and circulating leptin, adiponectin, 

interleukin-6 (294).   
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Chronic inflammation in AT is a key feature of obesity and the MS. Inflammation per se 

could alter AT miRNA levels. TNF-α treatment of 3T3-L1 adipocytes mimicked the changes 

of miRNA expression observed in AT of obese mice (280). However, only a few individual 

miRNAs have been reported as playing a crucial role in this inflammatory state. Expression of 

miR-221 and miR-222 has been positively correlated to TNF-α and negatively correlated to 

ApN expression in white AT of mice (298). Yet, the direct effects of both miRNAs on these 

pro- or anti-inflammatory adipokines are still unraveled. Very recently, Zhuang et al. have 

demonstrated that miR-223 played a crucial role in modulating macrophage polarization in a 

pattern that protects mice from diet-induced adipose tissue inflammation and systemic insulin 

resistance. Consequently, miR-223 deficient mice fed a high-fat diet exhibited increased AT 

inflammation characterized by enhanced pro-inflammatory activation of macrophages (299).   

 

3.4  Roles of microRNAs in other metabolic tissues 

Besides adipose tissue, the regulatory roles of miRNAs have also implicated in other 

metabolically related tissues (Figure 16) (296). 

 

Figure 16: Regulation of metabolic pathways by miRNAs. The schematic illustration summarizes the current 

evidence from the literature for the function of miRNAs in the metabolism of different tissues (296; 300). 

 

microRNAs in liver biosynthesis of cholesterol Multiple researchers have highlighted the 

important role that miRNAs play in hepatic lipid metabolism. miR-122 is a liver-specific 

miRNA involved in cholesterol and lipid metabolism and in hepatitis C virus replication (296) 

(301). Krützfeldt et al. provided evidence to support miR-122 as a key regulator of the 

cholesterol biosynthetic pathway; in particular they observed that the expression of at least 11 
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genes involved in cholesterol biosynthesis was decreased in antagomir-122-treated mice, 

including hydroxy-3-methylglutaryl-CoA-reductase (Hmgcr), a rate-limiting enzyme of 

endogenous cholesterol biosynthesis (302). Very recently, the role of miR-33 (a/b) has raised 

attention. miR-33 (a/b) are intronic miRNAs embedded in the sterol-response-element-

binding protein genes SREBP2 and SREBP1, that repressed expression of the cholesterol 

transporter ABCA1, a key regulator of HDL biogenesis. Antagonizing miR-33a raised plasma 

HDL levels over 12 weeks in non-human primates, thereby opening new therapeutic strategy 

for reducing cardiovascular disease risk (303).  

microRNAs in pancreatic β-cell biology miRNAs are necessary for proper pancreatic islet 

development as demonstrated in a mouse model lacking the miRNA processing enzyme Dicer 

selectively in the pancreas. Pancreatic-specific, Dicer-null mice display gross defects in all 

endocrine pancreatic lineages, with insulin-producing β cells being the most affected (304). 

miR-375 play a key role in pancreatic islet development. Deletion of miR-375 in mice causes 

a marked decrease in β-cell mass, which results in severe insulin-deficient diabetes in mature 

β cells, miR-375 also plays a negative regulatory role in glucose-induced insulin secretion. 

miR-375 is therefore important for several features of β cells, such as insulin expression and 

secretion as well as β-cell proliferation and adaptation to insulin resistance (304; 305). 

Additionally, at least three other miRNAs play a critical role in insulin exocytosis in β-cells. 

miR-9 and miR-96 in β-cells negatively regulate insulin exocytosis (306; 307), while miR-

124a enhances insulin release at low-glucose concentrations but reduces high glucose-induced 

secretion (308).  

microRNAs and neural factors promoting obesity miRNAs have recently been shown to be 

differentially expressed in brain tissue and have been linked to the regulation of neural factors 

specific to obesity, in particular the control of appetite. These miRNAs are also differentially 

expressed in neural signaling to liver, muscle, pancreas and gastrointestinal tract, to influence 

metabolism (296). We will focus on a hypothalamic brain-derived neurotrophic factor 

(BDNF). BDNF plays a role  of energy balance and has been implicated in the development 

of obesity (309). Low levels of BDNF have been linked to increased appetite and obesity 

(296). Both miR-30a-5p and miR-195 have been shown to target specific sequences 

surrounding the proximal polyadenylation site within the BDNF 3′-untranslated region on 

chromosome 11p13. Furthermore, neuronal overexpression of miR-30a-5p and miR-195 

resulted in down-regulation of BDNF protein (296; 310; 311). 
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4. Therapeutic relevance of microRNAs  

 

4.1  microRNAs as diagnostic tools 

Recent studies have demonstrated that miRNAs can be secreted into the circulation. Chen et 

al. screened serum miRNAs of healthy Chinese subjects and found over 100 and 91 serum 

miRNAs in male and female subjects, respectively. Yet, how these miRNAs make their way 

into the circulation is still mysterious (312). The levels of miRNAs in serum are stable, 

reproducible, and consistent among individuals. This raises the potential of miRNAs as novel 

biomarkers for many disorders. Multiple reports have noted the potential clinical use of blood 

miRNAs for the diagnosis of cancer (313). For example, Heneghan et al. identified a systemic 

miRNA profile diagnostic of breast cancer, based largely on circulating miR-195 levels. Their 

results far highlight miR-195 as a potentially ideal breast tumor marker; circulating levels 

reflect tumor miR-195 levels, correlate with tumor size and stage of disease, decrease to basal 

level two weeks post-curative tumor resection, and miR-195 is not elevated in blood from 

patients with other malignancies (prostate, colon, renal, melanoma) (314). miRNAs can also 

serve as potential biomarkers for the metabolic syndrome. Heneghan et al. showed that 

circulating levels of miR-17-5p and miR-132 were significantly decreased in obese 

individuals compared to non-obese individuals and reflected miRNA expression in omental 

fat. The miRNA expression in blood and omental fat from obese patients correlated 

significantly with BMI, fasting blood glucose, and glycated hemoglobin (315). 

 

4.2  microRNAs as therapeutic tools 

The knowledge that miRNAs mediate potent and specific gene silencing makes them 

attractive therapeutic targets. “Silencing” of key miRNA, or “replacement” of certain tissue-

specific miRNA whose expression is known to be decreased, are potential therapeutic 

interventions.  

 

Techniques Several techniques have been set up to use the therapeutic potential of miRNAs. 

miRNAs can be deactivated and silenced by anti-miRNA oligo-nucleotides (AMOs), 

"miRNA sponges" and "miRNA masking" (316) (Figure 17). AMOs are synthetic antisense 

oligonucleotides that competitively inhibit the interaction between miRNAs and their mRNA 

targets. The most widely employed types of AMOs are 2’-O-methyl AMO, 2’-O-

methoxyethyl AMOs and Locked Nucleic Acids (LNAs) (317). Given that miRNAs have 

been observed to function often in clusters in pathological processes, the "miRNA sponges" 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heneghan%20HM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heneghan%20HM%22%5BAuthor%5D
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has been developed to knockdown multiple miRNAs. This technique requires a vector 

encoding large quantities of transcripts (anti-miRNAs) which display numerous and tandem 

binding sites for a cluster of miRNAs of interest. The "miRNA masking" is an alternative 

miRNA-knockdown strategy to the AMO approach, with the advantage of targeting miRNAs 

in a gene-specific manner. Unlike an normal AMO, which binds to the endogenous miRNA 

directly, a miRNA mask binds to the miRNA’s binding site located in the 3’-UTR of its target 

mRNA, thereby avoiding off-target effects (316). 

 

Conversely, with regard to those miRNAs with decreased expression in disease, the 

fundamental principle strategy is to restore their expression. This can be achieved through 

miRNA mimicry or plasmid/viral vector-encoded miRNA replacement. miRNA mimics are 

small chemically altered double-stranded RNA molecules that imitate endogenous miRNAs 

(316) (Figure 17). Plasmid/viral vectors encoding miRNAs are encouraging strategies to 

replace miRNA in vivo, with good transduction efficiency and minimal toxicity (318; 319).  

 

Figure 17: Strategies of miRNA manipulation and potential miRNA therapeutic strategies. Endogenous 

miRNAs can be down-regulated by anti-miRNA AMOs (anti-miRNA oligonucleotide), miRNA sponges, and 

miRNA-masking. AMOs can bind to complementary miRNAs and induce either duplex formation or miRNA 

degradation. MiRNA sponges exhibit multiple miRNA binding sites, resulting in the ability to simultaneously 

sequester multiple miRNAs. MiRNA masks are complementary to the 3′UTR of the target miRNA, resulting in 

competitive inhibition of the downstream target effects. The effects of miRNAs can be restored by introducing 

synthetic miRNAs (miRNA mimicry) (316). 

 

 

 

microRNAs and therapeutics To date, the greatest efforts have been made in exploring the 

potential application of miRNAs therapeutics in cancer and liver disorders. Gain or loss of 

function of individual miRNAs have been reported in almost every solid and hematological 
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cancer, with therapeutic suppressing effect in tumor cell proliferation, progression of tumors 

and the metastatic process (316). The liver specific miR-122 has been proved to regulate 

cholesterol biosynthesis and hepatitis C virus replication. Silencing of miR-122 by 

intraperitoneal administration of high affinity LNA anti-miR-122 has resulted in dose-

dependent lowering of plasma cholesterol in mice and non-human primates (monkeys). This 

was achieved without significant adverse reactions or hepatic toxicity (302; 320). Also, the 

intravenous injection of the drug SPC3649 (containing LNA anti-miR-122) is currently 

undergoing Phase I clinical trials for treatment of human hepatitis C infection 

(www.laboratorytalk.com/news/saa/saa104.html).  

 

4.3 Potential challenges in miRNA-based therapy 

Although significant advances have been made in miRNA-based therapy, various challenges 

remain to be overcome before clinical use. First, one individual miRNAs may have multiple 

potential targets, which may coordinate or antagonize each other’s functions. In addition, 

miRNA-target interactions depend not only on the sequence of the target site but also on the 

cellular context, in which the interactions occur. This complexity explains the difficulties in 

predicting the spectrum of side effects and toxicity profiles, which may be associated with 

miRNA-based therapeutics. Second, replacement of miRNA may potentially lead to 

oversaturation of endogenous miRNAs pathway. High levels of exogenous miRNA can 

compete with the endogenous miRNA biogenesis processing, leading to cell toxicity (321; 

322). Another critical issue is the site-specific, safe, effective and repeat delivery of miRNA 

in vivo. The systemic intravenous delivery of viral or liposomal-mediated miRNA 

oligonucleotides have been well achieved in cancer and liver disease. However, targeting 

certain miRNA in other specific tissues is poorly achieved due to the invasive nature of access 

for repeat delivery and lack of cell-specific up-take. Restoration of tissue-specific miRNA 

expression could be a more rational approach for managing local abnormalities with more 

efficiency and precision and with less systemic side effects (316; 322). 

 

http://www.laboratorytalk.com/news/saa/saa104.html
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Chapter 2: Objectives 
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The lab has generated a transgenic mouse model with targeted overexpression of ApN into 

white AT. ApN has emerged has a potent anti-inflammatory factor.  

Since AT chronic inflammation is considered to build the common soil for the development of 

the MS, I took advantage of this transgenic model to examine whether ApN regulates the 

secretory profile of downstream adipokines and induces a shift of the immune balance in 

adipocytes and/or SVCs toward a less inflammatory phenotype. Next, I hypothesized that 

miRNAs regulated by ApN may mediate some of the anti-inflammatory effects of ApN on 

AT by directly targeting genes involved in inflammatory pathways (Figure 18).  

 

Figure 18: Hypotheses of my thesis 

 

I therefore investigated the effects of ApN on the secretion of downstream adipokines (article 

1) and the expression/role of miRNAs (article 2). 

 

 Objective 1 

Article 1: Ge Q, Ryken L, Noel L, Maury E, Brichard SM 2011 Adipokines identified as new 

downstream targets for adiponectin: lessons from adiponectin-overexpressing or -deficient mice. Am J 

Physiol Endocrinol Metab 301:E326-E335 

To investigate in vivo the auto/paracrine effects of ApN on adipose tissue secretory 

function. I took advantage of our unique mouse model overexpressing ApN (ApN-Overex) to 

investigate the effect of ApN on the secretion of downstream adipokines by cytokine antibody 
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array profiling and subsequent ELISA measurements. These experiments were carried out on 

young mice studied before emergence of any metabolic confounding factors (such as 

improvement of insulin action or decrease of fat mass). I further examined whether a reverse 

profile occurred in ApN-knockout (ApN-KO) mice.  

 Objective 2  

Article 2: Ge Q, Gerard J, Noel L, Scroyen I and Brichard SM. MicroRNAs Regulated by Adiponectin 

as Novel Targets for Controlling Adipose Tissue Inflammation. Endocrinology 2012 

To explore whether miRNAs regulated by ApN in vivo contribute to the anti-

inflammatory effects of ApN in AT and whether these miRNAs represent novel 

mechanisms for controlling AT inflammation. I used the AT of the same ApN-Overex and 

ApN-KO mouse models to identify several miRNAs specifically regulated by ApN in vivo by 

microRNA expression profiling and subsequent RT-qPCR. The biological functions of 

miRNAs were predicted by computational algorithm and were further validated by gain- or-

loss of function approaches in 3T3-F442A adipocytes in vitro as well as in de novo formed fat 

tissue in vivo. 

 Additional paper 

Article 3: Ge Q, Maury E, Rycken L, Gerard J, Noel L, Detry R, Navez B and Brichard SM. 

Endocannabinoids regulate adipokine production and the immune balance of omental adipose tissue 

in human obesity. Int J Obes (Lond) 2012. 

The objectives of this additional study were to assess whether the modulation of the 

cannabinoid type 1 receptor (CB1R) directly regulates in vitro the production of ApN 

and other adipokines by omental adipose tissue (OAT) of obese subjects, to establish in 

which cellular fraction of OAT the effects of CB1R blockade take place and to unravel 

the underlying mechanisms.  

Because this study was carried out in a different model to the first two ones, its results and the 

related discussion do not represent the core of my thesis, but are presented as an annex at the 

end of this work. 
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ABSTRACT 

Adipokines play a central role in the pathogenesis of the metabolic syndrome. Among them, 

Adiponectin (ApN), a master regulator of immune and fuel homeostasis is decreased. 

Identifying downstream adipokines targeted by ApN may help in deciphering this syndrome. 

We have generated transgenic mice allowing persistent and moderate overexpression of ApN 

(ApN-Overex) specifically in white adipose tissue (AT). We took advantage of this model to 

unravel the adipokine secretion profile triggered by ApN. AT was fractionated into adipocytes 

and stromal-vascular cells (SVC), which were cultured for 8 h. Profiling of secretory products 

by antibody arrays and subsequent ELISAs showed that the secretion of 3 pro-inflammatory 

factors (IL-17B, IL-21, TNF-) and 3 hematopoietic growth factors (GF)(thrombopoietin and 

granulocyte-(macrophage)-colony-stimulating-factors) was reduced in adipocytes of ApN-

Overex mice when compared to wild-type mice. In SVC of these mice, besides the 

hematopoietic GFs, the secretion of another GF (vascular endothelial GF receptor 1, 

VEGFR1), 2 chemokines (RANTES, ICAM-1) and 2 pro-inflammatory factors (IL-6, IL-

12p70) was reduced as well. Only one cytokine was oversecreted by SVC of ApN-Overex 

mice: Interleukin 1 receptor 4 (IL-1R4/ST2), which may exhibit anti-inflammatory properties. 

Most of these changes in secretion were due to corresponding changes in mRNAs. A reverse 

profile of adipokine expression was observed in ApN-KO mice. In conclusion, ApN regulates 

in vivo the secretion of downstream adipokines, thereby inducing a shift of the immune 

balance in both adipocytes and SVC toward a less inflammatory phenotype. These 

downstream adipokines may be new therapeutic targets for the management of the metabolic 

syndrome.  

 

Key words: adiponectin, inflammation, adipocytes, stromal-vascular cells, secretome  
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INTRODUCTION   

Adipose tissue (AT) secretes a number of bioactive peptides, collectively named 

adipokines. They may exert endocrine actions on distant organs or autocrine/paracrine actions 

on AT. They play a central role in energy and vascular homeostasis as well as in immunity 

(1). Virtually all known adipokines are dysregulated in obesity, type 2 diabetes and metabolic 

syndrome leading to overproduction of deleterious adipokines and hyposecretion of defensive 

ones, such as ApN. Such a dysregulation triggers the development of a low-grade pro-

inflammatory state, which is considered to build the common soil for the development of 

obesity-linked disorders (1). Resetting the immunological balance in adipose tissue may be a 

crucial approach for the future management of the metabolic syndrome. Adipokines may be 

potential therapeutic targets.  

ApN has emerged as a master regulator of immune/inflammatory and fuel 

homeostasis(2). Besides its vascular protection (3), ApN exerts anti-inflammatory effects on 

other organs such as liver, colon, cardiac or skeletal muscles (4-7). As yet, the autocrine and 

paracrine anti-inflammatory effects of ApN on its own production site have been scarcely 

described (8-10). Moreover, its effects on adipose tissue secretory functions have only been 

reported in a few numbers of in vitro studies (8; 9). Thus, identifying downstream adipokines 

targeted by ApN in vivo may be instrumental in highlighting its action on AT. 

We have generated a transgenic mouse model allowing persistent and moderate 

overexpression of ApN (ApN-Overex) specifically in white adipose tissue by using the aP2 

promoter (11). We took advantage of this unique in vivo model to unravel the adipokine 

secretion profile triggered by ApN in AT. We also examined whether a reverse profile 

occurred in ApN-knockout (ApN-KO) mice (10). 
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RESEARCH DESIGN AND METHODS  

Animals  

Male ApN-Overex mice and their wild-type (WT) littermates were housed in groups 

of 2 to 4 at a constant temperature (22 C) with a fixed 12-h light, 12h-dark cycle. The two 

groups of mice were matched for weaning body weight. They were weaned to a high-sucrose 

diet (HS) (TD00220; Harlan, Horst, Netherlands) as mouse phenotype and degree of 

transgene expression were characterized in those conditions (11). In an additional experiment, 

male ApN-KO mice, which exhibit a complete lack of ApN in fat and plasma, and their WT 

controls (mice of the same genetic background, raised together with ApN-KO mice, but which 

were not their littermates) were also used. These animals were housed in the same conditions 

as ApN-Overex mice and received the same diet from weaning.  

Body weight was measured every week. At the end of the experiments, mice were 

sacrificed by decapitation (between 0800 and 1000 h). Tail vein blood samples were saved 

before sacrifice. Inguinal fat pads (the adipose tissue site where the effects of the transgene 

ApN were the most pronounced; (11)) were quickly removed, weighed and either directly 

used for culturing or frozen in liquid nitrogen and stored at -80 C for subsequent experiments.  

The University Animal Care Committee approved all procedures.  

Quantification of circulating parameters 

Blood glucose was measured using a glucometer (MediSense Precision Xtra Plus®, 

Abott-Medisense, Louvain-la-Neuve, Belgium). Plasma insulin was measured by RIA (kit 

from Linco Research, St Charles, MO, USA) and plasma triglycerides by a colorimetric 

method (kit from BD Biosciences, Erembodegem,  Belgium).  

Adipose tissue immunohistochemistry and morphometry 

 Adipose tissue samples were fixed in 10% formaldehyde for 24 h and embedded in 

paraffin.  Five µm thick sections were processed, using a rat monoclonal antibody directed 

against mouse F4/80, a macrophage marker (AbD, Serotec, Dusseldorf, Germany), according 

to the manufacturer‘s recommendations. Sections were pretreated in a microwave oven in 

Tris-citrate buffer (pH 6.5) for one cycle of 3 min at 750 W and 3 cycles of 3.5 min at 350 W. 

Binding of the antibody was detected by applying for 30 min at room temperature a second 

antibody, which was a rabbit anti-rat immunoglobulin conjugated to peroxidase labelled 

polymer (En Vision +, Dako, Copenhagen, Denmark). Peroxidase activity was revealed with 
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DAB substrate (3,3'-Diaminobenzidine, Dako, Copenhagen, Denmark) which produces a 

brown staining. For quantification, the number of immunolabelled macrophages per 

microscopical field (density) was counted, at magnification X 400, on 20 fields for each 

mouse (7). Adipocytes areas were measured by an image analyzer system (MOP-Vidioplan; 

Kontron, Eching, Germany); at least two hundred adipocytes, randomly chosen in 7-8 fields 

per section were counted for each mouse (12).  

Culture of isolated adipocytes and stromal-vascular cells (SVC) 

We used an established protocol (13; 14), with slight modifications, to study the 

release of adipokines by isolated cells of AT. This protocol has been validated for secretome 

analysis: under those experimental conditions, neither tissue fractionation nor culturing per se 

did alter adipokine expression levels (13). 

Briefly, fresh inguinal adipose tissue (0.3 g) was finely minced and incubated in a 

shaking waterbath at 37°C in 750 µl Krebs-BSA buffer (KRAB) containing collagenase A 

(Roche Diagnostics, Vilvoorde, Belgium; 2.5 mg/0.3 g tissue) for 15 minutes. The digested 

tissue was filtered through a metallic mesh and then centrifuged at 400 g for 1 minute. The 

supernatant (containing the adipocytes) and pellet [containing the stromal-vascular cells 

(SVC)] were separated and washed 3 times in KRAB. The pellet (SVC) was resuspended in 

80 µl KRAB. Isolated cells were then cultured in 48 well plates. Experiments were performed 

in duplicate. 80 μl packed adipocytes or 40 µl SVC were distributed per well, which contained 

700 μl MEM supplemented with 1% BSA and 1/500 (v/v) antibiotics (Primocin, InvivoGen, 

USA). Cells were allowed to stabilize for 1 h in this medium; next, the medium was renewed 

and the cells were cultured for 8 h. After culturing, aliquots of medium were stored at -20 C, 

and cells were harvested and stored at -80°C. DNA content was measured in cell samples as 

described before (13). 

Cytokine antibody arrays and ELISAs or RIA on adipocyte- or SV cell-conditioned media 

Screening for cytokines secreted by cultured adipocytes or SV cells was performed 

by hybridizing medium with antibody-coated membranes according to the protocol supplied 

by the manufacturer [RayBio Mouse Cytokine Antibody Array C Series 2000, a kit 

combining membranes of Array Ш, VI and V and allowing the simultaneous detection of 144 

cytokines (cat. no. AAM-CYT-2000, for details see 

http://www.raybiotech.com/manual/Antibody%20Array/AAM-CYT-2000.pdf (RayBiotech, Inc. 

Parkway Lane, USA)]. Briefly, 1 ml medium was incubated with arrayed antibody supports 

http://www.raybiotech.com/manual/Antibody%20Array/AAM-CYT-2000.pdf
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for 1 h 30 min at room temperature; membranes were then washed and incubated with the mix 

of biotin-conjugated antibodies for another 1 h 30 min. After washing, horseradish 

peroxidase-conjugated streptavidin was added to the membranes for 1 h at room temperature. 

Spots intensities on membranes were quantified by scanning densitometry (Gel-Doc2000, 

Bio-Rad Laboratories, UK Ltd), analyzed with Quantity One
TM

 (Bio-Rad). Non-conditioned 

media (containing 1% BSA) were used as negative controls, as already described (13). Signals 

were normalized to internal positive controls present on each membrane (see Fig. 2), and then 

expressed as intensity units per µg DNA in each cellular fraction. The experiments on both 

genotypes of mice were always carried out simultaneously.  

The cytokines identified by protein antibody arrays as differentially secreted between 

the two genotypes of mice (P <0.1) were further quantified by specific ELISAs: Chemokine 

(C-X-C motif) ligand 5 (Cxcl5) (LIX), Granulocyte colony-stimulating factor (GCSF), 

Granulocyte macrophage colony-stimulating factor (GM-CSF), Growth arrest-specific 6 

(Gas6), Interleukin-6 (IL-6), Interleukin-21 (IL-21), Interleukin-17B (IL-17B), Interleukin-12 

(IL-12p70), Interleukin 1 receptor 4 (IL-1R4/ST2), Inter-cellular adhesion molecule 1(ICAM-

1), Regulated upon Activation, Normal T-cell Expressed, and  Secreted (RANTES), Tumour 

Necrosis Factor-α (TNF-α), Thrombopoietin (TPO), Vascular Endothelial Growth Factor 

Receptor-1 (VEGFR1) (all from RayBiotech, Parkway Lane, USA) except for IL-12p70, IL-

1R4 from R&D Systems Europe Ltd., Abingdon, United Kingdom). However, we did not 

quantify TIMP-2 by this method, because its function on AT is not clear and there was no 

commercial kit available. On the other hand, we measured TNF- by ELISA, which actually 

escaped detection by arrays, because of the known relationships between TNF- and ApN 

(10) and our past experience [the background generated by non-conditioned medium may 

mask the low amounts of some adipokines secreted by cultured cells (such as TNF-)] (13). 

ApN was measured in media by a RIA kit (Linco Research). 

RNA extraction and Real-time quantitative polymerase chain reaction (RTQ-PCR)  

Total RNA from cells or tissue was extracted by using TriPure Isolation Reagent 

(Roche Diagnostics, Vilvoorde, Belgium). Total RNA (0.2 µg - 2 µg) were reverse 

transcripted as described (15). RTQ-PCR primers were designed using Primer Express 

Software (Applied Biosystems; see Table 2). For VEGFR1 and IL-1R4 mRNAs, the sets of 

primers used did not discriminate between soluble or transmembrane receptor isoforms and 

thus, global gene expression was measured.  Total RNA equivalents (4 ng - 40 ng) were 

http://www.selectscience.net/suppliers/bio-rad-laboratories-(uk)-ltd/?compID=1119&u=CF2F38C3-B244-4933-91C3-F5A934E7354D
http://www.google.be/url?q=http://en.wikipedia.org/wiki/Granulocyte_colony-stimulating_factor&sa=U&ei=bQUATYToHNCwhQervJ3oCw&ved=0CAwQFjAA&usg=AFQjCNFQIAAVfqYymY3cYy_UVqiPZWH3eQ
http://www.google.be/url?q=http://en.wikipedia.org/wiki/Granulocyte_macrophage_colony-stimulating_factor&sa=U&ei=BgUATcKzFsqJhQfnheirCw&ved=0CAwQFjAA&usg=AFQjCNGXkCQ-gfHtPRt2HY0TDV3Bm2prrg
http://www.google.be/url?q=http://en.wikipedia.org/wiki/Tumor_necrosis_factor-alpha&sa=U&ei=4wgATdhWys-EB93AuKML&ved=0CA0QFjAA&usg=AFQjCNFaoGZCCuuG_GLYBxBBPKwatsdF5w
http://www.google.be/url?q=http://en.wikipedia.org/wiki/Tumor_necrosis_factor-alpha&sa=U&ei=4wgATdhWys-EB93AuKML&ved=0CA0QFjAA&usg=AFQjCNFaoGZCCuuG_GLYBxBBPKwatsdF5w
http://www.google.be/url?q=http://en.wikipedia.org/wiki/Abingdon,_Oxfordshire&sa=U&ei=PRAATYuoD8WwhAe-tIGhCw&ved=0CBIQFjAB&usg=AFQjCNEIkZNaerXO2e4FLIeqRMy6BghoZw
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amplified with iQSyber Green Supermix (Bio-Rad) containing 300 nM of each specific 

primer using iCycler iQ Real Time PCR detection System (Bio-Rad). Briefly, the threshold 

cycles (Ct) were measured in duplicate. ΔCt values were calculated in every sample for each 

gene of interest as follows: Ct gene of interest 
_
 Ct reporter gene with cyclophilin as the reporter gene. 

Relative changes in the expression level of one specific gene (ΔΔCT) were calculated as ΔCT 

of the test group minus ΔCT of the reference group, and then presented as 2
-ΔΔCt

 . 

Western blot 

Adipose tissue was homogenized in a lysis buffer (Cell Signaling Technology, 

BIOKÉ, Leiden, Netherlands) supplemented with 100 mM NaF and 1% protease inhibitor 

cocktail (Active Motif, Rixensart, Belgium). Proteins (30 µg) were dissolved in Laemmli 

buffer, subjected to SDS-PAGE under reducing and heat-denaturating conditions and then 

transferred to PVDF membrane. The following antibodies were used for immunodetection: 

anti-AMPKα, Phospho-AMPKα (Thr172), anti-p44/42 MAPK (Erk1/2), Phospho-p44/42 

MAPK (Erk1/2) (Thr202/Tyr204), anti-SAPK/JNK, Phospho-SAPK/JNK (Thr183/Tyr185). 

Each antibody was used according to the manufacturer’s instructions (Cell Signaling 

Technology, BIOKÉ, Leiden, Netherlands). Signals were revealed by enhanced 

chemiluminescence. Band intensities were quantified by scanning densitometry (Gel-

Doc2000, Bio-Rad Laboratories, UK Ltd), analyzed with Quantity One
TM

 (Bio-Rad) and 

normalized to Actin band intensity. 

 NF-kB activity 

 The TransAM NF-κB p65 transcription factor assay kit (Active Motif, Rixensart, 

Belgium) was used, as already described (14). Binding of p65 NF-κB transcription factors 

was detected by ELISA. 10 µg adipose tissue proteins, extracted as indicated for Western 

blots, were used per well. Samples were run in duplicate.  

Presentation of the results and statistical analysis  

 The results are means ± SEM for the indicated numbers of mice. Comparisons 

between two different groups were carried out using two-tailed unpaired Student’s t-test. 

Differences were considered statistically significant at P<0.05. For the screening by cytokine 

antibody arrays, the differences that were statistically significant (P<0.05) and those that were 

“borderline” (P<0.1) were considered for subsequent analysis in order to avoid false-negatives 

due to the low number of mice used in this screening. 

http://www.selectscience.net/suppliers/bio-rad-laboratories-(uk)-ltd/?compID=1119&u=CF2F38C3-B244-4933-91C3-F5A934E7354D
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RESULTS  

Overexpression of ApN reduced body weight, adiposity and improved lipid and glucose 

parameters  

Because ApN over-expression targeted to white adipose tissue resulted in reduced 

adiposity and improved metabolic profile (11), we first examined the evolution of these 

parameters. Inguinal fat pad was studied because the expression of the transgene was the most 

pronounced in this adipose site (11). 

ApN overexpression did not influence body weight, fat pad weight, plasma 

triglycerides and glucose homeostasis as well as insulin sensitivity in 8- and 10-wk-old mice 

(Table 1). However, all these parameters were significantly modified from the age of 12 wks: 

adiposity and circulating triglycerides were reduced while insulin action was enhanced, as 

expected (11) (Table 1). Therefore, we used 10-wk-old mice to study the specific and direct 

effects of ApN on adipose tissue secretory function without the interference of any obvious 

confounding factors. We also checked that adipocyte size was similar in 10-wk-old ApN-

Overex mice and their WT littermates by morphometry analysis of adipose tissue sections. 

There was also no difference in macrophage number between the two genotypes of mice as 

shown by immunochemistry using the specific macrophage marker F4/80 (Table 1). 
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Table 1. Characteristics of ApN-Overexpressing mice  

 

ApN-Overexpressing (ApN-Overex) mice and their wild-type (WT) littermates were studied at the age of 8, 10 and 12 weeks. Blood was sampled at 0800 h-1000 h. Organ 

weight refers to pairs of inguinal fat pads, and relative organ weight is expressed as % body weight (i.e. as gram per gram body weight X 100). Adipocyte size is estimated 

from mean adipocyte area. Macrophage density corresponds to mean macrophage number per microscopical field, at magnification X 400. The index of insulin sensitivity 

(G/I) is calculated as Glucose / Insulin (mg/ng) (16). Data are means ± SEM for 5-6 mice per group. *P < 0.05, **P < 0.01 vs. WT; ─ , not measured. 
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ApN production by adipocytes and SVCs of ApN-Overex mice 

 ApN gene was overexpressed in both cellular fractions of adipose tissue in transgenic 

mice compared to WT mice (Fig. 1A). However, the overall expression of ApN was much 

higher in adipocytes than in SVC (which contain macrophages), in line with the fact that the 

transgene was placed under control of aP2, which is much more abundantly (~10.000-fold) 

expressed in adipocytes than in macrophages (17). Accordingly, the levels of ApN secreted in 

culture medium were higher in ApN-Overex mice than in WT mice, with again a more 

abundant secretion by adipocytes (Fig. 1B).  

Gene expression levels of ApN receptors (AdipoR1 and AdipoR2) were measured in 

both cellular fractions and did not markedly vary between mice of the two genotypes (data not 

shown). 

 

Fig. 1. ApN production by adipocytes and stromal-vascular cells (SVC) from ApN-overexpressing (ApN-

Overex) mice. Adipocytes and SVC were isolated from adipose tissue of transgenic mice and wild-type (WT) 

littermates and cultured independently for 8 h. (A) ApN gene expression was quantified by RTQ-PCR, 

normalized to the levels of cyclophilin and presented as relative expression compared to WT adipocytes. (B) 

ApN secreted in medium was measured by RIA and expressed as ng per µg DNA in each cellular fraction. 

Values are means ± SEM for 7-8 mice per group. *P <0.05, ***P <0.001 or less vs. WT mice. 

 

Adipokine secretion profiling in ApN-Overex mice 

Medium from 8-h cultured adipocytes or SVC were screened by cytokine antibody 

arrays (Fig. 2). Among the 144 cytokines tested, more than 40 were secreted by each cellular 
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fraction in mice of both genotypes. The secretory profile of adipocytes showed that 9 

cytokines were or tended to be less secreted by ApN-Overex mice than WT mice (Fig. 3A, 

P<0.1 or less). In the SV fraction, 10 cytokines were or tended to be differentially secreted 

between mice of the two genotypes (Fig. 3B, P<0.1 or less). These cytokines belong to 5 

families: pro-inflammatory factors, growth factors, chemokines, anti-inflammatory factors 

and extracellular matrix/ growth arrest factors (Fig. 2). 

 

Fig. 2. Cytokine antibody array membranes used to detect adipokines secreted by each cellular fraction of 

adipose tissue. A set of 3 Raybiotech membranes, which tests up to 144 cytokines was used and probed with 8-h 

conditioned medium. This figure illustrates the representative arrays of adipocyte- or SVC-conditioned medium 

from one WT mouse. Highlighted adipokines represent the factors, which turned out to be differentially secreted 

between mice of the two genotypes. Each colour corresponds to a specific factor family.  
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Fig. 3. Screening secretome of adipocytes and SVC from ApN-overex mice. Adipocytes and SVC were 

cultured independently for 8 h. Conditioned medium were incubated with the sets of cytokine antibody arrays 

like those shown in figure 2. Adipokine levels were measured by chemiluminescence, normalized to internal 

positive controls and expressed as intensity units (INT) per µg DNA in each cellular fraction. Only the 

adipokines, which differed (or tended to differ) between the two genotypes of mice are shown in the histograms. 

(A) Adipocyte secretome screening: 9 adipokines were or tended to be less secreted by ApN-Overex mice than 

WT mice. (B) SVC secretome screening: 10 adipokines were or tended to be differentially secreted between 

ApN-Overex and WT mice. Values are means ± SEM for 4 mice per group. *P < 0.05, **P <0.01 vs. WT mice. 

Differences, which tended to be, but were not, statistically significant, are also indicated on this figure (# P <0.1) 

and were considered for subsequent ELISA analysis. 

 

These adipokines (i.e. differently secreted based on cytokine array screening; P<0.1 

for ApN-Overex vs. WT) were further quantified by specific ELISAs. TNF- was also 

measured by this method. Only the adipokines that turned out to be different after ELISA 

quantification are shown on Fig .4 (P <0.05 or less for ApN-Overex vs. WT). 

In adipocyte-conditioned media, the secretion of 3 pro-inflammatory factors (IL-17B, 

IL-21, TNF-) and 3 hematopoietic growth factors (TPO; GM-CSF and G-CSF) was reduced 

in ApN-Overex mice compared to WT mice (Fig. 4A). In SVC-conditioned media of 

transgenic mice, besides the 2 hematopoietic growth factors (GM-CSF and G-CSF), the 

secretion of a receptor for VEGF (VEGFR1), 2 chemokines (RANTES, ICAM-1) and 2 pro-

inflammatory factors (IL-6, IL-12p70) was reduced as well. Only one cytokine was 

oversecreted by SVC of ApN-Overex mice: IL-1R4 that exhibits anti-inflammatory properties 

(Fig. 4B).  
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Fig. 4. Quantification of adipokine levels secreted by adipocytes (A) and SVC (B) from ApN-overex mice. 
Adipokines, which were (or tended to be) differentially secreted between the two genotypes of mice, were firstly 

identified by cytokine antibody arrays (see figures 2 and 3). Afterwards, adipokine concentrations in culture 

medium were quantified by specific ELISAs and expressed in ng per µg DNA. Values are means ± SEM for 5-6 

mice per group. *P<0.05 vs. WT mice. 

 

Gene expression of adipokines in adipocytes and SVC of ApN-Overex mice 

To investigate whether the adipokine secretion changes were in part mediated by pre-

translational mechanisms, we quantified gene expression. Most adipokines exhibited a similar 

pattern between mRNA abundance and secretion levels. Thus, in adipocytes, mRNA levels of 

most adipokines shown on Fig.4 were down-regulated in ApN-Overex mice (Fig. 5A). In 

SVC, mRNA levels of most adipokines were down-regulated as well, while IL-1R4 mRNA 

was up-regulated (Fig. 5B). The attenuated inflammatory response of SVC is consistent with a 

phenotypic switch of macrophages (18). Thus, in SVC, the abundance of a M1 marker, 

CD11c, which characterizes a pro-inflammatory macrophage phenotype was halved in ApN 

Overex-mice (relative expression to WT: 0.56±0.09 vs. 1.00±0.13, n=6 per group; P<0.05), 

while the mRNA abundance of a M2 marker, Macrophage Galactose N-acetyl-galactosamine-

specific Lectin-1 (Mgl1), which characterizes an anti-inflammatory phenotype was increased 
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two-fold (2.16±0.46 vs. 1.00±0.26, n=6 per group; P<0.05), in line with the opposite 

phenotype reported in ApN-KO mice (19) 

 

Fig. 5. Gene expression of adipokines in adipocytes (A) and SVC (B) from ApN-Overex mice. mRNA levels 

of the adipokines, which were measured by ELISA in figure 4, were quantified by RTQ-PCR. Values were 

normalized to the levels of cyclophilin and presented as relative expression compared to WT mice. Results are 

presented as means ± SEM for 6-7 mice per group.*P< 0.05 vs. WT mice. 

 

 Gene expression of adipokines in adipocytes and SVC of ApN-KO mice  

We next explored whether ApN was the specific regulator of these pre-translational 

changes and measured mRNA levels of these cytokines in ApN-deficient mice of the same 

age and receiving the same diet. It should be noted that, at this age, there were also no 

differences in body weight, fat pad weight, circulating glucose and triglycerides levels 

between ApN-KO mice and their WT controls (data not shown). In adipocytes, TPO mRNA 

was increased in ApN-KO mice (P<0.01 vs. WT) (Fig. 6A) and thus showed a reverse pattern 

of expression when compared to ApN-Overex mice. In SVC, gene expression of IL-12p70, 

ICAM-1 and VEGFR1 was increased in ApN-KO mice while IL-1R4 mRNA was decreased 
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as expected (Fig. 6B). Thus, some adipokines displayed a reverse gene expression profile in 

ApN-KO mice compared to ApN-Overex mice.  

 

Fig. 6. Gene expression of adipokines in adipocytes (A) and SVC (B) from ApN-KO mice. The adipokines 

whose gene abundance was altered in ApN-overex mice (see figure 5) were tested in both cellular fractions of 

ApN-KO mice. Adipokine mRNA levels were quantified by RTQ-PCR, normalized to the levels of cyclophilin 

and presented as relative expression compared to WT values. ApN-KO mice were of the same age, gender as 

ApN-Overex mice and were submitted to the same diet for the same time. Results are presented as means ± SEM 

for 6-7 mice per group.*P< 0.05, **P<0.01 vs. WT mice. 

 

NF-kB and JNK, ERK1/2, AMPK activity in adipose tissue of ApN-overex mice 

Several molecular pathways, particularly those involving activation Nuclear Factor 

kappa-light-chain-enhancer of Activated B cells (NF-B), c-Jun NH2-terminal protein kinase 

(JNK) and Extracellular Signal-Regulated kinases (ERK1/2) may play crucial roles in linking 

obesity to low-grade inflammation (20-22). In addition, AMP-activated protein kinase 

(AMPK) is a well-established downstream event of ApN in AT (23). We therefore 

investigated these pathways to unravel the mechanisms underlying the anti-inflammatory 

properties of ApN.  

http://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
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Gene expression of IκBα, an endogenous inhibitor of NF-B activity was increased 

~2-fold (P<0.001) in adipose tissue of ApN-Overex mice compared to WT mice, and this was 

accompanied by ~ 20% decrease of NF-B activity (P< 0.01 vs WT) (Fig. 7A). ERK1/2 

phosphorylation was also reduced by ~35% in ApN-Overex mice (Fig. 7B). However, neither 

JNK protein nor JNK phosphorylation was affected by ApN (data not shown). Interestingly, 

both AMPK protein expression and phosphorylation were increased in adipose tissue of ApN-

Overex mice by 60% and 40%, respectively (P<0.05 for both) (Fig. 7C). Thus, the anti-

inflammatory effect of ApN on adipose tissue was associated with reduction of NF-B and 

ERK1/2, and activation of AMPK.  

 

Fig. 7. Evaluation of NF-B, ERK1/2 and AMPK pathways in adipose tissue of ApN-Overex mice. Adipose 

tissue was freshly isolated from ApN-Overex and WT mice. (A) Gene expression of IB was quantified by 

RTQ-PCR, normalized to the levels of cyclophilin and presented as relative expression compared to WT values. 

NF-B (p65) DNA-binding activity was measured by ELISA in whole tissue protein extracts; results were 

expressed as percentages of values in WT mice. (B) Phosphorylation of ERK1/2 was measured by Western blot 

analysis. ERK1/2 phosphorylation was normalized to total ERK1/2 protein levels and these ratios were 

expressed as percentages of WT values. A representative blot is shown on the left. (C). Phosphorylation of 

AMPK was measured by Western blot analysis (a representative blot is also shown on the left). All data from 

these blots were normalized to actin levels. Both total AMPK protein and the ratio p-AMPK to total APMK 

were increased in ApN-Overex mice, the data being presented as percentages of WT mice. Results shown herein 

(A-C) are the means ± SEM for 5 mice per group. *P<0.05, **P<0.01, ***P<0.001 vs. WT mice. 
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DISCUSSION  

The aim of this study was to investigate in vivo the effects of ApN on adipose tissue 

secretory function before the emergence of confounding factors. We used a unique transgenic 

mouse model generated in our lab, which exhibits a moderate over-expression of native full-

length ApN targeted to white AT with no changes in the distribution of ApN multimers (11). 

Five-month-old transgenic mice were characterized by reduced adiposity and adipocyte size. 

The mechanisms responsible for this phenotype involved increased energy expenditure and 

altered adipocyte differentiation (11). These mice also showed improved insulin sensitivity 

and lipid profile when challenged by a high-sucrose diet (11). As yet, the in vivo molecular 

modifications triggered by ApN before any changes in adiposity, insulin action and 

circulating lipids are still unravelled in AT. We therefore used 10-wk-old mice to study the 

direct and specific effect of ApN on AT secretory function. We also used ApN-KO mice of 

the same age, which similarly showed no difference in body weight, fat mass and metabolic 

parameters when compared to WT controls.   

Auto/paracrine effects of ApN on AT secretion have been reported in vitro by some 

groups. ApN attenuated LPS-induced IL-6 and TNF-a release in primary pig adipocytes (9). 

The globular domain of ApN also reduced the secretion of several cytokines as shown by 

protein array analysis of culture medium from human mammary adipocytes differentiated in 

vitro (8). However, these in vitro effects of ApN could not completely reflect the actual in 

vivo conditions and merely focused on one cellular fraction of AT. Herein, we show that ApN 

downregulated the secretion of 6-7 cytokines in both cellular fractions of AT, and upregulated 

one cytokine in the SVC fraction ex vivo. Alternatively, ApN may have prevented the immune 

deregulation that occurred with increasing adiposity and ageing. It should also be stressed that 

the lower secretion of adipokines by transgenic mice was explained neither by a reduced yield 

of cell number (as data were actually normalized per DNA) nor by a reduction of fat cell size 

as adipocyte size was actually similar in transgenic and WT mice.  

By using cytokine antibody array and ELISA approaches, in addition to already known 

adipokines, we identified several adipokines as newly secreted by AT and/or regulated by 

ApN. Besides decreasing TNF- and IL-6 whose role in propagating inflammation and 

inducing insulin resistance is well known (1), ApN donwregulated (or prevented the 

stimulation of-) 3 other pro-inflammatory factors (i.e. 3 interleukins: IL12, IL17B, IL21) 

whose function on- or presence in- AT is still poorly documented. Yet, these 3 interleukins 
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play a role in initiating and shaping immune-inflammatory responses (24-26). IL12 is also 

thought to contribute to the development of atherosclerosis and its circulating levels were 

increased in patients with type 2 diabetes (27). The chemokines, ICAM-1 and RANTES as 

well as the granulocyte (macrophage)-growth factors (GCSF and GM-CSF) are implicated in 

adipose tissue inflammation/immunity by recruiting monocytes/macrophages and T cells (28-

31). RANTES could also be implicated in type 2 diabetes development (32). We have 

previously shown that the megakaryocytic growth factor, TPO was oversecreted by omental 

adipose tissue of obese subjects (13) and that its circulating levels were increased in obesity 

and negatively correlated with adiponectinemia (33). Herein, we extend those data by 

demonstrating that TPO is unambiguously regulated in adipocytes by ApN excess or 

deficiency in vivo. Because high systemic TPO levels could participate in the pathogenesis of 

the acute coronary syndrome (34), it is tempting to speculate that suppressed TPO may further 

link ApN to cardiovascular protection. Like TPO, ApN specifically downregulated VEGFR1. 

This downregulation is of interest since inactivation of a VEGF homologue, which 

specifically binds VEGFR1 led to impaired adipose tissue development via reduced 

angiogenesis in obese rodents (35). The only adipokine that was specifically upregulated by 

ApN in the present study was IL-1R4, a member of the Toll-like 1 receptor family. However, 

we cannot exclude the possibility that some other anti-inflammatory adipokines, like IL-10, 

whose levels were very low by cytokine antibody arrays (our own data) may have escaped to 

the detection. Herein, both soluble secreted form and total gene expression of IL-1R4 were 

enhanced by ApN. IL-1R4 may act as anti-inflammatory factor: it suppressed inflammatory 

responses induced by LPS both in vitro and in vivo (36), while IL-1R4 deficient mice 

produced elevated concentrations of pro-inflammatory cytokines and failed to develop 

endotoxin tolerance (37). Recently, a protective role for IL-1R4 has been proposed in 

atherosclerosis (38) and obesity as well (39). IL-1R4 protected obese mice against the 

development of AT inflammation and related metabolic disorders (39). Thus, several 

adipokines identified as downstream targets of ApN may be instrumental in further 

deciphering the pathogenesis of the metabolic syndrome. 

After identifying these new secretory products, we examined whether their regulation 

occurred at the pre-translational level. We thus measured the mRNA levels of all these 

adipokines. Gene expression pattern of most adipokines roughly followed the secretion 

pattern, indicating a pre-translational effect of ApN. Expression of some genes like TPO, IL-

12p70, VEGFR1, ICAM-1 and IL-1R4 further showed a reverse pattern in the ApN lacking 
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condition, implying that ApN was the specific regulator of these changes. However, the 

expression of some genes was not affected in ApN-deficient mice. Yet, the two models of 

mice were not exactly the opposite of each other. In ApN-KO mice, there is a complete and 

generalized lack of ApN and some compensatory mechanisms may operate and mask the 

expected repercussions especially on AT (e.g. these mice do not develop obesity (10)). In 

ApN-Overex mice, the overexpression is primarily targeted to white AT and remains 

moderate (i.e. within a physiological range). 

To unravel the mechanisms underlying the anti-inflammatory effects of ApN on AT, 

we explored several potential intracellular signalling pathways linking inflammation/immune 

response to obesity. Obesity and high-fat diet are known to activate IKK/NF-κB, JNK and 

ERK1/2 pathways in adipose tissue (22; 40). On the other hand, APMK activation is a crucial 

link in the signalling effects of ApN in metabolically responsive tissues including AT (23); 

thus, we also explored the AMPK pathway. ApN has been reported to inhibit LPS-stimulated 

activation of NF-κB, JNK and ERK1/2 (or related MAP kinase) in cultured porcine or human 

blood-derived macrophages (41; 42). We confirmed in vivo that ApN indeed suppressed the 

activation of NF-κB and ERK1/2 in whole white AT, although it did not affect JNK protein or 

phosphorylation. We also found that ApN enhanced both AMPK protein expression and 

phosphorylation. Most studies focused on ApN-induced AMPK phosphorylation and hardly 

characterized the relationship between ApN and AMPK protein expression. The increased 

AMPK protein expression found herein is likely to result from chronic exposure to ApN. 

Noticeably, AMPK activity has recently been found to be reduced in omental adipose tissue 

of obese subjects and to be associated with markers of inflammation (43). Hence, the 

decreased activity of NF-κB and ERK1/2 as well the increased expression and activity of 

AMPK were associated with- and were likely to contribute to- the  protective effect of ApN 

against inflammation into AT.  

In conclusion, ApN regulates in vivo the secretion of several newly identified 

downstream adipokines, thereby inducing a shift of the immune balance in both adipocytes 

and SVC toward a less inflammatory phenotype. These downstream adipokines may be new 

therapeutic targets for the management of the metabolic syndrome.  
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ABSTRACT  

Low-grade pro-inflammatory state contributes to the metabolic syndrome (MS). Adiponectin 

(ApN), which is reduced in the MS, has emerged as a master regulator of 

inflammation/immunity. We wished to identify whether microRNAs (miRNAs) may mediate 

the anti-inflammatory action of ApN on adipose tissue (AT). miRNA expression profiling was 

performed in mice overexpressing ApN specifically in AT (ApN-Overex) and in wild-type 

controls. Role of specific miRNAs was analyzed by gain-of or loss-of function approaches in 

3T3-F442A (pre)-adipocytes and in de novo AT formed from engineered 3T3-F442A 

preadipocytes transplanted in nude mice. miRNA expression was compared in omental AT of 

lean and obese subjects. Expression of miR532-5p and miR1983 was down-regulated, while 

that of miR883b-5p and miR1934 was up-regulated in AT of ApN-Overex mice. We focused 

on miR883b-5p, which was identified by computational analysis as being involved in 

inflammatory pathways. miR883b-5p overexpression down-regulated a lipopolysaccharide 

(LPS) facilitator, LPS-binding protein (LBP) in 3T3-F442A cells, while miR883b-5p 

blockade had reverse effects. miR883b-5p blockade also abolished the protective effects of 

ApN on pro-inflammatory adipokine induction. These data were recapitulated in de novo AT 

where miR883b-5p silencing induced LBP production and tissue inflammation. Eventually, 

miR883b-5p expression was down-regulated in AT of obese subjects. We identified several 

novel miRNAs which are regulated by ApN in AT in vivo. miR883b-5p, which is up-

regulated by ApN represses LBP production and Toll-like receptor-4 signaling, acting 

therefore as a major mediator of the anti-inflammatory action of ApN. These novel miRNAs 

may open new therapeutic perspectives for the MS. 
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INTRODUCTION  

Adipose tissue (AT) secretes adipokines, which play central roles in energy and 

vascular homeostasis as well as in immunity. Deregulation of these adipokines triggers the 

development of a low-grade pro-inflammatory state, which is considered to build the common 

soil for the pathogenesis of obesity-linked disorders (1; 2). Resetting the immunological 

balance in AT may be a crucial approach for the future management of the metabolic 

syndrome.  

Adiponectin (ApN), which is decreased in the metabolic syndrome, has emerged as a 

master regulator of inflammation/immunity in various tissues (3; 4), including AT, its own 

production site. We have recently shown, thanks to our transgenic mice overexpressing ApN 

specifically in white AT (5), that ApN regulates in vivo the secretory profile of downstream 

adipokines, decreasing those with pro-inflammatory properties while up-regulating those with 

anti-inflammatory action (6). These changes were specific: they occurred before the 

emergence of any metabolic confounding factors (such as improvement of insulin action or 

decrease of fat mass). Moreover, a reverse profile of expression was observed for most 

adipokines in ApN-knockout (ApN-KO) mice (6). Yet, the mechanisms by which ApN shifts 

the immune balance of adipocytes toward a less inflammatory phenotype are not fully 

elucidated.  

MicroRNAs (miRNAs) are small non-coding RNAs that control gene expression by 

inducing target mRNA degradation or blocking translation (7; 8). A growing body of 

evidence indicates that deregulation of miRNAs is closely associated with obesity-related 

metabolic disorders including type 2 diabetes and atherosclerosis (9; 10). Specific miRNAs 

have been implicated in adipogenesis and mature adipocyte function (11). However, the 

involvement of miRNAs in AT inflammation has been scarcely investigated. As yet, only few 

miRNAs have been identified as relevant in this field. miR-132 has been reported to activate 

NF-κB and the transcription of IL-8 and MCP-1 in primary human preadipocytes and in in 

vitro differentiated adipocytes (12). Very recently, miR-223 has been identified as a crucial 

regulator of macrophage polarization in mouse AT, its deficiency promoting AT 

inflammation (13). Whether miRNAs mediate the potent anti-

inflammatory/immunomodulatory action of ApN on AT is still unsettled. 

The aim of the present work was to address this question. To this end, we first took 

advantage of our transgenic mice overexpressing ApN to identify miRNAs regulated by ApN 
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in AT in vivo. Second, we characterized the function of these novel miRNAs by in vitro and 

in vivo experiments. Finally, we preliminary examined whether these miRNAs were 

abnormally expressed in human obesity. 
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RESEARCH DESIGN AND METHODS  

Animals  

Ten weeks-old male mice overexpressing ApN (ApN-Overex) specifically in white 

AT under the control of the aP2 promoter and their wild-type (WT) littermates were housed at 

a constant temperature (22°C) with a fixed 12h-light, 12h-dark cycle. They received a high-

sucrose diet (TD00220; Harlan, Horst, Netherlands) from weaning, as mouse phenotype and 

degree of transgene expression were characterized in those conditions (5). Male ApN-KO 

mice, which exhibit a complete lack of ApN in fat and plasma, and their WT controls (mice of 

the same genetic background, raised together with ApN-KO mice, but which were not their 

littermates) were used for comparison. These animals were housed in the same conditions as 

ApN-Overex mice and received the same diet from weaning. At 10 weeks of age, mice were 

sacrificed and inguinal fat pads (the adipose tissue site where the effects of the transgene ApN 

were the most pronounced (5)) were quickly removed, weighed, frozen in liquid nitrogen and 

stored at -80°C for subsequent experiments. Some morphological and laboratory 

characteristics of these mice have already been described (6). In an additional set of 

experiments, we used WT mice to compare miRNA expression between inguinal and 

epididymal fat as well as between both fractions (adipocytes vs. stromal-vascular cells (SVC)) 

of the inguinal depot, the tissue being fractionated and processed as described (6). 

For de novo fat pad formation, 6 weeks-old male Balb/c Nude mice (Charles River, 

Les Oncins, France) were used: these mice were kept in micro-isolation cages and received a 

Western diet to promote fatness for 4 weeks (TD88137, Harlan) (14). At the end of the 

experiment, blood glucose was measured with a glucometer (MediSense Precision Xtra 

Plus®, Abott-Medisense, Louvain-la-Neuve, Belgium) and tail vein blood samples were 

saved. The de novo formed fat pad was removed, weighed and stored at -80°C.  

The University Animal Care Committee approved all procedures.  

 

Subjects 

Omental adipose tissue was obtained from 6 lean (BMI: 24.6±0.7 kg/m
2
) and 6 obese 

subjects (BMI: 42.3±4 kg/m
2
) undergoing elective abdominal surgery after an overnight fast, 

as described (15). Obesity was defined as a BMI of  30 kg/m
2
. The two groups of 

participants were sex- (3 men/3 women per group) and age-matched (59±3 yr vs. 52±1 yr); 4 
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subjects (one lean and three obese) were diagnosed with type 2 diabetes. Patients provided 

written informed consent and the study protocol had the approval of the local Ethical 

Committee of Saint-Luc University Hospital. 

 

MicroRNA array profiling 

Total RNA of inguinal AT was extracted by the mirVana™ miRNA isolation kit 

(Life Technologies, Gent, Belgium). 1µg RNA from experimental samples and from a 

common reference mouse sample was labelled with Hy3™ and Hy5™ fluorescent probes, 

respectively (Exiqon, Vedbaek, Denmark). Each pair of labelled experimental and reference 

samples was mixed and hybridized to the miRCURY™ LNA Array (version 5th Generation; 

Exiqon), which contains 4 replicates of each of the 694 mouse-specific miRNA probes (based 

on mirBASE v15.0). The quantified signals were background corrected and normalized using 

the global Lowess (LOcally WEighted Scatterplot Smoothing) regression algorithm within 

each array, to adjust for any intensity-dependent dye bias. 

 

Direct miRNA or mRNA quantification by real-time quantitative polymerase chain reaction 

(RT-qPCR)  

For miRNA quantification, RNA was isolated as described above. 0.2 µg total RNA 

were reverse transcribed by using the NCode
TM

 VILO
TM

 miRNA cDNA Synthesis Kit (Life 

Technologies). 2 ng of total RNA equivalents were amplified with iQSyber Green Supermix 

(Bio-Rad Laboratories, UK Ltd) using commercial miRNA-specific forward primers (Qiagen, 

Venlo, The Netherlands) and a reverse universal primer (provided in the NCode
TM

 VILO
TM

 

miRNA cDNA Synthesis Kit). 

For mRNA quantification, RNA was extracted and revere transcribed, and RT-qPCR 

was performed with designed primers (supplementary Table 1), as described earlier (6).  

Cyclophilin, 18srRNA or RNU6B (Qiagen) were used as reporter genes. Relative 

changes in the expression level of one specific gene were presented as 2
-Ct

 (6). 

 

 

http://www.selectscience.net/suppliers/bio-rad-laboratories-(uk)-ltd/?compID=1119&u=CF2F38C3-B244-4933-91C3-F5A934E7354D
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In silico functional profiling of target genes 

Potential miRNA target genes were predicted using the miRanda algorithms 

implemented by the MicroCosm Targets Version 5 (http://www.ebi.ac.uk/enright-

srv/microcosm). The biological function of target genes was annotated using GENECODIS 

database by integrating Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and 

Gene Ontology (GO) Biological Process (www.genecodis.dacya.ucm.es) (16; 17).  

 

Culture of 3T3-F442A adipocytes  

Mouse 3T3-F442A preadipocytes were seeded at 1×10
5
 cell/ml and grown at 37 C in 

5% CO2 in DMEM containing 1 g/l glucose 10% fetal calf serum, 8 mg/l biotin and 1/500 

(v/v) antibiotics (Primocin, InvivoGen, Cayla, Toulouse, France). Two days after confluence 

(day 0), adipocyte differentiation was induced by an adipogenic cocktail medium, as 

previously described (5). At day 9, more than 90% of the cells had changed their morphology 

and accumulated fat droplets as evidenced by Oil Red O staining. In some experiments, 

preadipocytes or mature adipocytes (day 9) were treated with or without 5 µg/ml mouse 

recombinant full-length ApN (Biovendor GmbH, Heidelberg, Germany) for 24h. 

 

Transfection of miR883b-5p Mimic or Anti-miR in 3T3-F442A adipocytes 

Synthetic double-stranded oligonucleotide mimicking mature endogenous miR883b-

5p (miR-Mimic, 50nM), miR-mimic negative control (AllStars Negative Control, 50 nM), 

Anti-miR883b-5p single-stranded oligonucleotide (Anti-miR, 100 nM) or Anti-miR negative 

control (miScript Inhibitor Negative Control, 100nM) (all from Qiagen) were delivered into 

3T3-F442A preadipocytes or mature adipocytes (day 7), which had been previously cultured 

overnight in antibiotic-free medium. Delivery was performed by using Dharmafect 3 siRNA 

transfection reagent (Dharmacon, Lafayette, CO). The miR-1 Mimic (endogenous miR-1 is 

undetectable in 3T3-F442A cells) was used as positive control to confirm transfection 

efficiency. The medium was replaced with a fresh medium 24h post transfection in all cases. 

The cells and the medium were collected 48h post transfection. 

In some experiments, 24 h after transfection of Anti-miR or negative control, the 

medium was renewed, then cells were treated with or without 10 µg/ml ApN for 24 h, with 

http://www.genecodis.dacya.ucm.es/
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recombinant TNF-α (50ng/ml; Biovendor GmbH) added or not to the medium for the last 18 

h.  

 

Blockade of miR883b-5p in de novo formed fat tissue 

3T3-F442A preadipocytes were transfected with a plasmid pEZX-AM02 containing 

the Anti-miR883b-5p sequence or a control plasmid containing a scrambled sequence 

(GeneCopoeia LabOmics, Nivelles, Belgium) using Lipofectamine
TM

 2000 Transfection 

Reagent (Life Technologies). Stably transfected cells were selected by 500 ng/ml Puromycin 

(Sigma-Aldrich, Belgium). The 10
7
 transfected 3T3-F442A preadipocytes were re-suspended 

in 200 µl PBS and injected subcutaneously in the back of Balb/c Nude mice. After 4 weeks, 

the de novo formed tissue was removed. A sample was fixed in 4% formaldehyde for 24 h and 

embedded in paraffin. 5µm-thick sections were stained with haematoxylin-eosin-safran 

(HES). Adipocytes areas were measured by an image analyser system (MOP-Vidioplan; 

Kontron, Eching, Germany), as described (6; 18).  

 

LPS-binding protein (LBP) quantification 

LBP concentrations in cultured medium, plasma and tissue homogenates were 

measured by a commercial ELISA kit (Biometec, Greifswald, Germany) according to the 

manufacturer’s instructions. De novo formed tissue was homogenized in a lysis buffer (Cell 

Signalling Technology, BIOKÉ, Leiden, The Netherlands) supplemented with a 1% protease 

inhibitor cocktail (Roche Diagnostics, Vilvoorde, Belgium). LBP in tissue homogenates was 

normalized to protein content in each sample.  

 

Presentation of the results and statistical analysis  

The results are means ± SEM for the indicated numbers of mice or subjects or 

independent cultures. Comparisons between two groups were carried out using two-tailed 

unpaired Student’s t-test. Comparisons of at least 3 groups were performed by one-way 

ANOVA followed by the Dunnett’s or Newman-Keuls’ test, when appropriate. The 

differences were considered statistically significant at P <0.05, except for the in silico 

functional analysis. In this case, computed P values were adjusted using the FDR method of 
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Hochberg and Benjamini (19) to control the false discovery rate, and only corrected P values 

<0.01 were considered significant . 
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RESULTS  

miRNA expression profiling in adipose tissue of ApN-Overex mice 

White AT from 10-week-old ApN-Overex mice and from their WT littermates was 

profiled by miRNA arrays. At this age, there were still no differences in body weight, fat mass 

and adipocyte size, as well as no alterations in glucose, insulin and triglycerides levels 

between mice of the two genotypes. Mice were therefore studied before the emergence of any 

metabolic confounding factors (6). 

Among the 694 miRNAs tested, the expression of 289 miRNAs was detectable in both 

groups, while the expression of ~ 51 miRNAs was differently regulated between ApN-Overex 

mice and WT mice (P<0.05). Among them, 9 miRNAs were very significantly regulated by 

ApN (P≤0.01 vs. WT; Fig. 1, on the left of the dashed line), while 3 others were significantly 

regulated (P<0.05 vs. WT) and had established roles in AT function (10; 20) (Fig. 1, on the 

right of the dashed line). 

 

Fig.1. miRNA expression profiling in adipose tissue from ApN-Overex or wild-type (WT) mice. miRNA 

expression was screened in inguinal adipose tissue from ApN-Overex mice and WT littermates by using 

microarrays, which contain probes for 694 mouse-specific miRNAs. 9 miRNAs, which showed highly 

significant differences (P≤0.01) between the two genotypes of mice, are presented on the left of the dashed line. 

The other 3 miRNAs presented on the right also exhibited significant differences (albeit at P<0.05) but were 

already known to influence adipose tissue function. Values are log-median ratio intensities for each sample 

relative to the common reference. Positive values indicate higher expression in the experimental sample than in 

the common reference and vice versa for negative values. Results are means ± SEM for 3 mice per group. *P 

<0.05, **P ≤0.01 vs. WT mice. 
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These 12 miRNAs were checked and quantified by RT-qPCR. Four out of the 12 

miRNAs were validated by RT-qPCR as being regulated by ApN overexpression in vivo: two 

miRNAs (miR532-5p and miR1983) were down-regulated in ApN-Overex mice by ~40% and 

~50% respectively (Fig. 2A), whereas two others (miR883b-5p and miR1934) were up-

regulated by ~50% (Fig. 2A).  

 

miRNA expression in adipose tissue of ApN-KO mice 

These four miRNAs were next quantified in AT of ApN-KO mice of the same age and 

sex and receiving the same diet. The expression of two miRNAs, miR1983 and miR1934 

showed a reverse pattern when compared to that of ApN-Overex mice. The expression of 

miR1983 was thus up-regulated in ApN-KO mice (Fig. 2B), while the expression of miR1934 

was dramatically down-regulated to almost undetectable levels (Fig. 2B). The expression of 

miR1934 seems therefore to be dependent on the presence of ApN.  
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Fig.2. Quantification of miRNA expression in adipose tissue of ApN-Overex (A) and ApN-KO mice (B). 

The 12 miRNAs, which were first identified as differentially expressed between two genotypes of mice by 

microRNA array screening (see Fig.1; ApN-Overx vs. WT mice) were further quantified by RT-qPCR (A). Only 

miRNAs exhibiting genotype differences validated by RT-qPCR are shown in the histograms of A panel. These 

miRNA levels were then compared to those found in adipose tissue of ApN-KO mice (B). ApN-KO mice were 

of the same age and sex as ApN-Overex mice. Values were normalized to 18srRNA and presented as relative 

expression compared to respective WT mice. Results are means ± SEM for 6-7 mice per group. *P<0.05, 

**P<0.01, ***P<0.001 vs. respective WT.  

 

In silico functional analysis of potential miRNA target genes  

To get some insights into the potential roles of these 4 miRNAs, which were regulated 

by ApN in vivo (see Fig. 2A), we identified their predicted target genes using the algorithms 

miRanda. These algorithms generated 857 and 1062 unique targets for miR532-5p and 

miR883b-5p, respectively. There were no predicted targets for miR1983 and miR1934, as 

these 2 miRNAs are not yet included in the database.  
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We further annotated the biological function of target genes for miR532-5p and 

miR883b-5p using GENECODIS database. We focused on target genes implicated in 

inflammation/immune responses. There were no such targets for miR532-5p. By contrast, for 

miR883b-5p, there were 4 predicted target genes: Toll-like receptor 3 (TLR3), Toll-like 

receptor 6 (TLR6), TANK-binding kinase 1 (Tbk1), LPS-binding protein (LBP), which were 

enriched for the Toll-like receptor (TLR) signalling pathway (KEGG) and innate immune 

responses (GO) (P=0.004) (supplementary Fig. 1). LBP aids in lipopolysaccharides (LPS) 

binding to TLR4. Seven other predicted target genes for miR883b-5p were also enriched for 

the vascular endothelial growth factor (VEGF) signalling pathway (KEGG, P=0.006) and 10 

others for the chemokine signalling pathway (KEGG, P=0.01). Based on these computational 

data, we hypothesized that miR883b-5p was likely to be involved in immune/inflammation 

processes. We therefore focused on this miRNA and further investigated its role in AT 

inflammation. In preliminary experiments performed in WT mice, we did not find any 

differences in the expression of this miRNA between the different fat depots (inguinal vs. 

epididymal) and between the different fractions (adipocytes vs. SVC) of subcutaneous fat 

(data not shown) 

 

Direct upregulation of miR883b-5p by ApN in vitro 

Because of the lack of effect of ApN deficiency on miR883b-5p in ApN-KO mice, we 

examined whether ApN directly regulates miR883b-5p expression in 3T3-F442A cells. In line 

with the in vivo results obtained in ApN-Overex mice, ApN treatment for 24h up-regulated 

miR883b-5p expression in vitro in either in preadipocytes or differentiated adipocytes by ~70- 

and 60%, respectively (Fig. 3). 
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Fig.3. Direct upregulation of miR883b-5p expression by ApN in vitro. 3T3-F442A preadipocytes and 

differentiated adipocytes (day 9) were treated or not with 5µg/ml ApN for 24h. Expression of miR883b-5p was 

quantified by RT-qPCR. Values were normalized to 18srRNA and presented as relative expression compared to 

control conditions (CTRL; i.e. without ApN). Results are means ± SEM for 4 repeated experiments. *P<0.05, 

**P<0.01 vs. CTRL. 

 

Involvement of target genes of miR883b-5p in the Toll-like receptor pathway in vitro  

The four target genes of miR883b-5p, which were predicted by computational analysis 

as belonging to the TLR pathway, were further validated in vitro. To this end, we used a gain-

of or a loss-of function approach in 3T3F442A (pre)-adipocytes transfected for 48 h with 

miR883b-5p mimic or inhibitor (Anti-miR), respectively.  

Overexpression of miR883b-5p in preadipocytes down-regulated Tbk1 and LBP gene 

expression by 20 and 40%, respectively (Fig. 4A). Accordingly, LBP protein levels secreted 

into the culture medium were also reduced (- ~30%; Fig. 4B). However, using miR883b-5p 

mimic had no such effects on mature adipocytes (data not shown), likely because endogenous 

miR883b-5p levels rose spontaneously from day 7 to day 9 of differentiation (supplementary 

Fig. 2), which coincided with the time of transfection. 

As expected, blockade of miR883b-5p induced an opposite effect to the mimic and up-

regulated LBP mRNA levels in preadipocytes (Fig. 4C). The blockade of miR883b-5p also 

induced a 50% rise of LBP mRNA in mature adipocytes (Fig. 4D). 
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Fig.4. Identification of the predicted target genes of miR883b-5p in vitro. 3T3-F442A preadipocytes were 

transfected with miR883b-5p mimic or a negative control (CTRL). 48h post-transfection, mRNA levels of Toll-

like receptor 3 (Tlr3), Toll-like receptor 6 (Tlr6), TANK-binding kinase 1 (Tbk1) and LPS-binding protein 

(LBP) were quantified by RT-qPCR (A) and protein level of LBP secreted into the medium was measured by 

ELISA (B). Pre- or differentiated adipocytes (day 7) were transfected with Anti-miR883b-5p or a negative 

control (CTRL). 48h post-transfection, mRNA levels of Tbk1 and LBP, which were shown to be modified by 

miR-mimic in panels A-B, were quantified by RT-qPCR (C, D). RT-qPCR data were normalized to cyclophilin 

levels and presented as relative expression compared to CTRL. Results are means ± SEM for 4-5 repeated 

experiments. *P<0.05, ***P<0.001 vs. respective CTRL. 

 

miR883b-5p as a mediator of the anti-inflammatory action of ApN on downstream adipokines 

in vitro 

To determine whether miR883b-5p was involved in the anti-inflammatory effects of 

ApN, we blocked endogenous miR883b-5p in (pre)-adipocytes challenged by TNF-α. We 

chose to challenge the cells by TNF-α rather than a direct exposure to LPS because TNF-α, 

which is released by adipocytes in response to LPS (21), induces the production of several 

pro-inflammatory adipokines in a very consistent (i.e. not serotype-dependent) manner (15). 

Next, we measured the inflammatory adipokines, previously identified as down-regulated by 

ApN in WAT ex vivo (6): 5 pro-inflammatory cytokines (IL-6, TNF-, IL-12p70, IL-17B, IL-
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21), 4 hematopoietic growth factors (TPO, GMCSF, GCSF, VEGFR1) and 2 chemokines 

(RANTES, ICAM-1).  

This experiment was first conducted in preadipocytes (Fig. 5). TNF-α largely 

stimulated gene expression of most adipokines including its own expression (Fig. 5 and data 

not shown). ApN pre-treatment attenuated the stimulation of 4 adipokines, while Anti-miR 

reversed this preventive effect for 3 of them (IL-6, TNF-α and GCSF; Fig. 5). This indicates 

that this effect of ApN on these adipokines is mediated by miR883b-5p. It is of note that Anti-

miR per se, used alone or in combination with TNF-α, did not affect either basal or TNF-α-

induced expression of adipokines except for IL-6 (Fig. 5). For this cytokine, Anti-miR per se 

facilitated the simulation produced by TNF- (P<0.05, TNF+Anti-miR vs. TNF; Fig. 5).  

We next investigated whether miR883b-5p was also a mediator of the anti-

inflammatory effects of ApN in differentiated adipocytes. Qualitatively similar results were 

obtained in mature adipocytes (Fig. 6) except for GCSF: its mRNA abundance stimulated by 

TNF-α was not prevented by ApN (data not shown).  
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Fig.5. miR883b-5p as a mediator of the anti-inflammatory action of ApN on downstream adipokines in 

preadipocytes. 3T3-F442A preadipocytes were transfected with Anti-miR883b-5p or a negative control 

(CTRL). 24 h after transfection, the medium was renewed, then cells were treated with or without 10 µg/ml ApN 

for 24 h, while being or not challenged with 50 ng/ml TNF-α for the last 18 h. mRNA of target adipokines were 

measured by RT-qPCR. Values were normalized to cyclophilin levels and presented as relative expression 

compared to CTRL. Results are means ± SEM for 4 repeated experiments. ***P<0.001 vs. CTRL, *P<0.05 vs. 

the indicated condition. 
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Fig.6. miR883b-5p as a mediator of the anti-inflammatory action of ApN on downstream adipokines in 

differentiated adipocytes. 3T3-F442A differentiated adipocytes (day 7) were transfected with Anti-miR 

miR883b-5p or a negative control (CTRL). 24 h after transfection, the medium was renewed, then cells were 

treated with or without 10 µg/ml ApN for 24 h, while being or not challenged with 50 ng/ml TNF-α for the last 

18 h. mRNA of target adipokines were measured by RT-qPCR. Values were normalized to cyclophilin levels 

and presented as relative expression compared to CTRL. Results are means ± SEM for 4 repeated experiments. 

***P<0.001 vs. CTRL, *P<0.05 vs. the indicated conditions. 

 

In vivo effects of miR883b-5p inhibition on de novo formed fat tissue  

We next studied whether miR883b-5p plays a role in vivo on de novo fat pad 

formation and inflammatory state. 3T3-F442A preadipocytes were transfected with a plasmid 

expressing Anti-miR883b-5p or a scrambled sequence (CTRL), then injected subcutaneously 

into the back of nude mice. De novo tissue was formed from in vivo differentiation of these 

transfected cells. We chose to block miR883b-5p rather than overexpress it in the light of the 

evolved expression of miR883b-5p during differentiation (see supplementary Fig. 2) and 

because of potential oversaturation of endogenous small RNA pathways (21).  
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Four weeks after transplantation, mice of the Anti-miR group exhibited no significant 

differences in body weight, blood glucose and de novo fat pad weight when compared to 

those of the control group (data not shown). Histological examination shows similar presence 

of normal adipocytes in the center of de novo formed tissues from both groups (Fig. 7A) with 

comparable adipocyte size (522.4 ± 81.9µm
2 

for anti-miR vs. 584.7 ± 78.0µm
2
 for controls, 

n=4 mice/group). As expected, de novo tissue formed from Anti-miR expressing cells showed 

much higher levels of LBP mRNA and protein concentrations than controls (Fig. 7B, C). 

Mice of the Anti-miR group also exhibited elevated plasma LBP levels, suggesting that 

locally generated LBP by de novo tissue was secreted into systemic circulation (~ +60%, 

P<0.01 vs. CTRL, Fig. 7D). Moreover, de novo tissue of the Anti-miR group displayed higher 

inflammatory state than the control group as shown by a 70% increase of IL-6 mRNA (Fig. 

7E) and a trend towards increased TNF-α mRNA (+40%, P=0.08 vs. CTRL, Fig. 7E). 

 

Fig.7. In vivo effects of miR883b-5p inhibition on de novo formed fat tissue. 3T3-F442A preadipocytes were 

transfected with a plasmid expressing Anti-miR883b-5p or a scrambled sequence (CTRL). Transfected cells 

were injected subcutaneously into the back of nude mice, which were sacrificed 4 weeks later. HES staining 

shows the presence of normal adipocytes in the center of de novo formed tissue (magnification X 100) (A). 

Increase of LBP mRNA (B) and protein levels (C) in de novo tissue, and of plasma LBP (D) in mice injected 

with preadipocytes expressing Anti-miR883b-5p. Up-regulation of IL-6 and TNF-α mRNA levels in de novo 

tissue of the same mice (E). mRNA levels were measured by RT-qPCR, normalized to 18srRNA levels and 

presented as relative expression compared to CTRL mice. Tissue or plasma LBP protein levels were measured 

by ELISA. Tissue LBP concentrations were next expressed per mg tissue protein (ng/mg protein). Results are 

means ± SEM for 4-5 mice per group. *P<0.05, **P<0.01, ***P<0.001 vs. CTRL; P= 0.08 vs. CTRL. 
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Downregulation of miR883b-5p expression in human obesity  

Finally, we examined the expression of miR883b-5p in omental AT, known to play a 

central role in the pathogenesis of the metabolic syndrome. We compared the expression of 

miR883b-5p between severely obese subjects associated with well-known AT inflammation 

(15; 22) and nonobese age- and sex-matched (control) subjects. As expected, ApN mRNA 

was decreased in obese subjects. Expression of miR883b-5p was downregulated as well (Fig. 

8).  

 

Fig.8. Downregulation of miR883b-5p in omental adipose tissue from obese subjects. Omental adipose 

tissue was sampled from lean and obese age- and sex-matched subjects undergoing elective abdominal surgery 

after an overnight fast. Expression of adiponectin (ApN) and miR883b-5p was quantified by RT-qCR, and 

normalized to the levels of 18srRNA and RNU6B respectively. Values are presented as relative expression 

compared to lean subjects. Results are means ± SEM for 6 subjects per group. *P<0.05 vs. lean. 
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DISCUSSION 

 

We have shown in our transgenic mice overexpressing ApN specifically in white AT 

that ApN regulates in vivo the secretion of downstream adipokines, decreasing those with pro-

inflammatory properties while enhancing those with anti-inflammatory effects. ApN induces 

therefore in vivo a shift of the immune balance in adipocytes toward a less inflammatory 

phenotype (6). Yet, the mechanisms underlying this shift are not fully elucidated. The aim of 

the present work was to explore whether miRNAs regulated by ApN may represent novel 

mechanisms for controlling AT inflammation. 

The studies performed so far merely reported relationships between ApN parameters 

and some adipose tissue miRNAs. In human AT, subcutaneous miR-95 expression was 

positively related to serum ApN concentrations, while visceral miR 181a was negatively 

related to this parameter (23). In retroperitoneal fat of mice, miR143 was positively related to 

ApN gene expression, while miR221 and 222 were negatively related to mRNA level of this 

adipokine (24). Our study shows a direct regulation of miRNAs by ApN in AT both in vivo 

and in vitro.  

Thanks to miRNA profiling in AT of ApN-Overex mice and subsequent RT-qPCR 

validation, we identified 4 novel miRNAs regulated by ApN. Such regulation is likely to 

result from the overexpression of ApN in both adipocytes and SVC (which contain 

macrophages), although the overall expression of ApN was much higher in adipocytes than in 

SVC (6), in line with the fact that the aP2 promoter is much more abundantly (~10.000-fold) 

expressed in adipocytes (26). Expression of two of these miRNAs (miR1983 and miR1934) 

showed a reverse pattern in the ApN-lacking condition, implying that ApN was a specific 

regulator of these changes. Remarkably, the expression of miR1934 fell to almost 

undetectable levels in the absence of ApN, indicating that ApN was a pre-requisite for its 

expression. However, expression of the other 2 miRNAs (miR532-5p and miR883b-5p) was 

not affected in ApN-KO mice. Yet, this does not exclude a role for ApN in their regulation, 

since the two models of mice are not exactly the opposite of each other. In ApN-Overex mice, 

the overexpression is moderate and primarily targeted to white AT. In ApN-KO mice, there is 

a complete and generalized lack of ApN and some compensatory mechanisms may operate 

and mask the expected repercussions especially on AT, in agreement with our previous data 

(6). In line with this view, we further showed that one of these miRNAs (miR883b-5p), which 
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was predicted by computational analysis to play a key role in inflammation, turned out to be 

directly up-regulated by ApN in 3T3-F442A cell lines. 

The biological function of these novel miRNAs has never been described. Thanks to 

the available computational databases, we got some preliminary clues about their functions. 

However, the 2 miRNAs, which were inversely regulated in ApN-Overex and ApN-KO mice, 

were not yet included in the present databases. Further studies are thus warranted to unravel 

their functions. Regarding the other 2 miRNAs, the predicted target genes for one of them 

(miR883b-5p) turned out to belong to the Toll-like receptor signalling pathway as well as to 

the VEGF and chemokine signalling pathways. Activation of these pathways has been 

implicated in the development of low-grade inflammation in AT (25-28). In particular, 

activation of TLR4 signalling gives rise to the stimulation of intracellular pro-inflammatory 

molecules such as Nuclear Factor-κB (NF-κB) and Extracellular Signal-Regulated kinases 

(ERK1/2) in adipocytes (27;28). This is in keeping with the reduced activity of NF-κB and 

ERK1/2 observed in AT of ApN-Overex mice (6). Altogether these data led us to raise the 

hypothesis that miR883b-5p was likely to be involved in immune/inflammation responses of 

AT. 

We next validated in vitro the target genes of miR883b-5p belonging to the TLR 

pathway, which were predicted by computational analysis. LBP was identified as one specific 

target of miR883b-5p in adipocytes. LBP is an acute-phase protein, which amplifies host 

responses to LPS and which is synthesized in the liver (29) and, as shown more recently, in 

3T3-L1 adipocytes co-cultured with macrophages (30). Herein, we confirmed that adipocytes 

are a novel source of LBP. The role of LBP is to aid LPS to dock at the LPS receptor complex 

composed of TLR4 receptors, thereby triggering a downstream cascade leading to up-

regulation of proinflammatory cytokines (29) in adipocytes (26) and other cells. This 

facilitating role of LBP on LPS action may thus be relevant to the context of the metabolic 

syndrome. Animal studies (31) and human evidence (32) have indeed suggested that 

subclinical endotoxemia, characterized by low to moderately and chronically elevated LPS, 

may be involved in the pathogenesis of metabolic disorders. Moreover, elevated circulating 

LBP has recently been associated with obesity, metabolic syndrome, and type 2 diabetes in 

apparently healthy Chinese (33). 

Afterwards, we investigated whether miR883b-5p was necessary for the anti-

inflammatory action of ApN on downstream adipokine secretion. We thus measured the pro-
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inflammatory adipokines, previously identified as down-regulated by ApN in AT (6), after 

miR833b-5p blockade. Our data indicated that miR883b-5p is a mediator of the anti-

inflammatory effects of ApN on TNF-α-induced IL-6, TNF-α and GCSF gene expression in 

3T3-F442A cells. Our results are concordant with those of a recent study reporting that 

another miRNA (miR-146b-5p) mediated the anti-inflammatory action of globular ApN in 

THP-1 monocytes (34). In our work, the mediating role of miR883b-5p did not result from 

direct targeting of the mRNAs of the adipokines mentioned above for two reasons. First, 

miR883b-5p blockade per se did not affect basal gene expression of these adipokines (see Fig. 

5; first two columns of each panel). Second, computational analysis indicates that the 3’UTRs 

of most cytokines lack miRNA binding sites (35). miR883b-5p may therefore probably target 

some intermediate machinery components, which are necessary for the regulatory action of 

ApN. Some of these intermediate components, whose expression was enhanced by miR883b-

5p blockade, may probably be involved in the amplified response of IL-6 to TNF-α in the 

presence of Anti-miR (Fig. 5, 6; column 3 vs. 6 in each first panel).  

In vivo experiments with transplanted 3T3-F442A preadipocytes recapitulated the in 

vitro data. The de novo tissue formed from in vivo differentiation of preadipocytes transfected 

with anti-miR883b-5p exhibited greater LBP production and secretion, which resulted in 

higher circulating levels. This de novo formed tissue also displayed higher levels of pro-

inflammatory cytokines like IL-6 or TNF-α. 

Taken together our data suggest that ApN upregulates miR883b-5p, which in turn 

donwregulates LBP and possibly other targets belonging to inflammatory pathways (like the 

VEGF or chemokine pathways mentioned above). This ultimately leads to decreased 

production of downstream pro-inflammatory adipokines, thereby relieving AT inflammation 

(see supplementary Fig. 3). It is tempting to extend those data to humans in vivo as we 

showed that miR883b-5p expression together with that of ApN was actually down-regulated 

in omental AT of obese subjects. 

In conclusion, we have identified several miRNAs regulated by ApN in AT in vivo. 

One of these, miR883b-5p, which was up-regulated by ApN repressed LBP production and 

turned out to be a major mediator of the anti-inflammatory action of ApN in adipocytes. 

Novel miRNAs regulated by ApN may open new therapeutic perspectives for controlling AT 

inflammation and related metabolic disorders. 
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Supplementary Figures 

 

Supplementary Fig.1. Predicted base complementarities of mature miR883b-5p to TLR3, Tbk1, TLR6 

and LBP. The base complementarities of mature miR883b-5p to 3’UTR binding sites of TLR3, TLR6, Tbk1 and 

LBP are predicted by MicroCosm Targets Version 5 (http://www.ebi.ac.uk/enright-srv/microcosm).  

 

 

 

 

 

 

Supplementary Fig.2. Expression of miR883b-5p during adipocyte differentiation 3T3-F442A 

preadipocytes were induced to differentiate in vitro from day 0 (D0). Cells were collected at D0, D5, D7 and D9 

of differentiation, respectively. Expression of miR883b-5p was quantified by RT-qPCR. Values were normalized 

to 18s rRNA and presented as relative expression compared to D0. Results are means ± SEM for 3 repeated 

experiments. **P<0.01 vs. D0.  

http://www.ebi.ac.uk/enright-srv/microcosm
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Supplementary Fig.3. Scheme illustrating for miR883b-5p-mediated anti-inflammatory action of ApN in 

adipose tissue.  ApN upregulates miR883b-5p, which in turn downregulates LBP, a component of the Toll-like 

receptor (TLR) pathway, and possibly other targets belonging to other inflammatory pathways (like the VEGF or 

Chemokine pathways…). This ultimately leads to decreased production of downstream pro-inflammatory 

adipokines, thereby relieving adipocyte inflammation. Green arrows indicate induction or activation; blunted red 

arrows indicate inhibition and the dashed line potential effects. 
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Chapter 4: General Discussion and 

Conclusion 
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I. General discussion 

1. Main questions and findings  

Adipose tissue (AT) has been recognized as an active secretory organ, which releases a 

number of bioactive peptides, collectively named adipokines. Adipokines may exert 

endocrine action on distant organs or autocrine/paracrine action on AT. Virtually all known 

adipokines are dysregulated in obesity, type 2 diabetes and metabolic syndrome, leading to 

overproduction of deleterious adipokines and hyposecretion of defensive ones, such as ApN 

(4). Such a dysregulation triggers the development of a low-grade pro-inflammatory state, 

which is considered to build the common soil for the development of obesity-linked disorders. 

Thus, resetting the immunological balance in obese AT is a fundamental therapeutic strategy 

for the metabolic syndrome.  

Although ApN has emerged as a master regulator of immune/inflammatory homeostasis in 

several organs such as liver, colon, cardiac or skeletal muscles, the effects of ApN on AT 

inflammation have been poorly investigated. Prior to my thesis, only few studies have tackled 

this question in vitro. It was shown that ApN attenuated LPS-induced IL-6 and TNF-α release 

in primary pig adipocytes (184). The globular domain of ApN also reduced the secretion of 

several cytokines as shown by protein array analysis of culture medium from human 

mammary adipocytes differentiated in vitro (247). However, these in vitro effects of ApN 

could not completely reflect the actual in vivo situation and merely focused on one cellular 

fraction of AT (i.e. the adipocyte fraction).  

Moreover, the mechanisms underlying the anti-inflammatory effect of ApN in AT were 

poorly understood. ApN had been reported to inhibit LPS-stimulated activation of NF-κB, 

JNK and ERK1/2 (Extracellular Signal-Regulated kinases) (or related MAP kinase) in 

cultured porcine or human blood-derived macrophages (323; 324). However, only two studies 

showed that ApN inhibited LPS-stimulated pro-inflammatory adipokines (IL-6, TNF-α, MCP-

1) via suppression of NF-kB in adipocytes (either primary pig adipocytes or 3T3-L1 cells) 

(184; 325). The involvement of other inflammatory signaling pathways (e.g. JNK, ERK1/2) 

was not documented. On the other hand, there were relationships between some miRNAs in 

AT and circulating or mRNA levels of ApN (294; 298). However, there was no report on a 

direct regulation of miRNAs by ApN in AT. Whether miRNAs regulated by ApN may 

contribute this anti-inflammatory action of this adipokine on AT was still unknown. 

http://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
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In my thesis, I have confirmed the auto/paracrine anti-inflammatory effects of ApN on AT 

secretory function. ApN in vivo regulated the secretion of downstream adipokines, decreasing 

those with pro-inflammatory properties, while enhancing those with anti-inflammatory 

effects. These changes in secretion were due to corresponding changes in mRNAs and 

occurred in both cellular fractions of AT. The adipokines regulated by ApN were classified 

into 4 categories: the pro-inflammatory cytokines, the chemokines, the hematopoietic growth 

factors and the anti-inflammatory factors. I concluded that ApN induced in vivo a shift of the 

immune balance in both adipocytes and SVCs toward a less inflammatory phenotype (Figure 

19) (326).   

Next, I elucidated the potential mechanisms contributing to this shift induced by ApN. I 

confirmed in vivo that ApN suppressed the activation of NF-κB and ERK1/2, as well 

increased the expression and activity of AMPK in AT (326). I also identified several miRNAs 

regulated by ApN in vivo. One of them, miR883b-5p, which was up-regulated by ApN, 

repressed the production of the lipopolysaccharide (LPS)-binding protein (LBP), a facilitator 

of LPS action. miR883b-5p turned out to be an important mediator of the anti-inflammatory 

action of ApN in adipocytes (327) (Figure 19).  

 

 

Figure 19: Main findings of my thesis. ApN regulates the secretion of downstream adipokines in AT, inducing 

a shift of the immune balance toward a less inflammatory phenotype. The altered activation of NF-κB, ERK1/2 

and AMPK, as well the altered expression of miRNAs may contribute to the anti-inflammatory action of ApN in 

AT.  
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2. The in vivo effects of ApN were likely to be specific in ApN-Overex mice 

To investigate the in vivo effects of ApN, I took advantage of the ApN-Overex mice. ApN-

Overex mice are a unique transgenic mouse model generated in our lab (242), which exhibits 

a moderate over-expression of native full-length ApN targeted to white AT with no changes 

in the distribution of ApN multimers. Five-month-old ApN-Overex mice displayed reduced 

adiposity with improved insulin sensitivity and lipid profile when challenged by a high-

sucrose diet (242). I have therefore studied ApN-Overex mice at a younger age, when they did 

not exhibit any overt changes in adiposity, insulin action and circulating lipids. This strategy 

was chosen to avoid the interference of confounding metabolic factors and to study the direct 

and specific effects of ApN on downstream adipokines and miRNAs.  

 

3. A reverse profile of expression was observed for part of adipokines and 

miRNAs in ApN-KO mice 

To further confirm the results obtained in ApN-Overex mice, I have also used ApN-knockout 

(ApN-KO) mice of the same age. When compared to ApN-Overex mice, a reverse profile of 

expression was observed for most adipokines and miRNAs in ApN-KO mice, implying that 

ApN was a specific regulator of these changes. However, some adipokines or miRNAs were 

not affected in ApN-KO mice. Yet, this does not exclude a role for ApN in their regulation, 

since the two models of mice are not exactly the opposite of each other. In ApN-Overex mice, 

the overexpression is moderate (i.e. within a physiological range) and primarily targeted to 

white AT. In ApN-KO mice, there is a complete and generalized lack of ApN and some 

compensatory mechanisms may operate and mask the expected repercussions especially on 

AT (e.g. these mice do not develop overt obesity) (38). 

 

4. Both adipocyte and SVC fractions are sites of ApN action 

I have investigated the effects of ApN in both adipocyte and SVC fractions, whereas previous 

studies merely focused in adipocytes. Although the SVC fraction accounts for only a small 

part of AT when compared to adipocytes (in % of total AT mass), it has been estimated that 

SVC and adipocytes exists in ratio of 1/2 in human subcutaneous tissue (328). The cells 

comprised in this SV fraction, mainly the macrophages and the endothelial cells are a primary 



 

125 
 

source of inflammatory mediators (329; 330). It has also been shown that both adipocytes and 

SVC may contribute to adipokine deregulation in human obesity (64; 331).  

In our ApN-Overex mice, the transgene is placed under control of the aP2 promoter. aP2 is a 

lipid chaperone protein, which belongs to the group of fatty acid–binding proteins (FABPs) 

and which is much more abundantly (~10.000-fold) expressed in adipocytes than in 

macrophages (332). In line with this observation, in white AT of ApN-Overex mice, the 

overall overexpression of ApN was much higher in adipocytes than in SVC (326). Despite the 

weak overexpression of ApN in SVC, ApN regulated the adipokines from both cellular 

fractions and affected an even greater number of adipokines in the SV than in the adipocyte 

fraction. This may be explained by the fact that ApN secreted by the adipocytes may also 

influence the secretion of SVCs in paracrine manner. My data support therefore the idea that 

in addition to adipocytes, SVCs are also an important site for the anti-inflammatory action of 

ApN within AT. Furthermore, it would be more interesting to study deeply the paracrine 

effect of ApN by co-culturing adipocytes and SVC in the future works. 

 

5. Potential mechanisms underlying the anti-inflammatory effects of ApN on 

adipose tissue 

Obesity-induced AT inflammation is associated with altered signalling pathways. The 

intracellular signalling pathways underlying inflammatory changes in obesity mainly involve 

the activated IKK/NF-κB and the JNK systems as well as ERK pathway (333; 334). On the 

other hand, the activity of AMPK, which is a crucial mediator of ApN signalling in 

metabolically responsive tissues (183), has been found to be reduced in obese AT and to be 

associated with markers of inflammation (335). In my first study (326), I confirmed in vivo 

that the activity of NF-κB was indeed suppressed by ApN in AT. The activity of ERK1/2 was 

also suppressed, while the expression and activity of AMPK were enhanced by ApN. Hence, 

these signalling pathways restored by ApN were associated with- and were likely to 

contribute to- the protective effect of ApN against inflammation into AT. Furthermore, some 

studies have demonstrated that activation of AMPK suppressed NF-κB signalling pathway in 

several cell types including macrophages (336), endothelium (170) and cardiac myocytes 

(337). ApN has been shown to activate AMPK, which in turn suppressed NF-κB signalling in 

IL-18-stimulated endothelial cells (170) as well in hypertrophic neonatal rat ventricular 

myocytes (337). The enhanced expression and activity of AMPK could probably be a link 
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between ApN and the attenuation of downstream pro-inflammatory signalling pathways and 

adipokine production in AT (Figure 20). 

 In addition to altered signalling pathways, obesity-induced inflammation is also associated 

with deregulated expression of miRNAs. Xie et al. showed that the down-regulation of a set 

of miRNAs in adipocytes from obese mice was likely to result from the chronic inflammatory 

environment: these changes were mimicked by TNF-α treatment of adipocytes, indicating the 

involvement of miRNAs in adipocyte immune/inflammatory state (280). Very recently, miR-

223 has been identified as a crucial regulator of macrophage polarization in mouse AT, its 

deficiency promoting AT inflammation (299). Before my work, whether miRNAs mediate the 

potent anti-inflammatory/ immunomodulatory action of ApN on AT was still unsettled; I have 

found that miR883b-5p, which was up-regulated by ApN, mediated the protective effects of 

ApN on pro-inflammatory adipokine induction after TNF challenge (327). My results are 

concordant with those of a recent study reporting that another miRNA (miR-146b-5p) 

mediated the anti-inflammatory action of globular ApN in THP-1 monocytes (338). Based on 

my results, the mediating role of miR883b-5p did not result from direct targeting of the 

mRNAs of these pro-inflammatory adipokines for two reasons. First, miR883b-5p blockade 

per se did not affect basal gene expression of these adipokines. Second, computational 

analysis indicates that the 3’UTRs of most cytokines lack miRNA binding sites (271). 

miR883b-5p may therefore probably target some intermediate machinery components, which 

are necessary for the regulatory action of ApN (Figure 20). Computational analysis reveals 

indeed that miR883b-5p directly targets genes involved in TLR signalling pathway as well as 

in chemokine and VEGF pathways. Activation of all these pathways has been implicated in 

the development of low-grade inflammation in AT by interacting with other pro-inflammatory 

mediators, like NF-κB, and inducing the production of pro-inflammatory adipokines (133; 

339-341). 

Altogether, my study suggests that ApN may regulate downstream adipokines through 

activation of AMPK and suppression of NF-κB and ERK1/2 signalling. ApN may also up-

regulate miR883b-5p expression, which in turn represses inflammatory mediators. Moreover, 

these two mechanisms may also interact, leading co-ordinately in less AT inflammation 

(Figure 20).  
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Figure 20: Scheme illustrating for the potential mechanisms underlying the anti-inflammatory effect of 

ApN on adipose tissue. The green arrows indicate induction or activation; blunted red arrows indicate inhibition 

and the dashed line potential effects.  

 

6. Downstream adipokines regulated by ApN may be new therapeutic targets 

for the management of metabolic syndrome 

I have identified several adipokines as newly secreted by AT and/or regulated by ApN (326). 

Besides decreasing TNF- and IL-6 whose role in propagating inflammation and inducing 

insulin resistance is well known (4), ApN donwregulated (or prevented the stimulation of-) 3 

other pro-inflammatory factors (i.e. 3 interleukins: IL12, IL17B, IL21) whose function on- or 

presence in- AT was still poorly documented. Yet, these 3 interleukins play a role in initiating 

and shaping immune-inflammatory responses (342-344). IL12 is also thought to contribute to 

the development of atherosclerosis and its circulating levels are increased in patients with type 

2 diabetes (345). The chemokines, ICAM-1 and RANTES as well as the granulocyte 

(macrophage)-growth factors (GCSF and GM-CSF) are implicated in adipose tissue 

inflammation/immunity by recruiting monocytes/macrophages and T cells (69; 70; 112; 346). 

RANTES could also be implicated in type 2 diabetes development (59). Our lab previously 

showed that the megakaryocytic growth factor, thrombopoietin (TPO) was oversecreted by 

omental adipose tissue of obese subjects (64) and that its circulating levels were increased in 

obesity and negatively correlated with adiponectinemia (347). Herein, I extend those data by 
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demonstrating that TPO is unambiguously regulated in adipocytes by ApN excess or 

deficiency in vivo. Because high systemic TPO levels could participate in the pathogenesis of 

the acute coronary syndrome (71), it is tempting to speculate that suppressed TPO may further 

link ApN to cardiovascular protection. Like TPO, ApN specifically downregulated VEGFR1. 

This downregulation is of interest since inactivation of a VEGF homologue, which 

specifically binds VEGFR1 led to impaired adipose tissue development via reduced 

angiogenesis in obese rodents (67). It is of note that VEGF acts also as a pro-inflammatory 

cytokine (68). The only adipokine that was specifically upregulated by ApN in my work was 

IL-1R4, a member of the Toll-like 1 receptor family. Both soluble secreted form and total 

gene expression of IL-1R4 were enhanced by ApN. IL-1R4 may act as anti-inflammatory 

factor: it suppressed inflammatory responses induced by LPS both in vitro and in vivo (348), 

while IL-1R4 deficient mice produced elevated concentrations of pro-inflammatory cytokines 

and failed to develop endotoxin tolerance (349). Recently, a protective role for IL-1R4 has 

been proposed in atherosclerosis (350) and obesity as well (351). IL-1R4 protected obese 

mice against the development of AT inflammation and related metabolic disorders (351). 

Thus, several adipokines identified as downstream targets of ApN may be instrumental in 

further deciphering the pathogenesis of the metabolic syndrome. 

 

7. miRNAs regulated by adiponectin may be new targets for controlling 

adipose inflammation  

I next identified 4 novel miRNAs regulated by ApN in AT (327). Until my study, the 

biological function of these novel miRNAs had not yet been described. Thanks to the 

available computational databases, I got some preliminary clues about their functions. 

However, the 2 miRNAs, which were inversely regulated in ApN-Overex and ApN-KO mice, 

were not yet included in the present databases. Further studies are thus warranted to unravel 

their functions. Regarding the other 2 miRNAs, the predicted target genes for one of them 

(miR883b-5p) turned out to belong to the TLR signalling pathway as well as to the VEGF and 

chemokine signalling pathways. By in vitro and in vivo experiments, I validated LBP, a 

component of TLR signalling, as a specific target gene of miR883b-5p in adipocytes.  
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LBP is an acute-phase protein, which is synthesized in the liver (352) and, as shown more 

recently, in 3T3-L1 adipocytes co-cultured with macrophages (353). The role of LBP is to aid 

LPS to dock at the LPS receptor complex composed of TLR4, thereby triggering downstream 

cascades including NF-κB and JNK, which lead to up-regulation of pro-inflammatory 

cytokines (352) in adipocytes (339) and other cells (see Figure 4). Blood from LBP-knockout 

mice is markedly hyporesponsive to LPS, presumably as a result of the inability of LPS to 

rapidly associate with its receptors. This facilitating role of LBP on LPS action may be 

relevant to the context of the metabolic syndrome. Animal studies (144) and human evidence 

(135) have indeed suggested that subclinical endotoxemia, characterized by low to moderately 

and chronically elevated LPS may be involved in the pathogenesis of metabolic disorders. 

Moreover, elevated circulating LBP has been reported to associate with obesity, metabolic 

syndrome, and type 2 diabetes in apparently healthy Chinese (354). This study showed that 

plasma LBP was positively correlated with BMI, waist circumference, blood pressure, LDL 

cholesterol, triglycerides, glucose, insulin, and inflammatory markers (CRP and IL-6), while 

being negatively correlated with HDL cholesterol and HMW ApN (354). Finally, I observed 

an anti-inflammatory effect of miR883b-5p in AT as blockade of miR883b-5p exacerbated 

inflammation in adipocytes and de novo formed AT. This effect may presumably result from 

the repression of LBP and/or other target genes involved in inflammatory pathways (e.g. 

chemokines, VEGF). My preliminary data have shown that expression of miR883b-5p was 

markedly downregulated, together with that of ApN, in omental AT of obese subjects. Thus, 

miR883b-5p could serve as a novel therapeutic target in metabolic syndrome.  

 

II. General conclusion 

In my thesis, I have confirmed that ApN regulates in vivo the secretory profile of downstream 

adipokines, decreasing those with pro-inflammatory properties while up-regulating those with 

anti-inflammatory action. I have also identified several miRNAs regulated by ApN in AT in 

vivo, one of these, miR883b-5p, which was up-regulated by ApN, repressed the production of 

LBP and turned out to be a major mediator of the anti-inflammatory action of ApN in murine 

adipocytes. These newly identified downstream adipokines and miRNAs, may have 

therapeutic potential for the management of the metabolic syndrome.  
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Chapter 5: Perspectives 
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I. Background 

I have recently identified several novel miRNAs, which are regulated by ApN in AT in vivo. 

The expression of miR532-5p and miR1983 was down-regulated, while that of miR883b-5p 

and miR1934 was up-regulated in AT of ApN-overexpressing mice. In this pioneer work, I 

mainly focused on miR883b-5p because this miRNA was already included in current database 

and identified by computational analysis as being involved in inflammatory pathways. I found 

that ApN upregulated miR883b-5p, which in turn down-regulated LBP, a LPS facilitator, and 

subsequently TLR-4 signaling both in vitro (in murine adipocyte line) and in vivo (in newly 

formed AT). This is of importance because subclinical endotoxemia, characterized by low to 

moderately and chronically elevated LPS, may be involved in the pathogenesis of the 

metabolic syndrome (144). I therefore hypothesized that miR883b-5p may act as a major 

mediator of the anti-inflammatory action of ApN on AT. Because the novel miRNAs 

regulated by ApN may open new therapeutic perspectives for controlling AT inflammation, I 

wish to further characterize their function in mice and humans.  

 

II. Perspectives 

The work will be conducted along three major lines  

 To examine whether miR883b-5p is involved in other inflammatory pathways besides 

TLR4 signalling; 

 To elucidate the function of the other miRNAs, which were specifically regulated by ApN 

in vivo 

 To translate these data to human obesity 

 

Planned work 

1. To establish whether miR883b-5p is involved in multiple inflammatory 

pathways 

I have identified by computational analysis 1062 unique targets for miR883b-5p using the 

algorithms miRanda (327). I have further annotated the biological function of these target 

genes using GENECODIS database (327). I have focused on target genes implicated in 

inflammation/immune responses and found 4 predicted target genes (including LBP), which 

were enriched for TLR signalling pathway and innate immune responses. These genes have 
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already been studied (327). However, there were also additional predicted target genes 

involved in other inflammatory pathways which have not been studied yet: 7 target genes, 

which were enriched for the VEGF signalling pathway and 10 others for the chemokine 

signalling pathway. Both pathways are strongly involved in inflammation (4; 68), VEGF 

being also involved in vasculature remodelling (68). 

My hypothesis is that miR883b-5p may mediate its anti-inflammatory action, by down-

regulating, not only TRL4 signalling, but also these additional pathways. I plan to study the 

target genes belonging to these pathways by using in vitro and in vivo protocols similar to 

those previously established to investigate TLR4.  

In vitro functional studies We will use a gain-of- or a loss-of- function approach in 3T3-

F442A adipocytes transfected by miR883b-5p mimic or inhibitor, respectively (Qiagen). We 

will measure, in these transfected cells, the changes in mRNA levels of the relevant target 

genes (RT-qPCR) as well as in protein levels encoded by these genes (Western blot or 

ELISA).  

In vivo functional studies We will further examine whether miR883b-5p targets VEGF and 

chemokine pathways in vivo in de novo formed fat pad. We have already performed such 

experiments for studying TLR4 signaling. We have constructed a plasmid that stably 

expresses Anti-miR883b-5p or a scrambled sequence (CTRL). We have chosen to block 

miR883b-5p rather than to overexpress it, in the light of the potential oversaturation of 

endogenous small RNA pathways (321). As already described, 3T3-F442A preadipocytes will 

be transfected with the plasmid and grown to near confluence, then injected subcutaneously 

into the back of NUDE mice (327; 355). Alternatively, we could use human adipose-derived 

adult stem (ADAS) cells (356). Mice will be kept on a Western diet for 2-3 wks to induce 

development of adiposity and local inflammation. At the end of the experiments, the de novo 

formed adipose tissue, resulting from in vivo differentiation of implanted 3T3-F442A 

preadipocytes, will be weighted and processed for immuno-morphometry (size and density of 

adipocytes and blood vessels, macrophage number) as well as for expression of relevant target 

genes. In my previous study dealing with the repercussions of miR883b-5p silencing on TLR-

4 signalling, I found no change in fat pad weight, adipocyte size and macrophage number, but 

marked increases of LBP and inflammatory markers (IL-6, TNF-). In this new setup of 

experiments, we will study the expression of target genes belonging to VEGF and chemokine 

signalling pathways (RT-qPCR for mRNAs and Western blot/ELISA for the encoded 
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proteins). We thus hypothesize to disclose novel mechanisms underlying the anti-

inflammatory properties of miR883b-5p and ApN in vivo.  

Furthermore, I plan to generate transgenic mouse models, which overexpress or are lacking 

(KO) miR883b-5p and to challenge these mice with LPS. 

2. To elucidate the function of other miRNAs specifically regulated by ApN 

in vivo 

Two miRNAs (miR1934 and miR1983), which were modified in ApN-overexpressing mice 

showed a striking reverse pattern of expression in ApN-KO mice. One of these miRNAs 

(miR1934), which was up-regulated in ApN-overexpressing mice, was even undetectable in 

ApN-KO mice, suggesting that ApN was necessary for its expression (327). Alternatively, 

low expression of miR1934 could be due to a single nucleotide polymorphism (SNP) in the 

mature form of miR1934
1
. Although this hypothesis has to be checked, it seems rather 

unlikely because ApN-KO mice and their controls were on the same genetic background.  

In vitro functional studies As the two miRNAs mentioned above are not yet included in 

current database for target prediction, we cannot get preliminary clues about their function. 

We will therefore attempt to identify their target genes by using cDNA microarrays 

(Affimetrix®) in 3T3-F442A adipocytes transfected with the respective anti-miR (or miR 

mimic) or a scrambled oligonucleotide sequence. Genes, which are differentially expressed 

between the two groups (Anti-miR vs. control or miR mimic vs. control), will be functionally 

annotated by using GENECODIS database. Genes implicated in inflammatory/immune 

responses, cell differentiation or metabolism will be selected and quantified by RT-qPCR 

(mRNA levels) and Western blot/ELISA (encoded protein levels). Relevant genes will be 

further validated by a luciferase reporter system. To this end, a luciferase reporter construct 

containing the 3’-UTR of the relevant target gene and the mature sequence of the miRNA will 

be co-transfected in 3T3-F44A cells and the expected reduction of luciferase activity will be 

monitored (357). 

In vivo functional studies We will examine whether the target genes regulated by these two 

miRNAs (especially miR1934) in vitro are confirmed in vivo. We will therefore quantify the 

expression of target genes in de novo fat pad formed in NUDE mice from 3T3-F442A 

preadipocytes transfected with Anti-miR1934 plasmid or a control plasmid. 

                                                           
1 http://www.ncbi.nlm.nih.gov/SNP/snp_ss.cgi?ss=ss37166983 

http://www.ncbi.nlm.nih.gov/SNP/snp_ss.cgi?ss=ss37166983
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3. To investigate whether these key miRNAs are relevant in human obesity 

ApN is decreased in fat tissue and plasma of obese subjects (4). We will examine whether this 

impairment may induce a deregulation of the key miRNAs, described above, in AT of obese 

subjects.  

Ex vivo studies Paired omental and subcutaneous fat samples will be obtained from obese and 

from age- and sex-matched lean patients undergoing elective abdominal surgery (long-lasting 

collaboration with the Abdominal Surgery Unit, Saint-Luc University Hospital). Based on our 

past experience and on statistical power analysis, we will need to recruit 6-10 patients per 

group to demonstrate significant differences between the 2 groups (34; 64). We will examine 

whether these key miRNAs are modified together with the expected decrease of ApN in obese 

subjects and whether these changes are depot-specific. We will also investigate whether these 

changes are related to the inflammatory state of adipose tissue and to several anthropometric 

and circulating parameters (Body mass index, lipid profile, glucose homeostasis and insulin 

resistance estimated by the HOMA index (64).  

In vitro studies We will investigate in primary cultures of human adipocytes differentiated in 

vitro (34; 64) whether these key miRNAs are modified during the differentiation process and 

whether recombinant ApN may trigger a profile of miRNAs similar to that observed in ApN-

overexpressing mice. By using a gain-of- or a loss-of- function approach similar to that 

described in 3T3-F442A, we will also study in human adipocytes transfected by relevant miR 

mimics or Anti-miRs whether those key miRNAs have similar target genes to those described 

in mice. Finally, we wish to establish the direct role of these key miRNAs on the anti-

inflammatory properties of ApN in human AT. We will therefore test whether these miRNAs 

can modify the expression profile of pro-inflammatory adipokines previously identified as 

downstream targets of ApN (326). These experiments will be carried out in human adipocytes 

transfected as described above. 

In conclusion, we hope (a) to characterize in vivo and in vitro the miRNAs regulated by one 

of the most important adipokines, ApN in mice and humans and (b) possibly open new 

therapeutic perspectives for controlling AT inflammation, a cornerstone of the metabolic 

syndrome. 
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