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Preface

Obesity is now a global pandemic and is a major public health burden worldwide (1).

The researches in physiopathological characteristerists of obesity and treatment of obesity had attracted tremendous attention. Recently, subcutaneous adipose tissue (scAT) fibrosis is considered as a hallmark pathological alteration in obesity. ScAT fibrosis was found increased in obesity and associated with metabolic disorders and bariatric surgery (BS)induced weight loss (2,3). The quantification of scAT fibrosis is based on histological evaluation of scAT samples obtained by surgical biopsy. However, this invasive method has limited use in clinical routine and research practice. In order to non-invasively quantify scAT fibrosis, an academic-private partnership was stimulated between Institute of Cardiometabolism and Nutrition (ICAN) attached to Pitié-Salpêtrière Hospital (Paris) and Echosens Company (Paris, France). Echosens adapted its transient elastography technology and developed a non-invasive tool, AdipoScan TM , to assess scAT stiffness presented as shear wave speed (SWS). In a first clinical study, scAT SWS measured by AdipoScan TM in morbidly obese subjects was found significantly correlated with tissue fibrosis and various metabolic disorders, e.g. impaired glucose homeostasis and dyslipidemia (2). These results suggest scAT fibrosis and SWS might act as proper parameters to help stratifying phenotypes of obese subjects.

In order to further study the performance of AdipoScan TM and its clinical relevance in obese subjects, a clinical research contract FIBROTA was designed and conducted based on the cooperation between ICAN and Echosens. My PhD work was realized thanks to I. Obesity, a fibrotic disease?

I.1 Obesity, a global pandemic

Obesity is defined by World Health Organization (WHO) as a medical condition in which excess body fat has accumulated to the extent that has negative effects on health.

People are considered as obese when their Body Mass Index (BMI= weight/height 2 ) is ≥ 30kg/m 2 and as morbidly obese when BMI is ≥ 40kg/m 2 . Obesity is a multifactorial disease predominately caused by the interaction between changes of life-style, environmental factors and individual genetic susceptibility. Among recognized factors, increased caloric intake, decreased level of physical activity and changes in diet composition are common ones.

Recently, the change in gut microbiome was proposed as an additional contributing factor to obesity (4). Obesity is associated with reduced life expectancy and increased risks of mortality, cardiovascular diseases, diabetes, cancer, osteoarthritis and chronic kidney disease (1). Worldwide, the prevalence of obesity more than doubled between 1980 and 2014, while the rate of increase of obesity has slowed down in the last decade in some developed countries.

WHO estimated that about 13% of the world's adult population (11% of men and 15% of women) was obese in 2014, which means a total of more than 600 million adults throughout the world (http://www.who.int). analogue) are found having difficulty in maintaining sufficient weight loss over long term (5,6). By contrast, bariatric surgery (BS) is today an efficient tool to control obesity. In France, 42 815 interventions (adjustable gastric banding (AGB) 13%, vertical sleeve gastrectomy (VSG) 56%, Roux-en-Y gastric bypass (RYGB) 31%) were realized in 2013, a number tripled between 2006 and 2013 (7). BS is recommended for patients with BMI ≥ 40kg/m 2 or ≥ 35kg/m2 with serious comorbidities. BS is associated with long-term reduction of drastic weight loss and leads to decreased overall mortality, declined incidences of diabetes, myocardial infarction, stroke, cancer (8)(9)(10) and reduced risks of gestational diabetes in women (11).

However, several studies have revealed that BMI has limits in predicting the intervention-induced benefits of diabetes remission, improvements in cardiovascular disease events and cancers, suggesting the need to figure out criterion other than BMI to better select the obese candidates who are the most likely to benefit from BS (9,12). Moreover, three main procedures of bariatric sugery (i.e AGB, VSG, RYGB) have different effect of weight change and metabolic improvements owing to different mechanisms including gastric resctiction, gut hormones, ingestive behavior. RYGB is the most popular and effective procedure while VSG is now more frequently performed as it is less invasive and has similar effect compred to RYGB showed by some previous studies (14). However, there is currently no consensus to guide the secletion of appropriate procedure for obese candidates according to their individual metabolic status and demands. Further studies are needed to investigate the factors implicated in procedure-dependant BS-outcomes and help the clinicians to better make BS decision. In addition, obesity per se is a heterogeneous disease. The definition of obesity by BMI has limits in individualized medicine since BMI has poor role in determining fat mass (e.g. in sportsmen, in Asian) and abdominal obesity, in characterizing non-pathologic obesity (e.g. metabolically healthy obese, MHO, details in Part III.3), in describing the pathological alterations in AT (13). Therefore, other parameters are also needed to better stratify the phenotypes of obese subjects.

I.2 Obesity, a fibrotic disease: a novel concept?

Thomas Wynn has previously estimated that about 45% of all deaths in western world are attributed to some type of fibrotic disease (15). Obesity is associated with high risk and prevalence of diseases (i.e obesity comorbidities) with a strong fibrotic pathologic alteration affecting different organs such as liver, kidney, heart and lung. For example, non-alcoholic fatty liver diseases (NAFLD)/non-alcoholic steatohepatitis (NASH) have become a global health challenge as a result of the increasing prevalence of obesity and the severe risks of developing cirrhosis and liver carcinoma (16)(17)(18). Obesity related kidney disease and diabetic kidney disease, where progressive glomerulus and tubulointerstitium fibrosis are crucial pathological alterations, account for about 70% end-stage renal disease (ESRD) and increased mortality (19,20). Cardiovascular fibrosis, such as myocardial fibrosis and atherosclerosis, is strongly associated with obesity and metabolic disorders and contributes to the increased incidence of heart failure, atrial arrhythmias and sudden cardiac death in obese subjects (21,22). Obesity also leads to pulmonary fibrosis, edema, hemorrhage and hypertension and results in reduced lung function and respiratory well-being (23,24).

Recently, adipose tissue (AT) fibrosis was described and is now considered as an hallmark of AT pathologic alteration during obesity: AT fibrosis is increased in obese subjects and is associated with insulin resistance, hypertriglycerides and limited weight loss after BS (2,(25)(26)(27). Interestingly, main pathophysiological mechanisms are commonly described in obesity-related fibrotic diseases such as chronic low-grade inflammation, insulin resistance, lipotoxicity, aberrant secretion of many adipokines (leptin, adiponectin and others), oxidative stress, hypoxia, and AT fibrosis. Besides, gut microbiota has recently emerged as playing a pivotal role in NAFLD/NASH and atherosclerosis in obesity (16,28).

In addition, several studies now emphasize the potential key roles of other AT dysfunction such as AT fibrosis in obesity related metabolic disorders. The fact that pericardial fat secretome promotes myocardial fibrosis (29) and that subcutaneous AT (scAT) pericellular fibrosis is associated with liver fibrosis (2) indicates that AT itself (Box 1) and AT fibrosis might play a central role in obesity related fibrosis. This might in line with the "AT expansion hypothesis" suggesting AT fibrosis and associated mechanical stress (e.g. stiffness) may limit AT expansion during obesity and lead to adipocyte dysfunction, ectopic fat storage and metabolic disorders (30). This will be better described in Part III. Based on these previous observations, the further investigation of AT fibrosis mechanism and its therapy is of great interest.

Box 1. Human adipose tissue

Fat, properly defined as adipose tissue (AT), is a loose connective structure throughout the body. Two types of AT are distinguished according to their function and histological lineages: brown/beige AT (BAT) which oxidizes lipids and generates body heat; white AT (WAT) which mainly acts as a caloric reservoir that expands in response to overnutrition and releases lipids in response to energy deficit. WAT has different anatomical depots (Fig 2). The size of WAT is highly variable, ranging between 5%-60% of total body weight. Subcutaneous AT (scAT) which stores >80% of total body fat has a great capacity of expansion in obesity and is widely investigated (24)(25)(26). WAT is composed of two parts that can be isolated after collagenase digestion: adipocytes and stromal vascular fraction (SVF). The adipocytes are characterized by a unique morphology with unilocular lipid droplets that occupy 95% of the cell volume and therefore determine the adipocyte size that ranges between 20~200µm. SVF consists of a heterogeneous mixture of cells such as preadipocyte, endothelial cells, pericytes and various immune cells.

WAT was for a long time only considered as an energy storage tissue. However, after the discovery of leptin in 1994, WAT was recognized as an important endocrine organ which produces a myriad of hormones (called adipokines) such as leptin and adiponectin. ScAT and visceral AT (VAT) produce a large panel of adipokines and are strictly associated with metabolic disorders of obesity (27).

II. Fibrosis, excessive accumulation of extracellular matrix

Fibrosis is defined as an excessive accumulation of extracellular matrix (ECM) components that results from the imbalance between excess synthesis and degradation of ECM proteins. The generation of ECM components is a crucial regenerative step in tissue repair. However, if the damage lasts, ECM components persist and accumulate in the tissue, and subsequently impair tissue structure and function.

II.1 Fibrosis, overproduction of extracellular matrix during tissue repair

Normal tissue repair is an essential biological process that orderly replaces the dead or damaged cells during an inflammatory response after injury. The repair process consists of two distinct stages: a regenerative stage where injured cells are replaced by the same type of cells and no damage evidence lasts, and a fibrotic stage where ECM components accumulate and connective tissue replaces parenchymal tissue. Although the repair process is beneficial at first, it may become deleterious when it is not appropriately controlled (31)(32)(33)(34).

When damage takes place in an injured tissue, epithelial and/or endothelial cells release many inflammatory mediators that trigger an antifibrinolytic-coagulation cascade (Fig 3 left part). This cascade initiates platelet aggregation, clot formation and the development of a provisional ECM. Activated platelets release growth factors such as platelet-derived growth factor (PDGF) that acts as a chemoattractant for inflammatory cells, and transforming growth factor (TGF)-β1, a major facrors, which stimulates ECM synthesis by local fibroblasts. Afterward, the stimulated epithelial and endothelial cells produce matrix metalloproteinases (MMPs) which temporarily disrupt the basement membrane and allow immune cells to recruit and migrate to the injury site, thus initiating an inflammatory phase.

Recruited and activated macrophages and neutrophils clean up tissue debris and dead cells.

Immune cells also produce a wide range of cytokines and chemokines (e.g. TGF-β1, PDGF, IL-6, tumor necrosis factor (TNF)-α) that are involved in the recruitment of other inflammatory/immune cells, wound healing and fibrotic process. Shortly after this initial inflammatory phase, myofibroblasts are activated and they drive fibrogenic process.

Activated myofibroblasts produce ECM components and at the same time endothelial cells form new blood vessels. During the subsequent remodeling and maturation phase, myofibroblasts promote wound contraction that allows the edges of the wound physically ! pulled toward the center, collagen fibers become well organized, blood vessels develop to normal appearance and scar tissue is eliminated. Finally, if the process evolves well, epithelial and/or endothelial cells divide and migrate over layers to regenerate the epithelium and/or endothelium, restore the injured tissue to its normal appearance, and finally complete the healing process (31)(32)(33)(34). Figure 3. Tissue repair and fibrosis development (34) Cells and cytokines/chemokines implicated in tissue repair (left part) and fibrosis (right part) after injury.

However, in some cases, the damage persists. And normal tissue repair becomes dysregulated; myofibroblasts are chronically activated by persistent inflammation, tissue necrosis and infection. This leads to overproduction of ECM (i.e. fibrosis), increased crosslinking of collagen fibers and decreased degradation of ECM (Fig 3 right part), which disrupt the normal functioning of the organ and ultimately can lead to organ failure (31)(32)(33)(34). Fibrosis is often the end results of chronic exposure to toxins, irritant, persistent infections, and mechanical injuries. In some human conditions characterized notably by low-grade inflammation, inherited genetic disorders (35), chronic autoimmune diseases (36), these opposing mechanisms (synthesis versus catabolism) regulate the net increase or decrease of collagen within a wound (7). The expanding pool of mesenchymal cells further exacerbates the response. In the remodeling phase, the synthesis of new collagen by fibroblasts exceeds the rate at which it is degraded such that the total amount of collagen continues to increase. Although inflammation typically precedes fibrosis, results from experimental models of this process have demonstrated that fibrosis is not necessarily driven by inflammation at all times, suggesting that the mechanisms that regulate fibrogenesis are, to a certain extent, distinct from those regulating inflammation (8). This might explain the general lack of efficacy of antiinflammatory mediators in the treatment of fibrotic disease and the need to identify targeted antifibrotic therapies.

The spectrum of diseases that result from chronic tissue damage or out-of-control wound-healing responses are too numerous to list. However, the goal of this Review series on fibrotic diseases is to highlight some of the major fibrotic diseases and to identify common and unique mechanisms of fibrogenesis in the various organ systems affected by these diseases.

β Downloaded from http://www.jci.org on August 5, 2015. http://dx.doi.org/10.1172/JCI31487 cardiovascular diseases, obesity, poorly controlled diabetes, dyslipidemia and hypertension, the development of fibrosis can be seen in different organs (31).

By contrast, increased ECM deposition is not always synonymous with deleterious tissue fibrosis in pathological conditions. In myocardial injury, different types of fibrosis have been reported according to the progression and history of cardiomyopathies. A reactive "interstitial fibrosis" with ECM deposition in response to deleterious stimuli is considered pathological. Conversely, a "replacement fibrosis" that replaces myocytes after cell damage or necrosis may preserve the structural integrity of the myocardium (27,28).

II.2 Structure and composition of extracellular matrix

The extracellular matrix (ECM) is a very dynamic structure present in all tissue. It is composed of hundreds of proteins, such as matrix fibers (collagens and elastin), proteoglycans (PGs), glycosaminoglycans (GAGs). ECM not only provides physical support for cells, but also participates in differentiation, development, function and homeostasis of cells, tissues and organs. ECM continuously undergoes remodeling that involves quantitative and qualitative changes mediated by protease in response to physiological and pathological conditions (37,38). Figure 4. Two main types of ECM: basement membrane and interstitial matrix (37) There are two main types of ECM (Fig 4 ): the interstitial connective tissue matrix that surrounds cells and encapsulates most tissues; the basement membrane that separate epithelium from the surrounding stroma. The interstitial matrix mainly consists of collagen I and fibronectin and provides structural scaffolding for tissues. Basement membrane is more compact than the interstitial matrix and is mainly composed by collagen IV, laminins (37).

II.2.1 Matrix fibers

II.2.1.1 Collagens

Collagen superfamily and its characteristic structure: triple helix Collagens, the most abundant protein in vertebrates (~30% of total protein mass), are a large superfamily of triple helical proteins and form highly organized structures in ECM (39).

The collagen superfamily consists of at least 28 genetically distinct types of collagens identified and coded by at least 44 genes in various mammalian tissues (40), and classified into several groups according to their molecular structure and assembly mode (Table 1) (39)(40)(41). Among them, several collagens have also been found in AT as showed in Table 1 and described in detail in Part III.2.1 (42).

The understanding of collagen assembly and synthesis is of great interest for clarifying the fibrosis development and further developing therapeutic anti-fibrotic approaches.

Collagen fibers are assembled from molecules (about 300nm long and 1.5nm in diameter) to fibrils (20-100nm in diameter) and then to fibers (0.5-20µm in diameter) (Fig 5) (43). Each collagen molecule contains three polypeptide chains, called α chain. Each α chain has a central triple-forming domain containing more than 300 repeated Gly-X-Y motifs. The X and Y positions can be any amino acid except glycine, however proline is often found in X position and 4-hydroxy-proline in the Y position. These Gly-X-Y motifs are flanked by nontriple helical N-and C-propeptide domains: N-and C-telopeptide. In some collagens, the triple helix has imperfections (1~3 amino acid residues) and interruptions (numerous acid residues) which are associated with protein's physical plasticity and flexibility (44). Firstly, after transcription and translation in endoplasmic reticulum (ER), the three procollagen α chains bind immediately with chaperon protein disulphide isomerase (PDI), which prevents the incorrect folding of these α chains before the formation of triple helical structure. Meanwhile, hydroxylation of specific proline and lysine residues is catalyzed by prolyl (P4H, P3H) and lysyl hydroxylase enzymes (PLOD1-3). This crucial process in collagen biosynthesis is necessary for the stabilization of triple helix at 37°C and for the prevention of misfolded collagens secretion. Some hydroxylysine helical domains are further glycosylated. Afterwards, three pro-α chains associate with one another from the C-to Npropeptide domain in a zipper-like manner and form the triple helix structure. Numerous molecular chaperones participate in this step, such as the collagen-specific molecular chaperone HSP47, binding immunoglobulin protein (BiP, also called GRP78), GRP94 and calnexin (40,41,(45)(46)(47).

! Table 1.
Secondly, procollagen is packaged in the Golgi apparatus. Thirdly, before exported into ECM, procollagen undergoes processing, exocytosis and initial fibril assembly. At last, during and following the secretion of procollagen into ECM, the N-and C-propeptides are cleaved off by a group of collagen type-specific metalloproteinases belonging to the ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs), BMP1 (bone morphogenetic protein1)/Tolloid-like proteinase and furin-like proprotein convertase (40).

Collagen molecules are then spontaneously packed to form microfibrils with a quarter stagger axial D period (~67 nm), which creates the characteristic banding pattern 'striation' recognized by electron microscopy. Short microfibrils may merge or grow intro fibrils and finally form mature collagen fibers stabilized by covalent crosslinking, for example catalyzed by lysyl oxidase (LOX) family (47). 

Congenital and acquired diseases of collagens

Collagens are important proteins in tissue throughout the body. Mutations in the genes encoding collagen α chains or acquired diseases of collagens lead to many severe diseases in human. For example: Alport syndrome, caused by mutations of genes coding COL IV, is characterized by glomerulonephritis, end-stage kidney disease and hearing loss. Autoantibodies against collagens can lead to various autoimmune diseases, such as Goodpasture's syndrome, which is characterized by rapidly progressive glomerulonephritis and lung hemorrhage. Goodpasture's syndrome is caused by recognition of epitopes in NC1 domain of the α3 (IV) chain by the anti-glomerular basement membrane antibodies. (48).

In obesity, AT fibrosis, mainly due to overproduction of collagens, is a hallmark of pathologic alteration in obesity that is associated with various metabolic disorders. However, the potential anomalies of collagens synthesis and maturation processes in AT are still unknown, and therefore deserve further studies.

II.2.1.2 Elastin

Elastin is a molecule of 68kDa and is encoded by only one gene ELN. Similar to collagen, elastin undergoes several maturation processes in ECM, involving the assembly of a soluble precursor (tropoelastin) into a highly cross-linked polymer initiated by LOX and LOX-like proteins. Elastin plays an important role in the structural integrity and elastic property of tissue (e.g. arterial vessels, lung and skin) in which reversible extensibility and deformability are crucial characteristics. The abundance of elastin varies among tissues from 2-4% in skin to 57% in aorta (49). In AT, the amount of elastin is estimated to be 12% (50) .

II.2.2 Proteoglycans and glycosaminoglycans

Proteoglycans (PGs) form the basis of higher order ECM structures surrounding cells.

PGs consist of a core protein to which one or more glycosaminoglycan (GAG) chain is covalently linked. GAGs are long, negatively charged, linear chains of disaccharide repeats.

The major biological function of PGs depends on the biochemical and hydrodynamic characteristics of the GAG components, which bind water to provide hydration and compressive resistance. Major GAGs include heparin sulphate, chondroitin sulphate, dermatan sulphate, hyaluronan and keratin sulphate. Among them, heparin sulphate proteoglycans (HSPGs) are major proteins of basement membrane. HSPGs bind to other proteins such as laminin, fibronectin and cell surface receptors and thus are implicated in regulating many cellular processes as cell growth and migration. Owing to GAGs' characteristics, PGs are mostly found in cartilage and neutral ECM (40).

II.2.3 Adhesive glycoproteins

Collagens, PGs and GAGs represent essential structural components of ECM and function as supportive framework where other ECM molecules and cells interact. Adhesive glycoproteins, such as fibronectin and laminin, act as bridges between ECM components to strengthen this network and to connect ECM and cells. Fibronectin is secreted as dimer in plasma or insoluble multimer in ECM. It is composed of three modules of repeating units (Type I, II, III) that contain binding motifs that are important for fibronectin to interact with cell surface receptors. Fibronectin can bind to cell surface through integrins and can also bind to heparin, collagen/gelatin and fibrin, and thus regulate cell adhesion, migration and differentiation (40,51).

II.2.4 Matricellular proteins

Matricellular proteins are defined as a family of structurally unrelated extracellular macromolecules that interact with several receptors and matrix proteins but do not contribute to the structural integrity of ECM. Matricellular proteins share several general characteristics that are important in tissue homeostasis: TSP-1 was found highly expressed in AT in obese or insulin-resistant subjects and highly correlated with AT inflammation (53). Recent study in mice suggested that TSP-1 may be involved in the stimulation of adipocyte proliferation, activation of inflammatory signaling and facilitation of fatty acid uptake up by adipocytes (54).

Tenascins are composed of four oligomeric glycoproteins: tenasin-C, -R, -X, -Y. Only tenascin-C and -X are known to modulate cell adhesion, migration and growth. Tenascin-X is expressed in loose connective tissue in dermis, epimysium and blood vessels (51,52).

Tenascin-C (Fig 7 B) is abundantly expressed in tendons, osteotendious and myotendious junctions. In mice, tenascin-C gene expression increases in parallel with the expression of procollagen I, III, V and VI (26). The expression of tenascin-C is also increased in VAT in obese subjects (55) and is up-regulated in adipocytes after stimulation with secreted factors from activated macrophages (56), probably mediated by activation of TLR-4 (55). In addition, mechanical stress is an important mechanism promoting tenascin-C synthesis (52), suggesting a potential positive feedback between fibrosis development and tenasin-C accumulation.

Secreted protein acidic and rich in cysteine (SPARC), also known as osteonectin and BM-40, is a 34-kDa matricellular glycoprotein. SPARC is involved in osteogenesis, angiogenesis, wound healing, tumorigenesis and fibrosis through exerting counter adhesive actions, modulating growth factor signaling and serving as a cell cycle inhibitor (52). SPARC was the first ECM protein described in AT. It is predominantly secreted by adipocytes and is implicated in adipocyte differentiation, adipogenesis and AT hyperplasia. Serum SPARC is significantly correlated with BMI (57). AT SPARC is associated with insulin resistance and is increased by insulin and leptin (58,59).

Osteopontin (OPN), originally identified as a bone matrix protein, is a phosphorylated acidic glycoprotein that signals through integrin-or CD44-mediated pathway.

OPN regulates at least two ECM degradation enzymes: matrix metalloproteinase-2 (MMP-2)

and urokinase plasminogen activator (26,52). OPN is involved in physiological and pathological mineralization in bone and kidney, cell survival, tumor biology. OPN induced by Hedgehog pathway activation promotes fibrosis progression in NASH (60). In human and murine obese, OPN is highly expressed in AT macrophages and is involved in AT inflammation and insulin resistance (61) and this involvement might impact AT restoration and repair (62).

CCN family was called after its first three members: cysteine-rich protein 61 (Cyr61, CCN1), connective tissue growth factor (CTGF, CCN2) and nephroblastoma overexpressed protein (Nov, CCN3). Three additional CCNs (CCN4, CCN5, CCN6) were identified later as Wnt-inducible signaling pathway proteins (WISP1, WISP2, WISP3). CCN family exerts their regulation of cell survival, adhesion, differentiation and proliferation through binding directly to integrins and heparan sulfate proteoglycans and through activating multiple intracellular signaling pathways. CCN family is found important for cardiovascular system, skeleton development, cancer and nervous system development (52,63).

CTGF/CCN2, a protein secreted by human endothelial cells, is induced by TGF-β and further activates the TGF-β system through Smads to magnify TGF-β signaling. CTGF is constitutively expressed in cartilage, bone, skeletal system. Moreover, CTGF plays a pivotal role in fibrosis and malignancies in various tissues and organs and is considered as an excellent marker of fibrosis (52,64). In AT, CTGF is expressed in adipocytes and inhibits the differentiation of 3T3-L1 cells and of murine preadipocytes into adipocytes (65). A recent study in human performed in our laboratory showed that CTGF in AT is induced in fibrotic condition and the CTGF promoter activity depends on β1-integrin/cytoskeleton pathway which is enhanced by a mechanosensitive activator YAP (66).

In addition to CTGF, other CCN family proteins are also found involved in obese AT.

Plasma CCN3/NOV, which is positively associated with its expression in AT, was found strongly positively correlated with BMI, fat mass and C-reactive protein, suggesting a possible contribution of CCN3 to obesity-related inflammation (67). The expression of CCN4/WISP1 in AT is associated with human adipocyte differentiation, insulin resistance and inflammation in glucose-tolerant subjects, suggesting that CCN4 might play a role in inflammation and insulin resistance in obesity (68).

II.2.5 Matrix proteases

ECM degradation is an important process in the maintenance of dynamic ECM remodeling requires different families of proteases such as metalloproteinase, serine protease and cathepsins. MMP activities are regulated by three mechanisms: first, their biosynthesis can be controlled at transcription level; second, enzyme activity can be controlled by zymogen activation and compartmentalization of the active proteinase processes (70); third, enzyme activity can also be regulated by different endogenous inhibitors, particularly tissue inhibitors of metalloproteinases (TIMPs). There are four TIMPs in human (TIMP-1, -2, -3 and -4) and they inhibit all MMPs. Among them, TIMP-3 was found as the major inhibitor of MMP activities (71).

Matrix metallopoteinases (MMPs

Adamylsins belong to a protein family includes ADAMs (a disintegrin and metalloproteinase) and ADAMTS (ADAMs with a thrombospondin motif). There are 22

ADAM genes in human but only 12 are known to encode active proteinases. ADAMs are also collectively called sheddases and they can release the ectodomain of membrane collagens as soluble forms (44). However, ADAMTS are secreted proteinases, which can cleave proteoglycans or pro-collagen N-propeptide or other molecules such as von-Willebrand factor (37).

Meprins are members of astacin family and are composed of two subunits (α and β).

Meprins can digest ECM proteins such as collagen IV, nidogen and fibronectin. In addition, they can also generate collagen molecule maturation and regulate activation of other metalloproteinases such as ADAM-10, MMP-9 (72,73) Many other enzymes also participate in ECM degradation: Serine proteases (plasminogen activators urokinase and tissue plasminogen activator) cleave fibronectin and elastin; cathepsins which not only can degrade ECM proteins in extracellular space but also can internalize ECM components and subsequently degrade them in the lysosomes (37). In obesity, precise mechanisms controlling AT ECM degradation are not well known.

Mediated by several proteases, this process allows immune cells to recruit to the damage sites and probably allows adipocytes to expand during obesity. The changes of these enzymes in obese AT will be described in Part III.2.

II.3 General mechanisms of fibrosis development

The general mechanisms of fibrosis development are well established in some organs such as liver, lung and skin. The common feature is the activation of ECM-producing myofibroblasts, which are considered as the prominent effector cells in fibrosis. Acute and chronic immune responses not only trigger tissue repair but also participate in the following fibrotic process. However, the mechanisms of fibrogenesis in AT remained not very clear. In this part, the general mechanisms in other organs will be described. The characteristic mechanisms of AT fibrosis will be described in Part III.4.

II.3.1 Myofibroblasts, primary effector cells in tissue fibrosis

Myofibroblasts generate a great amount of ECM components (mainly collagen I and ED-A fibronectin), mature and organize tissue repair and contribute to fibrogenesis (31,32). circulating fibroblast-like cells derived from bone marrow (called fibrocytes). In addition, some specific effector cells are identified in different organs, such as pericytes in kidney and hepatic stellate cell (HSC) in liver (15,31). The identification of cellular origins of myofibroblasts may provide target for anti-fibrotic treatment. The fate of myofibroblasts is determinant to distinguish between normal wound healing and fibrosis. During normal wound healing, myofibroblasts undergo apoptosis and are cleared at the end. However, during fibrogenesis, myofibroblasts are resistant to programmed cell death and are kept activated [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]. Although the mechanisms involved in myofibroblast apoptosis remain unknown [START_REF] Artlett | Molecular Activation of the NLRP3 Inflammasome in Fibrosis: Common Threads Linking Divergent Fibrogenic Diseases[END_REF], many components of the innate and adaptive immunity are known to participate in the activation state of fibroblasts (Fig 9) [START_REF] Van Linthout | Crosstalk between fibroblasts and inflammatory cells[END_REF]. Among them, TGF-β1 plays a pivotal role in the differentiation, activation and survival of myofibroblast and will be described in next section. Moreover, increasing evidences revealed that increased tissue stiffness associated with fibrosis (Fig 8) is also an important mechanism that promotes and sustains the differentiated, contractile myofibroblast mediated by integrins and other cell surface molecules through direct activation of latent TGF-β1. This promotes a vicious cycle that aggravates fibrogenesis (31). Various therapeutic approaches targeting myofibroblasts to treat fibrotic diseases have been investigated and will be described in Part II.5. (33,[START_REF] Laskin | Macrophages and Tissue Injury: Agents of Defense or Destruction?[END_REF][START_REF] Dalmas | Defining macrophage phenotype and function in adipose tissue[END_REF]. Of note, the unique set of proteins that characterize M2 cells activation, including Relm-α, the large chitin and chitinase/chitinase-like proteins family (e.g. YKL-40) and arginase-1 (Arg1), is found strictly associated with the complicated regulatory functions (promotion and inhibition) of macrophages in fibrosis as described below [START_REF] Wynn | Macrophages: Master Regulators of Inflammation and Fibrosis[END_REF].

Relm-α is a member of resistin-like molecules which are cysteine-rich secreted proteins. Relm-α was found involved in fibrogenesis by promoting the differentiation and survival of myofibroblasts. Relm-α expressing cells activate the expression of α-SMA and collagen I in fibroblasts via a notch1-dependent but TGF-β1-independent mechanism.

However, Relm-α was also found having a protective role in schitosomiasis-induced fibrosis throught a negative regulation on T H 2 response [START_REF] Wynn | Macrophages: Master Regulators of Inflammation and Fibrosis[END_REF]. Chitin and chitinase/chitinase-like proteins family have been showed to be linked with fibrosis development because of their [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]. Mast cells secret mast-cell-specific neutral proteases (e.g. chymases and trypases), activate the angiotensin II pathway by a chymase-dependent mechanism and regulate both inflammation and fibrosis. Mast cells also produce profibrotic mediators such as TGF-β and MMPs and directly promote fibrosis, and were considered as one cellular origin of fibrosis in AT [START_REF] Meng | Inflammatory processes in renal fibrosis[END_REF][START_REF] Divoux | Mast Cells in Human Adipose Tissue: Link with Morbid Obesity, Inflammatory Status, and Diabetes[END_REF]. Eosinophils produce various pro-fibrogenic molecules such as eosinophil cationic protein (ECP) and TGF-β1 and interact with mast cells and epithelial cells, and therefore are implicated in lung, skin, liver fibrosis [START_REF] Venge | The eosinophil and airway remodelling in asthma[END_REF]. Basophils, which are increased in interstitial lung diseases, are a dominant cell population that coexpress major histocompatibility complex (MHC) class and promote antigen-specific CD4+ T cell proliferation and IL-4 production (92), suggesting they might be important triggers of IL-4 dependent fibrosis [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF].

Innate inflammatory cells secrete a wide range of chemokines and proinflammatory cytokines that drive the fibrosis, for example TGF-β, tumor necrosis factor-α (TNF-α), IL-1β and IL-6. Notably, TGF-β activates two pro-survival signaling pathways of myofibroblasts, focal adhesion kinase and PKB/AKT, by cell adhesion and release of soluble factors (e.g. cytokines (IL-1β, TNF-α, IL-6 and IL-13), growth factors (CTGF, PDGF), and ECM components (hyaluronan fragments)). TGF-β is virtually the key cytokine involved in the development of almost all types of fibrosis and has been intensively studied. Among the three isoforms of TGF-β found in mammals (TGF-β1, -β2, -β3), tissue fibrosis is predominately mediated by TGF-β1, which is mainly secreted by circulating monocytes and tissue macrophages. TGF-β1 is stored in the cell in an inactive form bound with a latency-associated protein (LAP). The dissociation of LAP is a necessary activation process for TGF-β1 to bind to its receptor and this process is catalyzed by multiple molecules such as cathepsins, plasmin, α v β 6 -integrin and MMPs. After activation, TGF-β1 binds to transmembrane receptors that stimulate the SMADs (sma and mad related proteins) signaling pathway in fibrosis effector cells and modulate the transcription of target genes (e.g genes encoding procollagen I and III, CTGF and fibronectin) ( Fig 11). Some studies showed that cellular source of TGF-β1 is crucial for its activity: TGF-β1 secreted from macrophages is often profibrotic while TGF-β1 from CD4+ T regulatory cells (Treg) is anti-inflammatory and anti-fibrotic [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]. Activins are another sub-group of TGF-β family. In this family, activin A is simulated by several profibrotic agents (e.g. TGF-β, IL-13). Activin A itself can stimulate the production of profibrotic factors such as CTGF, collagen I, TIMPs and interact with TGF-β in a positive feedback manner [START_REF] De Kretser | The roles of activin A and its binding protein, follistatin, in inflammation and tissue repair[END_REF]. In addition, activin A is are highly expressed in AT and involved in the regulation of adipocyte progenitor proliferation and AT fibrosis [START_REF] Dani | Activins in adipogenesis and obesity[END_REF]. TNF-α is implicated in several fibrotic diseases, such as sclerosis, liver, intestinal and pulmonary fibrosis [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]. TNF-α activates the extracellular regulated kinase (ERK)-specific mitogen-activated protein kinase (MAPK) pathway resulting in stabilization of TGF-β1 mRNA and increased expression of TGF-β1 [START_REF] Sullivan | Tumor Necrosis Factor-α Induces Transforming Growth Factor-β 1 Expression in Lung Fibroblasts Through the Extracellular Signal-Regulated Kinase Pathway[END_REF]. TNF-α also induces TGF-β1 expression in lung fibroblasts via activator protein-1 (AP-1) activation in an ERK independent manner [START_REF] Sullivan | TNF-α induces TGF-β 1 expression in lung fibroblasts at the transcriptional level via AP-1 activation[END_REF] and therefore exacerbates fibrosis. IL-1β is a proinflammatory mediator and deteriorates parenchyma-cell damage in renal and pulmonary fibrosis. Mechanically, IL-1β induces EMT through a TGF-β1-dependent mechanism and induces renal fibrosis in vivo in rat kidney tubular epithelial cell line [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF][START_REF] Fan | Interleukin-1 induces tubular epithelial-myofibroblast transdifferentiation through a transforming growth factor-beta1-dependent mechanism in vitro[END_REF]. IL-6 is a classic proinflammatory cytokine increased in various diseases, such as rheumatoid arthritis, osteoporosis and obesity. IL-6 increases AP-1 and induces fibrosis in a TGF-β1 mediated manner. IL-6 can also upregulate myofibroblast marker αSMA, increase collagen I deposition and TIMP1 level [START_REF] O'reilly | Interleukin-6, its role in fibrosing conditions[END_REF].

II.3.3 Adaptive Immunity and Fibrosis

As fibrosis is associated with chronic and repetitive damage, adaptive immune response that is particularly mediated by CD4 + cells, has a pivotal role in this process. Native CD4+ cells differentiate into various functional lineages and regulate fibrosis. The 24 known integrins can be classified into four classes according to the molecules their receptors bind to: RGD (arginine-glycine-aspartate), leukocyte, laminin and collagens (Fig13) (103,104). Among them, αvβ6, α1β1, α2β1 integrins are involved in fibrosis (103).

The identification of integrin types is important because integrins sense the rigidity and differently control adaptation through integrin types. For example, when breast myoepithelial cells bind to fibronectin through α5β1 integrins, they demonstrate healthy adaptation; when they bind to αvβ6 integrins, they demonstrate malignant response (105). Since the last decade, several studies showed that integrins sense tissue stiffness by mechanotransduction pathway and play an important role in fibrosis and cancer. This will be described in the next section.

II.4.2 Mechanotransduction, important link between tissue stiffness and fibrosis

ECM is not only a support for cell adhesion and migration but also an important structure that provides biochemical and biomechanical cues (e.g. stiffness) and influences a variety of cell activities, such as differentiation, activation, survival and contractility through mechanotransduction (43). Mechanotransduction is defined as a cellular process involving the sensation and translation of mechanical stimuli into biochemical signals and the subsequent adaptation of the cells to their physical surroundings (43). Stiffness is an important mechanical stimulus from ECM.

Commonly in physics, stiffness describes the deformation (strain) that results from a compressive force (stress) that is applied perpendicularly on the surface of a material (Fig 14 A). Stiffness, defined as Young's elastic (E) modulus, is determined by the slope of the stress versus strain and is expressed in units of Pascal (Pa; = newtons/m 2 ). The elastic modulus of human tissues and organs differ over a wide range of magnitude: from soft brain and AT to related stiff cartilage and osteoid (Fig 14 C). A, stiffness, defined as Young's elastic (E) modulus, determined by the slope of the stress (compressive force) versus strain. B, different mechanical forces are also applied on cells in physiological and pathophysiological microenvironment. C, the elastic modulus of human tissues and organs differ over a wide range of magnitude.

!

Fibrosis increases tissue stiffness in many organs. For example, the elastic modulus E Cell sense tissue mechanical forces through a variety of membrane-anchored mechanosensors (Fig 15 Flow chart shows the effects of ECM stiffness or increased external/internal mechanical loading on the cellular responses that lead to either a homeostatic regulation (negative feedback loop, left) or fibrotic conditions (positive feedback loop, right). In both cases, stabilized focal adhesions and increased actomyosin contractility, often via the RHO-ROCK pathway, play central parts.
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II.4.3 Other mechanisms regulating fibrosis

Once fibrogenic pathways are activated in effector cells, several mechanisms other than mechanotransduction contribute to the aggravation of fibrosis. and RTEL1 (regulator of telomere elongation helicase 1) were identified in IPF subjects. The mutation carriers had shortened leukocyte telomere lengths along with worse survival, suggesting a strong link between telomere dysfunction and lung fibrosis (35). In addition, TGF-β and ROS were also showed to participate in telomere shortening, indicating a vicious cycle of profibrotic mediators and impaired telomerase activity which aggravates fibrosis [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF].

In scAT, telomere length (TL) is significantly shorter in obese subjects compared to lean and is independently associated with BMI and age (129). Besides, TL of visceral adipocytes is negatively correlated with waist and adipocyte after adjustment for age, while TL of whole AT is negatively associated fibrosis (130). Therefore, AT TL might reflect extent of tissue fibrosis and AT dysfunction during obesity.

II.5. Therapeutic approaches to the treatment of fibrosis

As fibrosis and consequent organ failure account for over 45% of all deaths in western world (15), therapeutic approaches to the treatment of fibrosis have attracted tremendous interest in different research field. However, whether fibrosis is reversible remains a debatable issue. For example, studies in HCV infection induced liver fibrosis showed a variable degree of fibrosis regression in cirrhosis but not a complete recovery (131).

Indeed, fibrosis development is a chronic process and patients are often diagnosed with advanced fibrosis. Therefore, the therapy of fibrosis might take a long time and slowing the progression of fibrosis rather than eliminating it might be a more realistic goal (101).

For the moment, the only approved drug treatment for fibrotic pathology in USA is direct injection of collagenase (https://www.xiaflex.com/) into the joints of adult patients with Dupuytren's contracuture, a proliferative fibrotic disease that affects palmar fascia of the hand and causes the fingers to curl. All other drugs are still in clinical-trial phase (31).

Large number of therapeutic approaches to treat fibrosis that targets the multiple fibrogenic pathways have been tested in mouse models and human preclinical studies (Table 3).

Targeting myofibroblasts and profibrotic pathway is considered as cornerstone of rational antifibrotic therapy as myofibroblasts are predominant fibrosis effector cells.

Pirfenidone, a relatively primitive p38 kinase inhibitor that reduces TGF-β synthesis, has been approved for the treatment of idiopathic pulmonary fibrosis (IPF) in Europe and in Japan.

Pirfenidone attenuates the proliferation of fibroblasts, reduces the production of fibrotic mediators and ECM components from activated myofibroblast. Pirfenidone was also demonstrated efficient in liver, renal fibrosis and hypertrophic cardiomyopathy (31,[START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF], suggesting a potential broad antifibrotic medical implication. Other inhibitors aiming at PPAR, CTGF, PDGF, integrinα v β 6 (responsible for the activation of constitutively expressed latent TGF-β) and antagonist of lysophosphatidic acid-1 ! Table 3 Antifibrotic strategies between bench and clinic [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF] receptor (a growth factor inducing CTGF and TGF-�1) have also been investigated for their antifibrotic activity [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]. Recently, the use of nanomedicines, e.g. nanoparticulate carriers or conjugates that bind to cell surface receptors, has been evaluated in some studies.

Nanocarriers can deliver a drug load inside the myofibroblasts when internalization is initiated by binding to the receptor and thus enhancing the local antifibrotic activity with reduced systemic drug exposure. Some drugs targeting renal myofibroblast via nanocarriers to surface receptors in rat demonstrated promising effects (32). Several steps in cell growth, inflammation, and immune activation have become targets for antifibrotic intervention. Key targets that are now being tested in preclinical models or in phase 2 or phase 3 clinical trials are included.

Targeting
as IL-4, -13; factors implicated in macrophage polarization and activation such as MCP-1, IL-1β, TNF-α have all been studied and they showed anti-fibrotic effects in multiple diseases.

However, various anti-inflammatory drugs, such as corticosteroids, immune-suppressor and cytotoxic drugs demonstrated little or no effects in fibrotic diseases (15,[START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF].

Some studies showed that antibody aiming at ECM components could also decrease fibrosis. For instance, a monoclonal antibody targeting LOXL2, an enzyme mediates crosslinking of matrix fibers, was demonstrated efficient in IPF, cardiac fibrosis and liver fibrosis [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]. One study showed that agent targeting TIMP-1 reduces collagen accumulation and α-SMA staining in fibrotic liver in rats (131). The previously mentioned study in Col6 -/-mouse model that was associated with decreased AT fibrosis and improved metabolic disorders suggested that therapy targeting AT ECM components might be a promising treatment for obesity and its associated metabolic complications (132).

Despite the above numerous strategies, there are few effective therapies and fewer therapies that target fibrogenesis specifically, suggesting the need for a deeper comprehension of the pathogenesis of fibrogenesis. The translation of this knowledge to novel treatment for AT fibrosis might provide a new way to treat obesity related metabolic complications and is discussed in the later part.

III. Adipose tissue fibrosis in obesity

When AT expands during obesity, it undergoes major remodeling such as adipocyte hyperplasia and hypertrophy, reduced angiogenesis, overproduced ECM (i.e. fibrosis), enhanced infiltration of immune cells and pro-inflammatory responses (Box 2) that are quite complex (Fig 17). Once AT fails to expand, AT ceases to efficiently store energy and leads to a lipid spillover phenomenon where lipids begin to accumulate in other tissues (i.e. ectopic fat storage) and lipotoxicity that may cause or aggravate insulin resistance, inflammation and other metabolic dysfunctions. This concept that links obesity and its metabolic comorbidities was called AT expandability hypothesis (30). In this context AT fibrosis could be a crucial constraint that impairs AT expansion and is associated severe metabolic disorders. AT expansion during obesity is associated with adipocyte hyperplasia, hypertrophy, infiltration of immune cells (e.g. M1 macrophages surrounding dead adipocytes and forming crown-like structure), neovascularization and fibrosis.

Box 2. Adipose tissue inflammation in obesity

Obesity is a chronic low-grade inflammatory state characterized by increased circulating inflammatory factors (e.g. CRP, PAI-1), proinflammatory immune cells (e.g. CD14 dim CD16 + monocytes (134), and increasing infiltration of various inflammatory and immune cells ( Cytokines and chemokines secreted by AT cells participate in local and systemic inflammation and represent a pathogenic link with obesity and insulin resistance (136). For example, IL-1β produced mainly by M1 cells was showed associated with a risk to develop T2D (137), induces insulin resistance in adipocytes (138), trigger islet inflammation in T2 (139), and targeting IL-1β improves T2D in moderate obese subjects (140). These proteins can also induces AT fibrosis and are described in the later section.

III.1 Adipose tissue expansion

Adipocyte hypertrophy (an increase in adipocyte size) and hyperplasia (an increase in adipocyte cell number) are two distinct mechanisms that predominately contribute to AT expansion and play different roles in metabolic complications.

III.1.1 Adipocyte hypertrophy

Adipocyte size, predominately due to triglyceride storage, increases with BMI (Fig 19).

Various clinical studies have shown the relationship between adipocyte size and metabolic disorders. Omental adipocyte hypertrophy is positively associated with dyslipidemia independent of body composition and fat distribution (134). Subcutaneous adipocyte size appears to determine the AT secretome switching towards a proinflammatory adipokines secretion pattern (135). ScAT morphology (the difference between the measured adipocyte volume and expected volume given by a curved-line fit for a given body fat mass) is correlated with insulin sensitivity, glucose and lipid metabolism and is associated with total adipocyte number independently of gender and body fat mass (136). In addition, a recent study showed that specific subcutaneous adipocyte volume threshold might predict an increased risk for obesity associated type 2 diabetes and that higher adipocyte size is associated with less improvement in insulin resistance after BS (137). Several mechanisms such as lipid droplet related proteins (e.g. perilipin, FSP27, Cidea) that regulate adipocyte lipid droplet formation and adipocyte hypertrophy have been investigated. For example, lipid droplet membrane protein, perilipin 1 (Plin1) which is the most abundant protein in lipid droplets, plays a crucial role in facilitating both triglyceride (TG) storage and hydrolysis and therefore is important for the metabolic flexibility of adipocyte lipid storage and metabolism (139). Fat-specific protein (FSP)27/Cidec is another important protein which negatively regulates lipolysis and promotes TG accumulation (140).

A recent study showed that mice with adipocyte-specific disruption of Fsp27 gene have impaired fat-storing function along with small adipocytes and are resistant to weight gain upon HFD, along with dyslipidemia, insulin resistance, and hepatic steatosis (141). Cidea (cell death-inducing DNA fragmentation factor alpha-like effector A) is highly but variably associated with white AT and is positively associated with insulin sensitivity and healthy obesity. Transgenic mice expressing human Cidea in AT upon HFD showed a robust increase in AT expansion, preserved Plin 1 and Akt expression in VAT, decreased macrophage infiltration and improved insulin sensitivity (142). The above studies underlie that deficit in lipid droplet expansion results in lipid overflow from AT and leads to severe metabolic dysfunction.

However, large and hypertrophic adipocytes face multiple factors limiting expansion in obesity, such as hypoxia and ECM deposition, and this will be described in Part III.2

III.1.2 Adipocyte hyperplasia

Adipocyte hyperplasia is alternatively another mechanism of AT dynamic ability to expand and renew during obesity. Using 14 C as a tracer, Spalding et al. showed for the first time that human adipocytes continuously turn over at a rate much greater than previously believed. They estimated that the half-life of adipocyte is about 8.3 years and that approximately 10% of adipocytes are renewed every year at all adult age and levels of BMI (143). A study in mice showed that adipocyte number increases during weight gain upon HFD despite the higher rate of adipocyte apoptosis (144). These studies confirmed the presence of adipocyte hyperplasia during obesity and suggest the existence of adipogenic stem cells in AT.

Actually, the identification of adipose stem cells, their niche and their function in AT expansion have attracted a great deal of attention for a long time (145). Stem cells reside in a particular microenvironment, called niche, which controls many aspects of the behavior of progenitors such as quiescence, proliferation and differentiation. Some studies first proposed SVF compartment as adipocyte niche because SVF contains adipose-derived stem cells (ADSCs) and mesenchymal stem cells (MSCs) that can be induced into different cell types.

Other studies found adipose stem cells in the wall of blood vessels that supply WAT and co-express three mural cell markers: SMA, PDGFRβ and NG2, indicating that a subset of mural cells are indeed adipose stem cells (145). However, the regulatory factors guiding progenitor activation and differentiation in WAT are not completely identified. So far, a series of transcription factors (e.g. C/EBPs, SREBP and PPARγ) are found essential during adipogenesis (62,145). Moreover, the macrophages were found necessary for interacting with progenitors and activating their proliferation and differentiation under nutritional stimuli (62).

In addition, the ER-membrane mediated UPR signaling has been shown to promote or inhibit adipogenesis according to different pathway. The mechanical stiffness also impairs hyperplasia and will be described later in this part.

Adipocyte hyperplasia is a crucial mechansm of healthy AT expansion. Human studies showed that during obesity, VAT are much more strongly associated with metabolic complications, particluarly hyperlipidemia, diabets and cardiovascular disease, while scAT appears protective against these sequelae (145). To explain this, one study in mice upon HDF showed that VAT mostly undergoes hypertrophy while scAT hyperplasia, because the adipogenic progenitors are much more abundant in scAT than in VAT and the proliferation is significantly increased in scAT (146). Of note, one subpopulation of early adipocyte progenitor cells (Lin -, CD29 + , CD34 + , Sca1 + , CD24 + ) was found capable of reconstituting a normal WAT depot and capable of correcting hyperinsulinemia and hyperglycemia after being transplanted into WAT of lipodystrophic mice or into WAT of wild type mice upon HFD (147). In addition, β-catenin signaling restrains adipogenesis by inhibiting C/EBP-α and PPARγ. Subjects with SSc had reduced adipose layer in fibrotic skin. Mice expressing Wnt10b showed less scAT and VAT with dermal fibrosis, demonstrated as increased collagen deposition, fibroblast activation and myofibroblast accumulation [START_REF] Wynn | Mechanisms of fibrosis: therapeutic translation for fibrotic disease[END_REF]118). Therefore, manipulation of adipose stem cells and induction of adipocyte hyperplasia might constitute novel therapeutic targets in AT fibrosis.

III.2 Increased fibrosis in adipose tissue in obesity

During AT expansion in obesity, increased fibrosis is observed in this tissue and is considered as a hallmark of tissue pathological alteration.

III.2.1 Increased adipose tissue fibrosis in obesity

In db/db mice, a general up-regulation of several collagens in epididymal AT was observed (132). In morbidly obese subjects, transcriptomic signature of scAT also revealed a significant up-regulation of genes and biological themes related to ECM constituents; AT fibrosis in obesity is due to a new established balance between proteases and their inhibitors that was considered to accommodate tissue's immediate needs for expansion (132).

In ob/ob, db/db and diet-induced mouse models, mRNA levels of MMP-2, -3, -12, -14, -19 and TIMP-1 are strongly induced in obese AT while MMP-7 and TIMP-3 mRNA are markedly decreased, and enzymatic activity of MMP-12 is enhanced, suggesting that MMP/TIMP balance is shifted toward increased matrix degradation (151). Cathepsin S, a cysteine protease, was recognized as a biomarker of adiposity: cathepsin S is increased at mRNA level in scAT and at circulating level in obese subjects, and is positively correlated with BMI, body fat and plasma triglyceride levels (152). Cathepsin S is decreased after weight loss and amelioration of glycemic status induced by BS (153). Mechanistically, cathepsin S suppression in mice model demonstrates a robust reduction in blood reduction due to decreased hepatic glucose production resulted from down-regulation of gluconeogenic gene expression in liver and a lower rate of hepatocellular respiration (154). These studies emphasize the crucial role of proteases and their inhibitors in AT remodeling and metabolic complications.

Several studies found that AT fibrosis is associated with various bioclinical and metabolic parameters. In our laboratory, Divoux et 

III.2.2 Adipose tissue fibrosis, limitation impairing tissue expansion?

The above studies underlie that AT fibrosis is associated with severe metabolic disorders in obesity. Mechanistically, AT fibrosis was proposed to act as a limitation which impairs AT expansion and subsequently leads to adipocyte dysfunction, ectopic fat storage and metabolic dysfunctions (27).

Several studies in mice support this concept. Genetic ablation of MT1-MMP, a membrane anchored metalloproteinase degrading collagen I and allowing preadipocytes to grow out of the SVF, leads to increased peri-adipocyte fibrosis, small adipocytes and severe metabolic complications along with ectopic lipid accumulation in tissues in mice (158). The deleterious effect of increased AT fibrosis is considered directly mediated by increased mechanical stimuli on adipocytes. It was showed that elimination of collagen VI in mice is associated with significantly decreased tensile strength of retroperitoneal fat pads (161). ScAT stiffness evaluated by a newly developed non-invasive device in morbidly obese subjects is associated with scAT fibrosis, liver stiffness and diabetic status and dyslipidemia (2). In vitro study demonstrated that mechanical stimuli (tensile strain) accelerates adipogenesis of 3T3-L1 preadipocytes and adipocytes manifested as significantly larger numbers and greater size of lipid droplets (162,163). Using ex vivo 3D models, our lab previously showed that mechanical deformation on adipocytes mimics increased fibrotic matrix surrounding adipocytes and increases inflammatory and fibrotic gene expression by human adipocytes through YAP/TEAD/CTGF mechanotransduction pathway (66).

Inhibition of gelatinases (MMP

Furthermore, increased scAT peri-adipocyte fibrosis is associated with less weight loss one year after bariatric surgery (BS) (2,3), suggesting that scAT fibrosis might act as a constraint for weight loss and might be a good marker to predict weight loss.

III.3 Adipose tissue expandability and metabolic complications

The AT expandability hypothesis describes a concept that when AT reaches expansion point, AT can no longer store lipid. Lipid spillover leads to ectopic fat storage, inflammation and metabolic disorders such as insulin resistance (30). This hypothesis was nicely illustrated in a recent animal study. In male C57Bl/6J mice with different body weights (about 25-60g) upon different duration and type of HFD, scAT and mesenteric WAT (mWAT) continue to expand with weight gain. Gonadal WAT (gWAT) expands mainly during the initial phase of body weight gain. When the body weight reaches about 40g, AT expansion diminishes, gWAT crown-like structure (CLS) starts to form, hepatic steatosis and insulin resistance develop (164).

In human, two extreme pathological conditions (i.e. lipodystrophy and MHO) support the AT expandability hypothesis. Lipodystrophy is characterized by either complete or partial loss of AT (lipoatrophy) that can occur along with pathological accumulation of AT in other distinct region of the body (lipohypertrophy). Subjects with lipodystrophy frequently have severe metabolic complications such as insulin resistance, diabetes mellitus, hypertriglyceridemia and hepatic steatosis. The severity of these complications is associated with the degree of AT loss (165). Lipodystrophy can be inherited or acquired. The congenital lipodystrophy is often caused by mutations of genes involved in lipid droplet formation in adipocytes such as CAV1 (caveolin 1) and PPARγ (166). Another opposite example of AT expandability hypothesis is MHO. MHO describes a subgroup of approximately 10~25% obese subjects who do not have any metabolic disorder (e.g. type 2 diabetes, dyslipidemia and hypertension). MHO phenotype is characterized by preserved insulin sensitivity, relatively low visceral fat mass and normal adipose tissue function. It was proposed that in MHO individuals, scAT has intrinsic propensity to expand and thus results in preserved insulin sensitivity of the system (167). Recent studies found that MHO subjects had increased levels of lipid droplet proteins such as perilipin, Cidea and FSP27 that are important for AT hyperplasia (142), giving important illustrations for scAT expansion hypothesis. However, the genetic and/or environmental factors leading to different phenotypes of scAT expandability remain largely unknown (167). Therefore, the two main mechanisms of AT expansion, adipocyte hypertrophy and hyperplasia, might differently contribute to metabolic complications of obesity.

Figure 21. Healthy and unhealthy AT expansion (133)

There are strong individual differences with respect to the potential for AT expansion. A, healthy AT expansion undergoes adipocyte hyperplasia, adequate angiogenesis and appropriate ECM remodeling. B, pathological AT expansion undergoes massive adipocyte hypertrophy, limited angiogenesis and hypoxia. M1 macrophages prevail, leading to an inflammatory phenotype that is strongly associated with insulin resistance.

III.4 Characteristic mechanisms in adipose tissue fibrosis

Compared to general mechanism in fibrosis development presented earlier in Part II, some characteristic mechanisms implicated in AT fibrosis were described. (27). Preadipocytes and macrophages are considered to be main effector cells. Human preadipocytes cultured in activated macrophage conditioned medium over-express a panel of genes involved in ECM along with increased collagen I and fibronectin proteins, and show increased migration and proliferation (25,56). Macrophages, which are one of the central players of chronic-inflammation in AT and master regulators of fibrosis, are described in the next paragraph. Endothelial cells (i.e. cells that could be converted into myofibroblasts by EMT) and pericytes (i.e. main cell components of blood vessels and potential adipocyte progenitors) both exhibit proinflammatory and pro-fibrotic phenotypes and are capable of altering adipocyte functions (168,169). Mast cells whose accumulation is preferentially located in fibrosis depots and positively associated with collagen, macrophage and endothelial cell accumulation (90) are suggested as ECM producer in AT, however and yet their exact function in fibrosis (e.g. synthesis or degradation) needs to be further studied. Importantly, adipocytes per se could possibly produce fibrosis as significant increased peri-adipocyte fibrosis are found in AT (3).

Cellular origin of fibrosis (i.e. fibrosis effector cells) in AT should be a mixture of various cell types of adipocytes and other cells in SVF

AT is an inflammation site mediated by different inflammatory and immune cells and contributes to the characterized low-grade inflammation of obesity (Box 2). Among these cells, adipose tissue macrophages (ATMs), play an important role in triggering AT inflammation and fibrosis [START_REF] Dalmas | Defining macrophage phenotype and function in adipose tissue[END_REF]133). ATMs (mainly M1 cells) aggregate and form crown-like structures (CLS) surrounding the necrotic and dead adipocytes in obese AT. The profibrotic mediators (e.g. TGF-β, PDGF) produced by recruited ATMs directly attract and activate fibroblasts and control ECM deposition (27). Several studies reported significant relationships between collagen VI and ATMs. For example, Col6α1 expression in obese human was found positively associated with ATMs markers such as CD68 (150). Obese subjects with high Compared to the general mechanisms of fibrosis development reviewed in the previous section, the mechanisms of AT fibrosis still remains unclear (Table 4). Therefore, the further understanding of AT fibrosis and studies in anti-fibrotic therapy deserve enormous work. Link between Wnt signaling and fibrosis on preadipocytes?

2) ER stress, UPR, inflammasome: adipocyte ER stress is significantly increased, UPR and inflammasome are activated (124,125).

Link with AT fibrosis?

3) Epigenetic regulation: Some epigenetic modification were observed in obese AT, but many questions of their role to be answered (182).

Epigenetic modification on AT fibrosis effector cells?

4) Telomere shortening: scAT telomere length (TL) (129) and visceral adipocyte TL are associated with obesity, TL of whole AT is negatively associated fibrosis (130).

TL could be a marker of AT fibrosis? Manipulating TL could change AT fibrosis?

III.5 Adipose tissue fibrosis during weight loss

Another condition that induces scAT remodeling is weight loss. Major ECM gene and profibrotic protein change tremendously both after short-term BS-induced weight loss and dietary intervention (25,183). For example, 33-weeks' diet leads to down-regulation of genes involved in ECM components such as COL1A1, COL5A1, SPARC and cross-linking enzymes as LOX and PLOD2 (183). However, picrosirius-red stained fibrosis in AT three months after BS does not demonstrate significant difference when compared to peri-operative tissue (25). Weight loss is also associated with decreased expression of MCP-1 and HIF-1α, decreased ATMs number and an activation state of ATM shifted toward M2 relative to M1 cells (177,184).

In the long-term after BS, studies have also shown different changes in ECM, but such studies have mostly focused on selected collagens at expression level. For example, 9 months after BS, COL6A3 is up-regulated (157). One year after BS, some ECM genes (COL1A1, COL1A2, COL3A1, COL5A1, COL6A3) are up-regulated, along with down-regulation of genes involved in stress response, inflammation and immune cell function (185). Two years after BS, fibrosis persists in scAT at transcriptomic and protein levels despite improvements in adipocyte hypertrophy and inflammatory infiltration (186).

However, no study so far has ever evaluated the links between scAT ECM remodeling, scAT stiffness, and modifications in cross-linking enzymes, and improved metabolic parameters after weight loss.

ECM remodeling, particularly ECM accumulation (i.e. fibrosis), is an important hallmark of AT pathological alterations in obesity, as it has also been described for liver alterations in NAFLD. Our team recently described that obese subjects had increased total and pericellular fibrosis around adipocytes compared to lean ones in both scAT and VAT (26). In addition, morbidly obese patients with higher perioperative scAT fibrosis demonstrated less one-year post-BS weigh loss (2,3). Mechanistically, using a series of in vitro and ex vivo experiments, our laboratory showed that collagen accumulation around the adipocytes constrains the cells, increases the mechanical stress and induces inflammatory and profibrotic genes in AT through mechanosensitive pathways such as the system YAP/TEAD-CTGF in human adipocytes (66).

The quantification of scAT fibrosis is based on histological evaluation of scAT samples obtained by surgical biopsy. In order to overcome the limitations of this invasive method, Echosens customized the AdipoScan TM , a new non-invasive medical device based on transient elastography. This device was developed to measure the shear wave speed (SWS) in scAT related to its stiffness.

In the first clinical study, scAT stiffness was found positively correlated with picrosirius-red stained scAT collagen accumulation (rho=0.48, p= 0.0001, n=61) and altered glucose homeostasis in morbidly obese subjects. However, picrosirius-red stained scAT collagen accumulation explained only 25.4% of stiffness variation (2), suggesting that other AT parameters or obesity characteristics may contribute to the modification of stiffness. We also confirmed that the scAT collagen accumulation at baseline seems to be associated with one-year post-BS weight/BMI loss. However, it still remains unknown whether pre-surgical collagen accumulation could predict the improvement of cardio-metabolic risk factors.

Neither is known if AT stiffness (or SWS) per se could predict cardio-metabolic outcomes after surgery. Finally, ECM remodeling and associated stiffness modifications after BSinduced weight loss need to be better understood.

Study Hypotheses

Based on this background and the first results, I worked on the following main hypotheses:

• ScAT SWS per se associates with obesity-related metabolic disorders and might have a predictive role in BS-induced weight loss and cardiometabolic improvements 

•

II. Evaluation of adipose tissue fibrosis

Pathological remodeling of AT is associated with metabolic disorders and limited weight loss after BS. Therefore, the diagnosis of AT fibrosis in obese subjects might be of great interest for several purposes: 1) characterizing fibrosis-associated change in scAT stiffness; 2) examining pre-BS scAT fibrosis which might contribute to patient stratification in obesity; 3) examining the relevance of scAT in predicting weight loss outcomes.

Invasive methods based on surgical biopsy and histological analyses are accepted as gold standard to diagnose tissue fibrosis. However, these methods cannot be widely used in clinical routine, especially for follow-up, because of the limitation of surgical biopsy (e.g. bleeding, hematoma). Therefore, it is relevant to develop non-invasive methods to evaluate fibrosis.

II.1 Invasive methods

II.1.1 Picrosirius-red staining

Picrosirius-red staining is one of the most used histological methods to study collagen networks in different tissues (e.g. liver) and has been developed in 1979. It is a strong, linear anionic dye containing six sulfonate groups that can associate with cationic collagen fibers and can enhance their natural birefringence under cross-polarized light. Compared to Masson's trichrome staining, which often underestimates collagen content because of several impact factors (e.g. pH, duration of staining, fiber packing), picrosirius-red stains collagens with birefringent aspect and is more specific for collagen in conjunction with polarized light microscopy. Therefore, picrosirius-red staining is considered as an accurate assessment of tissue collagen content (187,188). Our laboratory developed this method to evaluate fibrosis in human adipose depots. To better evaluate the performance of AdipoScan TM in human, we studied the feasibility of AdipoScan TM in measuring scAT SWS in non-obese subjects, investigated the macro-structural characteristics in scAT using ultrasound and their links with scAT SWS variation during my PhD work.

Article 1: AdipoScan™ -A novel transient elastography tool to non-invasively assess subcutaneous adipose tissue stiffness in obese
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Introduction

Obesity and its complications (including type-2 diabetes, dyslipidemia, non-alcoholic fatty liver disease, cardiovascular diseases, some cancer, etc.) is a major public health concern.

According Our objective here was to: i) describe this new device AdipoScan and assess its repeatability on tissue mimicking phantoms and in vivo, ii) show its applicability in vivo and iii) examine its relationship with adipose tissue fibrosis and bioclinical parameters in severe obesity.

Materials and Methods

AdipoScan description: a new tool to characterize subcutaneous adipose tissue

A new device named AdipoScan, based on the principle of TE has been specifically developed to measure shear wave speed (SWS) in scAT.

TE is the elastography principle used for liver assessment with the Fibroscan® device (Sandrin et al. 2003). Briefly, an US transducer probe is mounted on the axis of an electromechanical vibrator. Low frequency vibrations (50 Hz for the Fibroscan®) are transmitted from the vibrator to the tissues via the transducer, thereby inducing an elastic shear wave that propagates through the tissue. In the meantime, pulse-echo US acquisitions allow the propagation of the shear wave to be followed and its speed can be measured from displacements induced by shear wave propagation.

AdipoScan was developed by Echosens company (Paris, France) using the same principle but adapted for evaluating scAT stiffness. A dedicated probe has been specifically devised with the main constraint to be light enough to minimize the initial static force to avoid compressing the tissues and modifying the viscoelastic properties of the scAT. The probe had also to be small enough to be fixed on the patient skin on its own, without requiring the operator to hand hold the probe (Figure 1) and also to avoid as much as possible compressing the tissues.

The probe is made up of a flat electromechanical transducer associated to a flat piezoelectric transducer with a 9 mm diameter and a 3.5 MHz center frequency. The center frequency of the mechanical vibration is set at 70 Hz, which is suitable for the evaluation of scAT in obese patients. The system is embedded in a shell made up of a hard part maintaining the electromechanical vibrator and of three soft strips which allow the probe to be adapted to the patient's morphology and to maintain the system by using sticking plaster as shown in Figure 1.

Usually when dealing with elastography, the parameter assessed is the value of the tissue's elastic modulus expressed in kPa such as in the liver (Sandrin et al. 2003). The elastic modulus is simply derived from SWS measurement (which is the physical property measured by elastography techniques) with the assumption of an elastic, linear, homogeneous, isotropic and incompressible medium. scAT is however very heterogeneous and anisotropic [START_REF] Chopra | Re-evaluation of superficial fascia of anterior abdominal wall: a computed tomographic study[END_REF]) and therefore elastic modulus cannot directly be derived from SWS measurement.

Therefore, to assess adipose tissue stiffness, only speed value was reported and adipose tissue stiffness used thereafter will refer to SWS. However, SWS directly relates to tissue stiffness: the stiffer the tissue, the faster the shear wave propagates. A main factor that influences tissue stiffness is its extracellular matrix components; in particular, the presence of fibrosis (i.e.

collagen accumulation) deposit is known to increase the tissue stiffness (Mueller and Sandrin 2010).

SWS evaluation

Initially, SWS was assessed using the algorithm implemented in the FibroScan as in 

Repeatability evaluation on tissue mimicking phantoms

Repeatability was evaluated on two tissue elasticity mimicking phantoms manufactured by CIRS (Norfolk, VZ, USA), with 3 kPa and 6 kPa reference elasticity given by the manufacturer.

The AdipoScan probe was put on the phantom surface as shown in Figure 2. In a first phase, 10 series of 10 valid acquisitions were performed in order to assess repeatability without repositioning. The same experiment was renewed with repositioning the probe between each series in order to assess repeatability with repositioning. All measurements were performed between 12 and 30 mm by a single trained operator.

Reproducibility evaluation on patients in vivo

Reproducibility was assessed in vivo on 41 obese and non-obese volunteers (66% females, mean age = 46±12y, BMI ranging from 24 to 59 kg/m2). Consecutive measurements with and without repositioning were performed twice on the patient's right zone of the abdomen, at the distance of around 5 cm from the umbilic. The same trained operator performed all measurements.

AdipoScan applicability in lean subjects

The applicability of AdipoScan was tested in 19 non-obese volunteers with the evaluation scAT by ultrasound imaging and AdipoScan measurement on the same area as previously described. Gender, age, BMI, history of yo-yo dieting (repeated weight loss and weight gain), pregnancy history, and previous abdominal surgery history were collected. For the US image, the subcutaneous thickness was measured and images were classified in consensus by three operators as "homogeneous" or heterogeneous" and as "bi-compartment" scAT or "mono-compartment" scAT. "Heterogeneous" scAT corresponded to a very dense, chaotic and layered structured scAT. "Homogenous" scAT corresponded to rarefied, unlayered structured scAT. "Bi-compartment" scAT corresponded to scAT where a thick membrane -named fascia superficialis (Chopra et al. 2011)-could be observed at the center of the scAT compartment whereas "mono-compartment" scAT corresponded to scAT where the fascia superficialis could not be observed. An example of homogeneous bi-compartment scAT is shown in Figure 3a and an example of heterogeneous mono-compartment scAT is shown in Figure 3c.

US image was recorded using a Sonosite scanner (Nanomaxx; SonoSite, Tokyo, Japan) and the L38 5-10 MHz linear array probe. For this analysis, the operator had the instruction to apply no force on the probe, just to place it in contact with the patient's skin while not compressing the scAT. On scAT biopsy specimen, the percentage of total and pericellular fibrosis was assessed as described in (Abdennour et al. 2014).

AdipoScan evaluation in vivo

Adipocyte diameter was evaluated in scAT needle aspiration samples after collagenase digestion by Perfert Image (Clara Vision, Verrières le Bussion, France) as described before in (Divoux Adeline 2010 Diabetes).

Statistical analysis

Using the simulation results, the error in the measured SWS was assessed using rootmean square error:

Eq. 1

where N is the total number of simulations, are the measured and the reference SWS for a given simulation, respectively.

Repeatability on tissue mimicking phantom and reproducibility in vivo was assessed in terms of coefficient of variation (CV):

Eq. 2

where σ and µ are the standard deviation and the mean of the measurement series, respectively.

For the AdipoScan applicability study, differences in patient's characteristics with successful and unsuccessful measurements were assessed using either t-test, Chi-2 or Fisher exact test. The parameters that were statistically significantly different (or at the limit of significance p<0.10) were entered in a multivariate logistic regression model. Logistic regression was performed using a backward procedure based on minimization of the Akaike information criterion to select independent features significantly associated with a successful AdipoScan examination in lean subjects.

For the evaluation of AdipoScan in vivo in obese subjects, the univariate relationship, between scAT SWS and bioclinical parameters, was assessed using either Pearson (r), Spearman (ρ) or Kendall (τ) correlation coefficient or Wilcoxon signed-rank test. Due to the missing data for bioclinical parameter, the number of patients (N) for whom the given information was available was indicated. Multivariate analyses were performed using multivariate linear regression to investigate the relationship between scAT and bioclinical parameters. Due to its skewed distribution, scAT was 1/X transformed so as to become

∑ = - = N j R S M S V V N RMSE 1 2 ) ( 1 M S V R S V 100 * % µ σ = CV
Gaussian. A backward procedure, based on the minimization of the Akaike criterion selected independent features significantly associated with scAT SWS.

All statistical analysis were performed using the R software (R Core Team 2013).

Statistical results associated with a p-value smaller than 0.05 were considered significant.

Results

SWS evaluation in FEM simulations

Several simulations were performed on homogeneous media with varying stiffness corresponding to SWS ranging from 0.41 m/s up to 2.08 m/s. Measured SWS using the algorithms TOFa and MLEa are shown for each reference SWS in Figure 4. The RMSE for the TOFa and MLEa are 0.21 and 0.01 m/s, respectively.

As shown on Figure 4, TOFa estimates properly the SWS, only for a limited range of SWS (between 0.48 and 0.95 m/s). For the smaller SWS (=0.41 m/s) the TOFa underestimates the SWS (relative error = -36%). For SWS > 0.95 m/s, the TOFa overestimates the SWS (relative error up to 25%). The RMSE is equal to 0.21 m/s showing a modest performance of this algorithm. On the contrary, the MLEa estimates almost perfectly the SWS, whatever the reference SWS is. The RMSE is also very small (RMSE 0.01 m/s), showing an excellent performance of the algorithm. The relative error was always inferior to 4%.

The results show that the MLEa is an accurate algorithm to quantify scAT SWS and is now on used with the AdipoScan device.

Repeatability and reproducibility

Results for repeatability on tissue mimicking phantoms and reproducibility in vivo are summarized in Table 1.

Repeatability was measured on a 3 kPa and a 6 kPa tissue mimicking phantoms. 10 series of 10 acquisitions were performed with and without repositioning. Respective repeatability in terms of CV was 0% without repositioning and 1.0% with repositioning on both phantoms, showing an excellent performance of the device.

Reproducibility in vivo was performed using two consecutive measurements with and without repositioning on 41 obese and non-obese volunteers. Reproducibility in terms of CV was 7% and 14% without and with repositioning, respectively. Results show a moderate reproducibility performance in vivo.

Both repeatability on tissue mimicking phantoms and reproducibility in vivo are better without repositioning.

AdipoScan applicability in lean subjects

Volunteers' characteristics are summarized in Table 2. AdipoScan was successfully performed in 9 out of the 19 volunteers with validated measurements, while no validated measurement was obtained after 30 mesurements in other 10 volunteers. ScAT SWS ranged from 0.61 up to 1.65 m/s with a median of 0.89 m/s and an interquartile range of 0.37 m/s. 2. Using logistic regression, the only factor associated with a successful AdipoScan examination is the subcutaneous thickness.

Two examples of US image in volunteers with successful AdipoScan examination is given in

Patients that could be measured with AdipoScan had a scAT thickness greater than 2 cm.

AdipoScan evaluation in vivo

73 severely obese patients were studied. The distribution of the patients' bio-clinical parameters is displayed in Table 3. Among them, 63 (86.3%) were female, their mean age was 44.3±10.4 years. Their BMI ranged from 35 to 71 kg/m2 with a median value of 45 kg/m2 an interquartile range of 7 kg/m2.

AdipoScan was successfully performed on all patients and scAT SWS ranged from 0.50 up to 2.52 m/s with a median value of 0.80 m/s and an interquartile range of 0.36 m/s. The minimal measurement depth for the SWS evaluation was 12 mm. The maximal measurement depth set by the operator was 30 mm in median with an inter quartile range of 9.4 mm.

The association between scAT SWS and the bio-clinical parameters is shown in Table 3. ScAT SWS was positively associated to hypertension status, total body fat-free mass, glucose homeostatis related parameters, liver stiffness and fibrosis, γGT and scAT total and pericellular fibrosis. ScAT SWS was negatively associated with total body fat mass, HDL cholesterol, apolipoprotein A1 and adiponectin.

No significant association was observed between scAT SWS and age, BMI, IL-6, CRP, creatinin, uricemia, ALAT, ASAT and adipocytes diameter. Association with triglycerides, cholesterol, leptin was approaching the limit of significance.

A plot of scAT as a function of total body fat mass in percent and of scAT total fibrosis is shown in Figure 5a andb, respectively.

To perform multivariate analysis, due to missing data, two different models were performed: one including the liver stiffness and another including scAT fibrosis. Furthermore -to avoid as much as possible the correlation between dependent variables-only one parameter among body composition, glycemic lipid and hepatic parameters were select as dependent variable. The common dependent variables for the two models were gender, hypertension status, total body fat mass, HbA1C, HDL cholesterol and adiponectin. The first model also took into account also liver stiffness as dependent variable and the second one scAT total and pericellular fibrosis. The parameters entered in each models and the subsequent parameters significantly associated with scAT SWS in each model are given in Table 4 The determination coefficient is R 2 =0.33 for the first and R 2 =0.66 for the second model.

In the first model, the two only parameters linked to scAT SWS were the total body fat mass and liver stiffness. In the second model, the parameters linked to scAT SWS were the total body fat mass, the scAT total fibrosis and with a p-value at the limits of significance, the hypertension status and scAT pericellular fibrosis. This result indicate that scAT fibrosis -either total or pericellular-influences scAT stiffness and that other parameters may also contribute to it.

Discussion

We described here for the first time the AdipoScan device which adapted the TE principle to specifically assess abdominal scAT characteristics in vivo. It is the first device which has been developed to non-invasively assess scAT physical properties. Indeed, we confirmed herein that scAT SWS was associated with scAT fibrosis obtained upon surgical biopsy and several bioclinical parameters in obese subjects. This device has the advantage to be non-invasive, easy to use, screening friendly and not expensive.

A main constraint when devising the device was to develop a probe which was light and small enough to stand on the patient's skin on its own without compressing the abdominal scAT. We aimed that our device did not alter its viscoelastic properties by adding pressure.

Developing such a probe for scAT characterization has a great advantage compared with a hand held probe, such as the ones used in regular ultrasound scanner, which compresses the tissue when placed on the skin by the operator.

Another constraint was to properly assess SWS in this superficial and heterogeneous organ due to the physical artefacts such as diffraction and coupling of the pressure and the shear waves that can affect the shear wave speed propagation maps in shallow measurement zones [START_REF] Sandrin | The role of the coupling term in transient elastography[END_REF][START_REF] Audiere | Maximum likelihood estimation of shear wave speed in transient elastography[END_REF]). The extent of those physical artifacts increases along with increasing SWS and this is why the FibroScan algorithm is less correct with false increased SWS observed on FEM simulations in Figure 4. MLEa (Audiere et al.

2014

) is particularly suitable for abdominal scAT SWS evaluation using AdipoScan. On FEM simulations, MLEa was shown to almost perfectly estimate the reference SWS with a RMSE = 0.01 m/s in comparison with the FibroScan algorithm that has a RMSE of 0.21 m/s on the range of SWS which is usually observed in vivo using AdipoScan. We have shown here that the MLEa is very well adapted to scAT SWS evaluation. This algorithm is now used with the AdipoScan device.

Of note, in a first study (Abdennour et al. 2014), we described initial results using AdipoScan device on the same cohort where measurements were performed using the TOFa.

Here we see the advantage of using the MLEa, that better estimates scAT SWS. We found here more significant associations between adipose tissue stiffness and bio-clinical parameters than previously observed using TOFa (Abdennour et al. 2014). We also found additional associations with gender, hypertension status, apolipoprotein A1, adiponectin, liver fibrosis, γGT, and scAT pericellular fibrosis.

Reproducibility of the device was shown to be good on tissue mimicking phantom with and without repositioning but was only fair in vivo. In vivo, the reproducibility was much higher without repositioning the device between each measure. This reflects that the device itself is reproducible but confirms the complexity and heterogeneity of the structure of scAT which impairs SWS measurement in vivo. The abdominal scAT is organized in macroscopic lobules contained by fibrous septa [START_REF] Chopra | Re-evaluation of superficial fascia of anterior abdominal wall: a computed tomographic study[END_REF]; D'Ettorre et al. 2013) and is sometimes described to be constituted of two compartment separated by a thin membrane named fascia superficialis [START_REF] Chopra | Re-evaluation of superficial fascia of anterior abdominal wall: a computed tomographic study[END_REF]). However, the fair AdipoScan reproducibility results in vivo are comparable with results found by other elastography techniques in complex medium such as in interveterbral discs SWS evaluation [START_REF] Vergari | Non-invasive biomechanical characterization of intervertebral discs by shear wave ultrasound elastography: a feasibility study[END_REF]). One challenge for future studies and to enable a wider use of the device will be to modify either the device or the measurement procedure to achieve a satisfactory reproducibility.

To evaluate the feasibility of the AdipoScan device in several conditions, an applicability study had been performed on lean volunteers. AdipoScan examination was successfully performed on 9 out of the 19 subjects. Subjects with successful examination were older (p=0.09), with a higher BMI (p<10-3), a larger scAT thickness (p<0.007) and had interestingly a higher occurrence of yoyo dieting (p=0.003) and bi-compartment aspect of scAT on US imaging (p=0.005). In multivariate analysis, only the scAT thickness was associated with a successful AdipoScan examination. Importantly, to obtain an accurate measure of SWS by AdipoScan, patients need to have a scAT thickness greater than 2 cm. This tool is however designed to evaluate scAT physical properties in altered metabolic conditions where an increased scAT thickness is observed. The history of yo-yo dieting (repeated weight loss and weight gain) is supposed to be linked to severe inflammation (Anderson et al. 2013) and increased fibrosis (unpublished data) in scAT. Neither the history of yo-yo dieting, the heterogeneous aspect of AT on US nor the presence of a fascia superficialis (which corresponds to bi-compartment aspect of AT on US) seem to preclude a SWS measure using AdipoScan (see Fig) if scAT thickness is greater than 2 cm. Those results need however to be confirmed in a study with a larger panel of patients.

As a consequence, SWS of scAT was successfully measured in 73 severely obese patients. No failure was observed. scAT SWS ranged from 0.50 up to 2.52 m/s with a median value of 0.80 m/s and an interquartile range of 0.36 m/s. scAT SWS was related to many bioclinical parameters in univariate analysis: gender, body composition, scAT total and pericellular fibrosis but also to obesity related comorbidities such as hypertension, glycemic status, lipid and liver dysfunctions. In multivariate analysis, SWS is related in one model to total body fat mass and liver stiffness and in the second model to hypertension status, total body fat mass scAT total and pericellular fibrosis. In both models total body fat mass appears negatively linked to scAT SWS (see Figure 5b, r=-0.40, p<10-3). This finding could be consistent with the adipose-tissue expandability concept (Virtue and Vidal-Puig 2010) which states that when the individual maximum storage capacity of scAT is reached, lipids are rerouted toward accumulation in other ectopic tissues such as visceral adipose tissue and liver, thus promoting metabolic complications. Patients with the higher percentage of fat mass may have increased storage capacity than others and therefore less metabolic complications and a lower scAT SWS since fat is soft.

Unexpectedly, scAT SWS was only moderately correlated to scAT fibrosis (r=0.51, p=0.003). Indeed as displayed in Figure 5a, although a clear linear relationship can be observed between scAT fibrosis and scAT SWS, some individuals are out-layers. These outlayers could be explained by the heterogeneity of scAT that can disrupt scAT SWS evaluation or by the sampling error inherent to the biopsy evaluation. More important, it could also suggest scAT SWS is not only related to the collagen content, quantified by the red picrosirius staining, but might also other physical parameters (e.g. the number of compartments, or other proteins not marked by the staining, etc.) or other structural or biochemical characteristics that need to be identified. Liver stiffness measured by FibroScan® can be increased by other parameters than fibrosis such as the hepatic inflammation, other extra-cellular matrix depots such as amyloidosis or pressure related condition such as liver congestion or portal hypertension (Sandrin 2010). scAT SWS can be associated with other matrix protein besides picrosirius-red stained collagen, cross-linking of matrix fibers, lipids in adipocytes and tissue inflammation. A recent transcriptomic study showed that scAT SWS is positively related to expression levels of genes encoding extra-cellular matrix components (e.g. COL6A1, COL6A2), basement membrane (COL4A2), adhesion molecules (SELE, ICAM1, CD44) and mechanosensitive receptor (ITGB2, ITGA5) in a small subject group (Liu et al. 2015), unpublished.

If visceral fat deposit is seen as deleterious for metabolic health, scAT abundance is also related to metabolic alterations [START_REF] Wajchenberg | Subcutaneous and visceral adipose tissue: their relation to the metabolic syndrome[END_REF]. For instance, [START_REF] Abate | Relationships of generalized and regional adiposity to insulin sensitivity in men[END_REF] have shown that scAT quantity on the abdomen contributed more to insulin resistance than the adipose tissue elsewhere in the body. [START_REF] Goodpaster | Subcutaneous abdominal fat and thigh muscle composition predict insulin sensitivity independently of visceral fat[END_REF]) have shown that abdominal scAT is strongly associated with insulin resistance even after adjusting for visceral fat.

Results found here are consistent with those previous findings since scAT SWS correlates not only to scAT fibrosis but also to many other obesity related parameters such as liver injuries, hypertension, lipid status, adipokine secretion and glycemic status.

Conclusion

Here, we have described the Adiposcan device in detail. This device is adapted from the FibroScan to the specificity of adipose tissue. Its repeatability on tissue mimicking phantom was accurate. In vivo reproducibility was only fair due to the complex and heterogeneous scAT structure. Yet, although the scAT heterogeneous structure impairs the AdipoScan reproducibility, it does not seem to impair its applicability since AdipoScan could be performed on all patients with a scAT greater than 2 cm. Additional work is necessary to further improve its reproducibility.

The in vivo results suggest that scAT SWS evaluation before bariatric surgery can be useful in clinical practice. scAT SWS is associated to structural aspect of scAT (fibrosis) and a series of bioclinical variables (e.g. body composition) and related to cardio-metabolic risk factors such glycemic and lipid status, liver dysfunctions and hypertension.

AdipoScan could be useful before bariatric surgery to better stratify patients' phenotype. Our future plan is to perform a large prospective study to define phenotypes based on SWS, to evaluate the clinical relevance of this measure in predicting the weight loss and metabolic outcomes after bariatric surgery. MR experiments included single voxel spectroscopy (SVS), both T1-and T2-mapping, and MRI methods of fat-water differentiation in order to estimate collagen amount and its spatial distribution. The directions of MRI slice of two scAT surgical biopsy samples are showed on the very left. The MRI T2 and T1 weighted images demonstrate fibrotic region in red.

Results

Part 1. Adipose tissue stiffness in obesity

In the first clinical study, we showed that scAT SWS measured by AdipoScan TM is associated with scAT fibrosis and glucose homeostasis in severe obese subjects (2). However, the potential relationships between scAT SWS and cardiovascular risks were not explored in details. Similarly, whether measuring scAT SWS is relevant to predict BS-induced outcomes is unknown.

The aims of this study performed in morbidly obese subjects are to 1) confirm the association between scAT SWS, scAT fibrosis and bioclinical parameters; 2) further study the relationships between scAT SWS and cardiometabolic phenotypes and risks; 3) evaluate tissue characteristics other than picrosirius-red stained collagens that might explain scAT SWS; 4) investigate the effect of some drugs treating metabolic disorders on scAT fibrosis and SWS; 5) study the effect of weight cycling on scAT SWS; 6) evaluate the use of AT stiffness to predict one-year post-BS weight loss and cardiometabolic improvements.

I. Article 2: Adipose Tissue Shear Wave Speed Evaluated by Non-invasive

Transient Elastography

In preparation for International Journal of Obesity

Introduction

Fibrosis in subcutaneous adipose tissue (scAT) is a hallmark of pathologic alteration during human obesity. ScAT fibrosis, defined as an excessive deposition of extracellular matrix proteins (e.g. collagens), can be considered as a mechanical limitation impairing AT expansion during obesity, thus leading to adipocyte dysfunction, ectopic fat storage and metabolic disorders (1,2). For example, absence of MT1-MMP, a membrane anchored metalloproteinase degrading collagen I, results in increased pericellular fibrosis, liver steatosis and severe metabolic complications in mice (3). By contrast, collagen-VI KO mice demonstrated significantly decreased tensile strength of retroperitoneal fat pads (4), uninhibited AT expansion and improvements in metabolism and inflammation in both highfat diet and ob/ob mice (5). Ex vivo studies also showed that mechanical deformation on adipocytes mimics increased fibrotic matrix surrounding adipocytes, and increases inflammatory and fibrotic gene expression by human adipocytes through mechanotransduction pathway using ex vivo 3D models (6). Moreover, it was also showed that adipogenesis of 3T3-L1 preadipocytes and adipocytes is accelerated upon mechanical stimulation, as seen by significantly larger numbers and greater size of lipid droplets (7,8).

These studies highlight the putative effects of scAT fibrosis and tissue mechanical forces (e.g. tissue stiffness) on adipocyte dysfunction in obesity.

In human study, scAT fibrosis was associated with various bioclinical and metabolic variables. For instance, while scAT fibrosis is negatively associated with fat mass (9); it is positively associated with several metabolic parameters such as diabetes or dyslipidemia (9,10). Besides, women with significant liver fibrosis (F ≥ 2) have increased scAT and omental AT fibrosis (9). Collagen VI, a major collagen type in peri-adipocyte fibrosis, was

shown significantly associated with BMI, insulin resistance and inflammation. Our team also demonstrated that the higher scAT peri-adipocyte fibrosis the patients displayed at baseline, the less they lost body weight one year after bariatric surgery (BS) (9,10). These studies underlie a crucial relationship between scAT fibrosis and metabolic disorders. Furthermore, the initial results suggest that quantifying scAT fibrosis might help better stratify obese patients and eventually predict BS-induced weight loss and potentially other outcomes in morbid obesity. However, properly characterizing scAT fibrosis infers to perform a surgical biopsy that respects tissue structure. This invasive measure largely precludes its wide utilization in clinical practice.

To overcome this limitation, we recently developed a new non-invasive medical device called AdipoScan TM (Echosens, Paris, France) to assess shear wave speed (SWS) in scAT (11) based on transient elastography (12). Transient elastography technology was originally applied in Fibroscan (Echosens), a medical device that is now well validated and commonly used to diagnose liver fibrosis (13).We recently measured scAT SWS by AdipoScan TM in a first clinical study and found that scAT SWS was positively correlated with scAT fibrosis, worse diabetic status, and negatively correlated with fat mass and HDLcholesterol in morbid obesity (9,11), suggesting a promising perspective in clinical settings for this non-invasive tool. However, the potential relationships between scAT SWS and cardiovascular risks were not explored in details. Similarly, whether measuring scAT SWS is relevant to predict BS-induced outcomes is unknown.

Here, we assessed scAT SWS by AdipoScan TM in an independent group of over one hundred severely obese subjects at baseline and evaluated the links of scAT SWS with scAT fibrosis, cardiometabolic risks at baseline and one-year post-BS outcomes.

Subjects and Methods

Study population

105 obese candidates (female 65.7%, age 38.9±10.8yr, BMI 45.9±6.5kg/m 2 ) for BS were enrolled at the Institute of Cardiometabolism and Nutrition (ICAN), Nutrition Department, Pitié-Salpêtrière Hospital (Paris). Subjects met the recruitment criteria as described (10). BS was performed in the Surgery Department either of Pitié-Salpêtrière or of Ambroise Paré Hospitals by 2 trained surgeons (Paris). During BS, surgical biopsy samples of scAT were prospectively collected in 79 subjects. Among whom, 76 subjects (gastric banding (n=3); sleeve gastrectomy (n=39); Roux-en-Y gastric bypass (n=34) were followed 12 months (T12) after BS (flowchart see Supplemental Figure 1). 3 subjects in whom gastric banding was performed were excluded from the kinetic study due to limited scAT sample size. ScAT needle aspiration was performed at both baseline (T0) and T12. The study population bioclinical characteristics at T0 and T12 are showed in 

Measurement of scAT stiffness by transient elastography, AdipoScan TM

ScAT stiffness was measured in 105 obese subjects at baseline (T0) using

AdipoScan TM (Echosens, France). Adiposcan TM was optimized and adapted to scAT as described previously (9,11). Briefly, a mini electromechanical transducer generates a mechanical vibration that induces the propagation of a shear wave in scAT. The associated piezoelectric transducer follows the propagation of shear wave, which enable the scAT shear wave speed (SWS) calculation. ScAT SWS increases with scAT stiffness: the stiffer the scAT is, the faster the shear wave propagates. ScAT SWS was measured by the same operator in obese subjects in the right peri-umbilical region. Herein, we assessed scAT SWS using the algorithm maximum likelihood estimate (MLE) which was showed better adapted to scAT evaluation as described (Sasso et al. submitted). examinations without repositioning the probe. Reproducibility was evaluated in terms of coefficient of variation (CV) as described previously (12).

Intra-and inter-reproducibility of AdipoScan

Tissue preparation and histological, transcriptomic analysis of scAT

A piece of perioperative surgical biopsy sample was embedded in paraffin and sliced into 5µm-thick sections. Collagens were stained with picrosirius red and analyzed using Calopix software (Tribvn, Châtillon, France) in 79 obese subjects as described previously (9).

Briefly, total collagen accumulation represents the ratio of the fibrous tissue area stained with picrosirius red to the total tissue surface; pericellular collagen accumulation (i.e. red staining surrounding adipocytes) represents the stained area in 10 random fields avoiding fibrosis bundles and vessels. Another piece of perioperative surgical scAT biopsy samples was further processed to evaluate the expression levels of 130 genes implicated in fibrosis and extracellular matrix by PCR-Array in 11 non-diabetic women and 7 non-obese subjects (Supplemental Materials and Methods). Needle aspiration ScAT samples at T0 and T12 were immediately isolated by collagenase digestion and adipocyte diameters were measured by Perfect Image (Clara Vision, Verrières le Buisson, France) as described before (14).

Clinical, anthropological, biological parameters

Body composition was evaluated by whole body fan-beam dual energy X-ray absorptiometry (DXA) scan (Hologic Discovery W, Bedford, MA). Variables from DXA used in the analysis were total, trunk, appendicular fat-free mass (FFM) as previously described (15). Briefly, appendicular FFM was calculated as the sum of FFM from arms and legs. FFM repartition between trunk and extremities was assessed by calculating trunk/appendicular FFM ratio. Regional fat mass distribution was calculated similarly. Blood samples were collected after 12-hour overnight fast at T0 and T12. Clinical variables were measured as described previously (10). Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using Matthews formula: HOMA-IR=fasting serum insulin (µU/ml)*fasting plasma glucose (mmol/L)/22.5.

Cardiometabolic risks

The cardiometabolic abnormalities were evaluated according to diabetes and smoking status as described previously (18).

Statistical analysis

Data are expressed as mean ± SD, categorical variables as numbers and percentages, and values in graphs as mean ± SEM. Categorical data were analyzed using Fisher's exact test for two groups and chi-squared test for trend for more than two groups. Continuous data were analyzed using ANOVA for more than two groups and Tukey's HSD for post-hoc analysis, student's t-test for two groups and paired student's t-test for kinetic study at T0 and T12.

Univariate analysis between scAT SWS and bioclinical parameters were performed using Spearman (ρ) correlation coefficient, gender effect was adjusted. For multivariate analyses, the missing data were imputed using random forest (mean error: 16%, median error: 9%).

Multivariate linear regression was used to investigate the relationship between scAT SWS and bioclinical parameters. Due to its skewed distribution, scAT SWS was transformed as (log(X)+1) 0.6 to follow Gaussian distribution, other parameters were standardized as (X-E(X))/Sd(X). The Akaike information criterion (AIC) was used to select independent features significantly associated with scAT SWS. An adjusted multivariate linear regression was analyzed taking into account the association between HbA1c and fasting glycemia, and the association between AST and ALT. Quantile regression analysis were used to investigate predictive role of scAT SWS in one-year weight loss and 10-year CHD risk improvement.

Two-tailed p-values were considered significant for <0.05. All analyses were conducted using R software version 3.0.3 (http://www.r-project.org) and GraphPad Prism 6.0.

Results

Reproducibility of AdipoScan TM

The intra-and inter-operator reproducibility was evaluated using coefficient of variation (CV) in 2 distinct sub-groups of 10 obese subjects respectively. There was no significant difference among the three successive series of measurements by each operator (Kruskal-Wallis test, p>0.05). The intra-operator CV without repositioning was 5.7% (0-9.2%) and that with repositioning was 9.0% (1.6-20%). The inter-operator CV was 11.9%. As the intra-operator reproducibility with repositioning and inter-operator reproducibility were both increased at almost the same level, we hypothesized that this low reproducibility might result from heterogeneity of scAT abdominal macro-structure. To test this hypothesis, we next assessed abdominal scAT structure by ultrasound in 5 locations in the peri-umbilic region in 9

randomly selected obese subjects (Supplemental Materials and Methods). We found major inter-individual variability: while some subjects displayed homogenous superficial structure in some subjects (Supplemental Figure 2, subject 1), others showed heterogeneous structure with the presence of several thin facia at the depth of 1-4cm in scAT (Supplemental Figure 2, subject 2). These facia were irregular and heterogeneous in 5 locations in the peri-umbilic region. We believe that these subcutaneous facia might disturb shear wave propagation and increase the CV. To overcome inter-individual variability, in this study only one operator measured SWS for all patients.

Confirmation of the relationships between scAT SWS, tissue fibrosis and metabolic parameters

ScAT SWS measured by Adiposcan TM was previously found significantly associated with scAT picrocirius-red stained total and pericellular fibrosis, as well as bioclinical parameters such as fat mass and glucose homeostasis parameters in severe obesity (9,11). In this study performed in an independent group of subjects, we confirmed that scAT SWS was positively associated with scAT pericellular fibrosis (ρ=0.26, p=0.03, Figure 1A). In addition, scAT SWS was also found positively associated with expression levels of several scAT genes encoding profibrotic proteins, collagen fibers, basement membrane, mechanosensitive receptors (Supplemental Table 1), suggesting a relationship between scAT SWS and ECM components. Particularly, herein, scAT SWS was found significantly increased in male compared to female subjects (1.02±0.30m/s vs. 0.85±0.29m/s, p<0.01, Figure 1B), in accordance to observed significant gender difference in scAT pericellular fibrosis (male 1.86±0.79% vs. female 1.33±0.98%, p=0.01). The significant difference found in this study is probably because that there were more male subjects (34%) compared to our previous study (16%).

We next showed that scAT SWS was also associated with several bioclinical parameters such as body fat mass, leptin, fasting glycemia, HbA1c, triglycerides, AST (Table 2), confirming our previous results (9,11). Moreover, scAT SWS was found significantly associated with appendicular FFM and Trunk/appendicular FFM ratio. However, after adjustment for gender, scAT SWS was found only correlated to HbA1c (Table 2).

In 

Cardiometabolic risks and scAT SWS

Our next purpose was to examine the relationships between scAT stiffness and cardiometabolic risk factors. First, subjects were classified into three groups according to the tertile of scAT SWS at baseline (T0): Tertile 1, scAT SWS<0.73m/s (n=35); Tertile 2, 0.73m/s≤scAT SWS≤0.97m/s (n=36); Tertile 3, scAT SWS>0.97m/s (n=34). We observed that the percentages of male and diabetic subjects significantly increased with SWS tertile (p<0.01 for both). Several bioclinical and anthropological parameters were also significantly different according to tertile groups (Supplemental Table 2).

Second, we used the 6 metabolic components defined by Wildman et al. and examine their link with SWS (Figure 1C). The prevalence of elevated fasting glycemia, elevated triglycerides, insulin resistance and metabolic syndrome (MetS) significantly increased with scAT SWS tertile. The prevalence of elevated blood pressure presented an increasing trend with scAT SWS tertile.

In order to directly investigate the relationship between scAT and cardiovascular risks, the 10-year coronary heart disease (CHD) risk was evaluated in middle-aged obese subjects (age 30-65yr) using Framingham risk equation (Table 1). A trend for positive relationship between ScAT SWS and 10-year CHD risk was observed at baseline (r=0.21, p=0.06, Figure 1D). These results suggest that increased scAT SWS is associated with more severe combined cardiometabolic phenotypes and increased risk of CHD.

Increased scAT SWS associated with less one-year post-BS weight loss

We then hypothesized that scAT SWS per se might also associate with BS-induced weight loss and other outcomes. For this purpose, we first analyzed the changes of bioclinical parameters (T0-T12)/T0 according to scAT SWS tertile in sleeve and bypass group respectively. In bypass group, subjects in Tertile 3 had significantly less weight loss (29±7%, n=12) compared to Tertile 1 (37±7%, n=11) and Tertile 2 (31±7%, n=11) (ANOVA p=0.02, post hoc p value <0.05 for Tertile 1 vs. Tertile 3). However, weight loss in sleeve group was not significantly different according to scAT SWS tertile (Tertile 1: 25±7%, n=13; Tertile 2: 30±7%, n=13; Tertile 3: 24±8%, n=13; ANOVA p>0.05). Other bioclinical and metabolic parameters were not significantly different in bypass or sleeve group (data not shown).

To further study the potential predictive role of scAT SWS in weight loss, we first observed a significant negative relationship between scAT SWS and one-year weight change in the bypass group (r= -0.36, p=0.04, Figure 2A). Furthermore, in the light of quantile regression analysis, we observed that the regression coefficients between scAT SWS and change in one-year weight in bypass group decreased when scAT SWS quantile increased (Figure 2B, Supplemental Table 4), suggesting that higher scAT SWS might associate with less weight loss in bypass group. In sleeve group, although the negative relationship between scAT SWS and weight loss was not significant (r= -0.17, p=0.32, Figure 2C), quantile regression analysis still demonstrated smaller regression coefficients between scAT SWS and change in one-year weight in higher scAT SWS quantile (Figure 2D, Supplemental Table 4), indicating a putative predictive role of scAT SWS in the sleeve group.

Previously, fasting glycemia and fasting plasma insulin had been shown to have a predictive role in BS-induced weight loss, diabetes remission and improvements in cardiovascular risks (19). Accordingly, we next compared the predictive performance of scAT SWS to that of BMI, fasting glycemia, fasting plasma insulin using quantile regression analysis (Figure 2E, F). We observed that higher quantile of one-year weight change was associated with decreased regression coefficients between scAT SWS and weight change in both bypass and sleeve group. By contrast, the regression coefficients of BMI, fasting plasma insulin in bypass group and those of BMI, fasting glycemia and fasting plasma insulin seemed constant. Overall, these results suggest that scAT SWS might be a better predictive marker of BS-induced weight loss.

Concerning cardiometabolic characteristics, The prevalence of cardiometablic abnormalities, MetS and 10-yr CHD risks decreased in both sleeve and bypass groups as expected (Supplemental Table 5, 6, 7, 8) (19)(20)(21). However, probably due to limited sample size of available data (bypass: n=20, sleeve: n=24), the relationships between scAT SWS and improvement in 10-yr CHD risk were uncertain using quantile regression analysis (Supplemental Figure 3). Nevertheless, we still observed that the regression coefficients between improvement in 10-yr CHD risk and scAT SWS showed a decreased trend in small quantile of 10-yr CHD risk in bypass group (Supplemental Figure 3C, supplemental Table 9).

These results need to be confirmed in a larger group of subjects. 120

Discussion

We herein examined the clinical relevance of scAT shear wave speed, a surrogate physical marker of fibrosis, using the recently developed transient elastography, Adiposcan TM , a noninvasive tool that measure adipose tissue stiffness. This was performed in a new independent cohort of 105 severely obese subjects.

ScAT fibrosis was previously shown associated with scAT SWS and explained 25.4% of SWS variation (9). In this study, we confirmed the significant correlation between scAT SWS and picrosirius-red stained pericellular fibrosis. In the first study, the adipose tissue biopsy was performed by the same operator in one surgical center. However, the weaker correlation coefficient in current study (0.26 currently vs. 0.48 previously) could result from either scAT heterogeneity itself, or the fact that surgical biopsy samples were performed in two different surgical centers, possibly at two different abdominal locations. In addition, histological quantification of scAT fibrosis evaluates a tissue of 5µm depth, while scAT SWS evaluates a tissue of 1.5-3cm depth. Therefore, scAT SWS might represent larger region of scAT than histological quantification. It is of interest to note, that in a sub-group of obese women, SWS was found significant associated with expression levels of genes encoding different components of scAT extracellular matrix, profibrotic proteins and mechanosensitive receptors, suggesting that other factors involved in scAT ECM besides picrosirius-red stained collagens might also contribute to scAT stiffness. This, however, should be confirmed in future studies in a larger group of subjects and at the protein level. Furthermore, transient elastography does not only measure tissue fibrosis. For example, liver stiffness measured by Fibroscan is also associated with other factors such as portal pressure, liver inflammation (22). Likewise, other AT characteristics such as the amount and types of lipids in adipocyte (23), tissue inflammation and vascularization might also influence scAT SWS and are needed to be further studied.

Diabetic status is found associated with higher scAT SWS in both previous (9) and current studies. Multivariate regression analysis confirmed the impact of glucose homeostasis in scAT SWS. It has been proposed that increased diabetic renal fibrosis (24), liver fibrosis (25) and left ventricular stiffness (26) are aggravated by advanced glycation end products (AGEs), stable end products of a non-enzymatic glycation reaction that accumulates in diabetic condition. Mechanistically, AGEs directly induce cross-linking of several ECM components, such as collagen I, VI and elastin (27,28). In addition, hypertensive subjects after receiving non-enzymatic breaker of AGEs cross-linking during 56 days showed decreased arterial stiffness (29), suggesting important role of AGEs in tissue fibrosis and stiffness. Since AGEs are also found increased in obese AT and can promote the production of several inflammatory mediators from adipocytes and macrophages (30), it would be interesting to confirm the potential relationships between AGEs and scAT SWS in further studies.

Another important result in this study is that scAT SWS and pericellular fibrosis were both found significantly increased in men. Particularly, liver stiffness evaluated by Fibroscan is also higher in men (31). As we herein display, men were more diabetic and worse metabolic status than women. And indeed after adjustment for gender, diabetic status per se remained the only significant factor associated with increased SWS. It might well be that the gender difference that we observe herein is due to the clinical parameters of our subjects. However, there might be other explanations. The gender effect on fibrosis through estrogen is reported in several fibrotic diseases such as liver fibrosis, renal fibrosis, cutaneous wounding and atherosclerosis where men are more affected (32,33). In our study, there were only 3 menopausal women. ScAT fibrosis and SWS remained higher in men than in women even after exclusion of these 3 women in the analysis. In mice AT, a protective role of estrogens and estrogen receptors (ERs) in AT fibrosis and inflammation is also established (34,35).

Therefore, the role of estrogens/ERs in human scAT fibrosis, stiffness and related comorbidities of obesity probably needs further investigation.

Furthermore, we confirmed that scAT SWS was again found significantly associated with several bioclinical parameters, regional fat mass distribution in this study. ScAT was also shown independently associated with glucose homeostasis, dyslipidemia and liver dysfunction by multivariate regression analysis. The prevalence of cardiometabolic abnormalities, MetS and 10-year CHD risks increased according to scAT SWS tertile. These results suggest that scAT SWS seems to be a good non-invasive AT parameter to better phenotype the cardiometabolic features in severe obesity.

The most crucial and novel result from our study is that we displayed that higher scAT SWS per se was associated with less one-year BS-induced weight loss at least after bypass procedure. Our previous studies showed that poorer responders to BS are associated with higher scAT pericellular fibrosis (9,10), suggesting fibrotic constraint surrounding adipocytes might limit post-BS weight loss. Our current results revealed a novel association between increased mechanical constrains in scAT before BS and poorer response to BS-induced weight loss, suggesting a potential predictive role of scAT SWS in BS outcomes. However, the predictive effect which was more evident in bypass group compared to sleeve group is probably due to the fact that bypass-induced weight loss is much higher than sleeve (19) and thus the predictive role could be observed in a small number of subjects. Therefore, these results need to be confirmed in larger group of obese sleeve subjects. As observed previously, responses to BS in terms of weight loss, metabolic improvements or diabetes remission, display major inter-individual variability. Besides, BS is associated with anesthetic and surgical complications. Therefore, predicting response with non-invasive markers will help select obese subjects who will benefit mostly from BS and help improve the clinical practice.

For a long time, predictive makers other than BMI are needed to redefine BS criterion because BMI does not predict incidence rates of diabetes remission, cardiovascular disease events and cancer (19,36). However, weight loss after BS participate to beneficial effects on glycemic control, diabetes remission and cardiovascular risks (19,37). Our findings suggest that scAT SWS might be a promising predictor for BS-induced weight loss and might also be helpful for other outcomes. Further studies are needed to confirm these results in larger cohorts, to confirm the potential links between scAT SWS and improvements in cardiometabolic features after BS. Our next objective is to find out a threshold of scAT SWS that identifies appropriate obese candidates benefiting the most from BS.

We also evaluated the performance of the device (i.e. the intra-and inter-operator reproducibility) in two obese sub-groups. These subjects presented scAT SWS ranging from 0.45 to 1.82 m/s, representative of the value range in the whole population. Interestingly, the reproducibility of another transient elastography developed by the same company, Fibroscan, was previously evaluated with intra-operator CV of 3.2% (2%-18%) and inter-operator CV of 3.3% (12). Compared to Fibroscan, Adiposcan TM presented satisfying intra-operator reproducibility without repositioning the probe. The intra-operator reproducibility with repositioning and inter-operator reproducibility were higher and reached the same range.

However, the reproducibility of Adiposcan TM on tissue elasticity mimicking phantom which has similar elasticity of scAT (3kPa, i.e. 1.22m/s) is almost perfect with CV of 0% without repositioning and CV of 1.3% with repositioning (11). These findings suggest that different measuring regions resulting from repositioning probe by the same operator or deviation from three operators might increase CV, thus underlying that scAT structure might be heterogeneous. The evaluation of abdominal scAT in peri-umbilic region by ultrasound 123 indeed demonstrated heterogeneous macro-structure in some obese subjects. The presence of subcutaneous facia might disturb shear wave propagation and thus increase CV of reproducibility. We aim to better understand the biological implication of these fasia and evaluate whether they would also influence the weight loss outcomes. Meanwhile, to reduce the effect of scAT heterogeneity, it might be important in the future to perform an ultrasound assessment of the peri-umbilic region in order to select a relatively homogenous measure window to further evaluate scAT SWS. Furthermore, until more technical adjustment of the probe, the same operator should measure the overall cohort as we herein did.

In conclusion, this study brings new insights into scAT physical property, scAT SWS, measured by non-invasive transient elastography Adiposcan TM in severe obesity associated with cardiometabolic phenotypes and risk at baseline in morbid obesity. We still need to further investigate other parameters involved in scAT SWS variation (e.g. inflammation, vascularization, lipids). However, this new tool was able to predict BS-induced weight loss in this cohort, and thus offers promising perspective for a wider use of Adiposcan TM at the clinic in the future. 

II.1 Drugs' effect on scAT fibrosis and SWS

Obese subjects are often under multiple treatments for their metabolic comorbidities.

Among them, anti-diabetic drug metformin was found to decrease fibrosis in several organs.

Anti-hypertensive drugs ACEI (angiotensin-converting enzyme inhibitors) / ARB (angiotensin II receptor blockers) were found to decrease cardiac fibrosis. Moreover, the local renin-angiotensin system in AT has important role in adipogenic differentiation and body weight regulation. Here, we hypothesized that metformin and ACEI/ARB might reduce scAT fibrosis and SWS in obese subjects.

II.1.2 Effect of metformin on scAT fibrosis and SWS

Metformin is a biguanide compound used as first-line oral anti diabetic drug, particularly in overweight and obese subjects for the fact that metformin is anorexigenic and induces weight loss. Mechanistically, metformin inhibits the hepatic glucose production (197), We observed in Table 5 that obese diabetic subjects treated with metformin (Group 3) had significantly reduced scAT SWS compared to those not treated (Group 2) although the glucose homeostasis parameters were not significantly different between the two groups.

decreases
However, scAT picrosirius-red stained total and pericellular fibrosis were not significantly different among the three groups. These results suggested that metformin might decrease scAT SWS in obese subjects. However, most subjects in Groups 3 were under multiple treatments for diabetes (e.g. GLP-1 analogue and thiazolidinediones) and drugs for other metabolic comorbidities such as anti-hypertensive drugs (e.g. ACEI/ARB), thus the confounding effect from these drugs can not be eliminated. Morevover, the information of duration of metformine treatment was not obtained. Therefore, further studies are needed to evaluate the effect of metformin in better matched subjects.

II.1.2 Effect of ACEI/ARB on scAT fibrosis and SWS

The renin-angiotensin system (RAS), which produces angiotensin II (Ang II) from angiotensin I (Ang I) and angiotensinogen (AGT) via rennin and angiotensin-converting enzyme, has been recognized as a crucial regulator of systemic blood pressure and renal electrolyte homeostasis. Local RAS has also been found implicated in other pathological changes such as tissue remodeling and fibrosis. For example in rat, Ang II upregulates TGF-β1 expression through angiotensin type I receptor in cardiac myocytes and fibroblasts, induces collagens in cardiac fibroblasts through TGF-β1 and ERK (64). In addition, drugs inhibiting the angiotensin pathway (i.e. ACEI and ARB), which are widely used to treat hypertension, were found to reduce fibrosis. For instance, administration of losartan (ACEI) in cardiomyopathic hamsters significantly decreases interstitial fibrosis in left ventricle (205).

End-stage renal disease (ESRD) patients with hypertension treated by lorsartan after 6 months

have significantly reduced ratio of the serum concentration of procollagen I carboxy-terminal peptide (PIP) to the serum concentration of collagen I pyridinoline cross-linked carboxyterminal telopeptide (CITP), suggesting decreased collagen synthesis (206).

Local RAS system is also indentified in AT and the components of RAS are increased in AT in mouse model of diet-induced obesity (DIO) and obese subjects. In DIO mice, upregulation of AT RAS aggravates inflammation, lipogenesis and impairs insulin signaling while administration of ARB drugs could improve these disorders (207,208). For example, candesartan increases AT and skeletal muscle glucose uptake in T2D mice, irbesartan improves whole body and AT insulin resistance in obese Zucker rats. Telmisartan administration reduces TNF-α expression and modulates AT macrophage polarization to an anti-inflammatory state in HFD mice (208). However, the effect of ARB in AT fibrosis is not clear.

Here we hypothesized that administration of ACEI/ARB might decrease scAT fibrosis and stiffness in obese subjects. To this purpose, we retrospecively analyzed scAT SWS and fibrosis according to hypertensive state and ACEI/ARB treatment in 105 obese subjects before BS. As shown in Table 6, to our surprise, obese subjects with ACEI/ARB treatment (Group 3) had a trend of increased scAT SWS compared to those not treated (Group 2). In addition, more subjects in Group 3 were under metformin treatment that is supposed to ! ! 146 decrease scAT SWS. Therefore, the effect of ACEI/ARB treatment on scAT fibrosis should be evaluated in larger cohort of better matched obese subjects.

II.2 Effect of weight cycling on scAT SWS

Weight cycling (repeated weight loss and weight gain), which is often observed in obese subjects, has been demonstrated to associate with worsened metabolic and cardiovascular outcomes. For example, subjects with weight cycling is associated with higher rates of diabetes (209). Middle aged men with "gain and loss" weight history have increased I found that subjects who lost at least once 10kg had similar scAT SWS as those who never lost more than 10kg (0.93±0.33m/s vs. 0.89±0.25m/s, p=0.53). Subjects who realized more than 10 diets had higher scAT SWS though not significant (0.98±0.35m/s vs. 0.87±0.27m/s, p=0.17). However, subjects who had their diet after 20yr had significant higher SWS than those started diet before 20 yr (0.98±0.31m/s vs. 0.86±0.29m/s, p<0.05). Subjects who consumed alcohol had a trend of higher SWS than those who did not (1.03±0.35 vs. 0.89±0.29m/s, p=0.09). The maximum weight gained by subjects of scAT SWS Tertile 2,3 had a higher trend than those of Tertile 1 (26.33±15.42kg vs. 21.42±11.64kg, p=0.15). These results suggest that body weight variation might influence scAT SWS.

Part 2. Adipose tissue remodeling after bariatric surgery

During obesity development, scAT ECM undergoes major remodeling. Particularly, scAT fibrosis increases tissue rigidity, decreases AT plasticity and results in adipocyte dysfunction, ectopic fat storage such as hepatic steatosis and other metabolic disorders.

Weight loss is another condition that induces scAT remodeling demonstrated by major changes in ECM gene expression at short-term post-bariatric surgery (25,177). For example, Dankel et al found up-regulated ECM structural proteins (COL1A1, COL1A2, COL3A1, COL5A1, COL6A3) one year after BS (213). However, most of these studies focused on selected collagens at expression levels, no link was established between scAT ECM remodeling, change in scAT stiffness and cross-linking enzymes and improved metabolic parameters after weight loss. Therefore, the precise characteristics of scAT ECM remodeling and the modification of scAT stiffness in association with improved metabolic parameters after major weight loss at short-or longer-term need to be further investigated. The aims of this study were to:

1) evaluate scAT remodeling, particularly collagen accumulation, synthesis and degradation as well as cross-linking enzymes, macrophage infiltration during BS-induced drastic weight loss;

2) evaluate the relationships between post-BS scAT remodeling and the metabolic improvements;

3) explore whether this tissue remodeling associates with change in scAT stiffness. accumulation in obesity is associated with insulin resistance (4,5). By contrast, the absence of collagen VI in high-fat diet or ob/ob mice results in uninhibited adipocyte expansion and associates with metabolic and inflammatory improvements (6). In obese subjects, scAT fibrosis is increased (7,8). Moreover, higher scAT fibrosis at baseline is associated with lower weight loss one year post-bariatric surgery (BS) (7,9). In addition, scAT pericellular fibrosis is associated with liver fibrosis, suggesting that obesity is a profibrotic condition (9). Finally, the pericardial fat secretome was also found to promote myocardial fibrosis (10). Overall, these studies underline the potential deleterious effects of obesity-induced scAT ECM accumulation.

I. Article 3: Accumulation and Changes in Composition of

Mechanistically, scAT fibrosis leads to adipocyte dysfunction and fibro-inflammation through a mechano-transduction pathway (11). Lysyl oxidase (LOX), an important matrix fibers' cross-linking enzyme, contributes to tissue mechanical properties (12). In AT, LOX expression is up-regulated in high-fat diet or ob/ob mice. By contrast, inhibition of LOX activity leads to improved metabolism and inflammation (13). In obese subjects, scAT LOX expression is also increased (11). ScAT stiffness, measured non-invasively by transient elastography, associates with picrosirius-red stained scAT fibrosis and altered glucose homeostasis (9).

ECM turnover, a crucial process during excess ECM accumulation, is predominately regulated by the balance between matrix metalloproteinases (MMPs) and their endogenous tissue inhibitor of metalloproteinases (TIMPs). In obesity, a new relationship between MMPs and TIMPs is established and enables tissue remodeling. Enzymes (e.g. MMP-3, -9, -11, -12, -13, -16, and -24) are expressed at low level in scAT, but are rapidly up-regulated during obesity, which eventually favors scAT expansion (1). Weight loss represents another condition that induces scAT remodeling, exhibiting by changes in expression of many ECM genes soon after BS (8,14). Some studies have shown increased ECM deposition, e.g. upregulated collagens, particularly COL6A3, after major weight loss in a long term (14,15). However, most of these studies focused on selected collagens at expression levels and did not explore the overall ECM characteristics. Furthermore, no study has yet evaluated the links between scAT ECM remodeling, stiffness, and modifications in cross-linking enzymes, and improved metabolic parameters after weight loss.

Herein, we examined fibrillar collagen accumulation, synthesis, and degradation as well as cross-linking enzymes, macrophage infiltration and scAT stiffness during the first year post-BS. We also analyzed relationships between ECM properties and metabolic and inflammatory parameters improvements observed post-BS.

Materials and Methods

Study Population

A total of 118 morbidly obese candidates for BS who met the recruitment criteria as previously described ( 7) were enrolled at the Institute of Cardiometabolism and Nutrition (ICAN), Nutrition Department and operated in the Department of Surgery, Pitié-Salpêtrière Hospital (Paris). Due to the difficulties to obtain large amount of scAT surgical biopsy sample in every subject during the follow-up and the number of experiments needed to perform on these samples, we divided our overall cohort into 3 groups according to different scAT measurements that were realized (study flowchart see Figure 1). However, subjects were part of the same prospective cohort and baseline (T0) characteristics were not significantly different (Table 1). 

Clinical, Anthropological and Biological Parameters

Body composition was evaluated by whole body fan-beam dual energy X-ray absorptiometry (DXA) scan (Hologic Discovery W, Bedford, MA) as described (9). Blood samples were collected after 12-hour overnight fast at T0, T3, and T12. Clinical variables were measured as described (7). Pancreatic beta-cell function (insulin secretion), insulin sensitivity and resistance were estimated using Homeostatic Model Assessment -Continuous Infusion Glucose Model Assessment (HOMA-CIGMA) (17) .

Measurement of scAT Shear Wave Speed by Transient Elastography

A new non-invasive medical device based on transient elastography (18), Adiposcan TM (Echosens, Paris, France), was developed to measure scAT shear wave speed (SWS) associated with scAT stiffness (9,19). ScAT stiffness was measured by the same operator in obese subjects (Group2) in the right peri-umbilical region at T0, T3 and T12.

Transcriptomic Experiments

ScAT samples obtained by needle aspiration at T0 and T12 (Group3) were stored at -80°C for microarray analysis. Total RNA extraction, amplification, hybridization and raw data analysis were performed as described (20). The complete dataset is published in the NCBI Omnibus (http://www.ncbi.nlm.nih.gov/geo/) through the series accession number GSE72158.

RT-PCR for selected genes was performed as described (20), using total RNA extracted from scAT needle aspiration in 14 non-diabetic obese women (Group2) at T0, T3 and T12.

Tissue Preparation and Histological Analysis of scAT

A piece of surgical biopsy sample was fixed and embedded in paraffin and sliced into 5µmthick sections. Collagen was stained with picrosirius-red (mainly collagen I and III) and analyzed using Calopix software (Tribvn, Châtillon, France) in 36 subjects (Group1) at T0, T3 and T12 as described (9). Total collagen accumulation represents the ratio of the stained fibrous area to the total tissue surface. Pericellular collagen accumulation (i.e. collagen surrounding adipocytes) represents the ratio of the stained area in 10 random fields avoiding fibrosis bundles. Adipocyte diameters were evaluated in the same 10 fields. Pericellular collagen accumulation was adjusted by adipocyte size to eliminate the effects of different adipocyte sizes in measure fields. Collagen I and VI, degraded collagen I, LOX and macrophages were detected by immunohistochemistry (IHC) using specific antibodies (Supplemental Table 1). Total macrophages were defined as CD68 + cells and M2macrophages as CD163 + cells. Their results are expressed as the number of CD68 + or CD163 + cells related to 100 adipocytes (21). Collagen and elastin structures were analyzed using confocal microscopy and second-harmonic generation (SHG) microscopy on another piece of fixed scAT sample in 3 random obese subjects (Group1) as described (11).

ScAT Explant in vitro

Piece of surgical biopsy samples (Group1) was placed in a culture medium enriched in endothelial cell basal medium (Promocell, Heildelberg, Germany), supplemented with 1% albumin free fatty acids (PAA Laboratoires, Velizy-Villacoublay, France) and antibiotics.

After 24-hour incubation at 37°C, scAT explant secretion media were collected and frozen at -80°C for ELISA and zymography. The explant secretion was normalized to AT weight according to the ratio of 1mL of culture medium for 0.1g scAT.

Protein Determination in scAT Explant

The concentrations of collagen III formation marker, N-proteases cleaved N-terminal propeptides of collagen III (PRO-C3), and degradation marker, MMP-9-generated neoepitope fragments of collagen III (C3M), in scAT explants were evaluated using two competitive ELISA kits developed by Nordic Bioscience A/S (Herlev, Denmark) (22). The protein profiles of proMMP-2 and proMMP-9 were analyzed by zymography as described (23).

Statistical Analyses

Data are expressed as mean ± SD, categorical variables as numbers and percentages, and values in graphs as mean ± SEM. Categorical data were analyzed using Fisher's exact test.

For continuous data, repeated one-way ANOVA was used to compare more than two groups and Holm-Sidak's parametric multiple comparison for post-hoc analysis; student's t-test was used to compare two groups. For small sample size (i.e. n<30), data were first transformed by natural logarithm if they did not follow a Gaussian distribution. Two-tailed p-values were considered significant below 0.05. All analyses were conducted using R software version 3.0.3 (http://www.r-project.org) and GraphPad Prism 6.0.

Results

Increased Collagen Deposition in scAT during BS-induced Weight Loss

Using picrosirius-red staining, scAT collagen was quantified in 36-paired obese subjects (Group1) at baseline (T0) and during the follow-up (T3 and T12). No significant difference in collagen accumulation was found among the different BS procedures at baseline (Supplemental Table2). More abundant and thicker bundles of collagen fibers traversing the scAT were observed at T3 and T12 (Figure 2A,B,C). Several parenchymal areas were filled with less well-organized collagen in post-operative tissues (Figure 2C, enlarged image). A significant increase in the average of total and pericellular collagen was observed at T3 and T12 (Figure 2D). As expected, adipocyte size significantly decreased post-BS (Figure 2E), but this reduction was not correlated with collagen accumulation. Moreover, the increase in pericellular collagen remained significant after adjustment for adipocyte size reduction.

Importantly, the fat mass reduction was negatively correlated with pericellular collagen accumulation (r=-0.40, p<0.05). No other associations were observed between collagen accumulation and metabolic or inflammatory variables except for systemic HDL-cholesterol (Supplemental Table3). Notably, the results held true in sub-group analysis of each BS procedure (data not shown).

Undetectable Changes in Tissue Stiffness despite Increased scAT Collagen

Accumulation in scAT

Since we previously showed that collagen accumulation was associated with scAT rigidity and metabolic alterations in obesity ( 9), we next aimed to investigate scAT stiffness changes post-BS using Adiposcan TM at T0, T3 and T12 (Group2). To our surprise, despite increased collagen accumulation, no significant change in average SWS was detected at T3 and T12 compared to T0 (T0: 0.90±0.29m/s, T3: 0.88±0.28m/s, T12: 0.93±0.43m/s, p=0.58, Figure 2F). Even though we observed 2 major clusters of scAT stiffness individuals trajectories using K-means for longitudinal data (KmL) cluster (Supplemental Figure 1), we did not observe significant bioclinical differences at any time points that could possibly explain these trajectories (Supplemental Table 4). Overall, increased picrosirius-red stained collagen along with undetectable change in average scAT SWS could be considered as an adaptive phenomenon of ECM remodeling during weight loss, which requires further investigation.

M2-Macrophages Associate with Collagen Accumulation in scAT

M2 cells, alternatively activated macrophages, are implicated in the resolution phase of inflammation and tissue remodeling (24). Using IHC, M2 cells (i.e.CD163 + cells) and total macrophages (i.e.CD68 + cells) in scAT were quantified in 15 obese subjects from Group1 at T0 and T12. The CD163 + /CD68 + ratio increased between T0 and T12 (0.38±0.20 vs. 0.78±0.58, p<0.01, Figure 3A), in agreement with a switch toward M2-macrophages during weight loss and their role in tissue remodeling. At T0, a strong positive association between CD163 + cells and pericellular collagen accumulation was observed (r=0.76, p<0.01, Figure 3D left panel). Although the number of CD163 + cells moderately increased at T12 (6±3% vs. 9±4%, p=0.04, Figure 3B), a negative association between CD163 + count and pericellular collagen accumulation was found (r=-0.65, p=0.02, Figure 3D right panel). By contrast, the number of CD68 + cells decreased between T0 and T12 (17±8% vs. 14±7%, p=0.04, Figures 3C), but was not associated with collagen deposition at T0 or T12.

Major ECM Remodeling at Transcriptomic Level after Weight Loss

As BS-induced weight loss is accompanied by increased collagen deposition without detectable one-year change in SWS, we next characterized transcriptomic signatures of scAT at T0 and T12 in 42 women (Group3). Using a 5% false-discovery rate, we detected 4236 upand 2989 down-regulated genes (functional annotations see Supplemental Figure 2). We focused our analysis on genes encoding proteins involved in ECM structural components, profibrotic proteins, remodeling, and mechanotransduction. We found differential patterns of gene changes (Figure 4A). Particularly, genes encoding collagen III (COL3A1), collagen VI (COL6A1, COL6A2), and elastin (ELN) were significantly down-regulated, while collagen I (COL1A1) was unchanged. Collagen VI alpha 3 chain (COL6A3) was modestly up-regulated.

Connective tissue growth factor (CTGF) and secreted phosphoprotein 1 (osteopontin, SPP1)

were significantly down-regulated. MMP-9, TIMP1, TIMP2, and TIMP4 were also significantly modified. Importantly, some genes previously shown to be stimulated by mechanical stress (11), such as YAP, TEAD2, TEAD3, TEAD4, were not modified after weight loss (p>0.05).

During collagen biosynthesis, major post-translational modifications take place and are mediated by important enzymes and chaperones. We found that the expression levels of most of these molecules were decreased at T12 (Figure 4B). Finally, we observed a significant down-regulation of genes encoding cross-linking enzymes such as LOX, lysyl oxidase-like 4 (LOXL4), transglutaminase1 (TGM1), procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 and 3 (PLOD2 and PLOD3), suggesting that matrix fibers' cross-linking was decreased post-BS (Figure 4A). These transcriptomic analyses confirm the strong remodeling of scAT following BS and show major transcriptomic modifications of enzymes involved in collagen biosynthesis, cross-linking and degradation.

Decreased Cross-linking of Matrix Fibers during Weight Loss Associates with Improved

Metabolic Phenotype

We next explored cross-linking enzymes and their associations with metabolic phenotypes.

We confirmed microarray data by RT-PCR and observed that LOX gene expression was significantly down-regulated at T3 and T12 (Group2) (Figure 5A). This was substantiated by decreased LOX protein staining surrounding adipocytes at T3 and T12 (Figure 5B) using IHC. By confocal microscopy and SHG in fixed scAT samples in 3 random obese subjects (Group1), we found a trend towards reduced collagen and elastin intensity at T3

(Supplemental Figure 3). Elastin protein at T3 had more twisted structures (Figure 5C), suggesting that scAT might become less rigid after weight loss.

We next examined the relationships between one-year changes in cross-linking enzyme expression and that of clinical variables (i.e.T12-T0 variation) in Group3 (Figure 5D). The reduction of LOX gene expression was positively associated with the reduction of BMI, fat mass (kg), adipocyte volume, serum leptin and orosomucoid. Variation of LOXL1 was also associated with BMI, fat mass (kg), leptin, total-and HDL-cholesterol. Our gene expression results suggest that decreased post-BS cross-linked scAT matrix fibers link with improved weight loss.

Increased Collagen Degradation during BS-induced Weight Loss

Our team (7) and others (4) have shown that collagen I and III are more frequently observed in fibrous bundles, whereas collagen VI is surrounding adipocytes. Despite increased scAT collagen accumulation post-BS, we found decreased collagen I and VI staining at T12

(Supplemental Figure 4), suggesting that increased picrosirius-red staining may also indicate (at least partially) degraded collagen fragments. We tested this hypothesis by measuring collagen fragments with immunostaining, ELISA and zymography from scAT explants. We observed increased stained degraded collagen I surrounding adipocytes in scAT at T3 and T12 (Figure 5E). Accordingly, the concentration of degraded collagen III (C3M) in scAT at T12 was significantly increased compared to T0 (Figure 5F left panel). ProMMP-9 and proMMP-2 entities at 92 kDa and 72 kDa respectively were observed (Figure 5G). Despite individual variability, an increased trend of proMMP-2 at T3 in one non-diabetic obese subject and an increase of proMMP-9 at T3 followed by stabilization at T12 in two others were observed. These changes in proMMPs were not detected in samples from type 2 diabetic obese subjects (Figure 5G). In parallel, newly synthesized collagen III (Pro-C3M) concentration was significantly decreased in obese compared to non-obese subjects and showed a non-significant increase at T3, T12 (Figure 5F right panel).

DISCUSSION

Collagen accumulation in white AT is considered as an important pathological alteration associated with several comorbidities of obesity (1,7,9). Our results provide new insights into weight-loss induced AT remodeling in paired humans individuals before and one-year post-BS. Our results suggest that picrosirius-red stained collagen in scAT does not always refer to "pathological collagens", but could be a signature of extensive tissue remodeling and collagen degradation following adipocyte shrinkage during weight loss along with improved clinical, metabolic and inflammatory outcomes.

During physiological tissue repair, ECM accumulation is a key regenerative step replacing tissue debris and dead cells (2). In pathological conditions, increased collagen deposition is not always synonymous with deleterious fibrosis. In myocardial injury, different types of fibrosis have been reported according to the progression and history of cardiomyopathies: a reactive "interstitial fibrosis" with ECM deposition in response to deleterious stimuli is considered pathological. Conversely, a "replacement fibrosis" that replaces myocytes after cell damage or necrosis may preserve the structural integrity of the myocardium (25,26). As we did not find any association between adipocyte diameter reduction and pericellular collagen increase, we attribute this increased pericellular collagen to "replacement collagen" that occurs at adipocyte shrinkage sites. This is further supported by our observation of some large parenchyma areas filled with less well-organized collagen.

This replacement collagen, as part of the remodeling process, might be an adaptive and physiological phenomenon during weight loss.

Cross-linking is necessary for matrix fibers maturation and stabilization (27) and contributes to increased tissue stiffness. LOX is a major enzyme mediating collagen and elastin cross-linking. A relationship between LOX enzymatic activity and tissue stiffness was established in colorectal cancer and indicated a pivotal role of LOX associated stiffness in driving colorectal cancer progression (12,28). In obese subjects, scAT LOX gene expression is increased (11). Increased perioperative scAT pericellular collagen is associated with increased tissue stiffness measured by Adiposcan TM (9). Moreover, pericellular collagen leads to adipocyte constraints and stimulates genes encoding mechano-sensitive, inflammatory and profibrotic proteins such as CTGF in a 3D model (11). Herein, decreased LOX gene expression and protein, and increased elastin twist structure evaluated by SHG after weight loss clearly suggest decreased cross-linking and relaxed fibers. The transcriptomic study performed before and one-year post-BS confirmed intense tissue remodeling. These results align with other observations of deceased major ECM gene and profibrotic proteins both after short-term BS-induced weight loss (14) or dietary intervention (31). We, herein, suggest that increased picrosirius-red staining is, at least partially, due to increased degraded collagens (collagen I, III) and eventually less newly synthesized collagens (collagen III) as shown by IHC and ELISA. Indeed, we found decreased staining of specific collagens such as collagen I and VI. Importantly, we went beyond the transcriptomic results obtained by McChulloch et al who observed only increased post-BS COL6A3 expression but not other collagen VI alpha chains or their protein content (14). Our microarray analysis displayed different expression changes of collagen VI alpha chain: COL6A1 and COL6A2 decreased whereas COL6A3 increased. It is well known that transcriptomic changes of sub-type chains do not always relate to the same changes at the protein level. According to our immunostaining results, we found less collagen VI surrounding adipocytes post-BS.

ScAT stiffness measured by

Our zymography analysis in scAT revealed the presence of proMMP-2 and/or proMMP-9 proteins in obese non-diabetic subjects. ProMMPs are the inactive zymogen forms.

There are growing evidences of the ability of proMMP-2 and proMMP-9 to directly activate classical signaling pathways involved in cell growth, survival, migration, and angiogenesis (32). In metabolically healthy obese individuals, scAT proMMP-9 zymographic activity is increased, suggesting that proMMP-9 might be linked with better metabolic profile (33). The fact that we did not observe the difference in obese diabetic individuals seems to be in accordance with this last point, or could also be due to the effect of anti-diabetic drugs.

Exploring the co-expression of proMMPs and TIMPs in the context of scAT remodeling and improved metabolism deserves further consideration.

The mechanisms leading to fibrosis synthesis and degradation at the cellular level need to be better delineated in AT. AT macrophages (ATM) are triggers of fibrosis (34). We previously showed that both diet and BS-induced weight loss improve inflammatory profiles despite non-negligible inter-individual variations (14,24,35). Here, we observed increased In conclusion, this study provides new insights into scAT adaptation during drastic weight-loss and shows that increased picrosirius-red staining is a signature of tissue remodeling with increased collagen degradation and less cross-linked fibers. It will be critical to follow patients during long-term weight loss and to determine the impact of scAT remodeling on metabolic improvements. 

Sleep Apnea N (%) 31 Values are expressed as means ± SD (standard deviation), unless otherwise stated. hsCRP, highly sensitive C-reactive protein; HOMA-IR, homeostatic model assessment-insulin resistance; HOMA-B (%), beta cell function; HOMA-S (%): insulin sensitivity. There are 11 common subjects in Group1 and Group2. For continuous data, repeated ANOVA was used to compare three time points in Group1 and Group2, when p values of ANOVA were <0.05, Holm-Sidak's parametric multiple comparison test was used to compare each of the two time points; student's t-test was used in Group3. For categorical data, Fisher's exact test was used.

* p<0.05 when compared to T0 in each group, # p<0.05 when compared to T3 in Group1 and Group2. Subjects' baseline characteristics (T0) in three groups were compared by ANOVA for quantitative data and by Fisher's exact test for qualitative data. No significant differences were found except the BS type. U937 cells (ATCC CRL-1593.2) stimulated with 100 U/ml recombinant TNF for 48 h were used as positive control. ProMMP-2 (72kDa) and proMMP-9 (92 kDa) were detected as transparent bands on the background of Eza-blue stained gelatin. Categorical data were analyzed using Fisher's exact test, quantitative data were analyzed using Wilcoxon test.
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II. 1 Post-BS collagen accumulation profiles

This overall increase in collagen deposition after BS-induced weight loss was observed despite the improvement in metabolic and inflammation conditions in these severely obese subjects. However, looking at individual collagen accumulation profiles of 36 subjects from Group 1, we were able to distinguish two different kinetic profiles of collagen accumulation (Fig 30 A-D) except for 4 subjects who did not follow the two predominant patterns (Fig 30 G,H). Some individuals (type A) displayed a continuous increase in total (n=22) and pericellular (n=18) collagen between T0 and T12 (Fig 30 A,C). By contrast, other subjects (type B) exhibited increased total (n=10) and pericellular (n=14) collagen deposition at T3 which remained stable or slightly decreased at T12 compared to T3 (Fig 30 B,D).

Nevertheless, in these "type B" subjects, total and pericellular collagen accumulation at T12

were more than twice higher compared to T0 (total: 8.82±2.92% at T12 vs. 4.58±2.57% at T0, paired student's t-test p<0.01; pericellular: 3.09±1.60% at T12 vs. 1.44±0.70% at T0, paired student's t-test p<0.01). When comparing collagen accumulation between "type A" and "type B" at T12, "type A" subjects had more collagen accumulation at T12 (total 21.87±15.80% in "type A" vs. 8.82±2.92% in "type B", student's t-test p<0.01; pericellular collagen accumulation 6.74±7.56% in type A vs. 3.09±1.60% in type B, student's t-test p<0.01). There was a similar distribution in gender (Female n=16 (88.9%) in "type A" versus n=9 (64.3%) in "type B", Fisher's exact test p=0.19), age (38.9±8.7yr in "type A" versus 43.2±0.26yr in "type B", student's t-test p=0.26), type 2 diabetes (n=4 (22.2%) in "type A" versus n=5 (35.7%), Fisher's exact test p=0.45) and BS procedures ("type A" banding n=3, sleeve n=1, bypass n=14, "type B" banding n=3, sleeve n=4, bypass n=7, Fisher' exact test p=0.18) in the two groups. In both "type A" and "type B" groups, the adipocyte size at T12 was significantly decreased compared to T0 but the decrease between T3 and T12 was significant only in "type A" (Figure 30 E,F) and the adipocyte size at T12 was significantly smaller in "type A" (65.11±10.01 versus 77.00±10.11, student's t-test p<0.05). Interestingly, when comparing clinical variables in both profiles, despite higher collagen accumulation at T12, "type A" patients displayed a greater reduction in BMI, fat mass (kg) and adipocyte diameter between T0 and T12 (Table 7), again suggesting that collagen deposition after weight loss is not associated with deleterious clinical outcomes. Table 7. Variation of bioclinical parameters according to pericellular collagen accumulation profiles in 36 obese subjects from Group 1

(T3-T0)/T0 (%) (T12-T0)/T0 (%) Type A Type B Type A Type B BMI -17±5 -15±3 -31±9 -23±9 * Fat mass -19±6 -21±7 -44±13 -32±14 * Fat-free mass -13±8 -12±6 -16±7 -12±6 Leptin -44±52 -61±13 -46±76 -56±30 Adiponectin 27±40 27±30 62±96 35±63 Fasting glycemia -12±18 -9±16 -16±17 -12±16 Fasting Insulin -42±23 -43±27 -44±30 -56±23 HbA1c -8±10 -7±9 -9±11 -7±10 HOMA-IR -36±31 -35±34 -74±10 -71±23* HOMA-B% -6±37 -11±36 -42±21 -46±17 HOMA-S% 98±107 119±189 370±278 355±207 Total cholesterols -7±16 -6±18 -6±16 -4±19 Triglycerides -8±29 -18±29 -29±24 -29±26 HDL cholesterol 0±22 6±16 42±63 20±19 AST 10±73 11±34 2±55 -15±28 ALT -2±60 -23±65 5±97 -24±49 γGT -47±54 -67±40 -38±32 -44±19 IL-6 -6±52 1±33 -24±45 -38±13 hsCRP -46±48 -24±27 -76±20 -25±128 Orosomucoid -2±2 -2±5 -4±3 -3±7 Adipocyte Diameter -13±9 -9±19 -27±12 -8±24 * Paired student's t-test, * p<0.05.
Altogether these observations demonstrated interesting results: different patterns of AT remodeling associates with different one-year post-BS weight-loss outcomes. Whereas patients had similar pre-BS clinical and biological variables, subjects, who displaying a step increase in collagens ("type A") and higher mean level of collagen accumulation, had also a higher weight and fat mass loss one year after BS than "type B" subjects (with an inverse Vshape profile). This suggests different individual scAT ECM adaptation after weight loss. The observed association also suggests that an adapted tissue remodeling may promote better weight and fat mass loss, or that higher fat mass loss promote increased deposition of ECM.

II. 2 Fibro-inflammatory cytokines and chemokines in adipose tissue explant

Proinflammatory and profibrotic cytokines/chemokines and proteins secreted by AT contribute to scAT fibrosis in obesity. It was showed that some circulating inflammatory factors (e.g. IL-1RA, MCP1, VEGF) are decreased one year after BS (214). We next hypothesized that these proteins might decrease in AT and contribute to reduced collagen synthesis during BS-induced weight loss.

To test this hypothesis, we measured some important proteins in scAT explant from surgical biopsy samples in 5 lean non-diabetic subjects (age 39.6±19.6yr, Female n=1, BMI=21.4±2.0 kg/m 2 ) and in 11 obese subjects (age 38.5±10.1yr, Female n=6, Diabetic n=3, BMI=46.1±6.7kg/m 2 , bypass n=6, sleeve n=5) at baseline and 3 months (T3, BMI=38.4±5.4kg/m 2 ), 12 months (T12, BMI=32.3±4.0kg/m 2 ) after BS. A cytometric bead array (Human Cytokine/Chemokine Magnetic bead panel, Millipore, Germany) was used to measure MCP1, IFN-γ, TNF-α, IFN-β, IL-6, IL-12p40, IL-4, IL-10, IL-13,EGF, FGF2, PDGFAA, PDGFBB and VEGF. CTGF (Wuhan Elabscience Biotechnology, China) and TGF-β (Bio-Techne, USA) were also measured using specific ELISA kits. In 105 morbidly obese subjects recruited in FIBROTA study, we confirmed the significant relationship of scAT SWS with picrosirius-red stained scAT pericellular fibrosis and several bioclinical parameters. I also found that scAT SWS was associated with expression levels of several genes encoding scAT ECM components. Notably, we demonstrated that the prevalence of cardiometabolic abnormalities, MetS and 10-year CHD risks increased with scAT SWS, suggesting an important clinical relevance of this tool to better stratify obese subjects. We believe that this study provides important clues to better phenotype obese patients.

Indeed the concept of "beyond BMI", which proposes to use parameters other than BMI to stratify phenotypes of obese subjects (13) and to select adequate subjects for BS (12), has recently emerged. Although BMI is associated with increased mortality and is served as a simple screening measure for epidemiology study, using BMI alone at individual level has many limitations (13).

For example, BMI does not distinguish the increase of body weight from fat mass or lean mass, or other pathological conditions (e.g. edema); it does not identify the fat mass distribution (i.e. android and gynoid obesity); in adults it does not take into account the effect of age (e.g. old subjects have more fat mass) and population (e.g. Asian have more fat mass and higher mortality and CVD risks than Caucasian at the same BMI level) (13).

Accordingly, some other criteria to stratify obese subjects have been proposed. For instance, Sharma AM et al. developed the Edmonton obesity staging system to complete anthropometric classification (215). This system, which incorporates obesity-related comorbidities and functional status, is a strong predictor of increasing mortality independent of BMI, MetS in overweight or obese subjects (213). However, this scale can not evaluate risks in non-obese metabolically unhealthy subjects, has some subjective parameters, and needs further validation in obese subjects of different countries (215). Basdevant et al.

proposed a large panel of parameters to stratify the phenotypes of obese subjects for different purposes. In clinical practice, DXA for fat mass quantification, scAT needle biopsy for adipocyte characterizing, staging for complications should be evaluated. In clinical research, socio-ecological information (geographic etc.), behavior, histological and imaging examines should be integrated (13). In this context, our work may propose that AdipoScan TM could be an integrator of several information that could be used to stratify obesity phenotypes and eventually predict their cardiometabolic risks.

Another argument to reinforce the clinical relevance of Adiposcan is the result that BS-induced weight loss could be predicted by pre-BS scAT SWS, especially in bypass group.

The concept of "beyond BMI" also emphasizes the need for new guidelines for bariatric and metabolic surgery. The "old" consensus statement of using BMI as the primary operative criterion for BS was established by National Institutes of Health (NIH) in 1991. Although this statement is widely accepted and practiced worldwide, it is outdated and has many limitations 190 (12). Importantly, long-term clinical studies (e.g. SOS study) showed that baseline BMI does not predict BS-induced benefits of diabetes remission, cardiovascular events and cancer (9).

In addition, metabolic surgery, which targets T2D and other metabolic comorbidities with lower BMI, is booming now with its short-and long-term benefits. However, other metabolic parameters besides BMI to select candidates are needed to confirm (12,212). Moreover, the statement was made when open procedures were taken into account, while most procedures are nowadays realized using laparoscopy which largely decreases operative mortality (12).

Herein, our results revealed higher weight loss in subjects with lower pre-BS scAT SWS. This opens a new concept suggesting that increased adipose tissue stiffness could limit weight loss.

These indicate a promising use of Adiposcan TM to select patients who might benefit mostly from BS in the future.

However to make this tool really used in clinical practice, there are still many issues to be solved. Indeed, the predictive role of AdipoScan TM needs to be confirmed 1) in more subjects undergoing bypass and sleeve procedures; 2) in overweight or moderate obese metabolically unhealthy candidates for metabolic surgery; and then the cardiometabolic improvements in these subjects need to be evaluated. Our further objective is to find out a threshold of scAT SWS that identifies appropriate morbidly obese candidates benefiting the most from BS. The use of AdipoScan TM needs also to be extended in larger population from other centers (in France) and other countries.

Before the widespread use of AdipoScan TM for large-scale clinical studies, there are still technical issues that need to be solved. For example, we intended to figure out which tissue characteristics in scAT contribute to scAT SWS variation. Picrosirius-red stained collagens and expression levels of some scAT ECM components were found significantly associated with scAT SWS. Besides, amount and types of lipids in adipocytes, scAT inflammation and vascularization might also influence scAT SWS and need to be further studies at different levels (e.g. transcriptomics and proteomics). In addition, using ultrasound, we observed that macro-structure of abdominal scAT structure is quite heterogeneous with the presence of fascia and fibrous septa in some obese subjects. Fascia is a structural support that divides the abdominal fat into areolar (more superficial) and lamellar (deeper) layers. The areolar layer fat consists of small, well-defined lobules firmly contained by more dense vertical fibrous septa connected to the deepest dermal layer. The lamellar fat layer comprises large lobules of fat loosely packaged in poorly delimitated spaces bound by oblique fibrous septa (218). In order to further study the role of fascia and fibrous septa in scAT SWS, one master student realized ultrasound and multiple-region scAT SWS measurements in 41 subjects. Subjects were categorized into four classes according to the heterogeneity of macrostructure observed by ultrasound (Fig 33 ): class I, homogeneous without fibrous septa in the superficial 4cm; class II, quite homogeneous with few septa; class III, heterogeneous with septa; class VI, very heterogeneous with "mille-feuille" like septa. We found that scAT SWS are significantly higher in class VI subjects than those in other classes. We also observed higher individual variability of multiple-region scAT SWS measurements in class VI subjects.

These observations suggest that heterogeneity of scAT might disturb shear wave propagation, increase measure variability and impair tool's reproducibility. The clinical relevance of scAT heterogeneity, for example, whether it links with BMI, the body weight history and metabolic complications, needs to be further studied. Therefore, for the further scAT measurement, we propose to realize a ultrasound examination to evaluate macro-structure and select a measurement window, and then perform a series of multiple-region measurements in each patient to take into account individual variability. This change in collagen deposition was negatively associated with change in fat mass, but not with other metabolic and inflammatory systemic improvements. Furthermore, different patients' profiles of collagen accumulation changes showed interesting results. Whereas patients had similar pre-BS clinical and biological parameters, subjects displaying a step increase in collagens ("type A") and higher mean level of collagen accumulation had also a higher weight and fat mass loss one year after BS than "type B" subjects (with an inverse Vshape profile). This suggests different individual scAT ECM adaptation after weight loss. The observed association also suggests that an adapted tissue remodeling may promote better weight and fat mass loss, or that higher fat mass loss promote increased deposition of ECM.

Moreover, "type A" subjects had higher reduction of adipocyte diameters, suggesting more collagen accumulation might reflect increased adipocyte shrinkage. However, these results need to be confirmed in more subjects and taking into account different BS procedures.

We attributed the increased picrosirius-red stained collagens to tissue adaptation after BS-induced fat loss and adipocyte shrinkage that might not be deleterious during kinetics of weight loss. As such, transcriptomic study showed down-regulation of genes encoding several enzymes involved in biosynthesis of collagen, post-translational modifications and crosslinking. By immunohistochemistry, ELISA and zymography, we observed an increase of both collagen synthesis and degradation after BS but weighted towards more degradation.

However, these observations at protein level were performed in scAT explant of a small numbers of subjects (n=3~10). We would like to confirm them in a larger number of subjects, but due to repeated surgical biopsy and long-term follow-up, this goal was not reached during my PhD work. Moreover, as showed in the introduction part, MMP/TIMP balance is shifted to increased matrix degradation to accommodate AT's need for expansion duirng weight gain.

The observed increased degradation during weight loss might reflect a dynamic AT remodeling in response to weight change. However, the activities of these enzymes, MMP/TIMP balance and their different relevances in weight gain and loss need to be further studied. In the next step, we could reduce the frequency of biopsy, i.e. one during BS under general anesthesia and another one year after BS under local anesthesia, in order to increase number of obese subjects accepting the biopsy and complete the experiments we want to confirm and study effect of BS procedures these changes. Besides, autophagy, an important process involved in interstitial collagens catabolism (mainly I, II, III) (74), was showed attenuated in obese AT by our laboratory [START_REF] Soussi | DAPK2 down-regulation associates with attenuated adipocyte autophagic clearance in human obesity[END_REF]. It will be interesting to evaluate whether AT autophagy is activated during weight loss and whether this change is associated with increased post-BS collagen degradation. Moreover, there is now growing evidence pointing the ability of proMMP-2 and proMMP-9 (by binding cell surface receptors) to directly activate classical signaling pathways involved in cell growth, survival, migration and angiogenesis (219). We showed that scAT proMMP-9 expression is higher in obese healthy individuals than obese subjects with metabolic syndrome, suggesting that proMMP-9 might be linked with better metabolic profile in obesity (161). Exploring the coexpression of proMMPs and TIMPs in the context of scAT remodeling and improved metabolism deserves further consideration.

We then proposed that post-BS replacement collagens are not deleterious as we found no relationships between collagen accumulation and metabolic improvements except fat mass loss, and no detectable increase of scAT stiffness measured by Adiposcan TM , no up-regulation of genes involved in mechano-sensitive YAP/TEAD pathway. These results suggest no increase of mechanical stress after weight loss. However, because Adiposcan TM was designed to measure pre-BS scAT fibrosis and stiffness in morbidly obese subjects, the device might not be sensitive enough to measure post-BS changes. Therefore, it might be necessary to confirm the change in tissue stiffness by other methods, such as ARG2 controlled strain rotational rheometer (113) at tissue level and atomic force microscopy at cellular level (220).

In addition, as adipocytes are mechanosensitive cells (66), how adipocytes answer to post-BS scAT stiffness through mechanosensitive receptors (e.g. integrins) and how adipocytes change cells behaviors during weight loss also need more investigation.

When we performed post-BS scAT surgical biopsy, we observed that the biopsy regions bled a lot in most subjects, suggesting increased vascularization that was in accordance with increased vessels first observed in picrosirius-red stained scAT sides. Using multiplex, we observed a significant increased level of PDGFAA and BB, suggesting an increased angiogenesis during weight loss. Moreover, PDGF AA and BB, which are also markers of human adipose-tissue derived stem cells (ASCs), have been found to have Inflammation, particularly ATM, is considered as an important trigger of fibrosis in obese scAT [START_REF] Dalmas | Defining macrophage phenotype and function in adipose tissue[END_REF]133). Our results showed an increased CD163 + /CD68 + ratio and CD163 + cells at T12 and a decrease of total macrophages (CD68 + ) during weight loss, a positive association between CD163+ cells and pericellular fibrosis before BS while a negative association one year after BS. In addition, Fallowfield et al. subjects with kinetic study. We first confirmed that the pro-inflammatory protiens (e.g. MCP1, TNFα, IL-6) were increased in obese subjects than in lean ones. However, the evolution of these proteins in obese subjects demonstrated major inter-individual variability, probably due to the heterogeneity of subjects in this small sub-group (mixture of male and female, diabetic and non-diabetic subjects, different BS procedures, potential different collagen accumulation response). Therefore, we did not draw any conclusion about inflammation from these experiments. Nevertherless, since immune cells are considered as important players in AT remodeling, it is of great interest to further study their function during weight loss.

Histological analysis of the presence and location of immune cells in post-BS AT, quantification of immune cells by FACS, redoes the pro-and anti-inflammatory proteins in scAT explant in a better designed larger group of subjects, and their links with post-BS collagen deposition during weight loss needs to be further studied.

Morbidly obese subjects experience periods of weight variations, even after BS procedures (9). Weight cycling worsens metabolic and cardiovascular disorders (e.g. diabetes, coronary death) in human (206-208) and aggravates AT inflammation in mouse model (212).

Herein, I showed that weight variation history might influence scAT SWS in 103 obese candidates for BS. However, since most differences were not significant, further studies with simplified but better oriented questionnaire should be performed in obese subjects. It is not excluded that the effect of persistent collagen accumulation might be harmful regarding their capacity to lose and maintain weight on the long term. For example, we previously showed that in 59 subjects who underwent gastric banding, before a conversion to bypass, had significantly higher total collagen accumulation than primarily operated subjects (2). It is probably necessary to better follow patients' trajectories and examine whether accumulation of collagens or changes (i.e. degree of degradation) during weight loss, might predict patients outcome. It might also be of interest to compare the metabolic disorders and cardiovascular risks between these subjects and primarily operated subjects with the same levels of collagen accumulation and BMI in order to evaluate whether persistent collagens induced by drastic weight change are more deleterious. In addition, animal in vitro and in vivo studies are needed to further evaluate the relationship between weight cycling and AT remodeling.

III. Anti-fibrosis, a potential treatment for obesity?

The idea of treating obesity and related metabolic complications by anti-fibrotic approaches might initially strengthened by the beneficial outcomes (e. Therefore, a broad-spectrum anti-fibrotic drug might treat subjects with severe multiple-organ fibrosis.

We could imagine obese patients indicated for anti-fibrotic treatment might be those with 1) severe AT fibrosis and severe metabolic complications of obesity; 2) AT fibrosis associated with sever multiple-organ fibrosis; 3) severe AT fibrosis and increased scAT SWS, who are preparing BS and wish to improve BS-induced outcomes; 4) higher risks of not having enough beneficial outcomes from BS; 5) contraindication for BS.

The follow-up of anti-fibrotic treatment could be indirect outcomes such as metabolic improvements that are easy to evaluate by non-invasive methods; or could be direct evidences of AT fibrosis. Therefore, the developing of non-invasive methods to evaluating AT fibrosis, 
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Results

Discussion & Conclusion

Bioclinical Characteristics (n=78)

Diabetes n(%) NASH and NAFLD patients had larger adipocytes compared to those whose liver were normal.

NASH and NALFD patients were significantly less obese at early adulthood (20 yr old) compared to those whose liver were normal.

Adipocyte diameter was associated with liver fibrosis, steatosis (�=0.36, p=0.004), ballooning (�=0.439, p<0.001) and LSM (�=0.397, p=0.003). Among them, ballooning grades was independently correlated with adipocyte diameters (p<0.001).

LB was assessed by a single anatomo-pathologist. 

LSM by FibroScan

Needle biopsy of scAT Liver fibrosis is also correlated with changes in tissue stiffness, which can be detected by noninvasive elastography (8). Macrophage accumulation in visceral WAT deposits is associated with aggravated liver inflammation and fibrosis in morbid obesity (9).

Recent data have shown associations between human obesity and major changes in the expressions of extracellular matrix components in WAT (10 -13), accompanied by increased collagen depots and more collagen types, such as collagen I, III, and VI (11). Although excess collagen is linked with insulin resistance (13,14), no study has reported details of the relationship between WAT collagen accumulation and potential changes in WAT stiffness, as observed in the liver. Moreover, a putative link between liver and WAT fibrosis has never been described in the context of obesity and diabetes (13). Thus, it remains unclear whether adipose tissue stiffness is associated with obesity-related variables and metabolic risks.

Reducing body weight leads to improvements in metabolic, liver, and cardiovascular complications (15), as well as ameliorations in WAT alterations, such as inflammation (10,16). Diabetes improves after bariatric surgeryinduced weight loss, which is currently the most efficient procedure for morbid obesity, but which has its own associated risks (17)(18)(19). Variability among individuals and weight regain remain major challenges (20,21), with weight outcome failures occurring in about 30% of subjects after surgery (22). Putative predictors of weight loss include clinical and individual variables, such as gender, age, history of diabetes, and genetic and psychological traits (23,24).

Little is known about the relevance of tissue structure alterations in the context of weight loss after gastric bypass. In a preliminary study with a small subject group (11), we showed that higher fibrosis around adipocytes (ie, periadipocyte fibrosis) is associated with reduced fat mass loss after gastric bypass. However, the predictive capacity of this putative tissue marker was not evaluated in combination with bioclinical variables and tissue alterations (11).

The present study examined morbidly obese subjects to determine the bioclinical relevance of WAT and liver fibrosis as evaluated by immunohistochemistry (IHC), as well as the relationships between IHC-evaluated fibrosis, tissue stiffness measured using a novel device, and bioclinical parameters.

Patients and Methods

Study samples

This study enrolled 404 obese subjects who had been prospectively included in a gastric surgery program at the nutrition departments of the Hôtel-Dieu and Pitié-Salpétrière hospitals (Paris, France), as described elsewhere (25,26). During surgery, paired surgical sc and omental WAT (scWAT and oWAT, respectively) and liver biopsies were collected. A total of 139 subjects (34.4%) had type 2 diabetes, indicated by fasting glycemia of Ͼ7 mM or use of antidiabetic treatment. Of these diabetic subjects, 33 (23.7%) were untreated, 42 (30.2%) took metformin, 39 (28.1%) used insulin, and 25 (18%) used a combination of different treatments. Of the 404 study participants, 91 (22.5%) were taking hypolipidemic drugs (fibrates or statins).

Additionally, 59 subjects had undergone gastric banding ranging from a few months to 5 years before undergoing gastric bypass; these patients were referred to as the conversion group. The 345 primarily operated subjects were weight-stable for at least 3 months before gastric bypass. This group included 49 women (14.2%) who were considered metabolically healthy, having no diabetes or liver alterations (ie, no steatosis, inflammation, or fibrosis). The cohort did not include any healthy nondiabetic men. Table 1 shows the clinical and biological parameters of the participants. Among the 345 subjects evaluated at baseline, 243 were followed up at 3, 6, and 12 months after bypass surgery (Table 1). The Ethics Committee at Hôtel-Dieu Hospital approved the present clinical investigations. All subjects gave their informed, written consent before inclusion in the study.

Liver histopathology

Liver biopsies were formalin-fixed and paraffin-embedded, and serial sections were stained. The minimum set of stained sections included hematoxylin-eosin, picrosirius red, and Perls' staining. Biopsies were reviewed by a single liver pathologist (B.P.). Among the 345 patient samples, liver scoring for one patient could not be performed due to the poor quality of the liver biopsy; for the remaining 344 patients, fibrosis was scored at baseline according to Kleiner criteria (27).

WAT histopathology

scWAT and oWAT biopsies were processed, embedded in paraffin, and sliced into 5-m-thick sections. Adipocyte diameters were evaluated using hematoxylin-eosin staining and Perfect Image software (Claravision). WAT biopsy slides were stained with picrosirius red, and the total area was scanned at 20ϫ magnification and resolution of 0.24 m/pixel using a Na- ! noZoomer Hamamatsu scanner (Hamamatsu Photonics KK, Systems Division). Digital slides were visualized on a high-definition display (Barco Coronis Fusion; Barco) to pinpoint pathological fibrosis quantification (termed "IHC-fibrosis" below). Detection thresholds were adjusted with an image-analysis module using Calopix software (Tribvn). Total IHC-fibrosis quantification was expressed as the ratio of fibrous tissue area stained with picrosirius red to the total tissue surface, as previously described (10). Periadipocyte IHC-fibrosis was quantified by measuring the area of IHC-fibrosis in 10 random fields examined at 10ϫ magnification (11). IHC-fibrosis quantification was performed on one section, and we verified that this slide was representative of the whole biopsy by quantifying 10 slides from the start to the end of the biopsy specimen. Results indicated that this quantification was homogeneous. This technique is routinely used to quantify liver fibrosis.

Bioclinical tests

Body composition was estimated by whole-body fan-beam dual-energy x-ray absorptiometry (DXA) scanning (Hologic Discovery W software, version 12.6; Hologic Inc) (28). Body fat and lean mass distribution were determined as described elsewhere (29). Thirty-four subjects were excluded because their preoperative weight exceeded the limit of the DXA (160 kg) or they did not fit entirely within the DXA field of view. Blood samples were taken after 12 hours of overnight fasting. Clinical variables were measured 1 month before the day of bariatric surgery as described elsewhere (9 -11, 16). For 243 subjects, DXA measurements were taken before bypass and at 3, 6, and 12 months after bypass.

Measurement of tissue stiffness by transient elastography

In 123 subjects, liver stiffness was noninvasively assessed using the vibration-controlled transient elastography (VCTE) de-vice (Fibroscan; Echosens) (30). Using the same principle that the VCTE uses for liver assessment, Echosens customized a novel prototype device called AdipoScan to measure scWAT stiffness in the same 123 obese subjects. The VCTE technology is based on the generation of a mechanical vibration, which induces the propagation of a shear wave in the tissue. The shear wave velocity is evaluated in the scWAT region of interest, which is anisotropic and heterogeneous and is related to tissue viscoelastic characteristics. The velocity increases with tissue stiffness. Using this new prototype, measurements were performed, localized near the umbilicus on the subject because abdominal scWAT was at its maximum thickness at this position. In that case, it is based on the use of a mini electromechanical transducer for generating the mechanical vibration, associated to a piezoelectric transducer for following the shear wave propagation (see Figure 2B). Importantly, this prototype is light to minimize the initial static force (pressure), and then to avoid compressing the tissue and modifying the viscoelastic properties of the WAT (see Figure 2B).

The intraoperator reproducibility was evaluated in five patients using the standardized coefficient of variation (SCV). Adi-poScan measurements were reproducible (SCV ϭ 4%).

Tissue stiffness by transient elastography was measured 1 month before the day of bariatric surgery.

Statistical analyses

Data are expressed as mean Ϯ SD. Categorical variables are expressed as numbers and percentages. The Shapiro-Wilk test was used to test the Gaussian distribution of the biological parameters. Skewed variables were log-transformed to normalize their distribution before statistical analyses. Categorical data were analyzed using the 2 ! 221 formed using Spearman's or Pearson's correlation, as appropriate. Univariate/multivariate logistic regression analyses were performed, and each odds ratio (OR) was calculated with a 95% confidence interval (CI).

For clustering analysis of patients' body mass index (BMI) losses after bariatric surgery, we used the K-means algorithm, which is specifically designed to deal with longitudinal data (KmL) (31). The KmL method is the implementation of "k-means" specifically designed to cluster trajectories. This method proposes a graphical interface for choosing the "best" number of clusters. Thus, the classification (low vs good responders to bariatric surgery) was based on the resulting observation. All P values are two-sided, and P values Ͻ.05 were considered to be statistically significant. All analyses were performed using R software, version 2.15.1.

Results

Association between WAT and liver IHCdetermined fibrosis

Among the 404 initially recruited subjects, 59 underwent a bypass conversion that was prescribed due to weight regain after the first gastric banding. scWAT IHCfibrosis accumulation significantly differed in primarily operated subjects (4.5%) compared to those with bypass conversion (8.1%; P ϭ .004); therefore, the bypass conversion group was excluded from subsequent analysis.

Our findings confirmed that, among the investigated obese subjects for whom liver fibrosis score (F) was available, those with significant liver fibrosis (n ϭ 85; F Ն2) were more frequently men, had higher rates of type 2 diabetes and dyslipidemia, and had elevated circulating IL-6 levels compared to the subjects with F Ͻ 2. Additionally, subjects with significant liver fibrosis exhibited increased total scWAT IHC-fibrosis (Table 2). Significant liver fibrosis (F Ն 2) was positively associated with both scWAT total (|ϭ 0.14; P ϭ .012) and periadipocyte IHC-fibrosis (|ϭ 0.11; P ϭ .044). The amount of total IHC-fibrosis in scWAT was associated with oWAT IHC-fibrosis (|ϭ 0.34; P Ͻ .001), but no correlation was found between oWAT and liver fibrosis. When we excluded diabetic participants (35.6% of the population at baseline), we ob- ! 222 served a positive correlation between significant liver fibrosis (F Ն 2) and both total scWAT (|ϭ 0.15; P ϭ .029) and oWAT IHC-fibrosis (|ϭ 0.14; P ϭ .039).

In these 344 subjects, we further examined circulating metabolic and inflammatory variables that were potentially associated with WAT IHC-fibrosis at baseline. In contrast to our observations relating to liver fibrosis, we found no significant associations between WAT IHC-fibrosis and glucose or lipidic parameters. We only observed a significant association between scWAT IHC-fibrosis and circulating concentrations of IL-6 (|ϭ 0.12; P ϭ .033).

WAT IHC-fibrosis negatively associated with body fat mass

At baseline, scWAT IHC-fibrosis was negatively associated with the percentage of fat mass (|ϭ Ϫ0.17; P ϭ .003), and oWAT IHC-fibrosis was negatively correlated with weight (|ϭ Ϫ0.14; P ϭ .010) and BMI (|ϭ Ϫ0.12; P ϭ .022). Compared to women (n ϭ 27) with significant liver fibrosis (F Ն 2), the subgroup of 49 women with no diabetes and no liver alterations showed higher body fat mass (P ϭ .024) but less IHC-fibrosis in both scWAT (P ϭ .034) and oWAT (P ϭ .026) (Table 3).

Tissue IHC-fibrosis associated with BMI reduction after gastric bypass

The group of 243 subjects prospectively followed after bariatric surgery showed major improvements in mean BMI, DXA-evaluated fat mass, and metabolic and inflammatory variables (Table 1). Use of the KmL method (31) to cluster the BMI trajectories after gastric bypass revealed three main groups of BMI loss: a less responsive (LR) group with a BMI loss of Ͻ25% (n ϭ 70), and those with good (n ϭ 119) or very good (n ϭ 54) weight loss (Figure 1A). These latter two groups had a combined mean BMI reduction of 34.8% and were collectively termed good responders (GR). At 1 year after surgery, the LR group showed less improvement in body fat mass, diabetes status, and high-density lipoprotein (HDL) cholesterol compared to the GR group (Supplemental Table 1, published 
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on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org).

Examination of the clinical and biological characteristics of the LR vs GR groups at baseline showed that the LR group was older, had a higher frequency of diabetes, and had increased circulating IL-6 concentrations, whereas mean baseline BMI and fat mass were similar in both groups (Figure 1, B-F, and Supplemental Table 2). Compared to the GR group, the LR group also had increased scWAT IHC-fibrosis (both total and periadipocyte fibrosis; Figure 1, G andH), and exhibited more significant liver fibrosis (Figure 1I and Supplemental Table 2). Interestingly, the 49 women with no liver alteration were more likely to be good responders after surgery (Table 3) with only four (13.7%) in the LR group, whereas 45 (86.3%) were in the GR group. This comparison could not be made in men, in whom no healthy livers were found.

Overall, the LR group was associated with diabetes status, age, fasting glycemia, glycosylated hemoglobin (HbA1C), IL-6, and binarized baseline BMI (1 for BMI Ն 55, 0 for BMI Ͻ 55), as well as with total and pericellular IHC-fibrosis in scWAT ( 

Physical measures of WAT stiffness associated with WAT IHC-fibrosis and dysregulation of glucose homeostasis

Liver fibrosis is associated with changes in tissue stiffness, which can be physically measured (29). To explore the possibility of a similar association with WAT IHCfibrosis, we developed a new ultrasonic tool to measure shear-wave velocity in scWAT. Using this tool, we assessed tissue stiffness in 123 subjects (Figure 2, A andB), of whom 49 and 61 subjects, respectively, were also subjected to liver staging and adipose tissue IHC-fibrosis quantification.

First, we found that the shear-wave velocity of scWAT was positively correlated with liver stiffness (R ϭ 0.3; P ϭ ! 225

.0003), which itself was positively associated with the fibrosis liver stage (|ϭ 0.46; P ϭ .0009; n ϭ 49; Figure 2C). Second, we observed that scWAT shear-wave velocity was positively associated with scWAT IHC-fibrosis (|ϭ 0.48; P ϭ .0001; n ϭ 61; Figure 2D). In this group, nondiabetic obese women with no liver alterations also showed lower scWAT shear-wave velocity (P ϭ .02), in agreement with their decreased adipose tissue IHC-fibrosis (Figure 2D, solid dots).

Third, in the 123 examined subjects, the shear-wave velocity of scWAT was correlated positively with several bioclinical parameters, including fasting glycemia and insulin, HbA1C, and fat-free mass, and negatively with body fat (%) and HDL cholesterol (Figure 2F). Diabetes status (n ϭ 52, 42.3%) was also significantly associated with increased shear-wave velocity (P ϭ .022) (Figure 2E). Similarly, liver stiffness was found to correlate positively with circulating creatinine, aspartate aminotransferase (AST), alanine aminotransferase (ALT), ␥-glutamyl transpeptidase (␥GT), fasting glycemia, insulin, and HbA1C, and to negatively correlate with body fat (%) and HDL (Figure 2F).

Discussion

The present clinical study measured scWAT stiffness by shear-wave velocity using a prototype VCTE. Our results showed, for the first time, an association between scWAT IHC-fibrosis and physical measures of tissue stiffness and that this measure was associated with diabetes and metabolic variables. These findings demonstrated that WAT IHC-fibrosis shares common features with liver fibrosis in morbid obesity. However, because of the correlative nature of the relationship between liver and WAT IHC-fibrosis, we cannot speculate on the potential causal and kinetic relationships between these two phenomena. The observed negative association between body fat mass and VCTE, as well as the immunohistochemical quantification of collagens, suggests that diminished WAT stiffness (ie, with reduced collagen accumulation) enables fat mass enlargement, which may at least transiently protect the liver from severe injury. In contrast, increased WAT stiffness may represent a mechanical limitation to WAT expansion. This concept, related to the "adipose-tissue expandability hypothesis" (32), proposes that when the storage capacity of scWAT is reached, a flux of excess lipids is sent to ectopic sites, such as the liver, thus promoting metabolic complications. This concept is supported by the finding of morbidly obese subjects with healthy liver, no diabetes (ie, considered as "metabolically healthy"), in-creased total fat mass, and decreased scWAT IHC-fibrosis, as well as by the identification of increased WAT stiffness in diabetic obese subjects. However, it cannot be excluded that the diabetic milieu (ie, high glucose and high insulin) could also promote the maintenance and worsening of tissue alteration.

It is intriguing that the physical measures of WAT stiffness were associated with metabolic variables (glucose, insulin, and lipid values), whereas the immunohistochemical quantification of collagens (IHC-fibrosis) was not. We found that collagen amount explained 25.4% of VCTE signal variation, suggesting that factors other than collagen accumulation contribute to the modified stiffness of scWAT. Focused analysis of adipose deposits shows the presence of collagen types I, III, and VI (11). The fibrillar collagens I and III play a role in liver fibrogenesis (11,33); they bind together, and subsequent tissue stiffness depends on the number of these links (34). A future goal will be to identify which specific collagen types predominantly associate with shear-wave velocity in WAT and whether collagen cross-linking contributes to tissue stiffness. Tissue stiffness may also be determined by other components, such as elastin, laminin, and fibronectin, as well as cellular components of adipose tissue (such as inflammatory cells) that are modified in obesity.

Our results also confirmed, in a larger group, our previous observations that collagen accumulation in WAT seems to be associated with low response to gastric bypassinduced weight loss, even when combined with predictive variables such as age, diabetes, and IL-6. Gradually increased liver fibrosis was also found to be a factor that could associate with low responsive weight loss. Although the reason for this association is unknown, it suggests a relationship between fibrosis-associated functional alterations of tissue function and a response to weight loss, which needs to be explored further. Further studies are needed to investigate the ability of new noninvasive physical methods to predict clinical outcomes following weight loss after bariatric surgery, as well as after dietary interventions.

It also remains unknown why fibrosis develops in human WAT. It has been suggested that persistent inflammatory stimulus causes excessive synthesis of extracellular matrix components and subsequent deposition of interstitial fibrotic materials (11). This phenomenon may particularly occur in the event of rapid and significant weight loss, and it is unknown whether it is reversible with time. An elegant study in mice demonstrated that weight cycling induced increased accumulation of proinflammatory T-cell populations, which could contribute to the negative metabolic consequences of repeated weight variations (35). Altogether, these data suggest that aggravation of adipose tissue inflammation and remodeling during 
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weight cycling may play a role in causing the metabolic abnormalities occurring in obesity.

In conclusion, the results of this clinical study suggest that human obesity, characterized by gradual enlargement of WAT deposits, causes a fibrotic condition that affects tissue remodeling, functioning, and stiffness. This condition has been described in the liver, as well as in lung, kidney, and heart diseases, for which obesity can be a risk factor (36,37). Herein, we propose a noninvasive method based on Fibroscan technology to evaluate scWAT IHCfibrosis, and to thus assess the phenotype of tissue stiffness and evaluate its clinical relevance in obesity and diabetes and during interventional follow-up. Poids maximum l-l-l-lke,l-l Age au poids maximum l-l-l ans Poids minimum maintenu pendant plusieurs mois à l'âge adulte l-l-l-lke, l-l A quel âge ? l_l_l ans o Y a-t-il eu un moment dans votre vie où vous avez pris beaucoup de poids rapidement? trOui ENon Si oui combien de kg ? l-l-lkg,l-l En combien de temps ? l-l-l mois A quel âge? l-l-l ans REGIMES: l-l-l kg, l-l En combien de temps? l-l-l mois Combien de fois avez vous perdu plus de 10kg? l-l-l MEDICAMENTS:
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Même questions

Introduction

Type 2 diabetes (T2D) constitutes a growing global epidemic worldwide and is associated with numerous disabling and life-threatening complications, as well as a major economic burden [1]. Individuals with impaired fasting glucose homeostasis and/or impaired glucose tolerance (referred to as pre-diabetic) are at high risk for the future development of T2D, especially if they are also overweight [1][2][3][4]. Moreover, micro-and macrovascular damage is already present in pre-diabetic individuals [5][6][7][8][9]. Preventing or delaying progression to T2D in this population is therefore a major public health issue and therapeutic goal [8][9][10]. Recommendations include lifestyle interventions (i.e. switch to a healthier diet and increased physical activity), and use of various medications [3][4][5][6][7][8][9][10]. However, lifestyle interventions are difficult to maintain in the long term and medications may be associated with side effects [7][8][9]. Nutraceuticals may represent a valuable alternative or adjunct to conventional prescription drugs in such a context. Among these, cinnamon has been shown to possess anti-diabetic and anti-inflammatory properties in experimental studies [11][12][13][14]. However, despite promising initial findings in T2D patients [15], subsequent clinical studies have generated conflicting results, probably owing to differences in the population included, dose range, dosage form, treatment duration, confounding concomitant treatments and quality of study design [16][17][18][19][20]. To the best of our knowledge, only one study has evaluated the effect of cinnamon in pre-diabetic subjects, showing that this was effective in lowering fasting plasma glucose (FPG) and oxidative stress [21], and might therefore be able to prevent or delay progression to T2D [21;22]. Chromium, an essential mineral, has been proposed to act as a regulator of glycemic homeostasis with an effect on HbA1c [23][24][25]. Another micronutrient candidate that could also be considered in this context is carnosine, a naturally occurring compound with antiglycation and antiaging activities [26], which might potentiate any favorable effect of cinnamon on glycemic control in pre-diabetic subjects. Finally, both cinnamon and chromium have been suggested to have favorable effects on body composition [21;27].

We therefore conducted a randomized, double-blind, placebo-controlled study to evaluate the effects of a 4-month treatment with a micronutrient dietary supplement containing cinnamon, chromium and carnosine in overweight or obese pre-diabetic subjects, with change in (Cinnamomum cassia), rich in polyphenol type-A polymers (oligomeric proanthocyanidins-A: OPC-A). Chromium was used in the form of chromium chloride (Guanylor 1 , PiLeJe, Saint-Laurent-des-Autels, France).

Treatment compliance was assessed by means of a diary in which all capsules taken were to be recorded by the participants, and by counting the number of capsules returned by the participants at the end of the treatment period. Any treatment likely to interfere with glycemic control was prohibited throughout the study.

Outcome measures

The primary efficacy outcome was the change in FPG level at 4 months. Secondary outcomes were considered as exploratory and included changes at 4 months in other parameters of glucose homeostasis (fasting plasma insulin, plasma glycated hemoglobin [HbA1c], and markers of insulin resistance/sensitivity), parameters of lipid homeostasis (plasma triglycerides, total cholesterol, high-density [HDL] and low-density [LDL] lipoprotein cholesterol, free fatty acids), adiposity markers (body weight, body mass index, fat mass and fat-free mass, adipocyte diameter), adipokines (plasma leptin, adiponectin), and markers of inflammation (high-sensitivity C-reactive protein [hs-CRP], interleukin-6 [IL-6]) and cardiovascular risk (plasminogen activator inhibitor type 1 [PAI-1]). Metabolic activity of adipose tissue in vitro (secretion of adiponectin and IL-6, insulin sensitivity estimated by the measurement of serine/threonine protein kinase B [PKB, also known as Akt]) was also explored, and dietary intakes and lifestyle were assessed. The safety outcome was the incidence of adverse events, whether serious or not, during the study period.

Participants underwent a series of explorations after a 12-hour overnight fast. Adipose tissue samples and body composition were analyzed at baseline (Day 0) and at the end of the treatment period (Month 4). A sample of subcutaneous abdominal adipose tissue (SCAT) in the periumbilical area was obtained from each patient on arrival, by needle aspiration (using a 14-gauge needle) under local anesthesia with 10% lidocaine hydrochloride solution not containing epinephrine (Xylocaine 1 , AstraZeneca, Rueil Malmaison, France). Fresh aliquots of this sample were used to measure adipocyte diameter and to explore in vitro adipose tissue metabolism. For adipocyte diameter measurement, a portion of each SCAT biopsy sample was immediately isolated by collagenase digestion and cell size measurements were performed as previously described [28]. Another portion was cultured for 24 hours, the secretion medium then being collected and frozen at -80¡C for determination of IL-6 and adiponectin levels [29]. The adipose tissue samples were also used to evaluate insulin sensitivity by measuring insulin stimulation of Akt [30]. Body composition (fat and fat-free mass distribution) was determined using dual-energy Xray absorptiometry (Lunar Prodigy, General Electric Medical Systems, Madison, WI, USA).

At Day 0, Month 4 and Month 6 (end of the follow-up period), blood samples were withdrawn after an overnight fast. Plasma and serum were rapidly separated and frozen at -80¡C for measurement of the variables of interest.

We used several surrogates to estimate pancreatic β cell function (insulin secretion) and insulin sensitivity using the Homeostasis Model AssessmentÑContinuous Infusion Glucose Model Assessment (HOMA-CIGMA) [31] and Disse indices [32]. The revised quantitative insulin sensitivity check index (QUICKI) was also calculated. Plasma glucose was measured by the hexokinase method (ARCHITECT 1 system, Abbott Diagnostics, Abbott Park, IL, USA). Plasma insulin was determined by chemiluminescence (ARCHITECT 1 system). Plasma triglycerides and free fatty acids were measured using Biomerieux kits (Biomerieux, Marcy lÕEtoile, France), and total, HDL, and LDL cholesterol using Labintest kits (Labintest, Aix-en-Provence, France). Enzyme-linked immunosorbent assay (ELISA) kits were used to assay leptin, IL-6 (Quantikine 1 , R&D Systems, Oxford, UK) and adiponectin (BŸhlman, Basle, Switzerland). High-sensitivity C-reactive protein (hs-CRP) was measured by immuno-nephelometry using IMMAGE Immunochemistry Systems (Beckman Coulter, Villepinte, France). Plasma levels of PAI-1 were determined using Chromolize/PAI-1 kits (Biopool International, CA, USA).

Dietary intakes were monitored by a registered dietician according to the information obtained from each subjectÕs 3-day dietary record. All records were collected using the computer software MXS program (Medical Expert System, www.mxs-sante.fr). Lifestyle was evaluated using the Three-Factor Eating Questionnaire [33] and Baecke physical activity questionnaire [34].

Power calculation

The trial was designed to demonstrate superiority of the dietary supplement over placebo. Assuming a 7% change in FPG in the active treatment group based on internal unpublished data and a previous study [21], i.e. 0.39 mmol/L for changes in FPG between the dietary supplement and placebo groups during the treatment periods, with a standard deviation (SD) of 0.41 mmol/L (for changes between 4 months and baseline), a sample of 25 evaluable subjects per group was considered to have 90% power to detect a between-treatment difference in FPG change with a type I error rate of 5%. Assuming that 15 to 20% of subjects would be nonevaluable for the primary efficacy outcome, at least 60 subjects (30 per group) were to be included.

Statistical analysis

The principal efficacy analysis was a per-protocol analysis performed on subjects who had respected the stipulated interval between visits (±10 days) and who had received at least 85% of the scheduled study treatment (compliers). A second efficacy analysis, performed for confirmatory purposes, and the safety analysis were performed on the intention-to-treat population (i.e. all randomized subjects).

Values are expressed as the mean±SD in the tables and as the mean±SEM (standard error of the mean) in the figures. Variables were tested for normality using the Shapiro-Wilk test, and subjected to logarithmic or Anscombe transformation, where appropriate, to conform to the normality assumptions (Table A in S1 File). A paired StudentÕs t-test was used for comparisons between the different time points in each group, an unpaired StudentÕs t-test being used to compare the treatment effect between the two groups. An ANCOVA adjusted for variations of fat-free mass (%) was used to check whether the observed difference in FPG level between the two groups was independent of fat-free mass.

Several exploratory post-hoc analyses were performed in the dietary supplement and placebo groups. In an attempt to understand the effects of the dietary supplement on FPG responses, we searched for factors potentially predictive of decreased FPG level. Correlations between changes in FPG level during the dietary supplement treatment and various clinical and biological variables at baseline were investigated using Pearson correlations.

Furthermore, in the dietary supplement group in order to classify subjects according to their ability to secrete insulin and the expected impact on FPG, the correlation between changes in FPG level and changes in insulin secretion (HOMA-B%) was tested. The baseline values of the identified two groups of subjects (separated by the correlation line) were compared using the nonparametric Mann Whitney test to identify the two different phenotypes. Correlations between changes in fat-free mass, changes in insulin sensitivity (revised QUICKI), and changes in free fatty acids were also explored.

Statistical analyses were performed using R software version 2.13 (http://www.r-project. org), with the following R packages: plotrix 3.4Ð5 [35] and nlme 3.1Ð105 [36]. Two-tailed pvalues of less than 0.05 were considered statistically significant.

Results

Study population

Sixty-two subjects (40 women, 22 men) were selected from an initial panel of 220 screened subjects and randomized (intention-to-treat population) ( Fig 1). Two subjects, one in each treatment group, lacked efficacy data at Month 4. Eight subjects showed non-compliance with the stipulated supplement dosage (less than 85% of the allocated treatment) or study treatment duration (10 days less or more than the allowed interval). Baseline characteristics did not differ significantly between subjects not considered in the per-protocol efficacy analysis (n = 10) and those included in this analysis (n = 52), although numerically the proportion of men was higher and mean age was lower in the former population (Table B in S1 File).

Baseline characteristics did not differ between the two treatment groups, in either the intention-to-treat or the per-protocol population (Table 2). According to self-reported data, the sub-jectsÕ lifestyle and physical activity remained unchanged throughout the study in both groups (Table C in S1 File).

Energy intake and body composition

Changes in energy and in macronutrient intakes were similar in the two groups (Table 3). Body weight and body mass index increased significantly at Month 4 in both treatment groups with no statistically significant between-group difference. However, fat-free mass increased significantly in the dietary supplement group compared to the placebo group, in terms of both percentage (p = 0.02) and absolute (p = 0.008) values.

Plasma glucose homeostasis and insulin sensitivity surrogates

At Month 4, a significant decrease in FPG level was seen in the dietary supplement group (absolute changes:-0.24±0.50 mmol/L) compared to baseline (p = 0.026), whereas no change being observed in the placebo group (absolute change: +0.12±0.59 mmol/L, p = 0.36) (Table 3). 239

The difference between the groups was statistically significant (p = 0.02; Table 3 and Table 2. Baseline characteristics of subjects in the intention-to-treat and per-protocol populations. Values are mean±SD; ITT: intention-to-treat; PP: per-protocol; F: female; M: male. The baseline data in the dietary supplement and placebo groups were compared using StudentÕs t-tests for quantitative variables and Fisher's exact test for sex. No statistically significant difference was found between the two treatment groups in either of the two study populations. (representing 65% of included subjects) showed a decrease of either -5 or -10 of FPG, only one cluster in the placebo group showed a slight decrease of -2.7% in 65% of subjects. HbA1c levels were slightly higher at Month 4 than at baseline in both groups, with no between-group difference. Whereas fasting plasma insulin level did not change within either group, insulin secretion, evaluated by HOMA-B%, increased significantly in the dietary supplement group and numerically decreased in the placebo group, with a trend towards statistical significance for the between-group comparison (p = 0.06; Table 3). There was an improvement in insulin sensitivity in the dietary supplement group (a trend for revised QUICKI, p = 0.08 and a significant effect for Disse index, p = 0.04), but this improvement did not differ from that observed in the placebo group, whether evaluated by HOMA-IR, revised QUICKI or Disse Index.

ITT population PP population

In the dietary supplement, the decrease in FPG was negatively correlated with increased insulin secretion ( 

Other biological parameters

No within-group changes and no between-group differences were observed with respect to plasma triglycerides, total, HDL-or LDL-cholesterol, free fatty acids, plasma adipokines, inflammatory markers or adipose tissue metabolism in vitro (Table 3). In the dietary supplement group, but not in the placebo group, the increase in fat-free mass was negatively correlated with rise in plasma free fatty acid concentration (Figs 2C and3C).

Findings in the intention-to-treat population

Overall, the results concerning biological markers in the intention-to-treat population were similar to those seen in the per-protocol population (Table D in S1 File).

The rates of adverse events, as a whole, and serious adverse events did not differ significantly between the two groups (Table E in S1 File). None of the serious adverse events was considered to be related to the study treatment.

Factors potentially predictive of decreased FPG in the dietary supplement group 1. Associations between FPG changes and baseline characteristics. None of the following baseline characteristics was found to be associated with decreased FPG: sex, age, physical activity, total energy intake, macronutrient categories and adiposity markers. In contrast, the greatest decreases in FPG during dietary supplement treatment were significantly associated with high baseline FPG and with low baseline IL-6 values (Figures C and D in S1 File).

2. Classification of subjects by their manifestation of changes in FPG and insulin secretion during dietary supplement intake. As shown in Fig 2A, points below the correlation line corresponded to subjects with the greatest decreases in FPG level in response to increased insulin secretion during dietary supplementation (good responders), whereas points above the line designated those whose FPG concentrations declined less than would be expected given the changes in their insulin secretion levels (poor responders). As regards the baseline characteristics of these two groups (Table F in S1 File), good responders had a lower mean age, a milder inflammatory state (based on plasma IL-6 level and IL-6 secretion by adipose tissue in vitro), and higher HDL levels. In addition, good responders tended to have higher FPG and lower plasma adiponectin levels at baseline compared to poor responders.

Discussion

In view of the conflicting results of available clinical studies evaluating cinnamon [17Ð20] and chromium [23;37Ð39], the American Diabetes Association currently considers that there is insufficient evidence to support their use in subjects with diabetes [3;40]. Although modest, this randomized, double-blind study conducted in pre-diabetic subjects adds to the body of emerging evidence, showing that compared to placebo, treatment with a dietary supplement containing cinnamon, chromium and carnosine significantly decreased FPG levels. This beneficial effect was associated with a significant increase in fat-free mass. We included overweight or obese patients with impaired FPG who are considered to be at high risk of T2D and are assigned high priority for diabetes prevention [10]. The dietary supplement contained a cinnamon bark (Cinnamomum cassia) extract rich in polyphenol type-A polymers currently considered to be the bioactive components of cinnamon [41]. Concerning the type of cinnamon, Cinnamomum zeylanicum, however, is regarded to be more effective and safe than Cinnamomum cassia which is characterized by high concentrations of coumarins that may cause health risks [42;43]. For this reason, the European Food Safety Association (EFSA) advocated in 2008 against the regular use of Cinnamomum cassia as a supplement in diabetes [44]. However, data on the efficacy of Cinnamomum zeylanicum in humans are sparse [45] and no randomized double-blinded placebo-controlled clinical trials are available to establish the therapeutic efficacy and safety of Cinnamomum zeylanicum as a pharmaceutical agent. On the other hand, the extract of Cinnamomum cassia used in the present study, can be considered safe since the daily intake of two capsules contains 0.41 mg of coumarins which is well below the tolerable daily intake of 0.1 mg/kg body weight advised by the EFSA [44]. The dose and type of cinnamon tested in the present study were comparable to those selected in a previous study in pre-diabetic subjects with impaired FPG [21] as well as those with diabetes (42). Finally, the 4-month duration of treatment in the present study is one of the longest evaluated to date for cinnamon [17Ð 20] and constitutes the recommended minimal duration in trials assessing the benefits of chromium [37].

Of note, there was a very slight elevation of HbA1c (within the normal range) in each of the dietary supplement and placebo groups without a significant difference between the two groups. We have no obvious reason explaining this difference, except only the observed slight non-significant increase in carbohydrate intake. In addition, the favorable effect of the dietary supplement on FPG, in the present study, was not associated with any benefit with respect to HbA1c. This is in agreement with a previous study in pre-diabetic subjects (21) and with a recent meta-analysis [19] in T2D patients. In the meta-analysis, the only two trials showing beneficial effect of cinnamon on HbA1c included diabetic patients with HbA1c levels greater than 8% [46;47]. In T2D subjects with controlled HbA1c levels, cinnamon failed to decrease HbA1c contrary to its effect on FPG [48]. Similar results were found in the pre-diabetic state with normal range of HbA1c [21]. It has been demonstrated that there is a poor agreement between FPG and low HbA1c values and that normal range HbA1c is less sensitive to variations in FPG [49]. It has been suggested that the effect of cinnamon is minimal when glucose control is closer to normal and that it exerts a significant effect in reducing FPG as the values slightly increase [50]. This observation is strengthened by the fact that the decrease in FPG observed in the dietary supplement group was negatively correlated with baseline FPG. Patients with the highest FPG level at baseline were those who benefited more from the dietary supplement showing thus the greatest reduction in FPG.

It may be argued that the 0.3 mmol/L difference between the changes in FPG achieved by the dietary supplement compared with placebo, in the absence of any difference in terms of HbA1c, is small and likely to have little impact on the future development of diabetes. Nevertheless, it is within the range observed in a previous study investigating the use of cinnamon alone in pre-diabetic subjects (0.5 mmol/L) [21]. Moreover, in intervention trials evaluating the effects of diet and exercise and/or various pharmacological agents, which showed a 30 to 70% decrease in the risk of diabetes in a much larger population with a much longer follow-up than in our study, the difference between the intervention and control groups with respect to change in FPG ranged from 0.2 mmol/L at 2.4-year follow-up to 0.9 mmol/L at 20-year followup [21;51Ð56]. Although, in diabetic patients, traditionally available therapeutic options reduce blood glucose concentrations, and subsequently improve pancreatic beta-cell function, none of the available anti-hyperglycemic agents changes the natural progression of T2D [57]. However, in pre-diabetic patients as in the present study, the modest decrease in FPG will prevent the development of diabetes with its associated micro-and macrovascular complications [58;59]. Moreover, epidemiological evidence shows that cardiovascular diseases might start at low plasma glucose levels, below the level defined for diabetes and even for impaired glucose tolerance [60;61]. Therefore, any minor lowering of FPG levels in non-diabetic subjects will be of benefit in both preventing the progression to diabetes and lowering the risk of cardiovascular diseases.

Interestingly, 23% of subjects in our dietary supplement group showed continued improvement in FPG level after treatment cessation, a percentage approaching consistency with the 35% to 50% rate of regression to normal glucose tolerance observed in some large intervention trials [55;56;62]. The decrease in FPG seen in the dietary supplement group was negatively associated with markers of insulin secretion. This correlation allowed identification of good responders, i.e. subjects showing an appropriate decrease in FPG in response to increased insulin secretion, and their tentative phenotype. In regards to the baseline characteristics of these two groups, the good responders had a lower mean age, a milder inflammatory state (based on plasma IL-6 level and IL-6 secretion by adipose tissue in vitro) and higher HDL levels. In addition, good responders tended to have higher FPG and lower plasma adiponectin levels at baseline compared to poor responders. Taken together, these findings may help to identify the subjects most likely to benefit from such dietary supplementation.

The question is raised whether the increased insulin secretion in the dietary supplement group could be of benefit since increasing insulin secretion capacity is one of the main targets of clinical perspective. Main therapies for diabetes aimed indeed at restoring insulin levels either by stimulating insulin secretion or improving insulin sensitivity. Therefore, any dietary supplements that may stimulate insulin secretion would be of promising benefit in controlling FPG levels in pre-diabetic subjects. However, we are aware that the estimation of insulin secretion by indirect surrogates is not the best way to evaluate insulin secretion. Further studies are needed to confirm this finding by direct methods as frequently sampled intravenous glucose tolerance test or hyperglycemic clamps.

Another interesting finding of the present study was that the use of the dietary supplement was associated with an increase in lean mass, although there was no difference versus placebo with respect to food intake, body weight, body mass index and lifestyle. This finding is consistent with that reported in the only previous study in subjects with impaired FPG which showed that 12-week treatment with cinnamon (500 mg/day) improved body composition by increasing lean mass and decreasing percentage of fat mass, using the same methods as ours to measure body composition [21]. In that study, the increase in lean mass (+1.4 kg) was in the same range as that we observed (+1.2 kg). Another study conducted in T2D patients showed that intake of a high dose of cinnamon (3 g/day) for eight weeks was associated with a decrease in percentage of fat mass [63], probably owing to an increase in fat-free mass as observed in our study. We believe this finding is important considering the role of lean mass in the long-term maintenance of metabolic rate, core body temperature, skeletal integrity, muscle strength, functional capacities, and prevention of sarcopenic obesity [64]. Since muscle constitutes the largest portion of insulin-sensitive tissue in the body, decrease in fat-free mass may be an important factor with regard to insulin resistance and risk of T2D [65Ð67]. Our study showed no evidence of any change in insulin resistance/sensitivity indices or free fatty acid level. However, in the dietary supplement, but not in the placebo group, there was a significant within-group improvement in insulin sensitivity (revised QUICKI and Disse index), and the increase in fatfree mass was associated with increased insulin sensitivity (as measured by revised QUICKI) and was negatively correlated with increased plasma free fatty acids. Several evidences support the involvement of free fatty acids in the development of skeletal muscle insulin resistance [68]. Cinnamon might increase fat-free mass by several mechanisms. In the dietary supplement group, increased insulin secretion might have increased glucose uptake that enabled glycogen to be synthetized and stored. Additionally, in the presence of an adequate supply of amino acids, insulin is anabolic in muscle and may increase muscle mass. Further researches are required to elucidate the underlying mechanisms.

As in the previous study investigating the benefits of cinnamon in pre-diabetic subjects [21], we did not find any difference between the dietary supplement and placebo groups with respect to lipid homeostasis. This might reflect the fact that the measured parameters were already normal at baseline. Chronic inflammation appears to be a central mediator of insulin resistance associated with obesity [69] or pre-diabetes [70Ð72]. In our study, no difference was seen between the treatment groups in terms of inflammatory markers, an unexpected finding considering the anti-inflammatory effect of cinnamon observed in experimental studies [16]. In contrast, we found that the dietary supplement had a greater effect on FPG in subjects with lower baseline plasma IL6. Furthermore, a milder inflammatory state at baseline was one of the characteristics of subjects identified as good responders to increased insulin secretion.

The question as to whether the other two components of the dietary supplement played a synergistic role in our observations is difficult to ascertain. The use of chromium in the treatment of T2D has been debated [39;73;74]. Two recent meta-analyses assessing the interest of chromium supplementation in the context of diabetes led to contradictory conclusions: The first one [38], based on 16 clinical studies, failed to show any benefit, whereas the second one [73] that included 22 studies concluded favorable effects of chromium supplementation on 248 plasma glucose control in patients with diabetes. Chromium at doses of 200 to 1000 μg/day for 2 or 4 months was shown to reduce FPG and HbA1c in patients with T2D [23]. However, this benefit was not seen in pre-diabetic subjects [23]. Meta-analyses of trials in overweight or obese patients showed that chromium was associated with statistically significant reductions in body weight and percentage body fat, although these effects were considered to be of small magnitude and uncertain clinical relevance [24;37]. Importantly, several clinical studies showed that chromium supplementation increased lean body mass and decreased fat body mass in overweight or obese subjects [27;75;76]. In experimental studies, carnosine limited oxidative stress and inflammation, prevented protein cross-linking both in diabetic animals and in otherwise healthy aging animals, and appeared to possibly play a role in the regulation of blood glucose level via an effect on the autonomic nervous system [26;77;78]. However, no clinical data are available regarding the effect of carnosine on FPG or HbA1c.

In conclusion, a 4-month treatment with a dietary supplement containing cinnamon, chromium and carnosine decreased FPG and increased fat-free mass in overweight or obese prediabetic subjects. Whether the dietary supplement tested in this study can prevent the risk of T2D and related complications remains to be established in larger studies with longer treatment and follow-up durations, using clinical endpoints. Higher cinnamon doses as well as other sources of cinnamon extracts may also need to be tested. 
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  The collagen superfamily !!!!Non-collagenous domain Tripe-helical domain (Gly-X-Y) IV)] 2 ,�2(IV) �3(IV)�4(IV)�5(IV) [�5(IV)] 2 ,�6(IV) biosynthesis, assembly and maturation require several enzymes and molecule chaperones The process of collagen biosynthesis and assembly can be divided into four distinct steps. A wide variety of enzymes and chaperones are involved in the maturation of collagens (Fig 5) (40).
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 7 Figure 7. Structure of trombospondins (TSP) and tenasin-C in hexamer(52) 

  ) belong to a matrixin subfamily of zinc metalloprotease family and are main enzymes involved in ECM degradation. MMPs are secreted as zymogens and are subsequently activated in the extracellular space. Twenty-three MMP proteins have been so far identified in human so far. They not only modulate tissue repair and remodeling but also modulate a wide range of other biological processes such as angiogenesis, tumor invasion, immunity and inflammation. For example, MMP-3 and MMP-7 degrade E-cadherin, disrupt cell aggregation and increase cell invasion; MMP-7 degrades Fas ligand and induces pro-inflammatory response; MMP-9 degrades collagen IV, a major component of basement membrane, and promotes thymic neovascularization(69).According to domain organization and substrate preference, MMPs are classified into different groups (Table2): 1) collagenases (MMP-1, -8, -13, and -18) which digest collagen I, II, III into characteristic three-quarter and one-quarter sized fragments; 2) gelatinases (MMP-2 and -9) which cleave collagen IV, V, XI, denatured collagens and other matrix proteins such as laminins. MMP2 also cleaves collagen I, II and III in a similar way to collagenases; 3) stromelysins (MMP-3, -10 and -11) which do not digest interstitial collagens but digest a number of other ECM molecules and participate in pro-MMPs activation; 4) matrilysins (MMP-7 and -26) which digest several ECM molecules and cell surfaces molecules; 5) membrane-type MMP (MT-MMP, MMP-14, -15, -16, -17, -24 and -25) which are capable of activating pro-MMP2 except MMP-17. MT1-MMP (MMP14) can also digest collagen I, II, III; 6) non-grouped MMPs (MMP-12, -19, -20, -21, -23, -27 and -28) (69).

Four pathways were identified

  for mammalian interstitial collagens (types I-III) catabolism (74): 1) collagens are first internalized by α2β1 integrin mediated phagocytosis and then transported to lysosomes and degraded by cathepsins (75); 2) collagens are degraded by cathepsin K in osteoclast-mediated bone resorption manner; 3) collagen are first hydrolyzed by extracellular MMP, and then triple helix is denatured by gelatinolytic MMPs and finally the α chains are digested by protease (76);4) collagens are first hydrolyzed by extracellular MMP, and then the collagen fragments undergo endocytosis and are transported to lysosomal, and finally are degraded by cathepsins (77). Particularly, our laboratory revealed that cathepsin family (mainly cathepsin K, L, S) is expressed in AT and plays important role in obesity and atherosclerosis (78) (details see Part III.2). Collagen can also be intracellularly degraded by autophagy-mediated lysosomal processes(79). Our laboratory recently found attenuated autophagy in adipocytes dependent on DAPK2 (Death Associated Protein kinase 2) in obese subjects (80), suggesting potential change in collagen in AT mediated by autophagy.

  Myofibroblasts are defined biochemically by their expression of actin-myosin proteins, shared by smooth muscle cells, and defined morphologically by the formation of stress fibers (e.g. αsmooth muscle actin, α-SMA) and physiologically by their ability to contract tissue.Myofibroblasts have multiple cellular origins but their precise phenotype in different tissue is not very well known (Fig8). Classically, local tissue-resident fibroblasts, which are in a quiescent state during balanced synthesis and degradation, become active and transformed into myofibroblasts during tissue repair. They are then considered as the primary producers of ECM components. Myofibroblasts can also be derived from several other sources: epithelial cells through epithelial-mesenchymal transition (EMT) and endothelial cells through a similar process called endothelial-mesenchymal transition (EndoMT);

Figure 8 .

 8 Figure 8. Cellular origins and activation of myofibroblasts [adapted from (32)]. Main cellular origins of myofibroblasts are described in the figure. The insert part gives an example of differentiation steps of fibroblast to myofibroblasts expressing characterized filamentous actin and α-SMA induced by mechanical stress and cytokines.

Figure 9 .

 9 Figure 9. Innate and adaptive immunity and activation of fibroblasts (83) Black arrows: direct activation of fibroblasts; red arrows: indirect activation via induction of proinflammatory, pro-fibrotic factors in other immune cells.

Figure 10 .

 10 Figure 10. Simplified model of M1 and M2 macrophages in tissue repair and fibrosis[START_REF] Laskin | Macrophages and Tissue Injury: Agents of Defense or Destruction?[END_REF] 

Figure 11 .

 11 Figure 11. TGF-β and activin signaling pathways in fibrosis[START_REF] Akhurst | The paradoxical TGF-β vasculopathies[END_REF] This figure shows possible routes of SMAD2 phosphorylation (pSMAD2) independent of the SMAD kinase activity of TβRI, including TRAF6-TAK1-p38 (yellow), through Alk4 kinase activated by activin and/or myostatin (blue), by direct phosphorylation by AT1 (orange) or through excessive autocrine production of the paralogous ligand TGF-β1 (purple). TGF-β1 and Ang II can be reciprocally activated by each other.

T H 2 Figure 12 .

 212 Figure 12. Molecular pathway in fibrosis (101)

Figure 13 .

 13 Figure 13. Classification of integrins and their ligands (104) Representation of the integrin family containing 24 heterodimers in vertebrates.

Figure 14 .

 14 Figure 14. Tissue stiffness [adapted from (106-108)]

  ) which applied in parallel to the cell surface and tensile force (extension) which pulls the cells (106-108).

Figure 15 .

 15 Figure 15. Cardiac mechanotransduction signaling (114) This figure summarizes the mechanotransduction signaling in cardiomyocytes in response to mechanical stress. After sensing mechanical loading through a diverse group of membraneanchored mechanosensors, this sensation is then converted to biochemical signals by triggering signalling cascades in the cytoplasm, e.g. Ras-MAPK pathway, JAK-STAT pathway, Rac activation, calcium (Ca 2+ ) and nitric oxide (NO) signalling. Then transcription factors are activated and translocated to the nucleus and modulate the expression of a panel of mechanosensitive genes. Ultimately, the net sum of gene-expression reprogramming in cardiomyocytes dictates the functional response to mechanical stress.

Figure 16 .

 16 Figure 16. Feedback control loops regulate ECM structure and function [adapted from (43)].

Figure 17 .

 17 Figure 17. Adipose tissue expansion during obesity [adapted from (133)].

  Fig 18) in AT. AT inflammation is a hallmark of AT expansion during obesity and is associated with metabolic and cardiovascular complications of obesity, especially insulin resistance (134). As showed in Fig 18, in lean state, M2 macrophages, Treg and T H 2 cells predominate in AT, and AT inflammation is suppressed by T cells-secreted IL-10. In obese state, T cells shift to CD8 + T cells and T H 1 population, B cells are recruited into AT. Enlarged adipocytes secrete a variety of chemotactic adipockines and chemokines such as CCL5, CXCL12 and CCL20 and contribute to recruitment of adaptive immune cells. When obesity progresses, CD8 + T cells and T H 1 cells release IFN-γ and CCL2, and trigger the infiltration of NK cells and M1 macrophages (134,135).

Figure 18 .

 18 Figure 18. Immune cells mediate inflammation in adipose tissue (135).Cytokines and chemokines secreted by AT cells participate in local and systemic inflammation and represent a pathogenic link with obesity and insulin resistance (136). For example, IL-1β produced mainly by M1 cells was showed associated with a risk to develop T2D (137), induces insulin resistance in adipocytes (138), trigger islet inflammation in T2 (139), and targeting IL-1β improves T2D in moderate obese subjects (140). These proteins can also induces AT fibrosis and are described in the later section.

Figure 19 .

 19 Figure 19. SAT and Omental AT adipocyte diameter according to BMI (138)

  histological analysis demonstrated increased picrosirius-red stained fibrosis in scAT in obese subjects than lean (Fig20)(25,148). During early phase of weight gain caused by overfeeding in non-obese healthy men, about sixty genes related to ECM in scAT were rapidly upregulated, along with increased connective tissue deposition in scAT by histological examination and increased micro-vascular density (149). Sophisticated study unveiled the increase of both total and pericellular picrosirius-red stained fibrosis in scAT of morbidly obese subjects: total fibrosis represents large bundles of collagens across through the AT parenchyma, pericellular fibrosis represents accumulation of collagens surrounding adipocytes (i.e. "peri-adipocyte collagens") (Fig 20). Histological experiments showed that total fibrosis is primarily due to accumulation of collagen I and III, while pericellular fibrosis is primarily due to accumulation of collagen VI (3). Increased collagen V expression and decreased elastin expression were also found in scAT in obese subjects, associated with decreased capillary number and increased larger vessels (150).

Figure 20 .

 20 Figure 20. Picrosirius-red stained fibrosis in human AT(3,25) Two types of fibrosis can be evaluated by picrosirius-red staining: total fibrosis and pericellular fibrosis. AT fibrosis are significantly increased in obese subjects compared to lean ones.

  al. found that omental AT fibrosis in morbidly obese subjects is associated with small adipocyte size, decreased triglycerides and increased HDL-cholesterol (3). Abdennour et al. demonstrated in over three hundred morbidly obese subject that scAT fibrosis is negatively associated with fat mass; omental AT fibrosis is negatively correlated with weight and BMI. Besides, women with significant liver fibrosis (F ≥ 2) have increased scAT fibrosis and omental fibrosis (2). Collagen VI, the main collagen type in peri-adipocyte fibrosis, is showed to be strictly linked with metabolic disorders and has drawn much research attention. Col6α1 expression in obese subjects was found negatively associated with insulin sensitivity, positively associated with BMI and inflammatory markers such as CD68, MIF, MCP-1, CTGF and TGF-β (150). Pasarica et al. showed that Col6α3 mRNA is positively correlated with BMI and fat mass and that obese subjects with high Col6α3 mRNA have lower size of small and medium adipocytes and more macrophages (155). Khan et al. and Munoz et al. both found that Col6α3 expression in scAT is increased in obese Asian Indian subjects who are more susceptible to insulin resistance than the Caucasian subjects of matched BMI (132,156). However, McCulloch et al. recently found opposite results: Col6α3 expression in both scAT and omental AT is lowered in obese subjects; Col6α3 expression in scAT is increased in diet and surgery-induced weight loss regulated by leptin (157).

  -2 and MMP-9) by tolylsam promotes preadipocyte differentiation in vitro, impairs AT development, along with increased collagen, reduced blood vessel size in AT and enhanced metabolic disorders in vivo in MMP2-dificient mice upon HFD (159). By contrast, SPARC-null mice present reduced collagen I deposition, larger adipocytes and resistance to weight gain (160). The absence of collagen VI in HFD or ob/ob background results in uninhibited adipocyte expansion and associates with improvements in glucose and lipid metabolism, hepatic steatosis and AT inflammation, suggesting that weakening ECM surrounding adipocytes enables their stress-free expansion during weight gain (132).

  Previously, Sun et al. proposed two models of healthy and unhealthy AT expansion: healthy expansion (Fig 21 above panel) is composed of an enlargement of AT by effective recruitment of adipocyte precursor cells, increased number of small adipocytes, along with adequate angiogenic response, appropriate remodeling of the ECM and minimal inflammation; unhealthy AT expansion (Fig 21 below panel) consists of rapid growth of existing adipocytes, limited angiogenesis, high degree of macrophage infiltration and massive fibrosis (133).

  Col6α3 mRNA had more macrophages (155). HFD or ob/ob mice with absence of collagen VI had less macrophage infiltration (132). Recent studies revealed that ATMs promote AT expansion and proper remodeling development through different mechanisms (Fig 22). For example, mouse models with AT-specific reduction in proinflammatory factors (suppression of TNF-α or NF-κb pathway or local host immune response) display a reduced capacity for adipogenesis in vivo, whilst the differentiation capacity is unaltered. Upon HFD, VAT expansion is affected, associated with decreased intestinal barrier function, increased hepatic steatosis and other metabolic dysfunction (170). Mechanistically, Vila et al. proposed that ATMs Toll-like receptor 4 (TLR4) mediates the development of obesity-and endotoxemia (lipopolysaccaride, LPS)-associated AT fibrosis through TGF-β pathway (171). These studies suggested the potential link between intestinal function, gut microbiome and AT fibrosis. However, studies in human and mice showed that the presence of macrophages in AT is later than the development of AT fibrosis (149,172), suggesting that other factors might contribute to fibrosis initiation. Furthermore, other immune cells accumulates as well in AT during obesity, e.g CD4+ Th1 and CD8+ T cells (100), and their role in fibrosis should be further studied.

Figure 22 .

 22 Figure 22. Inflammation is essential for AT expansion and proper remodeling [according to (170)] Adipose tissue macrophages response to multiple inflammatory stimuli and promote AT expansion and proper remodeling development through different mechanisms.

Figure 23 .

 23 Figure 23. Hypoxia and AT fibrosis (172)

  ScAT SWS is explained by collagen accumulation and other structural characteristics of scAT • ScAT SWS might change along with scAT ECM remodeling during weight loss • Developing a relevant tool to measure scAT SWS might be helpful in clinical practice Research Programs There are three principal parts in this PhD manuscript: Part 1 is to pursue the validation of the non-invasive tool, AdipoScan TM , in an independent larger group of obese patients; to study further the association between tissue stiffness variation and metabolic and inflammatory parameters as well as tissue characteristics in morbid obesity. By means of better understanding the SWS obtained by AdipoScan TM , our expected purpose is to develop the clinical use of this tool to predict post-BS weight loss and metabolic improvements. Part 2 is to study scAT ECM remodeling (particularly collagen accumulation, crosslinking, and macrophage infiltration) and scAT SWS during the first year of BS-induced kinetics of weight loss and their relationships with metabolic improvements and eventual modifications in tissue stiffness in obese subjects. Part 3 (annex part) is to evaluate the performance of non-invasive measurements (e.g. FibroScan®) of liver damages (fibrosis and steatosis) in severe obesity and to evaluate improvements of liver damages by these methods after BS-induced weight loss. The potential links between the properties of AT and liver will also be studied. population -clinical research contract FIBROTA My PhD work is based on a clinical research contract CRC FIBROTA (Assistance Publique-Hôpitaux de Paris) designed and conducted based on the cooperation between our laboratory and Echosens in Pitié-Salpêtrière Hospital (Paris, France). The principal purpose of FIBROTA study is 1) to validate the use of the new non-invasive medical device based on transient elastography, AdipoScan TM , in characterizing AT pathological features; 2) to compare the performance of AdipoScan TM with the gold standard diagnostic test, immunohistochemistry. The secondary purpose of the study is to identify the predictors of BS-induced weight loss. FIBROTA study is a multicenter, comparative, non-randomized clinical study composed of two groups of subjects. One group of 50 non-obese non-diabetic subjects who have abdominal elective programmed surgery (e.g. for inguinal hernia, hiatus hernia or cholecystectomy) was planned to recruit as control group in Pitié-Salpêtrière hospital. Their body weight is stable for at least 3 months before surgery. They have neither acute infection, nor acute or chronic inflammatory state before the surgery. Per-operative surgical scAT biopsy samples were also plan to collecte in the same location as in the obese subjects. There is no follow-up in this group. Another group of 250 morbidly obese candidates for BS (BMI ≥ 40kg/m 2 or ≥35 kg/m 2 with at least one of comorbidities such as hypertension, type-2 diabetes, or obstructive sleep apnea syndrome) aged between 18-65 yr was planned to recruit in the Nutrition Department of Pitié-Salpêtrière hospital (Fig 24). Obese subjects undergo complete pre-BS examinations including medical examinations (e.g. detailed evolution history and treatment of obesity and its comorbidities), anthropological test (e.g. body composition by DXA), and standard biological examinations such as glucose homeostasis, hepatic function, inflammatory markers and adipokines. Needle aspiration of scAT is performed to measure adipocyte size and to obtain RNA for further transcriptomic analysis. The non-invasive measurements of tissue stiffness based on transient elastography, AdipoScan TM for AT and FibroScan® for liver, are also performed before BS. The surgical procedures (i.e. gastric banding, gastric sleeve, Roux-en-Y bypass) are performed in the Surgery Department either in Pitié-Salpêtrière hospital or in Ambroise-Paré ! 70 hospital. ScAT, VAT and liver surgical biopsy samples are obtained for further exploration such as histological and transcriptomic analysis. Obese subjects are followed 3 (T3) and 12 months after BS (T3, T12). ScAT surgical biopsy, needle aspiration, AdipoScan TM , FibroScan® and biological examinations are repeated at each follow-up.

Figure 24 .

 24 Figure 24. Flowchart of obese subjects in FIBROTA study. Obese candidates for BS are recruited 2 months before BS. Adipose tissue (AT) exploration and bioclinical data collection are repeated at baseline (T0) and 3 months (T3), 12 months (T12) after BS.
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 25 Figure 25. Quantification of picrosirius-red stained collagens in human AT

Figure 26 .

 26 Figure 26. Structure of collagen by SHG and TPF(66,191) 

Figure 27 .

 27 Figure 27. Measurement of scAT SWS by AdipoScan TM. A: The comparison of parameters of Fibroscan® and AdipoScan TM probes. B: Measurement of scAT SWS in abdominal right peri-umbilical region in one obese subject. C: an example of elastogram map and calculation of SWS according to depth over time in elastogram map.!
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  Abdennour et al. 2014). This algorithm is based on the calculation of the time of flight (TOF) of the peak displacement value observed in the shear wave propagation map[START_REF] Audiere | Maximum likelihood estimation of shear wave speed in transient elastography[END_REF]). However, when using TE, physical artefacts such as diffraction and coupling of the pressure and the shear waves can affect the shear wave speed propagation maps, particularly in shallow zones[START_REF] Sandrin | The role of the coupling term in transient elastography[END_REF][START_REF] Audiere | Maximum likelihood estimation of shear wave speed in transient elastography[END_REF]). To overcome this limitation, a novel algorithm was developed[START_REF] Audiere | Maximum likelihood estimation of shear wave speed in transient elastography[END_REF]. In this algorithm, SWS is derived from the maximum likelihood estimate (MLE) of the SWS when comparing the measured displacements and the estimated displacement provided by the Green's functions.Our first objective here was to determine which algorithm was the most accurate to access scAT SWS using AdipoScan. To achieve this purpose, numerical simulations using finite element models (FEM) were performed in the AdipoScan configuration using COMSOL Multiphysics software, version 4.3a (COMSOL Inc., Palo Alto, CA). The simulated region is a two-dimensional axisymmetric finite element model of a homogeneous viscoelastic solid of 100 mm x 100 mm joined to a source of 4.5 mm radius corresponding to the AdipoScan's transducer probe. The medium size was chosen large enough so as to avoid rebounds during the time window of observation since the Comsol FEM software does not allow the use of absorbing borders. The mesh type chosen was free triangular, the optimal mesh size was estimated for each SWS value and corresponded approximately to λs/20 where λs is the shear wave wavelength as in[START_REF] Audiere | Maximum likelihood estimation of shear wave speed in transient elastography[END_REF] Simulations were made for medium with varying stiffness corresponding to SWS ranging from 0.41 m/s up to 2.08 m/s, which correspond to the SWS range usually observed in vivo using the AdipoScan device. Poisson ratio was set to σ=0.4999, which corresponds to an incompressible medium. The shear wave propagation maps obtained in the FEM simulations for each SWS were reprocessed using both the FibroScan time of flight (TOFa) and the novel MLE (MLEa) algorithms. Measurement depth for the SWS evaluation was 12~30 mm. The minimal measurement depth corresponds to the minimal measurement depth used on all patients in vivo. The maximal measurement depth corresponds to the median measurement depth usually observed in severely obese patients in vivo.

  -patient population 73 severely obese subjects (BMI> 35 kg/m2) candidate to bariatric surgery were enrolled one month before surgery at the Nutrition department of the Pitié Salpêtrière hospital (ICAN, Paris, France). Patients gave their informed consent to participate to the study. The protocol was performed in accordance with Helsinki Declaration, ethical approval was gathered for each patients and declared to NCT clinical trials NCT01655017. Patients underwent AdipoScan evaluation using the same procedure performed by the same experienced operator. Briefly, the patient laid down on its back. The AdipoScan probe was placed on the patient's right zone of the abdomen, at the distance of around 5 cm from the umbilicus Figure 1. The final scAT SWS corresponded to the median of at least 10 valid individual measurements. Bioclinical parameters were collected including: age, gender, BMI, glycated hemoglobin (HbA1C), fasting glycemia insulin, triglycerides, total cholesterol, high density lipoprotein (HDL) cholesterol, apolipoprotein A1, apolipoprotein B, gamma glutamyl transpeptidase (γGT), alanine amino transferase (ALAT), aspartate aminotransferase (ASAT), creatinin, uricemia, C-reactive protein (CRP), adiponectin, leptin and interleukine 6 (IL-6).Evaluation of Insulin resistance was performed using a frequently utilized surrogate called "homeostasis model assessment of insulin resistance" (HOMA-IR). It is determined according to the following equation: HOMA-IR = fasting glycemia (mM) × fasting insulin (µU/L) / 22.5(Matthews et al. 1985).In 67 patients, body composition was assessed by whole body fan-beam DXA scanning (Hologic Discovery W, software v12.6, 2; Hologic, Bedford, MA) as described in(Abdennour et al. 2014).In 57 patients, liver stiffness was assessed using Fibroscan® and its XL probe dedicated to obese and overweight patients as in(Naveau et al. 2014). In case of large subcutaneous fat thickness, data were reprocessed between 40 and 80 mm.At the time of surgery, subcutaneous adipose tissue (scAT) and liver biopsies were collected for 32 and 57 patients, respectively. Both scAT and liver biopsy specimen were fixed in formalin and embedded in paraffin and stained with picrosirius red. Liver biopsies were staged by single liver pathologist (PB) according the Kleiner score(Kleiner et al. 2005).

Figa

  Figa and c together with the corresponding shear wave propagation map for the same patient in Figb and d, respectively. The first patient with the US image and shear wave propagation map given in Figa and b have an "homogeneous" scAT whose thickness is around 3.1 cm and a fascia at around 1.5 cm. The measured SWS is this patients is 0.88 m/s. The second patient with the US image and shear wave propagation map given in Figc and d have a "heterogeneous" scAT whose thickness is around 2.8 cm and no visible fascia. The measured SWS is this patients is 0.75 m/s. Differences in clinical and biological characteristics in individuals with successful and unsuccessful AdipoScan examination are displayed in Table2. Using logistic regression, the
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 2 Figure 2. Experimental setup for the reproducibility evaluation on phantoms.

Figure 4 .

 4 Figure 4. Measured shear wave speed (SWS) using the FibroScan time-of-flight algorithm (TOFa) and the maximum likelihood estimate algorithm (MLEa) as a function of the reference SWS set in finite element models (FEM) simulations.

Figure 5 .

 5 Figure 5. Subcutaneous adipose tissue (scAT) shear wave speed (SWS) as a function of (a) scAT fibrosis (%), (b) total body fat mass (%).
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  We demonstrated that SVS was the simplest MR method of detecting the increased content of collagen/fibrosis in scAT. However the spectroscopy does not provide any information on the spatial distribution of fibrosis within the tissue. The distribution may be visualised with methods of differentiating fat and water/proteins such as water signal suppression or Dixon methods. T1-and T2-mapping provided MR parameters characterizing scAT fibrosis (Fig28). Further research on the development of a faster MR technique for fibrosis imaging is necessary. Conclusions: This pilot study shows that fibrosis in scAT can be detected by magnetic resonance techniques. The results of ex-vivo high-resolution MRI should be now compared to histological quantification before final translation of the method into clinical practice and thus helping ongoing improvements in MRI sequences of image acquisitions.

Figure 28 .

 28 Figure 28. Human AT fibrosis acquired by MRI (Dr. Slawek Kusmia, ICAN).

  6 metabolic components defined by Wildman et al. based on NHANES 1994-2004 study (16): 1) elevated blood pressure: systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85 mmHg, or use antihypertensive treatment; 2) elevated fasting glycemia ≥5.6mmol/L or use antidiabetic drugs; 3) decreased HDL-cholesterol levels (<1.03 mmol/L in men or <1.30mmol/L in women) or use drugs increasing HDL; 4) elevated triglycerides (>1.7mmol/L) or use drugs decreasing triglyceridemia; 5) systemic inflammation: highly-sensitivity Creactive protein (hs-CRP) ≥13.0mg/L (i.e. the 90th percentile); 6) insulin resistance: HOMA-IR>9.71 (i.e. the 90th percentile). The presence of at least two of the first four abnormalities enabled the diagnosis of metabolic syndrome (MetS) in this severely obese population who all had increased waist circumference, according to criteria established by the International Diabetes Federation (IDF) 2005(17). The prediction of 10-year coronary heart disease (CHD) risk in asymptomatic individuals, for future risk of angina or myocardial infarction, was also evaluated in middle-aged subjects (age 30-65 yr) according to Framingham risk equation including age, gender, total-and HDL-cholesterol, systolic and diastolic blood pressure,
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 1323 Predictive role of scAT SWS in 10-year CHD risk change.Quantile regression of 10-year CHD risk change between scAT SWS and 10-year CHD risk change in bypass group (A) and sleeve group (B), the regression coefficients were calculated every ten quantile of scAT SWS. Quantile regression of fasting glycemia, insulin, BMI and scAT SWS according to 10-year CHD risk change in bypass group (C) and sleeve group (D), the regression coefficients were calculated every ten quantile of 10-yr CHD risk change.

  relative risk of coronary death (210). Women who had lost at least 10 lbs for at least 3 times showed lower HDL-cholesterol independently of other factors such as estrogen status, physical activity level, alcohol intake, diabetes (211). In mouse model, weight cycling decreases systemic glucose tolerance and impairs AT insulin sensitivity, and increases the number of CD4 + T and CD8 + T cells, the expression of multiple T-helper 1 associated cytokines in AT (212). Our laboratory has showed that obese subjects who had realized more than 10 times of diet had increased total fibrosis in scAT and VAT and those who had lost at least once >10kg had higher total fibrosis in scAT (Fig 29, unpublished data).

Figure 29 .

 29 Figure 29. ScAT fibrosis and body weight variation history (Dr. Camille Vatier).

  Collagens in scAT Following BS Article accepted by The Journal of Clinical Endocrinology & Metabolism on 12 th Nov 2015.The extracellular matrix (ECM) in subcutaneous adipose tissue (scAT) undergoes substantial pathological remodeling during obesity. ECM accumulation, usually called fibrosis, is defined as an excessive deposition of ECM components (mainly cross-linked collagens) and impaired degradation(1). ECM accumulation is important in the regenerative step where it replaces damaged cells. However, if the damage persists, excessive ECM deposition harms tissue homeostasis and function(2). In obesity, scAT ECM accumulation reduces tissue plasticity and results in adipocyte dysfunction, ectopic fat storage, and metabolic disorders(1). Studies have shown the detrimental consequences of ECM accumulation in obesity and their associations with comorbidities. In mice, genetic ablation of MT1-MMP, a membrane anchored metalloproteinase degrading collagen I, leads to increased peri-adipocyte fibrosis and severe metabolic complications such as hepatic steatosis (3). Likewise, Collagen VI

  Adiposcan TM relates to adipose tissue rigidity in severe obesity before weight loss and is associated with picrosirius-red stained collagens and metabolic alterations(9). Surprisingly, we found increased post-BS collagen accumulation without significant change in average scAT stiffness measured by Adiposcan TM despite large inter-individual variability. These results, associated with improved metabolic alterations after BS, suggest that the major ECM remodeling observed after weight loss might be adaptive. Profiles of stiffness changes were observed but without significant link with clinical parameters at this stage. In addition, our results also suggest that transient elastography Adiposcan TM might be more sensitive to severe crosslinked and dense fibrosis (i.e. "pathological fibrosis") as showed in liver stiffness measurements(29,30), thus explaining why Adiposcan TM fails to detect small decreases in post-BS stiffness or alternatively to quantify adaptive ECM remodeling (i.e. less cross-linked and more degraded collagens) not linked to pathological conditions. Therefore, Adiposcan TM might be more appropriate to better stratify obese individuals before any drastic weight intervention or to non-invasively predict weight loss outcomes (9), a feature which needs further study in extended cohorts. Furthermore, other scAT changes occurring after weight loss might also influence tissue stiffness, such as the amount and types of lipids in adipocyte or scAT vascularization. In addition, some genes involved in mechanotransduction pathway YAP/TEAD were unchanged while the downstream profibrotic gene CTGF was down-regulated, suggesting again that weight loss induced increased collagen deposition was not associated with pathological constraint.

  CD163 + /CD68 + ratio due to increased CD163 + cells and decreased CD68 + cells during weight loss, a profile of activated state of ATM shifted towards M2 relative to M1, as previously shown after 3 months post-BS(24). In addition, CD163 + cells before BS associated with pericellular collagen accumulation, indicating a role in the generation of fibrosis in obese scAT. M2 cells have a complex role in tissue repair and fibrosis: besides direct effects of M2 cells on promoting and suppressing collagen synthesis and fibrosis development, M2 cells are inducers of Treg cells, which are implicated in fibrosis suppression and can directly produce MMPs and TIMPs, thus controlling ECM turnover(36). The reason why we found a significant negative association between CD163 + cells and collagen accumulation at T12 is unknown, but may suggest a balanced involvement of several cell types during this remodeling process and warrants further exploration. Our previous studies that described changes of scAT immune cells before and after weight loss have used IHC method for cell quantification (14,24,37). However, due to the clinical difficulties in acquiring sufficient and repeated post-BS scAT surgical biopsy samples in obese subjects during the follow-up, it was hard to compare our IHC observation to other methods such as fluorescence-activated cell sorting (FACS) for quantifying immune cells infiltration. Some questions remain unanswered. Our clinical study aimed at evaluating the changes in scAT ECM until one year, the nadir point of post-BS weight loss in many individuals(38). The kinetic changes (amount, type, cross-linking) of collagen fibers with longer duration of post-BS weight loss, stabilization, or weight regain remain to evaluate. Some studies showed interesting results. For example, after two years post-BS weight stabilization, ex-obese subjects still presented the same amount of picrosirius-red stained scAT fibrosis as morbidly obese subjects, despite improvements in adipocyte hypertrophy and inflammation infiltration(39). However, this ex-obese group was compared to an independent group of pre-BS obese individuals, which might induce bias in the results due to important inter-variability in AT fibrosis. Therefore, these findings should be confirmed in samples from same individuals obtained before and after BS, as we herein assessed. Furthermore, the type of collagens and cross-linking enzymes were not investigated. In addition, obese subjects experience periods of weight fluctuations even post-BS (38) that could possibly subsequently modify their adipose tissue ECM characteristics. We previously showed that 59 subjects who underwent RYGB after an initial failure of gastric banding displayed significantly higher total collagen accumulation than primarily operated subjects(9), suggesting again that weight fluctuations impact on ECM remodeling. Therefore, it is of interest to pursue the follow-up of our obese subjects, who were already investigated at baseline and follow-up until one year, to evaluate longer-term scAT remodeling and potential relationships with BS outcomes. In addition, there is very few data concerning the change of visceral adipose tissue characteristics. In one human study, obese subjects displayed decreased fat diameter in visceral AT as measured by ultrasound (40). In rodent, mice which underwent BS demonstrated decreased infiltration of T-lymphocytes and macrophages in visceral AT (41). Further study in these post-BS features in humans would be of major interest. However, there are clinical and ethical limitations to such explorations, and the development of non-invasive measures (e.g. imaging) is indispensable.
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 1112 Figure 1. Study flowchart of 118 obese subjects.
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 34 Figure 3 Macrophage infiltration in scAT
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 5 Figure 5. Cross-linking of Matrix Fibers and collagen degradation and synthesis in scAT.
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 18330 Figure 30. Collagen accumulation profiles of 36 subjects from Group 1
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 31 Figure 31. Pro-and anti-inflammatory cytokines and chemokines in scAT explant.The concentration of MCP1, TGF-β (M2 polarization inducer), proinflammatory cytokines produced by M1 cells (TNF-α, IL-6, IL-1β) and anti-inflammatory cytokine produced by M2 cells (IL-10) in scAT explant from surgical biopsy in lean and obese subjects at baseline and 3 months (T3), 12 months (T12) after the bariatric surgery. The concentrations of proteins are presented as pg/ml for 0.1g scAT.

Figure 32 .

 32 Figure 32. Profibrotic proteins in scAT explantThe concentration of PDGFAA, PDGFBB, FGF2 in scAT explant from surgical biopsy in lean and obese subjects at baseline and 3 months (T3), 12 months (T12) after the bariatric surgery. The concentrations of proteins are presented as pg/ml for 0.1g scAT.

Figure 33 .

 33 Figure 33. scAT macroscopic structure classification. Fascia are pointed by yellow arrows, fibrous septa by orange arrows, some lobules are circled by a red round.

  revealed a dynamic immune response to weight loss: ATM content initially increased after caloric restriction while decreased following an extended period of weight loss. They suggested that the local lipid fluxes might be the central regulators of ATM recruitment because of the accordance of both ATM number peak and circulating FFA, adipose tissue lipolysis peak (223). Therefore, M2 cells might have different pro-and anti-fibrosis profile in different condition. Moreover, AT is considered as a site of inflammation and is composed of a wide variety of immune cells implicated in tissue repair and fibrosis (e.g. T H 1, T H 2 and Treg cells). To investigate the implications of these cells during weight loss, we measured several pro-anti-inflammatory cytokines and chemokines, and profibrotic proteins in scAT explant from surgical biopsy samples in lean and obese

  e.g. composite serum biomarkers, MRI, is of great interest. Concerning AdipoScan TM , we observed that average post-BS change in scAT SWS was not significant with a large interindividual variability. Thus, the further studies of factors impacting post-BS scAT SWS, and the adapting Adiposcan TM of to post-BS scAT might help assessing post-BS AT fibrosis and following anti-fibrotic treatment. Nevertheless, the anti-fibrotic treatment should base on the clearly understanding of fibrogenesis in AT during obesity and weight loss. However, the implicated mechanisms and processes are not yet completely unraveled. The threshold between physiological (i.e. normal fascia and fibrous septa as support structure) and pathological ECM accumulation needs to be determined. Therefore, further studies are still needed to clarify AT fibrosis in obesity research domain.

  XL Probe with Adapted Measurement Depth for Liver Stiffness Measurement in Morbidly Obese Patients Introduction The XL probe of transient elastography (FibroScan®) was recently developed to evaluate liver stiffness measurements (LSM) in overweight and obese patients. However overlying fat layers in morbidly obese patients (BMI �40kg/m2) are much thicker and present a major inter-individual variability and thus could lead to an overestimation of stiffness.
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 9 Liver fibrosis according to LB FibroScan allows the early diagnosis of significant fibrosis in morbidly obese patients before bariatric surgery, screening the 21% patients with F�2 without known hepatology ). This study demonstrates that fat layer thickness superior to 40 mm in such patients requires an adaptation of the LSM calculation but the measurements are feasible and accurate. FibroScan appears as a reliable and noninvasive tool for screening chronic liver disease severity in morbidly obese patients. Further studies are needed to confirm these results. Contacts: yuejun.liu@echosens.com. veronique.miette@echosens.com who had valid LSM, 21% had significant fibrosis (F�2). -� 3 adapted measurement depths to recalculate LSM were selected individually according to fat layer by an expect operator blinded to patients' clinic data Patients with Overestimated LSM are more obese (blue) ! Introduction Non-alcoholic fatty liver disease (NAFLD) is one of common liver comorbidities in obesity and is associated with increased liver related morbidity and mortality. During adipose tissue expansion in obesity, adipocyte hypertrophy significantly influences adipocyte biology and is subsequently associated with obesity-associated comorbidities such as type 2 diabetes. However its link with liver injury in obesity remains unclear. 78 morbidly obese subjects (BMI 45.9±6.8 kg/m 2 ) candidate for bariatric surgery were recruited. We collected before the surgery: -� adipocyte diameters of subcutaneous adipose tissue (scAT) from needle biopsy -� bioclinical parameters -� liver stiffness measurement (LSM) measured by FibroScan -� and per-operative liver biopsy (LB) samples Results Discussion & Conclusion -Patients' distribution of LB Our study shows that having a larger adipocyte size is associated with severe liver histological injuries, especially ballooning, a key feature of NASH in morbidly obese subjects. On contrary, adipose tissue expansion at early adulthood might be less deleterious to liver. Further studies are required to evaluate whether the decrease of adipocyte size after weight loss induced by bariatric surgery is associated with improved liver injury.
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Figure 1 .

 1 Figure 1. Baseline comparison between low and good responders to bariatric surgery-induced weight loss. A, Clustering of weight-loss profiles in 243 obese subjects: red, low responders to weight loss (LR); blue, good responders; green, very good responders. For further analyses, the good responders and very good responders are combined and referred to as good responders (GR). B-I, Baseline comparison between LR (n ϭ 70) and GR (n ϭ 173) groups in regards to age (B), BMI (C), DXA-evaluated fat mass (D), diabetes state (E), IL-6 circulating concentration (F), percentage scWAT IHC-fibrosis (G), percentage pericellular scWAT IHC-fibrosis (H), and liver fibrosis (F Ն 2) (I). Data are expressed as mean Ϯ SEM, or as percentage for diabetes and liver fibrosis. The P values were obtained using Student's t test on logtransformed data or the 2 test for qualitative data. NS, P Ͼ .05; *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001.
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Figure 2 .

 2 Figure 2. Physical measures of scWAT and liver stiffness. A, Evaluation of liver stiffness measurements (LSM) using a Fibroscan XL probe. B, Area of measurement of shear-wave velocity in scWAT. C, Box-plot of LSM (kPa) according to stage of liver fibrosis in 49 subjects; 63.3%(n ϭ 31) had a liver score of F0, 20.4% (n ϭ 10) had F1, 6.1% (n ϭ 3) had F2, 8.2% (n ϭ 4) had F3, and 2% (n ϭ 1) had F4 (solid dot). The only patient with the F4 stage of liver fibrosis also had the higher level of liver stiffness (75 KPa). D, Correlation analysis between shear-wave velocity in scWAT and percentage of scWAT IHC-fibrosis (n ϭ 61 subjects). Filled circles represent eight women with no liver alterations and no diabetes. E, Box-plot of shear-wave velocity in scWAT (m/s) according to the diabetic status of 123 subjects; 42.3% (n ϭ 52) had type 2 diabetes. F, Correlation analysis between shear-wave velocity in scWAT and liver stiffness measurements and clinical characteristics in morbidly obese subjects. Spearman's correlations were used in panels C and D, Student's t test was used in panel E, and Pearson's correlations were used in panel F.
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  Figure A in S1 File). At the end of follow-up (two months after treatment cessation), FPG tended to return towards baseline values in the dietary supplement group (Figure A in S1 File). However, three different kinetic trajectories for FPG were identified in this group (Figure B-A in S1 File): 1) in six subjects, FPG decreased during the treatment period (-5%), with a further decline at the end of follow-up (-11%); 2) in 11 subjects, FPG decreased during treatment (-9.7%) and then returned to baseline; 3) in nine subjects, FPG slightly increased during treatment, subsequently remaining constant throughout follow-up. In the placebo group only two different kinetic trajectories were identified (Figure B-B in S1 File): 1) in 17 subjects, FPG declined slightly (-2.7%) during the treatment period and remained stable throughout follow-up; 2) in nine subjects, FPG showed an elevation of 11% during the treatment period then a reduction at the end of follow-up. Kinetic trajectories in the placebo group were totally different from those observed in the treatment group: while two clusters in the dietary supplement group

Fig 1 .

 1 Fig 1. Consort flow diagram. ITT: intention-to-treat. One subject in the dietary supplement group was lost to follow-up at Month 2, and one subject in the placebo group was withdrawn from the study at Month 2 due to a serious adverse event not related to study treatment (new condition with a need for hormonal treatment). doi:10.1371/journal.pone.0138646.g001

  FP insulin: fasting plasma insulin; HbA1c: glycated hemoglobin; HOMA-IR: homeostatic model assessment-insulin resistance; HOMA-B (%): β cell function; HOMA-S (%): insulin sensitivity; QUICKI: quantitative insulin sensitivity check index; HDL: high-density lipoprotein; LDL: lowdensity lipoprotein; FFA: free fatty acids; hs-CRP: high-sensitivity C-reactive protein; PAI-1: plasminogen activator inhibitor-1; IL-6: interleukin-6; Akt: serine/ threonine protein kinase B. Baseline data did not differ between groups using unpaired Student t-tests. Baseline and 4-month data in each group were compared using paired StudentÕs t-tests; Changes (values at 4 monthsÐvalues at baseline/values at baseline*100) in the placebo and dietary supplement groups were compared using unpaired StudentÕs t-test.

  Fig 2A) and the increase in fat-free mass was associated with increased insulin sensitivity as measured by revised QUICKI (Fig 2B). The correlations remained significant after adjustment by gender, age and BMI: a) adjusted correlation between changes in FPG and changes in HOMA-B (p = 0.00005, r = -0.57), b) adjusted correlation between changes in fatfree mass and changes in revised QUICKI (p = 0.038, r = 0.31), c) adjusted correlation between changes in fat-free mass and changes in free fatty acids (p = 0.0006, r = -0.46). In the placebo group, changes in FPG were also negatively correlated to changes in insulin secretion (Fig 3A), whereas there was no significant correlation between changes in fat-free mass and changes in insulin sensitivity (Fig 3B).

Fig 2 .

 2 Fig 2. Correlations between changes in FPG or fat-free mass and other bioclinical parameters during dietary supplement treatment. A: Correlation between changes in fasting plasma glucose and insulin secretion estimated by HOMA-B%. B: Correlations between changes in fat-free mass and changes in insulin sensitivity (estimated by revised QUICKI). C: Correlations between changes in fat-free mass and free fatty acids; N = 23 in A and B due to 3 missing data for plasma insulin, N = 26 subjects in C. Pearson correlations were used. D0: Day 0; M4: Month 4. doi:10.1371/journal.pone.0138646.g002

Fig 3 .

 3 Fig 3. Correlations between changes in FPG or fat-free mass and other bioclinical parameters in the placebo group. A: Correlation between changes in FPG and insulin secretion estimated by HOMA-B%. B: Correlations between changes in fat-free mass and changes in insulin sensitivity estimated by revised QUICKI. C: Correlations between changes in fat-free mass and free fatty acids; N = 22 in A and B due to 4 missing data for plasma insulin, N = 26 subjects in C. Pearson correlations were used. D0: Day 0; M4: Month 4. doi:10.1371/journal.pone.0138646.g003

Fibrose du tissu adipeux

  humain: relations avec l'élasticité du tissu, des changements de poids et les comorbiditiés de l'obésité Contexte Le remodelage de la matrice extracellulaire (MEC), e.g. la fibrose, est une altération pathologique du tissu adipeux sous-cutané (TAsc) dans l'obésité. La fibrose du TAsc est associée aux troubles métaboliques et à la perte de poids à la chirurgie bariatrique (CB). Un outil non-invasif a été développé pour évaluer l'élasticité du TAsc (la VS) et son lien avec les comorbidités de l'obésité. Hypothèses 1) La VS associée aux troubles métaboliques prédit la perte de poids et les améliorations cardiométaboliques à la CB; 2) La VS est liée avec les collagènes et avec d'autres caractères du TAsc; 3) la VS change avec le remodelage de la MEC du TAsc durant la perte de poids; 4) le développement de l'outil évaluant la VS est utile dans la pratique clinique. Méthodes Une étude clinque a été réalisée chez plus de 100 obèses candidats à la CB, avec les mesures transcriptomique, histologique et secretomique in vitro et ex vivo pour évaluer des altérations du TAsc. La validation de l'outil a été aussi réalisée.Résultats 1) La VS est associée à la fibrose du TAsc, aux paramètres biocliniques, aux anomalies cardiométaboliques chez les obèses morbides; 2) La VS pré-CB prédit la perte de poids d'un an à la CB; 3) Le TAsc subit un remodelage majeur durant la perte de poids, en particulier une augmentation des collagènes qui est lié à une élévation de la dégradation des collagènes, à une diminution du pontage de la MEC, non à un changement détectable de la VS. Ces observations suggèrent une adaptation adéquate de la MEC du TAsc durant la perte de poids.Conlusion L'exploration du remodelage du TAsc (e.g. la fibrose et la VS) est un intérêt principal dans cette maladie complexe.
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 7 Variation of bioclinical parameters according to pericellular collagen accumulation profiles in 36 obese subjects from Group 1 ............................................................................ 184

	List of Abbreviations
	ADAMs	a disintegrin and metalloproteinase
	ADAMTS	a disintegrin and metalloproteinase with thrombospondin motifs
	ADSC	adipose-derived stem cells
	AMCase	acidic mammalian chitinase
	AP-1	activator protein-1
	Arg1	arginase-1
	AT	adipose tissue
	ATMs	adipose tissue macrophages
	Bip	binding immunoglobulin protein
	BMI	body mass index
	BMP1	bone morphogenetic protein1
	BRP-39	breast regression protein-39
	BS	bariatric surgery
	CAV1	caveolin 1
	CCL	C-C chemokine ligand
	CHD	coronary heart disease
	Cidea	cell death-inducing DNA fragmentation factor alpha-like effector A
	CIFRE	Convention Industrielle de Formation par la Recherche
		(Industrial Agreement of Training through Research)
	CRP	C-reactive protein
	CT	computed tomography
	CTGF	connective tissue growth factor
	DAPK2	death associated protein kinase 2
	ECM	extracellular matrix
	ECP	eosinophil cationic protein
	EGF	epidermal growth factor
	EMT	epithelial-mesenchymal transition
	EndoMT	endothelial-mesenchymal transition
	ER	endoplasmic reticulum
	ESRD	end-stage renal disease
	FSP	fat-specific protein
	GAG	glycosaminoglycan
	GLP-1	glucagon-like peptide-1
	GLUT	glucose transporter
	HFD	high-fat diet
	HSC	hepatic stellate cell
	HSP	heat shock protein
	IFN-γ	interferon-γ
	IL	interleukin
	JAK	Janus-activated kinase
	LAP	latency associated protein
	LMWHA	low molecular weight hyaluronic acid
	LOX	lysyl oxidase
	LPS	lipopolysaccharide
	MAPK	mitogen-activated protein kinase
	MCP1	monocyte chemoattractant protein 1
	MHC	histocompatibility complex

Table 2 .

 2 Human matrix metalloproteinases and their substrates

	Sub-class	Protein	Alternative	Main Substrates		Presence
		name	name				in AT
	Collagenase	MMP-1	Collagenase-1	Col I, II, III, VII, VIII, X, gelatin, PGs,	Yes
				tenascin-C, IL-1β, TNFα	
		MMP-8	Collagenase-2	Col I, II, III, V, VII, VIII, X, gelain,	Yes
				laminin, nidogen	
		MMP-13	Collagenase-3	Col I, II, III, IV, IX, X, XIV, gelatin,	Yes
				perlecan, fibronectin, laminin,	
				osteonectin		
		MMP-18	Collagenage-4	Unknown			Unknown
	Gelatinase	MMP-2	Gelatinase-A	Col I, IV, V, VII, X, XI, XIV, gelatin,	Yes
				elastin, fibronectin, laminin, galecin,
				PGs, osteonectin, IL-1β, TNFα	
		MMP-9	Gelatinase-B	Col IV, V, VII, X, XIV, gelatin, elastin,	Yes
				galectin, fibronectin, osteonectin, IL-1β,
				TNFα, TGF-β		
	Stromelysin	MMP-3	Stromelysin-1	Col I, II, III, elastin, fibronectin, gelain,	Yes
				laminin, vitronectin, PGs	
		MMP-10	Stromelysin-2	Col IIII, IV, V, gelatin, elastin, PG,	Yes
				fibronectin, laminin	
		MMP-11	Stromelysin-3	Laminin, fibronectin, gelatin, col VI	Yes
	Membrane type	MMP-14	MT1-MMP	Col I, II, III, elastin, fibronectin, gelain,	Yes
	(MT-MMPs)			laminin, PGs, vitronectin, integrins
		MMP-15	MT2-MMP	Tenascin-C,	fibronectin,	laminie,	Unknown
				perlecan, Col III, gelatin	
		MMP-16	MT3-MMP	Col I, III, gelatin, fibronectin, laminin,	Unknown
				perlecan		
		MMP-17	MT4-MMP	Col I, III, gelain, fibronectin, laminin,	Yes
				perlecan		
		MMP-24	MT4-MMP	Gelatin, fibronectin		Yes
		MMP-25	MT5-MMP	Gelatin, fibronectin, PGs	
	Other types of	MMP-7	Matrilysin-1	Col I, II, III, IV, V, X, gelatin, decorin,	Yes
	MMPs			PGs, fibronectin, laminin, tenasin-C,
				osteonectin, integrins, elasin, TNF-α
		MMP-26	Matrilysin-2	Col IV, gelatin, fibronectin		Unknown
		MMP-12	Metalloelastase Col IV, gelatin, fibronectin, elastin,	Yes
				laminin		
		MMP-19	RASI-1	Col I, IV, gelatin, fibronectin, laminin,	Yes
				tenascin-C		
		MMP-20	Enamelysin	cartilage			Unknown
		MMP-21	XMMP	Unknown			Unknown
		MMP-22	CMMP	Unknown			Unknown
		MMP-23	CA-MVP	Gelatin			Unknown
		MMP-28	EPilysin	Casein			Unknown

  Fibrogenesis in various tissues involves a number of signaling cascades. Examples of major pathways are shown. MAPK denotes mitogen-activated protein kinase, ROCK Rho-associated protein kinase.

	Multiple molecular processes are involved in fibrosis (Fig 12). Besides the TGF-β
	pathway which is crucial in fibrosis, growth factors such as PDGF and CTGF, profibrotic
	cytokines and vasoactive peptides (mainly angiotensin II and endothelin-1) which bind to
	respective membrane receptors and activate MAPKs, Rho/ROCK pathways also play
	important roles in fibrosis (101). In addition, TGF-β pathway also interacts with other
	signaling pathways, for example hedgehog signaling which regulate fibroblast function with
	TGF-β in lung fibroblast and integrin pathway which has an extensive cross-talk with TGF-β
	pathway (102) and mediates mechanotransduction in fibrosis.
	Integrins are heterodimeric proteins composed of a α-subunit (α1-18) and a β-subunit
	(β1-8). They constitute a family of transmembrane receptors that bind extracellularly to the
	ECM and intracellularly to the cytoskeleton, therefore 'integrating' the extracellular
	environment with cell interior, i.e. transducing signals from the outside into the cell ('outside-

in') and vice versa ('in-outside') to regulate cell adhesion, spreading, migration, proliferation, differentiation and ECM remodeling. Integrins are involved in diverse diseases such as thrombotic diseases, inflammation, infectious diseases, cancer and fibrosis (102,103). Integrins sense ECM signals and make adaptation according to different integrin types.

The Wnt/β-catenin signaling pathway was previously known to play a crucial role in

  

	tissue development and homeostasis and is now considered as a novel mediator of wound
	repair and fibrosis. In lung, kidney, liver, skin and cardiac fibrosis, Wnt/β-catenin signaling
	pathway is activated; secreted frizzled-related proteins (SFRPs) which inhibit Wnt/β-catenin
	signaling is down-regulated in systemic sclerosis (SSc), fibrotic lungs and IPF.
	Mechanistically, Wnt/β-catenin pathway promotes the proliferation, activation, migration and
	matrix production of fibroblasts. Moreover, Wnt/β-catenin pathway cross-talks with TGF-β
	pathway and thus promotes fibrogenesis. Several new chemical inhibitors of this pathway
	have been identified to improve fibrosis. For example, the inhibitors of downstream Wnt
	signaling ameliorates TGF-β receptor I-driven fibrosis, demonstrated as decreased skin
	thickness, hydroxyproline content and myofibroblast counts in skin fibrosis (117). Therefore,
	Wnt/β-catenin pathway appears important in fibrosis and the inhibition of Wnt signaling
	might be a promising therapeutic approach for fibrosis (81,118).

Endoplasmic reticulum (ER) stress and subsequent activation of unfolded protein response (UPR) are

  

	expression of collagen I and promotes SSc, liver fibrosis and cardiac fibrosis. However, some
	suggested to play a prominent role in fibrotic diseases. Studies showed miRs are constitutively expressed in healthy tissues but are downregulated when fibrosis
	that ER stress facilitates fibrotic remodeling through the activation of pro-apoptotic pathways, develops, indicating that they might have a protective antifibrotic role, such as miR-133 and
	the induction of epithelial-mesenchymal transition and the promotion of inflammatory miR-30 in myocardial fibrosis, miR-150 and miR-194 in liver fibrosis, miR-200a in renal
	responses in liver, lung fibrosis and SSc (81,119,120). In IPF subjects caused by mutation of fibrosis. Several histone post-translational modifications were also shown implicated in
	gene encoding surfactant protein C (SFTPC), prominent expression of UPR markers and fibrosis. For instance, aberrant histone acetylation occuring on the promoters of profibrotic
	activation of ER stress have been found in alveolar epithelium (121). In mouse model, where genes regulates fibrosis in a gene-and cell-specific manner; histone methylation modulates
	a mutant form of SFTPC is conditionally expressed, ER stress in type II alveolar epithelium profibrotic gene expression. It was showed that alcohol induces MLL1, a methyltransferase of
	and excessive lung fibrosis are induced following bleomysin treatment (122). Recently, ER a histone 3 lysine 4 (H3K4), and underpins the transdifferentiation of quiescent HSCs to
	stress and UPR were found to activate inflammasomes, which is implicated in fibrosis, activated HSCs, increases the expression of ECM genes, such as collagen I, III, IV, ELN and
	through reactive oxygen species (ROS) and calcium signaling. Inflammasome is a cytosolic TIMP1 (126). These findings confirm the implication of epigenetic regulation in fibrosis and
	multiprotein complex that is composed of an NLRP (NOD-LRR-and pyrin domain-provide latest insights into the novel biomarkers and therapeutic targets for fibrosis
	containing) family member, the inflammasome adaptor molecular ASC and the effector (40,106,127).
	subunit pro-caspase 1. Activation of inflammasome in fibroblasts leads to the secretion of IL-
	1β, IL-18, TGF-β and the production of collagens (82). For example, in human SSc Telomere shortening restricts the number of cell division of primary human cells and
	fibroblasts, 40 genes associated with inflammasome or its downstream signaling molecules is supposed to affect the regenerative capacity of organ systems during aging and chronic
	are up-regulated. Inhibition of caspase 1, which is tightly regulated by inflammasome, diseases (128). Wiemann et al. demonstrated for the first time that cell-specific telomere
	decreases the expression of myofibroblast α-SMA in SSc dermal fibroblast, abrogated the shortening and senescence are associated with human liver cirrhosis: telomeres are
	secretion of IL-1β, IL-18, collagen I and III in SSc dermal and lung fibroblasts. In addition, significantly shorter in hepatocytes; HSC telomere shortening and senescence are correlated
	NLRP3 -/-mice and ASC -/-mice were resistant to bleomycin-induced skin fibrosis (123). In with progression of fibrosis in cirrhosis samples (128). Telomere shortening has also been
	obesity and insulin resistance, adipocyte ER stress is significantly increased, UPR and suggested as an important contributor of adult-onset and familial form of pulmonary fibrosis
	inflammasome are activated (124,125). Accordingly, the role of ER stress in AT fibrosis development (81). Recently, two novel mutations in PARN (Poly (A)-specific ribonuclease)
	needs to be further studied.
	The epigenetic regulation of gene expression, which includes DNA methylation,
	regulatory noncoding RNAs (e.g. microRNAs [miRs]) and post-translational modification of
	the histone protein constituents of chromatin, contributes to the pathogenesis of fibrosis
	through the regulation of fibroblast activation, differentiation, apoptosis, collagen synthesis
	and profibrotic gene transcription. DNA methylation occurs in genes implicated in fibroblast
	activation and fibrogenesis. For example, hypermethylation of RASAL1, which encodes a
	suppressor of Ras oncoprotein, leads to increased Ras activity, fibroblast activation and
	proliferation. Various miRs have been identified in various fibrotic diseases. For instance,
	miR-21 promotes fibrosis in lung and heart by regulating TGF-β and MAPK pathway; miR-
	192 is considered as a key trigger of TGF-β/Smad3 in renal fibrosis; miR-29 regulates the

  inflammatory pathways is another efficient way to treat fibrosis. Approved for IPF in EU and Japan. b Approved for multiple myeloma. c Combination therapy with immunosuppressants. d Inhibits the receptor tyrosine kinases VEGFR, PDGFR and FGFR.

	R E V I E W						
	Table 1 Antifibrotic strategies between bench and clinic				
	Category	Name	Target/mechanism	Class		Target disease	Manufacturer	Phase
	Growth factors	Pirfenidone	TGF-activity,	Small molecule	IPF, hepatic and renal fibroses,	InterMune	Clinic a
			inflammation			hypertrophic cardiomyopathy	
		GC1008	TGF-1	Monoclonal antibody Myelofibrosis, systemic sclerosis Genzyme	1
		LY2382770	TGF-1	Monoclonal antibody Diabetic glomerulosclerosis	Eli Lilly and Company 2
		FG-3019	CTGF	Monoclonal antibody,	IPF, scar-revision surgery	FibroGen	1/2
				antisense			
		PRM-151	SAP (pentraxin 2)	Recombinant protein IPF, post-surgical scarring	Promedior	1/2
	ECM	GS-6624	Lysyl oxidase-like-2	Monoclonal antibody,	Cardiac fibrosis, IPF	Gilead Sciences	1/2
				small molecule		
		STX-100	Integrin v 6	Monoclonal antibody IPF, renal fibrosis	Stromedix	1
	Intracellular	Sivelestat	Neutrophil elastase	Small molecule	Acute lung injury, chronic	Ono Pharmaceutical	1
	enzymes					obstructive pulmonary disease, IPF	
		FG-4592	Hypoxia-inducible factor	Small molecule	Chronic kidney disease	FibroGen	2
			prolyl hydroxylase				
		Bortezomib	26S proteasome	Small molecule	Pulmonary and dermal fibrosis	Millennium	Clinic b
		Imatinib	PDGFR tyrosine kinase	Small molecule	Nephrogenic systemic fibrosis	Novartis	2
		Sirolimus	Mammalian target of	Small molecule	Renal fibrosis, IPF	Pfizer	3/4 c
			rapamycin (mTOR)				
		BIBF 1120 d	Angiokinases	Small molecule	IPF	Boehringer Ingelheim 2
		INCB018424	Jak2	Small molecule	Myelofibrosis	Sanofi-Aventis	1/2
		CC-930	JNK	Small molecule	IPF	Celgene	2
	Immunomodulators/	Etanercept	TNF-	TNF receptor 2-IgG1	IPF	Pfizer	2
	Inflammatory			fusion protein		
	modulators						
		QAX576	IL-13	Monoclonal antibody IPF, eosinophilic esophagitis,	Novartis	2
						asthma	
		Anakinra	IL-1	Recombinant protein Arthrofibrosis	Amgen/Biovitrum	Clinic e
		CNTO-888	CCL2	Monoclonal antibody IPF, fibrocyte reduction	Janssen	2
		Thalidomide	Anti-inflammatory,	Small molecule	IPF	Celgene	2
			proapoptotic?				
		Azathioprine	Cytotoxic, immunosuppressive Small molecule	IPF	Multiple	3
		Aviptadil	Vasoactive intestinal	Synthetic peptide	Pulmonary arterial hypertension,	mondoBIOTECH	1
			polypeptide analog			IPF	
	Antioxidants	N-acetylcysteine Oxidative stress	Small molecule	IPF, hepatic fibrosis	Multiple	3
	Coagulation pathway PAR1 antagonists Thrombin and FXa	Small molecule	IPF, hepatic fibrosis	Multiple	Preclinical
			signaling				
	Others	Losartan	Angiotensin II receptor	Small molecule	Hepatic, pulmonary and cardiac	Multiple	Clinic f
			signaling			fibroses	
		Bosentan	Dual endothelin receptor	Small molecule	Dermal fibrosis, IPF	Actelion	3
			antagonism				
	IL-13± induced protein 176 . Thus, it will be interesting to determine whether this circulating biomarker could be used to identify indi-viduals with IL-13± dependent fibrosis who might also benefit from anti± IL-13 therapy. Because a growing number of chronic fibrotic diseases are characterized by the excess production of IL-13 and/or increased expression of IL-13± inducible genes, many individuals with fibrosis might benefit from the neutralization of IL-13. Myeloid cells and T reg cells. Numerous studies have suggested that macrophages have stage-specific roles in fibrosis 2 . Macrophages show profibrotic activity in the early phases of the wound-healing response by producing inflammatory mediators that can exacer-bate tissue injury, such as IL-1 , TNF-and reactive oxygen and nitrogen species. They also produce profibrotic mediators such as TGF-1. But in the later stages of the wound-healing response, a subset of macrophages converts into a suppressive phenotype that expresses	a variety of anti-inflammatory mediators, such as IL-10, Arg1, pro-grammed death ligand-2 and Relm-, which promote wound healing and direct the resolution of the inflammatory response 46 . Given the central role that macrophages have in fibrosis, a number of experimen-tal antifibrotic strategies are being designed to regulate the activation and/or recruitment of distinct myeloid-cell populations. For example, Johnson & Johnson is conducting a phase 1 study in individuals with IPF of a human monoclonal antibody to CCL2 (also known as MCP-1), which is involved in the recruitment of inflammatory monocytes 177 . Researchers at Promedior are investigating the protective effects of recombinant human serum amyloid P (SAP; also known as pentraxin 2) in IPF and post-surgical scarring in patients treated for glaucoma 178 . Their preclinical studies have suggested that SAP reduces inflammation and fibrosis by inducing the production of IL-10 in `proresolution' macrophages 179 . Ono Pharmaceutical is examining whether a competitive inhibitor of human neutrophil elastase would
	Inhibitors targeting factors involved in pro-inflammatory pathway such as TNF-�, tyrosine 1036 VOLUME 18 | NUMBER 7 | JULY 2012 NATURE MEDICINE
	kinase, Jaks (involved in pro-inflammatory Jak-Stat pathway), IFN-�; factors implicated in
	macrophages activation such as PPAR-�, -�; factors involved in T H 2 immune response such

a e Approved for rheumatoid arthritis. f Approved for hypertension.

Table 4 .

 4 The status of researches in AT fibrosis

	Point	Actual statut	Questions
	Cellular origin	Identification of preadipocytes,	Role of mast cells, adipocytes?
		macrophages, endothelial cells,	Other fibrogenitic progenitor
		pericytes (cf. this section).	cells?
	Factors activating	1) Immune and adaptive immunity:	Inflammation and fibrosis, who
	fibrogenesis	macrophages (cf. this section)	is the trigger? Or a vicious
			circle?
			What are roles of M1 and M2?
			The role of other immune cells
			and their cytokines (cf. Fig 9)?
		2) Mechanical stress:	Effect on other effect cells?
		pro-inflammation effect on adipocytes ,	Other mechanosensitive pathway
		YAP/TEAD pathway (66)	(cf. Fig 15)?
			Involved mechanosensitive
			receptor types (e.g. integrins)
			and roles?
	Molecular pathway	TGF-β (cf this section), CTGF(66)	Other molecular pathway (cf.
			Fig 12)?
	Other mechanisms	1) Wnt/β-catenin signling pathway:	
		Activation of Wnt signaling remains	
		preadipocytes in an undifferentiated stat	
		(180) and improves the metabolic	
		disorders in obese mice (181).	

2 Non invasive methods

  

	Due to the limitations of invasive methods described above, the development of non-
	invasive methods is of great interest. Our laboratory together with commercial and academic
	partners have developed and adapted transient elastography (Echosens) and magnetic
	resonance imaging (MRI, ICAN) to evaluate scAT fibrosis.
	II.2.

). Therefore, SHG seems to be a promising method to evaluate scAT fibrosis. However, further studies are needed to optimize SHG parameters and tissue prepare process to overcome difficulties in evaluating scAT fibrosis, such as disturbance from lipids on endogenous SHG signals, and paraformaldehyde is used to fixe and keep tissue original structure without shriking tissue but harmful to health.

II.

1 AdipoScan, new device to assess adipose tissue fibrosis based on transient elastography

  

Tissue stiffness could be linked to its pathological status, such as in liver. Echosens company has developed a non-invasive device called FibroScan® to measure liver fibrosis related stiffness based on Vibration-Controlled Transient Elastography system (VCTE) using elastography method (192). This technology measures the shear wave velocity (SWS, m/s) in liver generated by the external push from FibroScan® probe placed in the 9 th to 11 th intercostal space. The SWS is then calculated and converted into stiffness (kPa) according Young's module. FibroScan® is now widely use to diagnose liver fibrosis throughout the world (109). Furthermore, Echosens has recently developed a XL probe to measure liver fibrosis in obese subjects to complete the use of M probe in non-obese subjects

(193)

.

In order to non-invasively mesure scAT fibrosis, Echosens Company has developed a new device called AdipoScan TM based on the same technology in a joined program with our laboratory. The paramters of AdipoScan TM

  to the WHO, obesity causes 2.8 million deaths each year. Its worldwide prevalence has more than doubled since 1980, and in 2014 more than 13% of the world population is obese (WHO 2015). In wealthy countries, obesity affects as much as one in four people (WHO 2015). 65 millions more obese adults in USA and 11 millions in UK are expected by 2030 (Kelly et al. 2008). Severe obesity (i.e. BMI ≥35kg/m 2 ) also progressed rapidly in developed and emerging countries. Ultrasound-based shear wave elastography has become a common way to noninvasively characterize properties of soft biological tissues (Shiina et al. 2015); either for research purpose in heterogeneous organs such as intervertebral discs (Vergari et al. 2014) or in clinical routine for evaluating thyroid (Cosgrove et al. 2013), breast (Barr et al. 2015), or liver (Ferraioli et al. 2015). Transient elastography (TE) using FibroScan® (Sandrin et al. 2003) is the most widely used technique in clinical practice to assess liver fibrosis (Cosgrove et al. 2013; Ferraioli et al. 2015). Here, we developed a novel device named AdipoScan™ based on TE principle to non-invasively characterize scAT properties, and more specifically to examine its relevance in quantifying scAT fibrosis. Up to now the characteristics of this new device such as the adaptation of TE technology to adipose tissue, the reproducibility, its applicability in vivo, have never been described in detail.

	ScAT fibrosis is related to metabolic impairment and to less efficient weight loss after
	bariatric surgery (Divoux et al. 2010; Abdennour et al. 2014). scAT morphology and scAT
	fibrosis can be assessed using surgical biopsy (Mutch et al. 2009). scAT volume can be
	assessed par CT scan and scAT thickness by ultrasound (US) (Wajchenberg 2000). These

Obesity associated with an abnormal adipose tissue accumulation is a very complex disease and involves several organ dysfunctions. Adipose tissue, initially considered as a "passive" reservoir for energy storage, is actually an active endocrine organ which secretes a myriad of hormones

[START_REF] Kershaw | Adipose tissue as an endocrine organ[END_REF]

. The secretion of these molecules is deregulated in obesity. Morphological anomalies are also observed in obese adipose tissue, that becomes pathological during obesity

[START_REF] Bluher | Adipose tissue dysfunction contributes to obesity related metabolic diseases[END_REF]

. Subcutaneous adipose tissue (scAT) in obese persons undergoes many alterations such as adipocyte hypertrophy, inflammation and fibrosis, which may impact on tissue stiffness

(Sun et al. 2013)

.

Today bariatric surgery reserved to severe obesities is the only treatment leading to a major and sustained long-term weight-loss and improvements in comorbidities

[START_REF] Sjostrom | Reduction in incidence of diabetes, hypertension and lipid disturbances after intentional weight loss induced by bariatric surgery: the SOS Intervention Study[END_REF][START_REF] Sjostrom | Review of the key results from the Swedish Obese Subjects (SOS) trial -a prospective controlled intervention study of bariatric surgery[END_REF][START_REF] Fruhbeck | Bariatric and metabolic surgery: a shift in eligibility and success criteria[END_REF]

. The patients' eligibility to surgery is currently determined by the patients' body mass index (BMI≥40 kg/m 2 or BMI≥35 kg/m 2 with at least one obesity-related comorbidity). It is admitted that BMI-based selection for patients' candidate to bariatric surgery might not be fully appropriate. Moreover, there is a huge interindividual variability in bariatric surgery outcomes

[START_REF] Fruhbeck | Bariatric and metabolic surgery: a shift in eligibility and success criteria[END_REF]

.There are needs to better stratify obese patients (i.e. beyond the measure of BMI) and to improve patients' selection for surgery based on clinical outcomes

[START_REF] Fruhbeck | Bariatric and metabolic surgery: a shift in eligibility and success criteria[END_REF]

.

procedures are not widely used in clinical routine since they are radioactive or are invasive, painful and can produce bleeding, hematoma, scarring and cannot be easily repeated.

Currently there is no non-invasive technique to characterize scAT properties and elastography techniques can be used in this context.

Table 1 .

 1 Repeatability and reproducibility results (coefficient of variation, CV).

		On tissue mimicking phantom	in vivo
		3 kPa	6 kPa	
	Without repositioning	0%	0%	7%
	With repositioning	1.0%	1.0%	14%

Table 2 .

 2 Characteristics of the volunteers for the applicability study and difference in characteristics of the volunteers with successful and unsuccessful AdipoScan examination. Results are given in: Mean ± SD and [Range] or figure (percentage). Statistical test used: T-test and Chi-2 or Ficher exact test. Abbreviations: BMI: body mass index, scAT: subcutaneous adipose tissue, US: ultrasound.

	Characteristic	All volunteers	Successful	Unsuccessful	p
			AdipoScan	AdipoScan	
	N	19	9	10	-
	Sex (% female)	10 (53%)	4 (44%)	6 (60%)	0.50
	Age (year)	37 ± 11	41.1 ± 12.3	32.8 ± 7.5	0.09
		[25-62]	[25-62]	[25-47]	
	BMI (kg/m 2 )	22.9 ± 4.0	25.8 ± 2.8	20.2 ± 3.0	<10 -3
		[14.2-29.8]	[22.1-29.8]	[14.2-24.4]	
	History of yo-yo dieting	6 (32%)	6 (67%)	0 (0%)	0.003
	History of pregnancy	5 (50%)	2/5 (40%)	2/5 (40%)	1
	History of abdominal	5 (26%)	4 (44%)	1 (10%)	0.14
	surgery				
	Homogeneous aspect of	17 (89%)	8 (89%)	9 (90%)	1
	scAT on US				
	Bi-compartment aspect	8 (42%)	7 (78%)	1 (10%)	0.005
	of scAT on US				
	scAT thickness (mm)	1.8 ± 1.0	2.7 ± 0.5	0.9 ± 0.3	<10 -7
		[0.3-3.6]	[2-3.6]	[0.3-1.5]	

Table 3 .

 3 Clinical and Biological Parameters and their association with scAT SWS.

		Characteristics	Distribution	Association	N
				degree
		Gender (% female)	63 (86.3%)	p=0.04
		Age (year)	45 (16)	r=0.04, p=0.76
		BMI (kg/m 2 )	45.5 (11.8)	r=0.05, p=0.65
		Hypertension	33 (45.2%)	p=0.02
	Body	Total body lean mass (%)	48.4 (6.5)	r=0.41, p<10-3
	composition	Total body fat mass (%)	49.6 (7.1)	r=-0.40, p<10-3
	Glycemic	Fasting glycemia (mM)	5.3 (1.6)	r=0.33, p=0.005
	variable	HbA1C (%)	6.0 (0.6)	r=0.30, p=0.01
		Fasting insulin (µU/mL)	16.7 (10.3)	r=0.25, p=0.03
		HOMA-IR	3.97 (3.29)	r=0.29, p=0.01
	Lipid	Triglycerides (mM)	1.40 (0.86)	ρ=0.25, p=0.05
	variables	Cholesterol (mM)	4.92 (1.28)	r=-0.24, p=0.05
		HDL-cholesterol (mM)	1.14 (0.44)	ρ=-0.26, p=0.04
		ApolipoproteinA1 (g/L)	1.45 (0.35)	ρ=-0.33, p=0.009
		Apolipoprotein B (g/L)	0.93 (0.29)	ρ=-0.21, p=0.10
	Adipokines	Adiponectin (µg/mL)	0.93 (0.29)	r=-0.26, p=0.03
	&	Leptin (ng/mL)	64.1 (46.2)	r=-0.23, p=0.06
	inflammatio	IL-6 (pg/mL)	3.37 (1.88)	r=0.16, p=0.20
	n variables	CRP (mg/dL)	8.0 (7.1)	r=0.01, p=0.95
	Renal	Creatinin (mg/L)	68 (13)	r=0.10, p=0.40
	variables	Uricemia (mg/L)	315 (84)	r=-0.08, p=0.56
	Hepatic	Liver stiffness (E)	5.3 (3.7)	r=0.41, p=0.002
	variables		F0/F1/F2/F3/F4	
		Liver fibrosis	27/14/5/5/2	τ=0.27, p=0.01
			(51/26/9/9/4 %)	
		γGT (mg/dL)	35.0 (34.9)	r=0.26, p=0.03
		ALAT (IU/L)	29.0 (23.8)	r=0.10, p=0.40
		ASAT (IU/L)	27.0 (16.3)	r=0.13, p=0.33
	scAT	scAT total fibrosis (%)	2.31 (2.05)	ρ=0.51, p=0.003
		scAT pericellular fibrosis (%)	0.16 (0.183)	ρ=0.38, p=0.03
		scAT adipocytes diameter (µm)	117.4 (13.0)	r=-0.03, p=0.79
	Statistical test used: Wilcoxon signed-rank test, Pearson (r), Spearman (ρ) or Kendall (τ)
	correlation coefficient. Abbreviations: HbA1C: glycated hemoglobin, HOMA-IR:
	homeostasis model of assessment-insulin resistance, HDL: high-density lipoprotein, IL-6:
	interleukin 6, CRP: C-reactive protein, γGT: gamma glutamyl transferase, ALAT: alanine
	amino transferase, ASAT: aspartate aminotransferase, scAT: subcutaneous adipose tissue, N:
	number of patients.		

Table 4 .

 4 Multivariate association with scAT SWS. Several imaging examinations can also be used to evaluate fibrosis in different diseases, such as computed tomography (CT), magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS). MRI can separate fat and water images, as well as suppress the contribution from one or the other, and evaluate the infiltration of fatty tissues by no-fatty tissue, particularly fibrosis, based on the reduced fat/water ratio. Due to the technical advantages of MRI, e.g. deep tissue penetration, high spatial resolution and radiation-free, this technology is widely used in diagnosing liver, myocardial fibrosis (194). Evaluation AT fibrosis by MRI might be a promising method. Before practice this method to non-invasively evaluate AT fibrosis in obese subjects, we evaluated the feasibility of measuring scAT fibrosis ex vivo by MRI with the Imaging Core Lab of ICAN who had previously developed special algorithms to assess myocardiac fibrosis by MRI (195) in a subgroup of FIBROTA subjects.

	Clinical variables	Association degree	N
	Model 1 Gender	x	
	Hypertension (yes/no)	x	
	Total body fat-mass	p=0.03	
	HbA1C	x	43
	HDL-cholesterol	x	
	Adiponectin	x	
	Liver stiffness	p=0.03	
	Model 2 Gender	x	
	Hypertension (yes/no)	p=0.06	
	Total body fat-mass	p=0.04	
	HbA1C HDL cholesterol	x x	23
	Adiponectin	x	
	scAT total fibrosis	p=0.007	
	scAT pericellular fibrosis	p=0.08	
	Abbreviations: HbA1C: glycated hemoglobin, HDL: high density lipoprotein, scAT:
	subcutaneous adipose tissue, N: number of patients.		

Abstract: Evaluation of scAT fibrosis by MRI

Abstract submitted to 3 rd ICAN Series on "Omics" -December 10-12, 2015, Paris Evaluation

of Obese Subcutaneous Adipose Tissue Fibrosis by Magnetic Resonance Spectroscopy (MRS) and Imaging (MRI)

  S. Kusmia 1 , Y. Liu 1,2,3 , P. Cluzel1,2,3,4 , K. Clément1,2,3,4 , A.Redheuil 1,2,3,4 , 1. ICAN -Institute of Cardiometabolism and Nutrition 2. INSERM -Institut de la santé et de la recherche médicale 3. Sorbonne Universités, Université Pierre et Marie Curie (UPMC), 4. Hôpital La Pitié Salpêtrière, APHP Background and aims: Adipose tissue (AT) fibrosis is a hallmark of pathological alterations in obesity. Subcutaneous AT (scAT) fibrosis is associated with insulin resistance, liver fibrosis, other metabolic complications and less weight loss one year after bariatric surgery.Therefore, the evaluation of scAT fibrosis in obese subjects is of great interest. In this study, we aimed to investigate the feasibility of measuring scAT fibrosis by magnetic resonance spectroscopy (MRS) and imaging (MRI).

Methods: Surgical biopsy samples of scAT were collected from 11 morbid obese subjects (BMI 46±10kg/m 2 , age 48±16yr, female 55%) during bariatric surgery. The samples were immediately fixed in 4% PFA and ex-vivo high field MR acquisitions were then performed.

Table 1

 1 

. 7 non-obese non-diabetic subjects (female 57.1%, age 39±14yr, BMI: 23.6±4.0 kg/m 2 ) who had abdominal elective programmed surgery (e.g. for inguinal hernia, hiatus hernia or cholecystectomy) and met the criteria as describe previously

(10) 

were recruited as a control group. Perioperative surgical scAT biopsy samples were collected in the same location as in the obese group. Ethical approval was obtained from the Research Ethics Committee of Pitié-Salpêtrière Hospital (CPP Ile de France). Informed written consent was obtained from all subjects. The protocol was registered in clinical trial website NCT01655017.

TM

  Intra-operator reproducibility was performed by one operator in 10 randomly selected obese subjects (Female n=8, age 34.9±9.5yr, BMI 49.1±8.9kg/m 2 ). Each subject underwent 3 consecutive examinations with repositioning the probe and another 3 without repositioning.

	Every examination was composed of 10 valid measurements. Likewise, inter-operator
	reproducibility was blindly performed by 3 operators in other 10 randomly selected obese
	subjects (Female n=4, age 44.0±15.0yr, BMI 43.5±4.1kg/m 2 ) with 3 consecutive

  order to determine the parameters explaining mostly scAT SWS, multivariate linear regression was performed between scAT SWS and parameters significantly related to scAT SWS in univariate analysis after imputing the missing data (5% of total data), i.e. pericellular fibrosis, diastolic blood pressure, fasting glycemia, HbA1c, triglycerides, plasma creatinin, AST, ALT, GGT, serum leptin and fat mass (%). Among them, pericellular fibrosis (β=0.04,

	p=0.02), fasting glycemia (β=-0.08, p=0.03), HbA1c (β=0.10, p<0.01), triglycerides (β=0.04,
	p=0.04), AST (β=0.12, p<0.01), ALT (β=-0.08, p=0.03), GGT (β=0.06, p=0.04) were

significantly associated with scAT SWS. An adjusted multivariate regression analysis was performed taking into account the association between HbA1c and fasting glycemia (linear regression β=0.84, R 2 =0.7 p<0.01), and association between ASL and ALT (linear regression β=0.84, R 2 =0.7 p<0.01). After adjustment, scAT SWS remained significantly associated with pericellular fibrosis (β=0.04, p=0.04), HbA1c (β=0.10, p=0.01), AST (β=0.11, p<0.01). These results confirmed that scAT SWS is associated with tissue fibrosis, glucose homeostasis, dyslipidemia, liver dysfunction in severe obesity.

Table 1 . Bioclinical parameters of the study population at baseline (T0) and 12 months (T12) after bariatric
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	surgery.					
	Variable	All (n=105)	Sleeve group (n=39)	Bypass group (n=34)
		T0	T0	T12	T0	T12
	Age (yr)	38.9±10.8	39.1±9.8	--	38.7±11.4	--
	BMI (kg/m 2 )	45.9±6.5	44.8±6.5	33.2±5.6*	47.2±7.1	31.8±4.4*
	Female n (%)	69 (66)	25 (64)	--	20 (59)	--
	Diabetes n (%)	37 (35)	14 (36)	8 (21)	15 (44)	6 (18)*
	Hypertension n (%)	40 (38)	15 (38)	13 (33)	16 (47)	9 (26)
	Sleep Apnea n (%)	61 (58)	17 (44)	12 (31)	22 (65)	9 (24)*
	Body composition					
	Fat mass (%)	46.25±5.80	46.49±5.21	39.38±5.28*	45.59±7.00	35.22±7.93*
	Fat-free mass (%)	51.25±5.58	51.02±5.07	57.46±5.08*	52.06±6.70	61.62±7.66*
	Android fat mass (%)	62.22±5.92	61.95±6.21	59.96±6.93	62.88±6.53	58.32±6.29
	Trunk fat mass (kg)	28.58±6.04	27.96±6.42	17.85±5.71*	29.75±7.08	15.35±5.03*
	Appendicular fat mass (kg)	28.30±7.45	27.25±5.93	17.78±4.56*	29.24±9.56	16.66±5.65*
	Trunk/appendicular fat mass ratio	1.06±0.27	1.06±0.29	1.02±0.28*	1.08±0.28	0.95±0.23*
	Trunk FFM (kg)	31.79±5.52	31.13±6.20	26.1±5.50*	33.54±5.31	27.98±4.86*
	Appendicular FFM (kg)	28.62±5.61	27.40±5.18	23.62±4.51* 30.55±5.51#	25.88±5.45
	Trunk/appendicular FFM ratio	1.13±0.15	1.14±0.15	1.11±0.12*	1.12±0.20	1.09±0.11
	Adipokines					
	Leptin (ng/ml)	62.23±32.50 60.34±30.41 22.62±18.13* 64.58±37.15 16.29±14.06*
	Adiponectin (µg/ml)	4.21±2.53	4.20±3.20	6.88±3.83*	3.77±1.65	7.84±3.61*
	Glycemic parameters					
	Fasting glycemia (mM)	6.05±2.13	5.72±1.72	5.10±0.94*	6.56±2.59	5.10±0.96*
	Fasting Insulin (µU/ml)	20.33±9.94	20.52±10.97	9.43±5.31*	19.68±9.57 10.45±11.88*
	HbA1c (%)	6.47±1.48	6.32±1.23	5.61±0.60*	6.66±1.58	5.52±0.52*
	HOMA-IR	5.33±3.58	4.93±3.31	2.13±1.37*	5.68±4.65	2.51±3.70*
	Lipid parameters					
	Total cholesterol (mM)	4.80±0.87	4.92±0.85	4.84±1.04	4.48±0.86#	4.20±0.75
	Triglycerides (mM)	1.59±1.18	1.63±1.49	0.90±0.29*	1.59±1.16	0.88±0.33*
	HDL-cholesterol (mM)	1.10±0.72	1.15±0.33	1.53±0.41*	1.03±0.28	1.41±0.37*
	Hepatic factors					
	AST (IU/L)	29.2±9.0	31.0±9.6	22.1±5.2*	28.3±8.3	25.5±5.1*
	ALT (IU/L)	35.8±19.8	39.2±20.8	20.5±10.6*	34.4±19.6	24.7±10.9*
	γGT (mg/dl)	51.4±56.41	54.3±54.9	29.3±24.4*	45.5±38.9	25.1±31.3*

Values are expressed as means ± SD (standard deviation), categorical variables as numbers and percentages. FFM, fat-free mass; hsCRP, highly sensitive C-reactive protein; HOMA-IR, homeostatic model assessment-insulin resistance; scAT, subcutaneous adipose tissue. Kinetic study of T0 and T12 in each group was analyzed using paired student's t-test and fisher's exact test, * p<0.05 between T0 and T12. Baseline (T0) characteristics of sleeve and bypass group were analyzed using student's t-test and fisher's exact test. # p<0.05 between two groups.

Table 2 . Correlation between scAT shear wave speed (SWS) and bioclinical parameters at baseline (T0).
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		All (n=105)	After adjustment of
					gender
	variables	ρ	P.value	ρ	P.value
	Fat mass (%)	-0.32	<0.01	-0.14	0.19
	Fat-free mass (%)	0.29	0.01	0.11	0.32
	Android fat mass (%)	0.19	0.06	0.12	0.24
	Appendicular FFM (kg)	0.24	0.02	0.05	0.66
	Trunk/appendicular	FFM			
	ratio	-0.25	0.02	-0.20	0.06
	Leptin (ng/ml)	-0.27	0.01	-0.09	0.37
	Adiponectin (µg/ml)	-0.18	0.07	-0.17	0.10
	Fasting glycemia (mM)	0.20	0.04	0.18	0.07
	HbA1c (%)	0.30	0.00	0.27	0.01
	Triglycerides (mM)	0.22	0.02	0.18	0.07
	AST (IU/L)	0.29	<0.01	0.15	0.12
	ALT (IU/L)	0.19	0.06	0.03	0.77
	γGT (mg/dl)	0.17	0.07	0.10	0.33
	Univariate correlation analysis were performed using spearman (ρ) correlation
	coefficient.				

Table 1 . Correlation between scAT SWS and expression levels of genes involved in fibrosis and extracellular matrix.
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	Variable	ρ	p
			value
	Profibrotic genes	
	SPP1	0.92	<0.01
	THBS1	0.56	0.07
	Matrix fibers		
	COL6A1	0.87	<0.01
	COL6A2	0.62	0.06
	basement membrane	
	COL4A2	0.77	0.01
	LAMC1	0.55	0.10
	LAMB3	0.61	0.06
	Cross-linking enzyme of matrix fibers	
	LOX	0.42	0.20
	Adhesion molecules	
	SELE	0.83	<0.01
	ICAM1	0.72	0.02
	CD44	0.67	0.03
	Mechanosensitive receptesr	
	ITGB2	0.80	0.01
	ITGA5	0.67	0.03
	Transcription factors controlling fibrosis and inflammation	
	NFkB1	0.52	0.10
	CEBPB	0.91	<0.01
	Fibrosis	turnover	
	enzyme		
	TIMP1	-0.53	0.09
	Spearman correction in 11 non-diabetic obese women. SPP1. secreted
	phosphoprotein 1/ osteopontin; THBS1. thrombospondin 1; LAMC1.
	laminin gamma 1; LAMB3. laminin beta 3; SELE. selectin E; ICAM1.
	intercellular adhesion molecule 1; ITGB2. integrin beta 2; ITGA5.
	integrin alpha 5; TIMP1. tissue inhibitor of metalloproteinase 1.	

Supplemental

Table 2 . Baseline bioclinical and anthropological characteristics according to scAT SWS Tertile
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	Tertile 1	Tertile 2	Tertile 3	p
	(N=35)	(N=36)	(N=34)	value

table 3 . Presence of cardiometabolic abnormalities in male subjects at

 3 

			baseline (n=36)		
		Tertile 1	Tertile 2	Tertile 3	Chi-squared test
		(n=6)	(n=13)	(n=17)	for trend p valuve
	Elevated blood pressure	2 (33)	7 (54)	14 (82)	0.02
	Elevated fasting glycemia	3 (50)	6 (46)	13 (76)	0.13
	Low HDL-cholesterol	4 (67)	9 (69)	13 (76)	0.60
	Elevated triglycerides	3 (50)	5 (38)	14 (82)	<0.05
	HOMA-IR>9.71	1 (17)	0 (0)	4 (31)	0.34
	CRP>13.0mg/L	0 (0)	1 (8)	0 (0)	0.51
	HOMA-IR was evaluated in 94 subjects not receiving insulin treatment: 33 in Tertile 1, 32 in
	Tertile 2, 29 in Tertile 3; hsCRP was available in 33 subjects: 3 in Tertile 1, 13 in Tertile 2, 17
	in Tertile 3.				

Table 4 . Coefficients of quantile regression between scAT SWS and change in one-year post-BS weight loss
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		Sleeve (n=39)	Bypass (n=34)
	quantiles	Intercept	β	Intercept	β
	tau= 0.05	-0.303425027 -0.751172314 -0.713349868	0
	tau= 0.10	-0.293383252 -0.753376898 -0.71622527	0.414328897
	tau= 0.15	-0.305762691 -0.633315987 -0.089683348	-1.124079786
	tau= 0.20	-0.312506399 -0.567912727 0.238180333	-1.571890504
	tau= 0.25	-0.362358857 -0.084423012 0.141226013	-1.137086546
	tau= 0.30	-0.387161756 0.156125733	0.115653578	-1.033417001
	tau= 0.35	-0.389591532 0.179690705	0.364481768	-1.603419903
	tau= 0.40	-0.345077917 0.06207675	0.319004587	-1.371990068
	tau= 0.45	-0.330471844 0.133159216	0.321175904	-1.376900386
	tau= 0.50	-0.338998047 0.2033829	0.425461943	-1.612737797
	tau= 0.55	0.044756578	-0.967944666 0.510383544	-1.773511678
	tau= 0.60	0.099097594	-0.652775854 0.505460115	-1.628855085
	tau= 0.65	0.164421346	-0.831672605 0.525679112	-1.673289243
	tau= 0.70	0.153335877	-0.678171453 0.549707334	-1.726094719
	tau= 0.75	0.540146061	-1.639561477 0.475885079	-1.411823948
	tau= 0.80	0.528464192	-1.534596448 0.679310558	-1.677481747
	tau= 0.85	0.822144426	-2.299332547 0.783157686	-1.899487709
	tau= 0.90	1.295376984	-3.545121437 0.76854216	-1.828506101
	tau= 0.95	1.55566499	-4.230331912 0.927590413	-2.208258177

Table 9 . Coefficients of quantile regression between scAT SWS and change in 10-CHD risk
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		Sleeve (n=39)	Bypass (n=34)
	quantiles	Intercept	β	Intercept	β
	tau= 0.05	-0.303425027 -0.751172314 -0.713349868	0
	tau= 0.10	-0.293383252 -0.753376898 -0.71622527	0.414328897
	tau= 0.15	-0.305762691 -0.633315987 -0.089683348	-1.124079786
	tau= 0.20	-0.312506399 -0.567912727 0.238180333	-1.571890504
	tau= 0.25	-0.362358857 -0.084423012 0.141226013	-1.137086546
	tau= 0.30	-0.387161756 0.156125733	0.115653578	-1.033417001
	tau= 0.35	-0.389591532 0.179690705	0.364481768	-1.603419903
	tau= 0.40	-0.345077917 0.06207675	0.319004587	-1.371990068
	tau= 0.45	-0.330471844 0.133159216	0.321175904	-1.376900386
	tau= 0.50	-0.338998047 0.2033829	0.425461943	-1.612737797
	tau= 0.55	0.044756578	-0.967944666 0.510383544	-1.773511678
	tau= 0.60	0.099097594	-0.652775854 0.505460115	-1.628855085
	tau= 0.65	0.164421346	-0.831672605 0.525679112	-1.673289243
	tau= 0.70	0.153335877	-0.678171453 0.549707334	-1.726094719
	tau= 0.75	0.540146061	-1.639561477 0.475885079	-1.411823948
	tau= 0.80	0.528464192	-1.534596448 0.679310558	-1.677481747
	tau= 0.85	0.822144426	-2.299332547 0.783157686	-1.899487709
	tau= 0.90	1.295376984	-3.545121437 0.76854216	-1.828506101
	tau= 0.95	1.55566499	-4.230331912 0.927590413	-2.208258177

Table 5 .

 5 ScAT fibrosis and SWS in obese subjects according to metformin treatment

	We hypothesized that metformin might decrease scAT fibrosis and SWS in obese
	subjects. Herein, we retrospectively evaluated scAT SWS and fibrosis according to metformin
	treatment in 105 obese subjects before BS.

gastrointestinal glucose absorption and increases insulin sensitivity through increasing glucose uptake in AT and hepatocytes, increasing AMPK-mediated oxidative glucose and lipid metabolism in hepatocytes (198). Recently, metformin has been shown to decrease fibrosis in various organs. Metformin decreases cardiac fibrosis in mouse (199) and rat model (200), reduce renal fibrosis in mice with unilateral ureteral obstruction (201), improve pulmonary fibrosis in mice with asthma (202), and decrease liver fibrosis in nondiabetic NASH mouse model (

203

). These effects are mainly mediated through activating AMPK and suppressing TGF-β1. In obese subjects, diminished AMPK activity or impaired activation have been observed in skeletal muscle, scAT and VAT (204). However, the effect of metformin on scAT fibrosis has never been investigated.

Table 6 .

 6 ScAT fibrosis and SWS in obese subjects according to ACEI/ARB treatment

		Group 1	Group 2	Group 3	p value
		Non HTA	HTA	HTA	
		(n=64)	non-	ACEI/ARB	
			ACEI/ARB	(n=34)	
			(n=7)		
	under metformin, N (%)	8 (13)	2 (29)	20 (59)	<0.01
	systolic blood pressure (mmHg)	118±11*	133±16	124±13	0.03
	diastolic blood pressure (mmHg)	69±9	77±14	71±8	0.38
	scAT SWS (m/s)	0.86±0.27	0.93±0.47	1.00±0.31*	0.08
	scAT pericellular fibrosis (%)	1.43±1.06	1.87±0.38	1.59±0.80	0.13
	scAT total fibrosis (%)	5.31±3.53	6.28±2.78	5.31±2.84	0.57
	Non parametric ANOVA was used to compare mean in 3 groups. In post-hoc analysis, *p=0.08
	when compared to Group 2. Fisher's exact test was used to compare categories' data.	
	HTA, hypertension; ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin II
	receptor blockers.				

age 42.9±10.5yr, female n=42 (100%), BS procedures: RYGB n=42 (100%)) underwent

  scAT needle aspiration at T0 and T12 for microarray analysis.

	Group2 (n=35, age 38.0±10.0yr, female n=24 (69%), BS procedures: GB n=3 (8%), SG
	n=16 (46%), RYGB n=16 (46%)) underwent at T0, T3, and T12 scAT stiffness
	measurement (see below). A sub-group of 14 non-diabetic women from Group2 underwent
	scAT needle aspiration for RT-PCR analysis. Notably, 11 individuals with stiffness
	measurement were also part of Group1.
	Group3 (n=42, 14 non-obese non-diabetic subjects (age=41.6±14.1yr, female 29%, BMI=23.2±3.3 kg/m 2 ),
	who had elective abdominal programmed surgery without inflammatory diseases as described
	(7), were recruited as a control group. Perioperative scAT biopsy samples were collected in
	the same location as in obese subjects. Ethical approval was obtained from the Research
	Ethics Committee of Pitié-Salpêtrière Hospital (CPP Ile de France). Informed written consent
	was obtained from all subjects.

Group1 subjects (n=52, age 40.1±10.2yr, female n=37 (71%), BS procedures: gastric banding (GB) n=8 (15%), sleeve gastrectomy (SG) n=16 (31%), Roux-en-Y gastric bypass (RYGB) n=28 (54%)) accepted surgical scAT biopsy before (T0), 3 months (T3) and 12 months (T12) post-BS. Surgical biopsy was performed under local anesthesia in periumbilical area as described

(15,16)

. The collected scAT samples were used for explant experiments and histological analysis.

Table 1

 1 *

		61.75±12.25 50.37±11.00* 37.73±9.23*,# 61.43±11.67 36.01±10.91*	62.09±9.50 55.63±9.93* 53.52±9.73*,# 58.64±7.33 50.42±8.45*	48.55±5.51 46.10±5.78* 39.95±6.91*,# 49.72±3.55 39.79±5.14*	49.09±5.30 51.15±5.55* 57.03±6.67*,# 47.92±3.44 57.22±4.74*		6.11±2.25 4.99±0.97* 4.87±0.65* 6.29±2.21 4.73±0.64*	22.94±11.57 12.74±5.27* 10.21±5.75* 20.84±10.09 9.07±4.16*	6.37±1.55 5.63±0.83* 5.44±0.44* 6.36±1.13 5.54±0.52*	2.94±1.46 1.61±0.65* 1.30±0.73* 2.67±1.28 1.15±0.52*	175.09±72.51 145.40±52.62* 123.83±54.05*,# 163.60±66.38 121.90±41.12*	43.36±26.92 75.31±37.80* 104.32±60.00*,# 47.79±30.99 113.60±86.29 *		4.98±0.87 4.59±0.87 4.62±0.82 4.82±0.91 4.11±0.65*	1.50±0.72 1.17±0.40 0.91±0.35*,# 1.57±0.87 0.89±0.34*	1.14±0.32 1.10±0.33 1.45±0.37*,# 1.09±0.29 1.40±0.36*		30.6±8.9 31.9±17.9 24.1±7.6*,# 28.3±11.7 24.7±5.2	38.9±21.4 41.2±34.1 20.4±10.7*,# 33.0±22.5 24.7±8.2*	42.6±25.4 26.0±15.0* 21.4±11.5* 40.6±25.5 21.6±28.3*		71.5±35.2 28.2±16.3* 23.9±16.9* 57.4±27.3 24.8±15.4 *	3.84±1.56 5.68±2.66* 6.98±2.73* 3.56±1.53 6.59±2.70 *		4.35±2.32 4.27±2.45* 3.05±2.55* 3.90±1.27 2.74±1.43*	9.25±7.08 3.41±2.73* 3.49±5.38# 9.80±7.18 1.48±1.72*	0.95±0.19 0.82±0.20 0.68±0.21*,# 0.98±0.17 0.69±0.17*
		36.40±11.03*,#	51.71±9.31*,#	39.58±7.16*,#	57.34±6.80*,#		4.81±0.77*	11.06±11.04*	5.55±0.42*	1.41±1.30*	129.61±81.99	105.75±55.32*		4.82±0.92	0.91±0.40*,#	1.50±0.36*,#		24.6±8.2*	22.4±11.6*,#	19.2±8.5*,#		27.4±21.8*	6.56±3.05*,#		2.95±1.78	2.30±2.03*,#	0.65±0.17*,#
		48.73±11.93*	53.78±9.56*	45.91±6.25*	51.12±6.06*		4.95±0.76*	12.52±7.88*	5.57±0.49*	1.62±0.96*	85.13±53.04	132.95±66.10*		4.60±0.83*	1.12±0.46*	1.22±0.35		27.5±15.2	28.2±13.6	22.8±12.0*		28.8±17.1*	5.71±2.49		3.82±1.92	4.38±3.94*	0.83±0.21*
		57.96±12.98	62.61±10.96	46.74±6.27	50.85±6.03		5.99±2.34	20.74±11.68	6.28±1.39	2.74±1.62	152.48±62.89	49.08±30.88		4.86±0.93	1.56±1.02	1.13±0.34		29.3±9.8	34.7±20.9	40.8±24.2		59.2±31.8	4.88±2.81		4.14±2.56	7.86±5.67	0.92±0.17
	Body composition	Fat mass (kg)	Fat-free mass (kg)	Fat mass (%)	Fat-free mass (%)	Glycemic parameters	Fasting glycemia (mM)	Fasting Insulin (µU/ml)	HbA1c (%)	HOMA-IR	HOMA-B%	HOMA-S%	Lipid parameters	Total cholesterol (mM)	Triglycerides (mM)	HDL cholesterol (mM)	Hepatic factors	AST (IU/L)	ALT (IU/L)	γGT (mg/dl)	Adipokines	Leptin (ng/ml)	Adiponectin (µg/ml)	Inflammatory factors	IL-6 (pg/ml)	hsCRP (mg/L)	Orosomucoid (g/l)

Supplemental Table 1. List of antibodies used for immunostaining in scAT Proteins or cells Antibody

  

	Collagen I	Collagen I antibody (Bio-Techne, Guibeville, France)
	Collagen VI	Collagen VI antibody (Abcam, Cambridge, UK)
	Degraded collagen I	C1, 2C (Col2 3/4 C short) polyclonal antibody
		(TECOmedical SARL, Rambouillet, France)
	Lysyl oxdase (LOX)	LOX antibody (Abcam, Cambridge, UK)
	Total macrophages	CD68 antibody (Dako, Trappes, France)
	M2-macrophages	CD163 antibody (AbD Serotec, Kidlington, UK)
	Supplemental	

Table 2 Collagen accumulation and adipocyte size in scAT during follow-up

 2 

			Gastric	Sleeve	Roux-en-Y	
			Banding	gastrectomy	Bypass	ANOVA
			(n=8)	(n=6)	(n=22)	p.value
	Total	T0	6.44±2.91	7.51±10.62	4.16±3.43	0.30
	collagen	T3	11.98±9.86	11.67±5.19	13.23±10.73	0.92
	(%)	T12	9.86±2.61	24.98±20.81	18.49±13.73	0.13
	Pericellular	T0	2.57±2.28	1.51±1.14	1.13±1.05	0.06
	collagen	T3	3.67±2.02	3.74±1.04	4.73±6.34	0.84
	(%)	T12	3.68±1.52	8.04±13.61	4.36±2.07	0.30
	Adipocyte	T0	82.76±10.59	92.00±4.39	89.73±10.11	0.17
	diameter	T3	76.61±8.26	75.98±8.49	77.84±7.52	0.85
	(µm)	T12 76.17±10.72	64.56±16.04	69.41±9.64	0.15

Table 3 Correlation of collagen accumulation variation and bioclinical parameters variation between T0 and T12 in 36 obese subjects from Group1.

 3 

		Total	Pericellular
		collagen accumulation	collagen accumulation
			Correlation coefficient
		Correlation coefficient r	r
	BMI (kg/m 2 )	-0.18	-0.19
	Fat mass (kg)	-0.20	-0.25
	Fat-free mass (kg)	-0.24	-0.13
	Fat mass (%)	-0.15	-0.40 *
	Fat-free mass (%)	0.14	0.39 *
	Fasting glycemia (mM)	0.13	-0.11
	Fasting Insulin (µU/ml)	0.14	0.26
	HbA1c (%)	0.15	0.07
	Total cholesterol (mM)	0.06	0.07
	Triglycerides (mM)	0.29	-0.25
	HDL cholesterol (mM)	0.04	0.36 *
	AST (IU/L)	-0.15	-0.13
	ALT (IU/L)	-0.08	-0.14
	γGT (mg/dl)	-0.11	-0.13
	hsCRP (mg/dl)	-0.15	-0.23
	Orosomucoid (g/l)	-0.04	-0.05
	IL-6 (pg/ml)	-0.18	0.03
	Leptin (ng/ml)	0.06	0.21
	Adiponectin (µg/ml)	0.09	-0.20
	Pearson' correlation, * p<0.05.		

  profibrotic role in liver (221) and heart (222). One post-doc fellow in our team is now studying the role of fibrogenetic progenitors inAT (e.g PDGFRa+) in AT fibrosis. She showed that PDGFRa+ cells from obese C3H mice can undergo a robust pro-fibrotic 194 activation in response to TGFb, thus are centrally involved in AT fibrosis (Geneviève Marcelin, unpublished data). Thus, it is interesting to study the role of PDGF family and PDGFRa+ fibrotic progenitors in weight loss. An aninal study for this objective is now being performed in our team. In addition to secreted proteins in scAT explant, using immunefluorescence with antibodies targeting endothelium (i.e. CD31 and vWF), we stained scAT slides in 7 obese subjects. However, due to major individual and sampling variability, and the strong interfering signals from collagens, we did not observe any significant change in vessels/tissue area during weight loss. Thus, other methods to quantify vascularization such as those widely used for quantifying angiogenesis in tumor could be considered, for example scanning electron microscopy, micro-CT angiography and MR angiography. Of note, the maladapted vascularization during AT expansion in obesity could cause hypoxia, activate HIF-1α, induce LOX and initiates fibrosis (172). As we showed that LOX expression and protein were decreased after BS, it is also important to evaluate whether hypoxia is improved and HIF-1α is less activated during weight loss, and whether these changes are linked with decreased LOX. It might be interesting to measure AT oxygen partial pressure before and after BS by an optochemical measurement system in obese subjects developed by Goossens et al. (175).

  g. low fat mass, improved metabolic disorder and AT inflammation) showed in collagen VI null HFD or ob/ob mice (132) and inhibition of LOX activity by minoproprionitrile treatment in mouse model (172).As tested in other organs (Introduction II.5), anti-fibrotic approaches targeting myofibroblasts (e.g. preadipocytes, macrophages, and endothelial cells), profibrotic pathways (e.g. CTGF and TGF-β1), inflammation pathways (e.g. TNF-α, IL-4 and -13) and ECM components (e.g. collagens, LOX) might be the potential avenues to treat AT fibrosis and obesity related complications. In addition, some drugs already used for metabolic complications of obesity, such as metformin for diabetes and ACEI/ARB for hypertension, are found could reduce fibrosis in heart, kidney, lung and liver as mentioned above. In 105 obese candidates for BS, we observed that diabetic obese subjects under metformin treatment had lower scAT SWS while scAT fibrosis was not different compared to those not receiving metformin, suggesting metformin might decrease scAT SWS. The ACEI/ARB did not demonstrate any effect on scAT SWS or fibrosis. However, these results should be confirmed in larger number of better-matched subjects. If the hypothesis that metformin and ACEI/ARB could decrease AT fibrosis is true, it is very promising to use these drugs to treat AT pathology and obesity complications at the same time. Finally, besides anti-fibrotic approaches specifically targeting AT, broad-spectrum treatment might also have clinical relevance since we suppose that severe obesity is a fibrotic condition associated with a strong pathologic alterations affecting different organs such as liver, heart, lung and kidney.

Evaluation of liver fibrosis by transient elastography in morbidly obese subjects.

  conclusion, this work brings new insights into scAT physical property, scAT SWS, measured by non-invasive transient elastography AdipoScan TM in severe obesity. This work also provides new information about scAT ECM adaptation during drastic weight-loss. These results enforce the hallmark role of fibrosis in AT pathological alteration during obesity.

	Annex I. Liver fibrosis is a common pathological alteration in obesity observed in NAFLD and
	NASH (16-18). We recently showed in a group of obese subjects that 24.7% of them had
	Exploring scAT remodeling (e.g. fibrosis and stiffness) during weight change is of great significant liver fibrosis (i.e. F≥2) according to liver biopsy during bariatric sugery (2).
	Moreover, obese subjects with significant liver fiborsis have increased scAT and omental AT interest in obesity, this complex disease. fibrosis evaluated by histology. ScAT stiffness measured by AdiopScan TM is positively
	associated with liver stiffness measured by FibroScan®. In addiation, macrophages
	accumulation in omental AT is associated with liver steatosis, fibro-inflammation in insulin-
	resistant obese subjects independently of altered glycemic status (224). These results underlie
	the important links between AT and liver pathological alterations in obesity, especially
	fibrosis.
	FibroScan®, developed by Echosens, assesses liver stiffness through calculating the
	speed of shear wave generated by an external push (transient elastography). The shear wave
	speed is measured and converted into kPa according to Young's elastic modulus that
	describes tissue stiffness. Liver stiffness is strongly correlated with liver fibrosis stages
	evaluated by histology. In chronic liver diseases, when liver stiffness values range from 2.5-7.0kPa, there is likely mild or no fibrosis, while values greater than 12.5kPa suggest liver cirrhose (225).The main limitation of FibroScan® is its limited applicability in obese patients (225). Echosens has recently developed the XL probe to evaluate liver fibrosis in overweight 0 0 50 Sensitivity% 100 and obese subjects (193). One study previously showed good performances of XL probe to 50 100 150 100% -Specificity% Fibrosis Kleiner' Score For significant fibrosis (F�2) 43.62% 41 F0 35.11% 33 F1 11.70% 11 F2 7.45% 7 F3 2.13% 2 F4
	diagnose liver fibrosis in bariatric sugery candidates with susptected NALFD (193). However,
	these results need to be confirmed in other independent groups of obese subjects; the proper
	use of XL probe to obtain reliable results needs to be figure out.
	During my PhD work in the context of CIFRE program, we also evaluated the
	diagnostic performance of XL probe after adapting liver stiffness measurement (LSM) depths
	1) in morbidly obese candidates for BS; 2) in subjects during one-year BS-induced weight
	loss. We also analyzed the link between AT and NALFD/NASH.
	! 214

-LB evaluation showed that: 19 patients had NAFLD and 23 had NASH.

  

	30.16±11.66	35.00±22.5	49.35±48.57	69.25±37.52	3.89±1.77
	AST (IU/L)	ALT (IU/L)	�GT (mg/dl)	Leptin (ng/ml)	Adiponectin (�g/ml)
	25 (32%)	6.17±2.22	4.92±0.97	1.66±1.28	1.15±0.34
		Fasting glycemia (mM)	Total cholesterols (mM)	Triglycerides (mM)	HDL cholesterol (mM)

  Fibrosis stage, steatosis and ballooning grades and the presence of NASH were assessed using the SAF score. [Bedossa et al. Hepatology 2014]. Correlations were assessed using Spearman correlation coefficient for quantitative variables , Kruskal-Wallis for categorical variables.

	58.97% 46 F0	26.92% 21 F1	5.13% 4 F3	7.69% 6 F2	1.28% 1 F4
	Fibrosis				
		57.69% 45 Grade0	29.49% 23 Grade1	12.82% 10 Grade2	
	Ballooning				

Table 1 .

 1 test or Fisher's exact test, as appro- priate. Continuous data were analyzed with Student's t test or Wilcoxon's test, as appropriate. Correlation analyses were per-Characteristics of the Study Population Abbreviations: hsCRP, highly sensitive C-reactive protein; HOMA-IR, homeostasis model of assessment-insulin resistance. Data are expressed as mean (SD) unless otherwise stated; n ϭ 243 is a subset of the larger group; n ϭ 345 at baseline before bypass.

	900	Abdennour et al	Tissue Stiffness in Obesity and Diabetes	J Clin Endocrinol Metab, March 2014, 99(3):898 -907
				Kinetic Studies (n ؍ 243)	
	Variables	At Baseline (Before Bypass, n ؍ 345)	Before Bypass	3 mo After Bypass	6 mo After Bypass	1 y After Bypass
	Age, y BMI, kg/m 2	42 (12) 47.9 (7.4)	42 (12) 48.2 (7.0)	42 (12) 40.0 (6.5)	42 (12) 36.4 (6.4)	43 (12) 33.2 (6.4)
	Body weight, kg	132.5 (25.34)	133.8 (23.2)	110.9 (20.5)	100.8 (20.0)	92.1 (19.8)
	Total body fat mass, %	46.79 (5.69)	46.46 (5.55)	43.57 (5.92)	40.15 (6.39)	36.14 (7.12)
	Diabetes status, n (%)	123 (35.7)	86 (35.4)	43 (17.6)	37 (15.2)	32 (13.2)
	Fasting glycemia, mM	6.34 (2.36)	6.40 (2.50)	5.17 (1.28)	4.89 (0.95)	4.82 (0.77)
	Fasting insulin, U/mL	23.31 (37.54)	24.71 (42.98)	10.71 (6.3)	8.15 (4.85)	7.56 (6.55)
	HbA1C, %	6.51 (1.3)	6.52 (1.36)	5.82 (1.35)	5.63 (0.57)	5.59 (0.56)
	HOMA-IR	7.62 (22.07)	8.35 (25.89)	2.5 (1.85)	1.81 (1.3)	1.68 (1.84)
	Triglycerides, mM	1.64 (1.3)	1.62 (1.41)	1.24 (0.56)	1.1 (0.48)	0.95 (0.42)
	Cholesterol, mM	4.85 (1.03)	4.80 (1.03)	4.32 (0.88)	4.30 (0.85)	4.36 (0.82)
	HDL cholesterol, mM	1.21 (0.34)	1.21 (0.35)	1.15 (0.33)	1.28 (0.39)	1.51 (0.4)
	AST, IU/L	28.46 (12.44)	28.86 (13.0)	29.95 (15.48)	24.59 (7.12)	25.46 (8.79)
	ALT, IU/L	36.24 (30.4)	37.32 (33.48)	36.46 (26.64)	26.17 (18.84)	27.44 (23.69)
	␥GT, mg/dL	50.15 (51.02)	50.65 (50.24)	29.81 (44.67)	27.08 (37.82)	26.17 (32.49)
	Leptin, ng/mL	53.02 (24.88)	52.08 (23.44)	27.2 (15.57)	21.68 (13.32)	18.55 (14.08)
	Adiponectin, g/mL	5.71 (3.41)	5.61 (3.38)	6.65 (4.06)	7.79 (5.33)	9.01 (5.86)
	IL-6, pg/mL	4.23 (3.44)	4.35 (3.45)	5.97 (15.45)	6.48 (18.77)	4.34 (14.12)
	hsCRP, mg/dL	0.97 (0.85)	0.97 (0.82)	0.56 (0.63)	0.43 (0.52)	0.23 (0.56)
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Table 2 .

 2 Comparison of Clinical and Biological Parameters at Baseline Between Patients With and Without Significant Liver Fibrosis
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		Patients Without Significant Liver Fibrosis (F < 2)	Patients With Significant Liver Fibrosis (F > 2)	P Value
	n (%)	259 (75.3)	85 (24.7)	
	Variables			
	Female, n (%)	218 (84.1)	55 (64.7)	Ͻ.001
	Age, y BMI, kg/m 2	42 (12) 47.43 (7.12)	43 (12) 49.28 (8.14)	.48 .063
	Total body fat mass, %	49.30 (5.21)	48.36 (5.04)	.25
	Diabetes status, n (%)	75 (28.9)	47 (55.3)	Ͻ.001
	Glycemic parameters			
	Fasting glycemia, mM	6.01 (2.09)	7.34 (2.84)	Ͻ.001
	Fasting insulin, U/mL	21.69 (39.08)	28.49 (32.14)	.001
	HbA1C, %	6.33 (1.21)	7.12 (1.40)	Ͻ.001
	Lipid parameters			
	Triglycerides, mM	1.56 (1.37)	1.87 (1.01)	.003
	HDL cholesterol, mM	1.23 (0.36)	1.14 (0.30)	.026
	Cholesterol, mM	4.90 (1.04)	4.69 (1.00)	.101
	ApoA1, mM	1.38 (0.28)	1.29 (0.22)	.005
	ApoB, mM	0.98 (0.28)	0.93 (0.28)	.28
	Hepatic factors			
	AST, IU/L	26.97 (10.10)	33.01 (17.25)	.003
	ALT, IU/L	32.22 (19.28)	48.79 (49.74)	Ͻ.001
	␥GT, IU/L	42.87 (41.33)	73.23 (69.24)	Ͻ.001
	Adipokines			
	Leptin, ng/mL	52.79 (24.89)	53.73 (24.97)	.77
	Adiponectin, g/mL	5.77 (3.5)	5.53 (3.13)	.55
	IL-6, pg/mL	4.02 (3.25)	4.89 (3.92)	.003
	hsCRP, mg/dL	0.95 (0.93)	1.06 (0.81)	.050
	Adipose-tissue fibrosis			
	scWAT fibrosis, %	4.20 (4.77)	5.25 (4.83)	.018
	Pericellular scWAT	0.29 (0.41)	0.38 (0.49)	.052
	fibrosis, %			
	oWAT fibrosis, %	4.16 (3.08)	4.55 (3.35)	.36

Abbreviations: hsCRP, highly sensitive C-reactive protein; Apo, apolipoprotein. Values are expressed as means (SD), unless otherwise stated. Parametric P values were obtained from Student's t test on log-transformed data or the 2 test for qualitative data. All parameters are at T0. The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 19 November 2014. at 14:18 For personal use only. No other uses without permission. . All rights reserved.

Table 3 .

 3 Clinical and Biological Parameters at Baseline Between Nondiabetic Women Without Liver Disease (Healthy Liver) and With Significant Liver Fibrosis (F Ն 2)

	902	Abdennour et al	Tissue Stiffness in Obesity and Diabetes	J Clin Endocrinol Metab, March 2014, 99(3):898 -907
				Healthy Liver (n ؍ 49)	F > 2 (n ؍ 27)	P Value
		Variables		
		Age, y		36 (11)	36 (9)	.041
		Body weight, kg BMI, kg/m 2	128 (19) 46.6 (5.7)	131 (22) 49.5 (8.4)	.28 .57
		Total body fat mass, %	49.38 (4.87)	47.27 (3.96)	.024
		Glycemic parameters	
		Fasting glycemia, mM	5.07 (0.56)	5.32 (0.62)	.089
		Fasting insulin, U/mL	13.35 (7.03)	20.5 (11.99)	.005
		HbA1C, %		5.73 (0.38)	5.81 (0.51)	.68
		HOMA-IR		3.03 (1.66)	4.96 (3.28)	.004
		Lipid parameters		
		Triglycerides, mM	1.24 (0.68)	1.34 (0.83)	.66
		Cholesterol, mM	5.04 (0.98)	4.69 (0.78)	.122
		HDL cholesterol, mM	1.33 (0.39)	1.3 (0.31)	.99
		Hepatic factors		
		AST, IU/L		24.12 (7.43)	26.28 (7.99)	.157
		ALT, IU/L		25.49 (15.7)	33.58 (17.52)	.049
		␥GT, mg/dL		36.47 (42.58)	41 (33.87)	.25
		Adipokines		
		Leptin, ng/mL		66.18 (28.69)	66.12 (25.23)	.89
		Adiponectin, g/mL	6.95 (4.57)	6.61 (3.17)	.93
		IL-6, pg/mL		3.19 (1.77)	4.11 (2.36)	.052
		hsCRP, mg/dL		0.98 (0.93)	1.1 (0.78)	.157
		Adipose-tissue fibrosis	
		scWAT fibrosis, %	3.96 (3.62)	6.01 (4.85)	.034
		oWAT fibrosis, %	4.65 (4.61)	5.78 (2.99)	.026
		Pericellular scWAT	0.29 (0.39)	0.27 (0.33)	.62
		fibrosis, %		
		Pericellular oWAT	0.36 (0.5)	0.46 (0.51)	.31
		fibrosis, %		

Abbreviations: hsCRP, highly sensitive C-reactive protein; HOMA-IR, Homeostasis Model of Assessment-insulin resistance. Values are expressed as means (SD). P values obtained from Wilcoxon's test or Fisher's tests for qualitative data. All parameters are at T0. The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 19 November 2014. at 14:18 For personal use only. No other uses without permission. . All rights reserved.

Table 4 )

 4 . Adjusting for age, diabetes, and IL-6 did not alter these associations. Regarding liver injury, the ORs increased with the severity of fibrosis score; OR values were 2.24 [95% CI, 1.09 -4.60] for minimal fibrosis (F1), 2.50 [95% CI, 1.10 -5.68] for significant fibrosis (F Ն 2), and 6.48 [95% CI, 1.94 -21.6] for severe fibrosis (F Ն 3).

Table 4 .

 4 Parameters Associated With the LR Group

	Parameters	OR [95% CI]
	Diabetes status	3.37 [1.90 -6.00]
	Age	1.05 [1.01-1.07]
	Fasting glycemia	1.18 [1.06 -1.33]
	HbA1C	1.58 [1.25-1.99]
	IL-6	1.18 [1.06 -1.31]
	BMI binarized at baseline (1 for	1.45 [1.06 -1.98]
	BMI Ն 55, 0 for BMI Ͻ 55)	
	Total scWAT fibrosis	1.45 [1.06 -1.98]
	Adjusted for age, diabetes, and	1.58 [1.10 -2.28]
	IL-6	
	Pericellular scWAT fibrosis	1.29 [1.04 -1.62]
	Adjusted for age, diabetes, and	1.38 [1.07-1.79]
	IL-6	
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Table 1 .

 1 Composition of the dietary supplement and placebo capsules. HPMC: hydroxy-propyl-methylcellulose.

	Ingredient	Dietary supplement (Quantity per capsule)	Placebo (Quantity per capsule)
	Extract of cinnamon	228.00 mg	-
	L-carnosine	100.00 mg	-
	Chromium guanylate	1.25 mg (10 μg chromium chloride)	-
	Excipients		
	Silica	16.00 mg	-
	Talc	7.00 mg	7.00 mg
	Magnesium stearate	6.00 mg	6.00 mg
	Hydrated silica	5.00 mg	5.00 mg
	Silicon dioxide	-	16.00 mg
	Microcristalline cellulose	-	230.25 mg
	Clear transparent HPMC capsule	95.00 mg	95.00 mg
	Total	595 mg	496 mg
	doi:10.1371/journal.pone.0138646.t001		

Table 3 .

 3 Study variables before and after 4-month treatment with dietary supplement or placebo. Values are expressed as mean±SD. M4: Month 4; FPG: fasting plasma glucose.

			Glycabiane	Changes in Placebo	Placebo	Glycabiane	Changes in Placebo
				vs. Glycabiane	(n = 32)		vs. Glycabiane
		Baseline (day 0)	Baseline (day	P value	Baseline	Baseline	P value
			0)		(day 0)	(day 0)	
	Dietary control						
	Energy (kcal/d)	2037.7 ± 591.4	1883.3 ± 703.8	0.28	1989.5±448.5 1883.8±735.9	0.38
	Carbohydrates (%)	41.9 ± 7.1	40.9 ± 8.3	0.61	42.8 ±6.7	39.6±7.8	0.13
	Protein (%)	17.6 ± 3.5	17.6 ± 3.8	0.90	17.6±3.6	17.7±3.9	0.96
	Lipid (%)	37.5 ± 5.1	37.4 ± 5.8	0.90	37.1±5.5	37.9±5.8	0.59
	Adiposity markers						
	Body weight (kg)	87.6 ± 14.4	86.1 ± 9.8	0.63	87.5±13.7	85.8±10.2	0.59
	BMI (kg/m2)	31.6 ± 4.7	31.2 ± 3.1	0.82	31.6 ± 4.5	31.4 ± 3.1	0.95
	Fat mass (kg)	33.7 ± 8.7	33.5 ± 6.8	0.92	33.8±9.0	34.04±7.1	0.92
	Fat mass (%)	39.00 ± 6.4	39.8 ± 7.3	0.62	39.1±6.8	40.6±7.2	0.46
	Fat-free mass (kg)	49.9 ± 9.1	48.4 ± 8.9	0.52	49.6±8.7	47.6±8.7	0.39
	Fat-free mass (%)	58.1 ± 6.1	57.3 ± 7.0	0.60	58.0±6.5	56.6±6.9	0.45
	Adipocyte diameter (μm)	111.1 ± 9.6	114.4 ± 7.2	0.14	111.3±10.5	114.0±7.3	0.30
	Lipid Homeostasis						
	Triacylglycerol (g/L)	1.3 ± 0.5	1.3 ± 0.7	0.76	1.3±0.5	1.3±0.7	0.47
	Total cholesterol (g/L)	2.2± 0.4	2.1 ± 0.4	0.25	2.3±0.5	2.1±0.4	0,29
	HDL cholesterol (g/L)	0.5 ± 0.1	0.5 ± 0.2	0,18	0.5±0.1	0.6±0.2	0,07
	LDL cholesterol (g/L)	1.5 ± 0.4	1.3 ± 0.4	0,09	1.5±0.4	1.4±0.4	0,10
	FFA (mmol/L)	0.4 ± 0.2	0.4 ± 0.2	0.85	0.4±0.2	0.5±0.2	0.18
	Glucose homeostasis						
	Fasting Plasma glucose	6.0 ± 0.6	6.1 ± 0.6	0.72	6.1±0.6	6.1±0.6	0,75
	(mmol/L)						
	Fasting Plasma insulin	9.3 ± 5.4	9.9 ± 4.2	0.47	9.7±5.7	9.4±3.5	0,86
	(μU/mL)						
	HbA1c (%)	5.9 ± 0.4	5.9 ± 0.4	0.86	5.9±0.4	5.9±0.4	0,57
	HOMA-IR	1.3 ± 0.7	1.4 ± 0.6	0.46	1.3±0.8	1.3±0.5	0,84
	HOMA-S (%)	101.4 ± 51.5	92.2 ± 57.9	0.47	99.7±54.2	95.1±59.3	0.84
	HOMA-B (%)	73.9 ± 24.4	76.7 ± 27.2	0.68	75.0±25.4	72.3±17.6	0.83
	Revised Quicki	0.4 ± 0.1	0.4 ± 0.04	0.48	0.4±0.1	0.4±0.04	0,29
	Disse index	-7.6 ± 6.42	-6.8 ± 4.8	0.62	-7.7±6.8	-6.3±4.5	0,42
	Adipokines and						
	Inflammatory factors						
	Leptin (ng/mL)	30.2 ± 22.9	31.0 ± 21.6	0.71	32.6±24.0	32.0±21.9	0.82
	Adiponectin (μg/mL)	5.0 ± 3.4	4.5 ± 2.2	0.62	5.0±3.5	4.6±2.1	0.96
	hs-CRP(mg/L)	5.3 ± 6.4	4.0 ± 4.3	0.49	5.9±6.8	4.0±4.3	0.35
	PAI-1 (ng/mL)	25.8 ± 21.3	26.0 ± 20.4	0.75	26.5±22.6	25.8±20.0	0.74
	IL-6 (pg/mL)	2.0 ± 1.3	1.9 ± 1.3	0.96	1.9±1.3	1.9±1.3	0.99
	Adipokines explored from						
	adipose tissue						
	Adiponectin (pg/mL)	10415.4 ± 10185.4 8883.2 ± 6408.2	0,87	11877±10501	9283 ±6581	0,51
	IL-6 (pg/mL)	536.0 ± 420.2	1099.2 ± 1699.3	0,15	576 ± 446	1130 ± 1777	0,25
	Akt (arbitratry U)	13.8 ± 14.8	11.4 ± 13.8	0,49	15.2 ± 15.8	9.5 ± 11.5	0,23
	doi:10.1371/journal.pone.0138646.t002					
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Abstract (≤300 words) (253)

Fibrosis is a hallmark of subcutaneous adipose tissue (scAT) pathologic alteration in obesity and is considered as a mechanical limitation during AT expansion further leading to metabolic disorders. A non-invasive device, AdipoScan TM , based on transient elastography was recently developed by Echosens (Paris, France) to evaluate scAT stiffness. AdipoScan TM measures scAT shear wave speed (SWS), which we previously demonstrated to be associated with scAT fibrosis and some bioclinical parameters in severe obesity. The aim of the study was to further analyze how scAT SWS relates to cardiometabolic abnormalities before bariatric surgery (BS) and whether scAT SWS associates with some BS-induced weight loss.

Here, scAT SWS was measured by Adiposcan TM in 105 obese candidates to BS at baseline. We confirmed that scAT SWS was significantly associated with tissue fibrosis upon histology and transcriptomic analysis. ScAT SWS was also significantly correlated with several bioclinical characteristics such as gender, fat mass, regional fat mass distribution, glucose homeostasis, liver transaminases and triglycerides. Furthermore, increased scAT SWS was associated with significantly higher prevalence of cardiometabolic abnormalities, metabolic syndrome, and increased 10-year chronic heart diseases (CHD) risk at baseline. Compared to subject with low scAT SWS values, those with increased values demonstrated less post-BS one-year weight loss. In conclusion, physical non-invasive measurement of scAT SWS was associated with tissue fibrosis, cardiometabolic phenotypes at baseline in morbid obesity. This study illustrates the clinical relevance of developing non-invasive device to better phenotype severely obese subjects and paves the way for the identification of BS response predictors based on adipose tissue physical properties.

Supplementary Figures

Supplementary Figure 1 

Supplemental Materials and Methods

PCR-Array Experiments

Piece of perioperative surgical scAT biopsy samples were stored at -80°C until they were further processed for PCR-Array analysis in 11 non-diabetic obese women (age 34±12yr, BMI 45.3±5.4kg/m 2 ) and 7 control subjects whose RNA quantity were enough to realize two PCR-Array experiments (i.e >500ng). Total RNA was extracted using the RNeasy total RNA Mini kit (QIAGEN) with one-column DNase digestion. RNA quality and concentrations were assessed by Agilent 2100 Bioanalyzer (Agilent Technologies). RT 2 First Strand Kit (QIAGEN) was used according to the manufacturer's instructions to obtain cDNA from RNA. Realtime quantitative RT-PCR for selected genes was performed on a StepOnePlusTM Real-Time PCR System (Applied Biosystems, France) using Extracellular Matrix & Adhesion Molecules PCR-Array and Human Fibrosis PCR-Array (QIAGEN).

Evaluation abdominal scAT macro-structure by echography

In a sub-group of 9 randomly selected obese subjects, we evaluated abdominal scAT macrostructure in right peri-umbilical region by a mini-echography (NanoMaxx Ultrasoud System, FUJIFILM SonoSite, Paris, France). Five measures were realized in each obese subjects: the central point where the scAT SWS was measured, four points on the top, bottom, left and right 2 cm away around the central point. The first 4 cm depth of superficial structure were evaluated.

ABSTRACT (252 words)

Context: Extracellular matrix (ECM) in subcutaneous adipose tissue (scAT) undergoes pathological remodeling during obesity. However, its evolution during weight loss remains poorly explored.

Objective: To study histological, transcriptomic and physical characteristics of scAT ECM remodeling during the first year of bariatric surgery (BS)-induced weight loss and their relationships with metabolic and bioclinical improvements.

Design, Setting, Patients and Interventions: 118 morbidly obese candidates for BS were recruited and followed during one-year post-BS.

Main Outcome Measures: ScAT surgical biopsy and needle aspiration, as well as scAT stiffness measurement were performed in three sub-groups before and post-BS. 14 non-obese non-diabetic subjects served as controls.

Results: Significantly increased picrosirius-red stained collagen accumulation in scAT post-BS was observed along with fat mass loss, despite metabolic and inflammatory improvements and undetectable changes of scAT stiffness. Collagen accumulation positively associated with M2-macrophages (CD163 + cells) before BS but negatively after. Expression levels of genes encoding ECM components (e.g. COL3A1, COL6A1, COL6A2, ELN), cross-linking enzymes (e.g. LOX, LOXL4, TGM), metalloproteinases and their inhibitors were modified one-year post-BS. LOX expression and protein were significantly decreased, and associated with decreased fat mass, as well as other cross-linking enzymes. Although total collagen I and VI staining decreased one-year post-BS, we found increased degraded collagen I and III in scAT, suggesting increased degradation.

Conclusions:

After BS-induced weight loss and related metabolic improvements, scAT displays major collagen remodeling with an increased picrosirius-red staining that relates to increased collagen degradation and importantly decreased cross-linking. These features are in agreement with adequate ECM adaptation during fat mass loss.

A B

Supplemental Table 4 Bioclinical parameters in Group A and Group B according to scAT SWS trajectories at T0, T3 and T12. FPG level as the primary outcome. Glycemic control, insulin sensitivity, adiposity, lipid profile and inflammatory markers were also explored.

Subjects and Methods

Subjects

Subjects were enrolled in the study between November 2011 and April 2012. The last subject completed the study on August 2012. Subjects aged between 25 and 65 years, overweight (body mass index 25 kg/m 2 ), presenting a FPG level between 5.55 mmol/L and 7 mmol/L [2] and unwilling to change their usual dietary and physical activity habits were eligible for randomization. Subjects with overt diabetes, any abnormality in renal, hepatic or thyroid function, hypogonadism, history of musculoskeletal, autoimmune or neurologic disease, or human immunodeficiency or hepatitis C virus infection, or having experienced weight loss of more than 5% within the previous six months, were excluded. Other exclusion criteria were consumption of any supplement containing cinnamon or chromium, or any current treatment potentially interfering with plasma glucose homeostasis or body weight control. Finally, women of childbearing age were excluded if they were pregnant, breast-feeding, or not using a reliable contraceptive method.

Study design

This was a single center, randomized, double-blind, placebo-controlled, two-parallel group study conducted at the outpatient clinic of the Nutrition Department at the PitiŽ-Salp•tri•re Hospital, Institute of Cardiometabolism and Nutrition (ICAN), Paris, France.

Participants were randomized on the basis of a computer-generated list provided by PiLeJe Institute (Saint-Laurent-des-Autels, France) to receive either a micronutrient dietary supplement or placebo for 4 months. Face-to-face follow-up visits were scheduled at 2, 4 (end of treatment period) and 6 (end of study) months from randomization. Participants were instructed to maintain their usual lifestyle during the experimental period.

The study was conducted according to the ethical principles of the Declaration of Helsinki and local regulations. The protocol was approved by the independent ethics committee of PitiŽ-Salp•tri•re Hospital on December 1 st , 2010, and obtained the authorization of the French agency for the security of medications and health productsÐAfssaps changed to ANSM on 2 November 2010. A written informed consent was obtained from all patients before inclusion. This clinical trial was registered before enrollment of participants in the EU Clinical trials Register under the identification number: ID RCB 2010-A00776-33. It was also registered at ClinicalTrials.gov under the identification number: NCT01530685 (URL: clinicaltrials.gov/ show/NCT01530685?displayxml = true) later due to some technical problems with the sponsor of the study. The authors confirm that all ongoing and related trials for this drug/intervention are registered.

Treatments

Participants received orally, during lunch, two capsules per day of either a dietary supplement, containing: cinnamon, chromium and carnosine (Glycabiane 1 , PiLeJe, Saint-Laurent-des-Autels, France) or placebo (Table 1). The capsules of the placebo and the dietary supplement were identical in colour, form and smell. There was a 100 mg difference in weight between the two capsules, which could not be detected by handling. Therefore, the double-blinded treatment was correctly respected for the subjects and the medical staff. The cinnamon used (ChalCinn