Hyaluronic acid or hyaluronan is a non-sulfated glucosaminoglycan which has long been recognized for its hydrophilic properties and widely used as a dermal filler. Despite much attention given to the study of other extracellular matrix components in the field of extracellular matrix (ECM) properties and their contribution to tissue fibro-inflammation, little is known on hyaluronan potential role in the extracellular milieu. However, recent studies suggest that it might be involved in inflammatory response, diet induced insulin resistance and adipogenesis. On one hand, hyaluronan level is elevated in inflamed and insulin resistant tissues what triggered the suspicions on its pathological role. On the other, interventions in mice models to modulate hyaluronan synthesis or degradation (e.g., through exogenous hyaluronidase, hyaluronic acid synthase overexpression or its pharmacological inhibition) ameliorated glycaemic control. This suggests a complex and multidirectional role of hyaluronan in physiology. In my thesis we investigated the contents of hyaluronan and its receptors in human adipose tissue finding no relation with clinical parameters. That is unexpected because previous studies showed such a correlations for serum hyaluronan and CD44. Furthermore, we developed an ex vivo adipose tissue slice model for the study of hyaluronan function in adipose tissue. We found that hyaluronidase induced ECM remodelling do not affect inflammation nor the function of adipose tissue or mature adipocytes but impairs adipogenesis affecting its early phase. Our results suggest that increased hyaluronan deposition seems to be a bystander effect rather than pathophysiological cause of insulin resistance. On the other hand, hyaluronan presence and its metabolism is essential to modulate immune response. While, hyaluronan-rich ECM seems to necessary for optimal adipogenesis, at least in the 3T3-L1 model.
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Résumé

L'acide hyaluronique ou hyaluronane est un glucosaminoglycane non sulfaté reconnu depuis longtemps pour ses propriétés hydrophiles et largement utilisé comme produit de comblement dermique. Malgré une grande attention accordée à l'étude d'autres composants de la matrice extracellulaire dans le domaine des propriétés de la matrice extracellulaire (MEC) et de leur contribution à la fibro-inflammation tissulaire, on sait peu de choses sur le rôle potentiel de l'hyaluronane dans le milieu extracellulaire. Cependant, des études récentes suggèrent qu'il pourrait être impliqué dans la réponse inflammatoire, la résistance à l'insuline induite par l'alimentation et l'adipogenèse. D'une part, le taux d'hyaluronane est élevé dans les tissus enflammés et résistants à l'insuline ce qui a déclenché les soupçons sur son rôle pathologique. D'autre part, des interventions dans des modèles de souris pour moduler la synthèse ou la dégradation de l'hyaluronane (par exemple, par l'hyaluronidase exogène, la surexpression de l'acide hyaluronique synthase ou son inhibition pharmacologique) ont amélioré le contrôle glycémique. Ceci suggère un rôle complexe et multidirectionnel de l'hyaluronane dans la physiologie. Dans ma thèse, nous avons étudié le contenu de l'acide hyaluronique et de ses récepteurs dans le tissu adipeux humain en ne trouvant aucune relation avec les paramètres cliniques. C'est inattendu car des études antérieures ont montré de telles corrélations pour le hyaluronane et le CD44 dans le serum. De plus, nous avons développé un modèle de tranche de tissu adipeux ex vivo pour l'étude de la fonction de l'hyaluronane dans le tissu adipeux. Nous avons constaté que le remodelage de la MEC induit par l'hyaluronidase n'affecte pas l'inflammation ni la fonction du tissu adipeux ou des adipocytes matures, mais altère l'adipogenèse affectant sa phase précoce. Nos résultats suggèrent que l'augmentation du dépôt d'hyaluronane semble être un effet indirect plutôt qu'une cause physiopathologique de la résistance à l'insuline. D'autre part, la présence d'hyaluronane et son métabolisme sont essentiels pour moduler la réponse immunitaire. Alors que la MEC riche en hyaluronane semble nécessaire pour une adipogenèse optimale, du moins dans le modèle 3T3-L1. List of tables Emerging from COVID 19 pandemic the world's healthcare systems have to come back to dealing with pre-pandemic health issues which certainly have not disappeared during the last three years. One of the most concerning and yet underestimated is an increasing rate of obesity and its aftermaths within modern societies. As shown in the statistics of World Health Organisation (WHO) and Global Obesity Observatory, overweight and obesity is no longer an exclusive problem of developed countries but it becomes a global issue [1,[START_REF] Lecoutre | Importance of the Microenvironment and Mechanosensing in Adipose Tissue Biology[END_REF].

Results

Discussion

Obesity was first recognised as a disease in 1948 when 6 th version of International Classification of Diseases (ICD) was created. However, up to late nineties there was no clear and unquestioned classification of obesity and overweight [3]. Furthermore, it is worth noting that up to quite recent times the influence of an increased body weight on cardiovascular diseases (CVD), neoplasms or life expectancy was neglected and highly underestimated [3]. Currently used reference values and criteria for overweight and obesity classification were introduced in 2000 with the report of WHO [4]. The most commonly used factor, body mass index (BMI), is expressed as individual's body mass in kilograms divided by height in meters squared. The results below 18,5 kg/m 2 are considered as underweight, 18,5-24,99 kg/m 2 as normal, 25-29,99 kg/m 2 as overweight, 30-34,99 kg/m 2 as I class obesity, 35-39,99 kg/m 2 as II class obesity and ≥ 40 kg/m 2 as III class obesity [4]. Despite BMI is useful and easy to measure in everyday practice it is quite crude and insufficient to prognose metabolic health, and risk of obesity aftermaths. For instance, about 60% of obese patients undergoing bariatric surgery do not have diabetes and less then 50% have arterial hypertension. Thus, BMI should rather be used for screening and to estimate the prevalence of overweight, and obesity within a population. More robust technics allows to assess the body composition and/or anatomical distribution of fat what makes them better correlated with metabolic outcome, and the occurrence of comorbidities. The most accurate to assess both is dual-energy X-ray absorptiometry (DEXA) which allows to assay both percentage of body fatness, total fat mass, as well as, mass of subcutaneous and visceral adipose tissue respectively [5]. Another common method of bioelectrical impedance allows to assay the percentage of fat mass and water content but it does not provide the information about spatial distribution of fat [4,5]. On the other hand, one of the first in use, anthropological measure methods such as skinfold thickness, waist circumference or waist/hip ratio (WHR) may indicate abdominal fat accumulation and reflect risk factors for CVD. For instance, waist circumference, measured at the midpoint between lower border of the rib cage and the iliac crest, ≥ 94 cm for men and ≥ 80 cm for woman increase the risk of metabolic complications such as CVD and type 2 diabetes mellitus (T2DM) [6,[START_REF] Drygalski | Phloroglucinol prevents albumin glycation as well as diminishes ROS production, glycooxidative damage, nitrosative stress and inflammation in hepatocytes treated with high glucose[END_REF]. While, WHR > 1 in men and > 0,85 in woman suggest abdominal fat accumulation, and increased risk of coronary heart disease (CHD) [8].

Epidemiology

According to the Eurostat report from 2014 about 36% of European population was overweight and about 16% suffered from obesity. This data may vary slightly between individual countries for instance in France it was 31,9% and 15,3% respectively. While, in Poland it was 37,5% and 17,2% respectively [START_REF] Charytoniuk | Influence of Resveratrol on Sphingolipid Metabolism in Hepatocellular Carcinoma Cells in Lipid Overload State[END_REF]. Interestingly, the prevalence of obesity differs not only between countries but also in particular socio-economic groups. According to the European data, it is the highest in the groups with the lowest education level and increase with age reaching the peak in the group between 60 and 70 years old. However, beside just the occurrence itself, it is important to note how body weight issues change in space and in time. Figure 1 depicts how global pandemic of obesity spread across the globe within last two decades while Table 1 shows changes in percentage of obese man and woman in Poland, and in France.

Children are not free from overweight and obesity problem. It is estimated that globally 6% of children between 8 and 17 years old are obese. In 2016 their number reached 124 millions [1]. Summarized occurrence of overweight and obesity in French, and Polish children is also shown in Table 1. [START_REF] Lecoutre | Importance of the Microenvironment and Mechanosensing in Adipose Tissue Biology[END_REF]. Furthermore, today the number of obese people tripled in comparison to 1975 and it is estimated that in 2030 over 1 billion adults and 250 million children will be obese [10]. Thus, the fact that obesity and its aftermaths will be one of the main health problems in the XXI century is unquestionable. 

Table 1 -The occurrence of obesity in France & Poland within last 20 years. Based on: Global Obesity Observatory

Causes and consequences

The causes of overweight and obesity are multifactorial but definitely unquestioned one is long lasting positive energy balance. The reason for that might be facile access to high caloric nutrition (unprecedented in human evolution) and simultaneous reduction of physical activity and energy expenditure (due to the changes in individual's lifestyle). The pace of these changes greatly exceeds evolutionary ability to accommodate them, especially after hundreds thousand years of evolution towards energy expenditure efficacy and its accumulation [START_REF] Bentham | Worldwide Trends in Body-Mass Index, Underweight, Overweight, and Obesity from 1975 to 2016: A Pooled Analysis of 2416 Population-Based Measurement Studies in 128•9 Million Children, Adolescents, and Adults[END_REF]. However, intensified research on obesity in the last three decades showed many other factors leading to the disease and its aftermaths what makes the problem even more complex [START_REF] Blüher | Obesity: Global Epidemiology and Pathogenesis[END_REF].

Beside prolonged positive energy balance another important nutritional factor is diet composition. As previously shown diet rich in certain yet, common ingredients like saturated fatty acids, especially palmitic acid or simple sugars like glucose and fructose impairs insulin sensitivity, and favours weight gain. Unfortunately, the same, most obeso-and diabetogenic factors are commonly present in processed foods constituting important part of so called "Western dietary pattern" [START_REF] Oddy | The Western Dietary Pattern Is Prospectively Associated With Nonalcoholic Fatty Liver Disease in Adolescence[END_REF].

Another important factors are genetic and epigenetic. As observed, the heritability of BMI ranges from 40 to 70% [START_REF] Börjeson | The Aetiology of Obesity in Children.A Study of 101 Twin Pairs[END_REF][START_REF] Stunkard | The Body-Mass Index of Twins Who Have Been Reared Apart[END_REF]. The genetic background of obesity can be both monogenic or polygenic. Monogenic mutations are far more rare and are related with mutations in one gene with high penetrance to the phenotype. The best described obesity related mutations occurs in genes of: leptin [START_REF] Halaas | Weight-Reducing Effects of the Plasma Protein Encoded by the Obese Gene[END_REF], leptin receptor [START_REF] Clément | A Mutation in the Human Leptin Receptor Gene Causes Obesity and Pituitary Dysfunction[END_REF], melanocortin 4 receptor [START_REF] Farooqi | Dominant and Recessive Inheritance of Morbid Obesity Associated with Melanocortin 4 Receptor Deficiency[END_REF] or pro-opiomelanocortin [START_REF] Krude | Severe Early-Onset Obesity, Adrenal Insufficiency and Red Hair Pigmentation Caused by POMC Mutations in Humans[END_REF]. The monogenic mutations are usually a cause of early onset obesity inherited in particular ethnic groups and clearly cannot explain a rapid development of global pandemic. The example of monogenic mutation causing obesity might be the development of ob/ob mice commonly used in nutrition and obesity studies. The ob/ob mice have mutation in Ob gene encoding leptin, a hormone synthesized predominantly in adipose tissue and responsible for the sensing of body lipid stores [START_REF] Zhang | Positional Cloning of the Mouse Obese Gene and Its Human Homologue[END_REF]. As a result of inability to produce leptin ob/ob mice have significantly increased food intake and develop obesity with its aftermaths such as T2DM.

Polygenic polymorphism on the other hand is quite common but has relatively low effect on the disease development. It increases the risk of obesity occurrence when individual is exposed to environmental conditions favouring weight gain. However, according to gene association studies (GWAS) only about 2% of the BMI variability can be explained by singlenucleotide polymorphisms [START_REF] Hebebrand | Chipping Away the 'Missing Heritability': GIANT Steps Forward in the Molecular Elucidation of Obesity -but Still Lots to Go[END_REF][START_REF] Speliotes | Association Analyses of 249,796 Individuals Reveal 18 New Loci Associated with Body Mass Index[END_REF]. What shows that the most important factors standing behind the burst of obesity pandemic are mostly behaviouristic and nutritional.

Obesity significantly increases the risk of metabolic diseases such as: non-alcoholic fatty liver disease (NAFLD) [START_REF] Fabbrini | Obesity and Nonalcoholic Fatty Liver Disease: Biochemical, Metabolic, and Clinical Implications[END_REF], T2DM or systemic hypertension [START_REF] Després | Abdominal Obesity and Metabolic Syndrome[END_REF]. Furthermore, obesity also predispose to colon cancer, asthma, chronic obstructive pulmonary disease (COPD), depression and lowers fertility [START_REF] Sermondade | BMI in Relation to Sperm Count: An Updated Systematic Review and Collaborative Meta-Analysis[END_REF][START_REF] Almendros | Sleep Apnea, and Cancer[END_REF][START_REF] Basdevant | L'obésité : Origines et Conséquences d'une Épidémie[END_REF]. The list of medical, psychosocial and economical aftermaths of obesity is shown in Table 2. However, the most important consequences of obesity, from pathophysiological point of view, are related with circulation and metabolism. Obesity significantly increases the risk of CVD and hypertension. Augmented body mass and especially tissue volume increase cardiac muscle load, and promotes hypertension. On the other hand, overweight and obesity are associated with the development of insulin resistance what in a longer run leads to T2DM, and prolonged episodes of hyperglycaemia. Moreover, high-fat diet of obese patients often leads to hyperlipidaemia what constitutes an independent risk factor of CVD. Taken together, arteries and capillaries of obese patients are exposed to high blood pressure, high glucose and cholesterol level what promotes both atherosclerosis and impairs perfusion in microcirculation leading to tissue insufficiency. That is why obesity through its aftermaths lowers life expectancy of patients suffering from it [START_REF] Adams | Obesity, and Mortality in a Large Prospective Cohort of Persons 50 to 71 Years Old[END_REF][START_REF]Prospective Studies Collaboration Body-Mass Index and Cause-Specific Mortality in 900 000 Adults: Collaborative Analyses of 57 Prospective Studies[END_REF]. 

Treatment of obesity 4.1.Non-pharmacological treatment

As said above the fundamental cause of obesity is long lasting positive energy balance leading to gradual weight gain. Thus, the first treatment methods were trying to induce caloric deficit through diet and/or physical activity. So far, numerous diet regimes were developed but only some were properly tested and analysed in long term follow-ups. In fact, low caloric, low fat, low carbohydrate or Mediterranean diet showed similar efficacy in lowering body weight leading to 7-10% reduction of initial body mass [START_REF] Sacks | Comparison of Weight-Loss Diets with Different Compositions of Fat, Protein, and Carbohydrates[END_REF][START_REF] Wadden | Lifestyle Modification for Obesity[END_REF]. However, the best predictor of weight loss was not the type of diet but individual's adherence to caloric restriction [START_REF] Dansinger | Comparison of the Atkins, Ornish, Weight Watchers, and Zone Diets for Weight Loss and Heart Disease Risk Reduction[END_REF]. Thus, dependency on patient's motivation, attitude and self-discipline is the biggest disadvantage of calorie restriction methods. It is worth noting that only 20% of overweight patients succeed to keep 10% loss of initial weight in a long term. The reason for that is not only lack of patients' self-discipline but also physiological feed-back mechanisms preventing maintenance of weight loss. Research shows that even one year after weight loss related to caloric restriction serum levels of main hormonal food uptake regulators, leptin and ghrelin, remain disturbed, and stimulate hypothalamus to regain lost weight [START_REF] Sumithran | Long-Term Persistence of Hormonal Adaptations to Weight Loss[END_REF]. The increased ghrelin and lowered leptin after restrictive diets are physiological causes of so called "yoyo effect" which significantly increase the risk of metabolic syndrome and CVD [START_REF] Vergnaud | Weight Fluctuations and Risk for Metabolic Syndrome in an Adult Cohort[END_REF]. Beside of physiological reasons, psychological aspect of dealing with caloric restriction seams crucial. The average weight loss might not be satisfactory for most of the patients while requires constant effort and discipline to be maintained.

The other mechanism of providing negative energy balance commonly used with diet modification is physical activity. In contrary to caloric restriction alone it is one of the key factors preventing from regaining weight and regular physical activity is an individual factor lowering the risk of CVD [START_REF] Basdevant | Traité Médecine et Chirurgie de l'obésité[END_REF][START_REF] Catenacci | The Role of Physical Activity in Producing and Maintaining Weight Loss[END_REF]. However, increased physical activity only slightly influence body mass leading, on average, to loss 3% of initial body weight (Figure 2). That is because additional energy expenditure caused by physical activity constitutes only about 10 to 15% of total daily energy expenditure [START_REF] King | Beneficial Effects of Exercise: Shifting the Focus from Body Weight to Other Markers of Health[END_REF]. Nevertheless, regular training affects body composition, reduce fat mass, lowers blood pressure and resting pulse rate what makes it an important additive component of obesity treatment [START_REF] Weinheimer | A Systematic Review of the Separate and Combined Effects of Energy Restriction and Exercise on Fat-Free Mass in Middle-Aged and Older Adults: Implications for Sarcopenic Obesity[END_REF]. 

4.2.Pharmacological treatment

Because non-pharmacological treatment methods provide limited efficacy, pharmacological attempts to overcome the problem of obesity started in the eighties. The first registered drug, within currently used to treat obesity, orlistat, was discovered in 1983. It is a strong and selective inhibitor of pancreatic lipase which reduce fat digestion in small intestine leading to decreased absorption of lipids and thus, lowering caloric intake [START_REF] Heck | a New Lipase Inhibitor for the Management of Obesity[END_REF]. Unfortunately, due to its action mechanism orlistat causes steatorrhea, abdominal pain and may reduce the absorption of lipid soluble vitamins. On the other hand, it is the cheapest anti-obesity drug and in many courtiers is available as over the counter (OTC) medicament [START_REF] Pedersen | Pharmacotherapy in Obesity Management[END_REF]. Nevertheless, because of its adverse effect it is not a drug of the first choice and usually is prescribed when other drugs are contraindicated or patients cannot afford them [41].

Another group of drugs used to treat obesity are formulations containing bupropion with naltrexone. The action mechanism of these medicaments is complex and influence the hypothalamic regulation of hunger and food intake [START_REF] Hollander | Effects of Naltrexone Sustained-Release/Bupropion Sustained-Release Combination Therapy on Body Weight and Glycemic Parameters in Overweight and Obese Patients With Type 2 Diabetes[END_REF]. Bupropion is a non-selective norepinephrine-dopamine reuptake inhibitor and a nicotinic receptor antagonist used in treatment of major depressive disorder and nicotine addiction. While, naltrexone and its metabolites are competitive antagonists of opioid receptors with predominance to µ-opioid receptor (MOR). It is used in treatment of alcohol and opioid addiction, as well as, in opioid overdose. A year follow up of naltrexone/bupropion third phase clinical trials showed body weight reduction of about 6% [41,[START_REF] Nissen | Effect of Naltrexone-Bupropion on Major Adverse Cardiovascular Events in Overweight and Obese Patients With Cardiovascular Risk Factors[END_REF]. The treatment is usually well tolerated but has many contraindicated conditions like: renal and liver failure, uncontrolled hypertension, opioid/ alcohol addiction or antidepressant treatment [START_REF] Pedersen | Pharmacotherapy in Obesity Management[END_REF].

The last discovered group of anti-obesity drugs are glucagon like peptide 1 (GLP-1) agonists (liraglutide and recently registered by FDA semaglutide). These medicaments mimic the action of incretin hormone released by ileum in a response to food which stimulates satiety circuits in hypothalamus and reduce insulin resistance of peripheral tissues [START_REF] Secher | The Arcuate Nucleus Mediates GLP-1 Receptor Agonist Liraglutide-Dependent Weight Loss[END_REF][START_REF] He | Direct and Indirect Effects of Liraglutide on Hypothalamic POMC and NPY/AgRP Neurons -Implications for Energy Balance and Glucose Control[END_REF]. The complex effect of liraglutide made it useful both in treating obesity, but also T2DM. Third phase clinical trials showed body weight reduction of about 7% in one year follow-up of liraglutide treatment [START_REF] Pedersen | Pharmacotherapy in Obesity Management[END_REF]41].

Despite similar results in terms of percentage of lost weight pharmacological treatment provides more stable and long-lasting effect of weight loss due to their effect mostly on food intake mechanisms. Furthermore, new drugs are well tolerated by patients, provide pleiotropic effect, partly affecting obesity aftermaths like insulin resistance and T2DM, as well as, decrease food craving what helps patients with behavioural dealing with excessive weight. The characteristics of three main groups of medicaments are summarized in Table 3. However, it is worth noting here, that in the past many anti-obesity drugs aiming to regulate appetite were withdrawn from clinical usage due to their adverse effects. Especially, dexfenfluramine, a 5-HT agonist, which caused valvulopaties and pulmonary hypertension [179]. Sibutramine, a serotonin-norepinephrine reuptake inhibitor (SNRI), which caused hypertension and increased the risk of heart attack, and stroke [180]. Or rimonabant, an inverse agonist for the cannabinoid receptor CB1, which caused depressive disorders, mood alterations and increased the risk of suicide attempts [181]. 

4.3.Bariatric surgery

Bariatric surgery is the most radical but also the most effective obesity treatment method in the long term [46]. Nevertheless, it should be used as a second round treatment when increased physical activity, dietary intervention or pharmacological treatment were not sufficient. In general, surgery should be considered in patients with III class obesity (BMI ≥ 40 kg/m 2 ) and II class obesity (BMI ≥ 35 kg/m 2 ) with at least one comorbidity like: hypertension, T2DM, COPD, NAFLD or disabling osteo-articular diseases. Furthermore, it is advised that before any type of operation patients loose at least 5% of initial weight with conventional methods [START_REF] Has Obésité | Prise En Charge Chirurgicale Chez l'adulte[END_REF][START_REF] Buchwald | Metabolic/Bariatric Surgery Worldwide[END_REF]. Bariatric surgery is rapidly developing area of medicine worldwide. Thus, used operation technics may vary both in time and between countries or surgeons depending on their individual preferences. For example, adjustable gastric band was one of the first operation methods which recently is replaced with other technics. Nowadays, in Poland, similarly to France the most popular method is sleeve gastrectomy. Main characteristics of bariatric surgery technics are summarized in Table 4.

Table 4 -General characteristics of different operative methods in obesity treatment.

Based on [START_REF]Haute Autorité de Santé Obésité : Prise En Charge Chirurgicale Chez l'adulte[END_REF].

The exact mechanisms of weight loss after bariatric surgery are multifactorial and their importance may vary between different types of operation. However, the range of mechanism consists of: restriction of stomach volume, early induced satiety during the meal, modification of hormonal regulation of hunger and food intake or malabsorption all leading to decreased caloric intake, and negative energy balance.

The gastric band restricts maximal stomach volume and creates small pouch on the food passage which fills quicker and cause impression of full stomach sooner than it was in unoperated one. The band volume and thus the restricted volume can be adjusted with injections of saline solution to subcutaneous port. Another advantage of this method is that it does not cause any irreversible changes in the anatomy of digestive tract. However, the method is a bit less effective than gastric bypass or sleeve gastrectomy and has more common adverse effects [START_REF] Bose | Superior Appetite Hormone Profile After Equivalent Weight Loss by Gastric Bypass Compared to Gastric Banding[END_REF][START_REF] Papamargaritis | Changes in Gut Hormone Profile and Glucose Homeostasis after Laparoscopic Sleeve Gastrectomy[END_REF]. Despite the fact that the band is stitched to the gastric wall in long term follow-ups has been observed that it may displace with peristaltic movements. In such a case the band not only loose its efficacy but also may cause digestive tract obstruction requiring re-operation. What is more, the method allows for sabotage of the treatment as known are cases when patients were aspirating the saline from the regulation port to eat more. This happens also because the band, similarly to dietary caloric restriction, does not modulate postprandial GLP-1 nor YY peptide levels and thus does not decrease hunger so effectively [START_REF] Sumithran | Long-Term Persistence of Hormonal Adaptations to Weight Loss[END_REF][START_REF] Korner | Differential Effects of Gastric Bypass and Banding on Circulating Gut Hormone and Leptin Levels*[END_REF][START_REF] Dixon | Laparoscopic Adjustable Gastric Banding Induces Prolonged Satiety: A Randomized Blind Crossover Study[END_REF].

Sleeve gastrectomy become the most popular bariatric surgery in many countries due to its efficiency, safety, relative simplicity and short operation time. The surgical procedure involves a longitudinal resection of the stomach on the greater curvature from the antrum up to the angle of His. It results not only in decreased stomach volume but also in removal of the secretory cells located predominantly in stomach fundus [START_REF] Anderson | The Impact of Laparoscopic Sleeve Gastrectomy on Plasma Ghrelin Levels: A Systematic Review[END_REF]. That is why patients who underwent the procedure has lower ghrelin level. Furthermore, similarly to Roux-en-Y gastric bypass (RYGB) it increases postprandial anorexigenic peptides' levels what alters hypothalamic hunger perception. Presumably, in both procedures increased food passage to small intestine stimulates GLP-1 and YY peptide release [START_REF] Papamargaritis | Changes in Gut Hormone Profile and Glucose Homeostasis after Laparoscopic Sleeve Gastrectomy[END_REF]. Another advantage of the procedure might be smaller interreference with gastrointestinal tract anatomy and physiology, as well as, the lowest cost due to the shortest operation time, and no need for additional implant. On the other hand, the disadvantages of sleeve gastrectomy are lower effectiveness than RYGB, irreversible partial gastrectomy what may cause malabsorption and hypoglycaemias, increased risk of oesophageal reflux or high dependency of adjustability and final effect on surgeon's experience.

RYGB is, beside biliopancreatic diversion, the most invasive yet effective method of bariatric surgery [START_REF] Bose | Superior Appetite Hormone Profile After Equivalent Weight Loss by Gastric Bypass Compared to Gastric Banding[END_REF]. The surgical procedure involves creation of small pouch in antral part of the stomach and connection of it with a loop of small intestine (alimentary loop) while remaining part of stomach with duodenum remains as a separate loop (digestive loop). Adjusting the lengths of both loops surgeon can influence the effectiveness of the procedure. Therapeutical mechanism of the method is complex. On the one hand, similarly to sleeve gastrectomy, faster food passage to small intestine increase incretin release and cause satiety [START_REF] Papamargaritis | Changes in Gut Hormone Profile and Glucose Homeostasis after Laparoscopic Sleeve Gastrectomy[END_REF][START_REF] Dar | GLP-1 Response to a Mixed Meal: What Happens 10 Years after Roux-En-Y Gastric Bypass (RYGB)?[END_REF]. On the other, so vast interreference with gastrointestinal tract's anatomy and physiology increase the role of malabsorption in weight loss effect. Interestingly, it does not influence the ghrelin level presumably because ghrelin-synthetising cells remain physiologically active in stomach fundus. Moreover, RYGB changes specimen pattern of microbes colonizing intestines what may not be without importance since the role of microbial metabolism in obesity is commonly discussed [START_REF] Doré | The Importance of the Gut Microbiota after Bariatric Surgery[END_REF][START_REF] Turnbaugh | An Obesity-Associated Gut Microbiome with Increased Capacity for Energy Harvest[END_REF]. To add complicity, it is speculated that the procedure might also influence vague nerve signalling in response to food passing the antral pouch what reduce food craving [START_REF] Björklund | Is the Roux Limb a Determinant for Meal Size After Gastric Bypass Surgery?[END_REF]. Nevertheless, RYGB has disadvantages. Firstly, it significantly disturbs both gastrointestinal tract's anatomy and physiology, its effect is to the highest degree dependent on surgeon's experience, as well as, the risk of malnutrition is the highest. Secondly, it is the longest and the most difficult within discussed technics what also affects its cost effectiveness.

Summarizing, bariatric surgeries are the most effective obesity treatment methods, providing quiet constant long term weight loss of 14 to 25% of initial body mass with predominance of fat mass loss.

II Adipose Tissue

Excessive expansion of the adipose tissue is instrumental in obesity. Adipocytes have the unique ability to store large amounts of lipids in a dedicated intracellular organelle, the lipid droplet, which occupies most of the cell volume. Thus, they can regulate their size in a response to changes in energy intake and expenditure. In the condition of a long-lasting positive energy balance, they increase their size to accumulate the excess of fatty acids circulating in plasma. Adipose tissue depots not only increase their volume and mass in obesity, but they also undergo pathological remodelling, ultimately leading to dysfunction. Commonly underestimated as just a source of adipocytes, adipose tissue is a complex structure of different cell types, capillaries and extracellular matrix keeping a dynamic balance depending on energy status. The adipose tissue plays various roles in human body out of whom secretory, storage and thermogenic are of particular importance. However, the predominance of these roles may differ between types of adipocytes and localisation of adipose tissue depot.

Localisations

In general, adipose tissue distribution may be divided into subcutaneous and visceral depots. Although subcutaneous adipose tissue accompanies skin across the whole body surface providing thermal isolation and amortisation of more profoundly located structures, its major localisations providing energy storage are: abdominal, gluteal, femoral and pectoral. Within visceral fat pads we may distinguish depots surrounding internal organs like: epicardial, retroperitoneal, gonadal or mesenteric, as well as, omental adipose tissue which plays main storage role. The proportion of particular depots, both visceral and subcutaneous, are individual features depending on sex and age. The predominance of subcutaneous fat accumulation is typical for woman while visceral occurs to larger extent in men. Furthermore, with ageing appears a tendency to loose subcutaneous adipose tissue volume in favour of the visceral depots. On the other hand, depending on depot localisation we may distinguish "metabolically heathy" and "metabolically unhealthy" types of obesity. The first is associated with predominance of subcutaneous localisation of fat mass, typical for gynoid silhouette. While visceral accumulation is typical for android obesity and is a key risk factor for CVD insulin resistance and NAFLD. The localisation of different adipose tissue depots is summarized in Figure 3. 

Types of adipocytes

There are three types of adipocytes: white, beige, and brown, differing in morphology, cell size, localization and physiological function.

The most common are white adipocytes which are responsible for energy storage, hormone synthesis and metabolism, thermal insulation, as well as, mechanical protection of surrounding organs and structures. They are built of single round lipid droplet constituting a central point of the cell and thin ring of cytoplasm with nucleus, and other organelles pushed to the side of the droplet. White adipocytes are the cells with the ability to drastically change their size in a response to nutrient supply and energy expenditure. Their diameter can change within the range of 20-150µm in mice and 40-200µm in humans. They constitute the majority of cells within visceral and subcutaneous fat depots.

Brown adipocytes are the smallest subpopulation of adipocytes rich in mitochondria and small lipid droplets. Their depots constitute rich in capillaries and sympathetic innervation brown adipose tissue responsible for high respiration rate and heat production through uncoupled proton transport by UCP-1. Due to high energy expenditure in brown adipose tissue some research aimed to find pharmacological way to induce it in obesity treatment. Similarly, to beige adipocytes they allow for body temperature maintenance upon cold exposure. As observed by Wolfrum and colleagues, metabolically active brown adipose tissue is more frequently present in participants born between July and November thus, in ones who were concepted in the coldest moths of a year [START_REF] Sun | Environmental and Nutritional Effects Regulating Adipose Tissue Function and Metabolism Across Generations[END_REF][START_REF] Sun | Cold-Induced Epigenetic Programming of the Sperm Enhances Brown Adipose Tissue Activity in the Offspring[END_REF].

Beige, sometimes called as well brite, adipocytes are a subpopulation of adipocytes created as a result of cold-and adrenergic stimulation-induced trans-differentiation of white adipocytes. These cells have more mitochondria than regular white adipocyte and they express UCP-1 responsible for cellular heat production. The cells' cytoplasm contains numerous small lipid droplets and their morphology is more similar to brown adipocytes. The role of beige adipocytes is to increase heat production in a response to cold exposure and they play an important role in murine homeostasis. Depending on environmental conditions they can oscillate between white and brown phenotype to accommodate current needs. Although, these adipocytes may be present in human their role in body temperature maintenance is far less pronounced. Types of adipocytes and the mechanisms of energy expenditure are summarized in Figure 4. 

Adipogenesis

Adipose tissue development, homeostasis and expansion in response to external stimuli, such as caloric excess, require replenishment of adipocytes from mesenchymal stem cells (MSCs) sources [START_REF] Berry | Emerging Roles of Adipose Progenitor Cells in Tissue Development, Homeostasis, Expansion and Thermogenesis[END_REF]. Adipogenesis is the process whereby precursor cells lose their fibroblastic properties to become mature adipocytes. The differentiation program consists of two distinct phases: induction and expansion. In the first step, MSCs limit their commitment to the adipocyte lineage, turning into preadipocytes without any morphological changes. The second step achieves full adipocyte differentiation with the capacity to accumulate triacylglycerols in lipid droplets. As a result cells acquire the adipocyte morphology and are able to response to insulin, and catecholamine becoming a lipolytically active fat cells [START_REF] Zhu | Hyaluronan in Adipogenesis, Adipose Tissue Physiology and Systemic Metabolism[END_REF]. Much of our knowledge regarding the molecular mechanisms of adipogenesis comes from the murine 3T3-L1 preadipocytes, characterized more than 50 years ago. The induction phase is initiated by an adipogenic cocktail consisting in IBMX (an inhibitor or phosphodiesterases) dexamethasone (a glucocorticoid receptor agonist) and insulin (at supra physiological concentration). This cocktail induces a peak in the expression of early differentiation markers, like Krüppel-like factor (Klf4), CCAAT/enhancer-binding proteins CEBPß or C/EBPδ, that subsequently induce the expression of main differentiation regulators PPARγ and CEBPα [START_REF] Birsoy | Transcriptional Regulation of Adipogenesis by KLF4[END_REF][START_REF] Soukas | Distinct Transcriptional Profiles of Adipogenesis in Vivo and in Vitro[END_REF]. At the end of induction phase the expression of the last two is high enough to trigger the transcription of genes characteristic for mature adipocytes [START_REF] Tontonoz | Stimulation of Adipogenesis in Fibroblasts by PPARγ2, a Lipid-Activated Transcription Factor[END_REF][START_REF] Tontonoz | Regulation of Adipocyte Gene Expression and Differentiation by Peroxisome Proliferator Activated Receptor γ[END_REF]. Subsequently, gradual increase of proteins responsible for lipid transport, storage and metabolism like: adiponectin, CD36, FABP4 or FAS is observed what leads to changes in morphology and function [START_REF] Rosen | What We Talk about When We Talk about Fat[END_REF].

White adipose tissue

White adipose tissue is the main energy storage organ of a body that can be located in different visceral and subcutaneous depots. The most numerous subpopulation of cells constituting the tissue are undoubtedly large, round white adipocytes filled with unilocular lipid droplet. To provide good turnover of metabolites with the blood stream adipocytes are surrounded by a network of capillaries. Along the capillaries mesenchymal stem cells are located which may undergo adipogenic differentiation when storage capacity of existing mature adipocytes has been reached. Besides, above mentioned cells adipose tissue is infiltrated by immune cells, mostly M2 macrophages, which remove dead adipocytes and are suspected to play part in progenitor cells migration in adipocyte turnover. The whole structure is stabilised with extracellular matrix composed mostly of collagen IV, V and VI which provides tissue elasticity and limits cell size [START_REF] Datta | Fat Fibrosis: Friend or Foe?[END_REF]. The example of white adipose tissue organisation is depicted in Figure 5. 

Function of white adipose tissue

The most basic role of white adipose tissue is to store the excess energy from nutrition in the period of positive energy balance and to release metabolites that could be used as substrates for energy generation in the periods of negative energy balance.

5.1.Energy stockage and mobilization

Adipocytes store the energy in the form of triacylglycerols (TG) which can be synthetized from glucose, free fatty acids (FFA) or diacylglycerols (DAG) under anabolic stimulation of insulin.

FFA released by lipoprotein lipase (LPL) from TG in serum are captured by cell membrane associated transporters: CD36, FATP or FABP which transport them to the cytoplasm. Most FFA can be metabolised to recreate TG and stored in lipid droplet, or can be directed to ß-oxidation, and transported to mitochondria by CPT1. Another source of accumulated TG can be de novo lipogenesis. In this multistep metabolic pathway glucose is turned into acetyl-CoA which is a substrate for fatty acid synthase (FAS) creating palmitic acid (PA). Subsequently, PA can undergo elongation by Elov16 or SCD1, or be transformed into TG by DGAT2.

Under adrenergic stimulation e.g., during fasting, accumulated TG can undergo lipolysis and provide energetic substrates for other tissues. Lipolysis is a cascade involving several lipases such as the rate limiting ATGL and hormone sensitive lipase (HSL) for TG hydrolysis into glycerol and FFA. Released substrates pass to circulation and can be reused in peripheral tissues e.g., glycerol for neoglucogenesis in liver and FFA in skeletal muscles or heart for ß-oxidation (Figure 6). 

5.2.Endocrine function

Endocrine function of adipose tissue is vast and could be a subject of a separate review, with numerous hormones identified, and described within last thirty years. Beside storage capacity that regulates lipid metabolism and release, adipose tissue has a complex endocrine function summarised on Figure 7. It is involved not only in food intake regulation, but also converts sex hormones, synthesises proinflammatory cytokines, chemokines and other factors. However, because following experimental part do not cover endocrine function of adipose tissue in this introduction I will just briefly summarise three most important hormones released by adipocytes.

One of the most important hormones synthesised by white adipose tissue is undoubtedly leptin. Discovered by Friedman in 1994, leptin informs central nervous system on the amount of lipid stores in the body [START_REF] Zhang | Positional Cloning of the Mouse Obese Gene and Its Human Homologue[END_REF][START_REF] Skurk | Relationship between Adipocyte Size and Adipokine Expression and Secretion[END_REF]. Leptin deficiency, as well as, mutations in its receptor cause obesity due to loss of hypothalamic control over hunger [START_REF] Clément | A Mutation in the Human Leptin Receptor Gene Causes Obesity and Pituitary Dysfunction[END_REF]. Another adipocyte derived molecule important in metabolism regulation, adiponectin, is synthesised in a response to PPARγ activation. It was discovered by Scherer in 1995 [START_REF] Scherer | A Novel Serum Protein Similar to C1q, Produced Exclusively in Adipocytes[END_REF]. Adiponectin affects peripheral insulin dependent tissues, mostly liver and skeletal muscles, lowering insulin resistance, increasing glucose uptake and ß-oxidation [START_REF] Diez | The Role of the Novel Adipocyte-Derived Hormone Adiponectin in Human Disease[END_REF]. It is negatively correlated with BMI and its high serum level lowers the risk of T2DM [START_REF] Ukkola | Adiponectin: A Link between Excess Adiposity and Associated Comorbidities?[END_REF]. Beside these adipocyte specific hormones, adipose tissue also plays part in synthesis of steroid hormones. Because of its relatively big mass and expression of aromatase it is one off the main organs involved in peripheral aromatization of sex hormones, especially testosterone and androstenedione into estradiol, and estrone respectively. 

Pathological adipose tissue remodelling in obesity

and links to metabolic homeostasis

6.1.Tissue expansion by adipocyte hypertrophy/hyperplasia

To accommodate shifting energy supply and expenditure white adipose tissue has to efficiently fulfil its energy storage role, which is achieved by tight regulation of their size and lipid droplet. When positive energy balance is constant, such a regulation is called hypertrophy. However, maximal capacity of each cell is limited and to accumulate more TG adipose tissue have to recruit new cells from MSCs in the process of hyperplasia. Differentiation of adipocyte progenitors occurs also as a part of physiological adipocyte turnover. It is estimated that in mice 10-15% of adipocytes are turned over a month, while in human it is about 10% per year [START_REF] Berry | Weighing in on Adipocyte Precursors[END_REF][START_REF] Rigamonti | Rapid Cellular Turnover in Adipose Tissue[END_REF][START_REF] Kim | Loss of White Adipose Hyperplastic Potential Is Associated with Enhanced Susceptibility to Insulin Resistance[END_REF]. In general, in obesity there are greater number of larger adipocytes in comparison to lean [START_REF] Salans | Studies of Human Adipose Tissue ADIPOSE CELL SIZE AND NUMBER IN NONOBESE AND OBESE PATIENTS[END_REF]. The predominance of both processes, hypertrophy and hyperplasia, may differ individually, and usually have different metabolic outcome. For instance, visceral white adipose tissue expand both through hyperplasia and hypertrophy in male mice, and human [START_REF] Arner | Variations in the Size of the Major Omentum Are Primarily Determined by Fat Cell Number[END_REF][START_REF] Jeffery | The Adipose Tissue Microenvironment Regulates Depot-Specific Adipogenesis in Obesity[END_REF][START_REF] Wang | Tracking Adipogenesis during White Adipose Tissue Development, Expansion and Regeneration[END_REF]. On the other hand, high fat feeding promotes hyperplasia in both visceral and subcutaneous fat depots in female mice while in males only in visceral compartment showing the role of sex hormones in fat distribution [START_REF] Arner | Variations in the Size of the Major Omentum Are Primarily Determined by Fat Cell Number[END_REF][START_REF] Jeffery | The Adipose Tissue Microenvironment Regulates Depot-Specific Adipogenesis in Obesity[END_REF][START_REF] Ghaben | Adipogenesis and Metabolic Health[END_REF][START_REF] Jeffery | Rapid Depot-Specific Activation of Adipocyte Precursor Cells at the Onset of Obesity[END_REF]. Studies show that in general hyperplasia is more favourable in terms of glucose metabolism and insulin resistance [START_REF] Yang | The Size of Large Adipose Cells Is a Predictor of Insulin Resistance in First-Degree Relatives of Type 2 Diabetic Patients[END_REF][START_REF] Björntorp | Number and Size of Adipose Tissue Fat Cells in Relation to Metabolism in Human Obesity[END_REF][START_REF] Krotkiewski | Impact of Obesity on Metabolism in Men and Women. Importance of Regional Adipose Tissue Distribution[END_REF]. Hypertrophied adipocytes have increased basal lipolysis rate and release more proinflammatory cytokines contributing more significantly to adipose tissue inflammation than smaller adipocytes [START_REF] Xiao | Large Adipocytes Function as Antigen-Presenting Cells to Activate CD4+ T Cells via Upregulating MHCII in Obesity[END_REF][START_REF] Laurencikiene | Regulation of Lipolysis in Small and Large Fat Cells of the Same Subject[END_REF].

6.2.Vascularization

As every other tissue, adipose tissue needs sufficient oxygenation and vascular density. The studies both in mice and human show that capillary density drops about 2 times in obesity due to adipose cell hypertrophy, what results in lowered oxygen accessibility [START_REF] Kolahdouzi | Exercise Training Prevents High-Fat Diet-Induced Adipose Tissue Remodeling by Promoting Capillary Density and Macrophage Polarization[END_REF][START_REF] Pasarica | Reduced Adipose Tissue Oxygenation in Human Obesity[END_REF]. While rapid expansion of adipose tissue in obesity may cause up to 7-8 fold change in adipocyte size in mice and up to 5 fold in human. Interestingly, in human subcutaneous adipose tissue VEGF level correlates positively with capillary density and PPARγ, and negatively with percentage of body fat. Moreover, oxygen partial pressure in adipose tissue correlates negatively with collagen VI mRNA level [START_REF] Pasarica | Reduced Adipose Tissue Oxygenation in Human Obesity[END_REF]. Thus, in obesity, similarly to cancer development, the tissue expansion usually occurs faster than neo-angiogenesis, which causes hypoxia, oxidative stress, pro-inflammatory cytokine production [START_REF] Maury | Adipose Tissue Inflammation and Metabolic Syndrome[END_REF][START_REF] Trayhurn | Hypoxia and Adipose Tissue Function and Dysfunction in Obesity[END_REF], and stimulates the extracellular matrix (ECM) fibrosis [START_REF] Trayhurn | Hypoxia and Adipose Tissue Function and Dysfunction in Obesity[END_REF][START_REF] Divoux | Fibrosis in Human Adipose Tissue: Composition, Distribution, and Link With Lipid Metabolism and Fat Mass Loss[END_REF][START_REF] Divoux | Architecture and the Extracellular Matrix: The Still Unappreciated Components of the Adipose Tissue[END_REF].

6.3.Inflammation

When adipose tissue expansion becomes excessive, pathological adipose tissue remodelling occurs, mainly associated with infiltration of activated macrophages [100]. This increases synthesis of proinflammatory cytokines predominantly Il-6 and TNFα, which contribute to low grade inflammation. Pro-inflammatory cytokines and hormones, like TNFa induce insulin resistance in insulin dependent tissues [101]. Furthermore, increased cytokine release, as well as, chemoattractant production further simulates immune cell infiltration of adipose tissue. 

6.4.Fibrosis

ECM is a macromolecular three-dimensional net surrounding the cells responsible for tissue architecture and its mechanical properties. In adipose tissue it is composed of glycoproteins such as: heparan sulphate and hyaluronic acid, and polymer proteins like: collagens or fibronectin [116]. ECM not only constitutes a durable and elastic frame but also controls cell function through the modulation of extracellular signals, accumulation of cytokines and growth factors [117]. In obesity, adipose tissue fibrosis results in both collagen overproduction and reduced activity of matrix metalloproteinases [118,119], and is detrimental for efficient weight loss interventions (Figure 9) [100,120]. White adipose tissue fibrosis is also a process of gradual extracellular matrix (ECM) remodelling characterized by increased synthesis and deposition of matrix components, mostly collagen fibers and proteoglycans [START_REF] Divoux | Fibrosis in Human Adipose Tissue: Composition, Distribution, and Link With Lipid Metabolism and Fat Mass Loss[END_REF]. ECM constitutes a scaffold that provides mechanical rigidity, and integrity of a tissue, thus, the excess deposition of collagen rich ECM significantly increases tissue stiffness, limits adipocyte expansion and inhibits lipolysis [121][122][123]. Adipose tissue fibrosis is also an important brake to the response to obesity treatment, especially bariatric surgery as it is observed in a cohort of severely obese patients undergoing bariatric surgery that those with fibrotic adipose tissue at surgery lost less weight and therefore defined as poor surgery responders [START_REF] Divoux | Fibrosis in Human Adipose Tissue: Composition, Distribution, and Link With Lipid Metabolism and Fat Mass Loss[END_REF]. ECM accumulation in fibrotic adipose tissue is mainly driven by so called fibro-inflammatory progenitors that become activated in response to inflammatory factors and TGFß [124]. The phenotypic shift of these progenitors results in the loss of adipose differentiation capacity. Regarding adipose tissue ECM, no systemic analysis of ECM composition is available and little is known on potential composition changes that may be induced in obesity [120]. 

6.5.Mechanotransduction

Although, it is still a poorly known area, recent reports unravel the importance of mechanical cues in adipose tissue biology reviewed in [125]. Inappropriate mechanotransduction may play part in adipose tissue dysfunction in obesity. It has been shown that different ion channels e.g., Piezo1 and SWELL1 get activated as a result of cell membrane stretching during cell volume increase. Activated SWELL1 enhance insulin receptor signalling, increase adipocyte's lipogenesis and energy storage capacity upon increased caloric intake creating a feed-forward loop [126]. While, Piezzo1 activation leads to intracellular calcium influx and the release of fibroblast growth factor 1 (FGF1) which is known to stimulate progenitors towards adipocyte differentiation [127]. Thus, both channels contribute adipose tissue fulfil lipid storage. Another important factor that may affect cellular membrane tension and cellular volume is osmotic pressure. All cells may be exposed to osmotic swelling or shrinkage but in the case of adipocytes, the consequences of changes in osmotic pressure might be more pronounced due to the relatively small water compartment. Interestingly, Eduardsen et al., showed that osmotic swelling promotes nuclear ERK1/2 activity and decreases IRS phosphorylation in response to insulin [128]. While osmotic shrinkage decrease ERK signalling and promotes phosphorylation of IRS and focal adhesion kinase (FAK) [129,130].

At the whole body level, all these changes under adipose tissue remodelling lead to insulin resistance, chronic inflammation, and loss of adipose tissue plasticity. However, the chronological interconnection of above-mentioned processes and their mechanisms remain to be clarified. Especially, the ambivalent contribution of ECM in adipose tissue remodelling remained to be explored. Some studies have suggested adipose tissue fibrosis as an adaptive mechanism to limit tissue enlargement [120,131,132]. Furthermore, even if the contribution of adipocyte progenitors in ECM fibrosis is now being unravelled, the differences between subcutaneous and visceral adipose tissue still needs to be explained [132].

III Hyaluronic acid 1. HA an under-appreciated ECM component in AT biology:

Numerous studies have focused on different aspects of ECM components linked to adipose tissue function, remodelling and the development of adipose tissue fibrosis in obesity [116,[133][134][135]. Collagen types, changes in metalloproteinase activity, or fibronectin have already been published and reviewed in detail in [120]. However, little attention has been paid to hyaluronan (HA) in the context of adipose tissue function in obesity and in pathological adipose tissue fibrosis. My thesis work has been focussed on this component, and I insert below a review paper we have written to summarize present knowledge on this topic.

Specificity of HA as an ECM component -Article

To sum up, current findings in hyaluronan research need to be extended to provide a clearer view of its role in metabolic tissue and especially in fat. On one hand, hyaluronan level is elevated in inflamed and insulin resistant tissues what triggered the suspicions on its pathological role. On the other, interventions in mice models to modulate hyaluronan synthesis or degradation (e.g., through exogenous hyaluronidase, hyaluronic acid synthase overexpression or its pharmacological inhibition) ameliorated glycaemic control. This suggests a complex and multidirectional role of hyaluronan in physiology. Being a bystander and modulator of inflammation, as well as, a provider of healthy adipose tissue expansion.

IV Objectives

Our experimental work was built around three objectives: I -Investigate the status of hyaluronan in human adipose tissue by taking a d v a n t a g e o f availability of samples collected from patients with massive obesity at the time of bariatric surgery intervention.

II -Develop an ex vivo model for the study of hyaluronan function in adipose tissue, in which the adipose tissue is embedded in a solid matrix (agarose) so that interventions to native ECM could be done while maintaining global 3D architecture of the sampled tissue.

III -Investigate the impact of interventions to reduce hyaluronan content in adipose cell lines (exogenous hyaluronidase treatment).

Results

I Obese patients 1. HA quantification in human adipose tissue

At first, we analysed the concentration of hyaluronan and its potential receptors in VAT and SCAT of morbidly obese patients undergoing sleeve gastrectomy. Patients' cohort is characterized in Table 5. Importantly, given that hyaluronan is highly hydrophobic, the adipose tissue samples collected for HA quantification (ELISA method with the EIAab kit) were not placed in buffer but immediately snap frozen. As shown in Figure 10 hyaluronan contents (expressed per gram of tissue) were closely similar in the two adipose tissue depots. CD44 and RHAMM protein contents (EIAab kits) were higher in VAT than in SCAT, in agreement with strongest inflammatory tone in obese visceral fat. Because previous studies reported correlation between serum hyaluronan and its receptors with impaired fasting glucose levels [136-138], we wanted to assay if such an association could also be detected at the tissue level.

Table 5 -Characteristics of the group used for correlation study.

Within the group of 65 obese patients undergoing bariatric surgery, 8 was non-diabetic, 27 were prediabetic and 30 were diabetic. 11). Investigating associations with clinical parameters more broadly, we found a low but significant negative correlation of VAT hyaluronan with serum hsCRP. RHAMM protein contents in SCAT positively associated with fasting glucose while, in VAT negatively correlated with total cholesterol.

Figure 11 -Correlation analysis of tissue HA, its receptors and clinical outcome. Protein expression and hyaluronan content was assayed in VAT and SCAT homogenates with ELISA kits (CD44 & RHAMM EIAab, China; hyaluronan R&D Systems, United States) and correlations with clinical data from obese patients undergoing sleeve gastrectomy are shown. Heatmap represents R coefficient values between analysed factors. Statistics were made using Spearman correlation test. Framed values refer to statistically significant correlations with p<0,05.

Due to difficulties in obtaining adipose tissue from lean patients we were unable to compare these results with non-obese subjects. We hope that we will soon be able to add the results from all post operative follow-ups that would allow to assess potential changes in hyaluronan contents after weight loss.

II Adipose tissue slice culture

Maintaining highly differentiated cells in a culture dish without loosing most of their specialized function is generally not possible. Ex vivo adipocytes do not make exception as highly differentiated non adherent cells. Although, we can study performant in vitro models for adipocytes that can be generated in the culture dish by active fat cell differentiation from precursor cells. The most popular and best studied is the 3T3-L1 cell line, and primary cultures of bone marrow or adipose tissue derived mesenchymal stem cells (MSC) can also be used, even if their capacity for differentiation is more heterogeneous, highly depending on the age, sex and condition of the donor. [139-142]. Such models were valuable to depict the process of adipogenesis in high molecular details.

However, neither culture monolayer nor cells resuspended in artificial matrix or gel correspond to the conditions naturally occurring in tissues. Recent studies show that ECM, its rigidity and remodelling may have a significant influence on cellular energy metabolism and proliferation [125,143,144]. That is why in my thesis project we searched for a model that would preserve 3D structure of adipose tissue with all its cell types, with minimal loss of tissue functionality and ECM structure. We thought to develop an alternative model for in vitro study of adipose tissue for use e.g., in pharmaceutical research. Our method was inspired by brain and spinal cord organotypic slice cultures used in neuroscience [145][146][147]. Here, we report the possibilities of ex vivo adipose tissue slice culture and imaging.

Method development 1.1.Slice preparation

Adipose tissue was collected from lean patients without active inflammation undergoing elective strumectomy or hernioplasty. Due to the type of operation and small amount of collected SCAT we could not assay the hyaluronan and its receptors in this group. All the procedures were conducted by the same operating team upon the permission of Ethical Committee at Medical University of Bialystok R-I-002/478/2018. The study was conducted in accordance with the Helsinki Declaration principles, the International Conference on Harmonisation Guideline for Good Clinical Practice, and the laws and regulations of Poland. During the surgery subcutaneous adipose tissue (SCAT) fragments were placed in ice-cold phosphate buffered saline (PBS; Gibco, UK) and immediately transported to the laboratory where they were trimmed to a single piece of approximately 5x5x5mm. Each fragment was embedded in warm 4% agarose in PBS buffer (Figure 12), so that to leave about 2-4 mm thick agarose layer around the tissue. Once settled, the agarose blocks were cut on a Leica VT1200S vibrating microtome with optimized cutting conditions (1-1.2mm/s of cutting speed, 1.5mm amplitude of blade vibration and 500µm slice thickness). Subsequently, slices were placed on 12-well plate in 1ml of growth medium (DMEM high glucose/ without pyruvate +10% fetal bovine serum (FBS) +1%pennicilin/streptomycin; Gibco, UK) for 1-2h in a humidified incubator with 5% CO2/95% air at 37 o C until further procedures were conducted. During the optimisation we tested various growth media composition assessing cell viability in time (data not shown). However, the highest viability was observed for standard growth medium (DMEM+10%FBS+1%pen/strep).

1.2.Imaging of slices

The cell survival across the slice was assessed using fluorescent indicators: propidium iodide, Calcein-AM and DAPI (Sigma-Aldrich, Poland). Slices were incubated with 2µg/ml propidium iodide (PI; Sigma-Aldrich, Poland) and 2µg/ml Calcein-AM (ThermoFisher, Poland) for 30min. PI was used to stain nuclei of dead cells and Calcein-AM as a membranepermeable live-cell labelling dye. After washing in PBS, fixation in 4% paraformaldehyde (PFA) for 15 min was applied, followed by 3 washes in PBS. Then, permeabilization with 1%Triton X-100 (Sigma-Aldrich, Poland) was applied for 20min and rinsed 3 times in PBS, counterstaining with DAPI (1:5000; Sigma-Aldrich, Poland) for 1min was performed before mounting using Fluoromount-G (ThermoFisher, Poland). Imagining was immediately performed using a confocal microscope (Olympus FV1200, Germany). Cell death was calculated as a percent of PI labelled nuclei to total number of nuclei (PI and DAPI labelled) per a 10µm z-stack beginning from the slice surface (Figure 12).

In general, we observed that adipose slices preserve high viability in time and across the whole slice thickness below 20µm from the cutting edge. To assess usability of the method we tested how slices respond to main physiological stimuli known to orient adipose tissue metabolism towards lipid storage or mobilization i.e., insulin and isoprenaline.

Figure 12 -Adipose tissue slice culture.

A: Main steps of the method. Adipose tissue obtained during the operation was transported in ice-cold PBS to the laboratory where it was trimmed, embedded in 4% agarose, cut on the vibratome and placed in culture media. B: spatial distribution of dead cells across the slices during ex vivo culture. C: Representative images used for viability calculation obtained from the same patient at the same depth from cutting edge (40µm and 80µm respectively) in different time points (day 0, day1, day3). At given day slices were incubated with 2µg/ml propidium iodide and 2µg/ml Calcein-AM for 30min. Subsequently, collected slices were washed in PBS, fixed with 4% paraformaldehyde and permeabilized with 1%Triton X-100 for 20min. Next, they were rinsed in PBS, counterstained with DAPI (1:5000) for 1min and mounted using Fluoromount-G. Stained cells were visualized with confocal microscopy (x5 objective, Olympus FV1200, Germany) and images were analysed using macro in ImageJ.

1.3.Insulin response test

The insulin response was analysed in immunofluorescence staining as the ratio of mean fluorescence for pAkt to total-Akt for slices incubated with or without 100nM insulin (NovoRapid; Novo Nordisk, Poland) for 20 min (Figure 13B). The assay was done after 3 days ex vivo. We observed that slices significantly responded to insulin by 2 fold increase in pAkt (primary Ab: serine 473, rabbit, Cell Signalling; secondary Ab: goat anti-rabbit, Alexa Fluor 488, abcam) over total-Akt (rabbit, Alexa Fluor 647 conjugate, Cell Signalling) (Figure 13A). The background control was set to slices incubated with secondary antibody alone or unstained slices respectively.

1.4.Glycerol release test

The response to isoprenaline was analysed on slices at day 0 (after 1h equilibration after cutting) and at day 3 in vitro. During the test slices were incubated with 10µM of isoprenaline (Sigma-Aldrich, Poland) in phenol-free DMEM supplemented with 10% fatty acid-free BSA and 1% pen/strep for 2h. The media was then collected and glycerol concentration was assessed using glycerol assay kit (Sigma-Aldrich, Poland). The glycerol concentration of the released medium was expressed relative to protein concentration (analysed by BCA method ThermoFisher, Poland) in corresponding slice homogenates from the same well. As depicted in Figure 13 adipose tissue cultured in slice method preserved positive response to adrenergic stimulation showing comparable glycerol release both on day0 and day3 in vitro. (1:200) in 3% BSA for 1hour followed by washing and staining with Alexa Fluor488 labelled secondary antibody (goat anti-rabbit, Alexa Fluor 488, abcam) (1:2000). Subsequently, after washing slices were counterstained with Alexa Fluor647 labelled panAkt antibody in 3% BSA (rabbit, Alexa Fluor 647 conjugate, Cell Signalling) (1:200) for 1 hour followed by washing and DAPI staining (1:5000) for 1min. At last mounted using Fluoromount-G slices were visualized with confocal microscopy (x5 objective, Olympus FV1200, Germany) and mean fluorescence for red and green channel was analysed using ImageJ. C: Glycerol release test was assessed upon 3 hours incubation with or without 10µM of isoprenaline. Glycerol concentration in media was measured calorimetrically using commercially available kit (Sigma-Aldrich, Poland) and standardized to total protein in the corresponding slice analysed in standard BCA method.

To sum up, the adipose tissue slice culture seems to be a new reliable adipose tissue model preserving high cell viability and tissue integrity, physiological responses to insulin and lipolytic agents. Agarose embedding not only acted as an anchor causing the slices to sink to the bottom of a well but also provided external scaffolding so this slice system could be used during experiments affecting tissue ECM composition. Furthermore, combined with confocal microscopy the method allows to assess spatial distribution of any fluorescent signal and does not require tissue clearing.

Study design: Impact of exogenous hyaluronidase and fatty acids

Using the slice culture method, we conducted an experiment to assess how hyaluronan removal, induced by exogenous addition of hyaluronidase (HAse), affects adipose tissue metabolism. Furthermore, we wanted to assay if simultaneous exposure to palmitic acid (PA) modulates HAse induced ECM remodelling and adipocyte function. PA is sixteen carbon saturated fatty acid commonly used to induce insulin resistance, inflammation and to increase ceramide accumulation in insulin-responsive cell cultures like: HepG2, L6 or 3T3-L1 [148][149][150][151]155,156]. In the experiments we used SCAT slices of lean patients incubated for 24hours in following conditions:

• control (DMEM +10% FBS + 1% P/S) • HAse (control + 400ug/ml HAse) • PA (control + 500µM PA) • PA+HAse (control + 500µM PA + 400ug/ml HAse)

Untargeted metabolomics

After incubation in different media as described above, slice homogenates were collected and prepared for untargeted metabolomics performed as described before [152]. Briefly, metabolites were identified by GC-MS analysis with subsequent data processing as previously described [153,154]. Both conditioned medium and slices were analysed. PA addition to the culture media caused, as expected, an increase in saturated fatty acids and lowered multiple metabolites related with glycolysis, citrate cycle, amino acid, galactose, and bile metabolism released into the medium. However, it did not affect the metabolome of slice homogenates (Figure 14A&C). Regarding the impact of exogenous HAse, we observed no effect on any metabolites secreted from adipose tissue. However, HAse treated slices had increased level of threose, a four carbon sugar that may be a degradation product of HA (Figure 14B&D). Figure 14 -Untargeted metabolomics of culture media and slice homogenates. 

Changes in media metabolite profile (A&B) and slice metabolite composition (C&D) after 24hours of incubation with 500µM of PA (A&C) or 400µg/ml HAse respectively (B&D). Each panel shows a volcano plot showing the change in metabolite concentration (x axis) and the levels of significance of differences for indicated metabolites (y axis). These data were obtained from the analysis of 3-5 different slices pooled together obtained from 3 individual patients.

Transcriptomics

Initially, we wanted to explore the effect of HAse and PA on adipose tissue slice transcriptome but we failed to obtain sufficient RNA quantity and quality from agarose embedded samples. To overcome this issue, we tested several RNA isolation and purification methods: tissue slices in agarose (standard protocole), native adipose tissue with no agarose embedding (w/o agarose), RNA isolation with chloroform (chloroform), RNA isolation protocol used for plant tissues that contain abundant polymeric sugars (plant) as summarized in Figure 15. The agarose used in embedding interfered with RNA isolation process and required usage of kits for plant tissue which are also highly contaminated with polysaccharides. Finally, we were able to isolate small amounts of non-degraded RNA from adipose tissue slices. However, due to upcoming deadline for RNA-seq service and low total amount of RNA yield from slice culture method we decided to use in this assay samples incubated as adipose tissue explants.

The results obtained in RNA-seq analysis are currently analysed. However, it is worth noting that volcano plot analysis revealed numerous genes being affected by both adipose tissue explant culture, as well as, HAse treatment. Most of genes involved in adipocyte metabolism were downregulated by in vitro explant culture. Interestingly, HAse treatment increased most of mature adipocyte related genes, as well as, the one involved in adipogenesis. Furthermore, we observed that, within hyaluronan related genes, adipose tissue predominantly express: HAS2, HYAL2, CEMIP2 and AQP7 (Figure 16). We observed that even small agarose contamination in samples disabled RNA isolation with standard protocol. Within all analysed methods only the protocol dedicated to RNA isolation from plants (RNeasy Plant Mini Kit) was able to provide acceptable RNA integrity. However, the total amount of obtained RNA was less than 50µg, too low for subsequent RNA-seq processing.

Figure 16 -RNA-seq analysis of adipose tissue explants. RNA isolated from adipose tissue explants was sent for library preparation and Next Generation Sequencing using Illumina platform in external company (Eurofins, Germany).

Genes receiving less than 10 reads on an average across the compared groups were removed. The abundance counts of each gene were then used to perform differential gene expression (DGE). DGE was performed using R/Bioconductor DESeq2 [157] package, which essentially normalizes the abundance counts to account for observed variance (due to differences in sequencing depths, sample groups and replicates) generating normalized gene counts. Statistical tests were performed for each gene to compare the distributions between conditions (treatment vs control) generating p-values for each gene. The final p-values were corrected by determining false discovery rates (FDR) using the Benjamin-Hochberg method. Using a FDR corrected p-value (adjusted p-value) <0.1 as a threshold, significantly differentially expressed genes between conditions were identified and reported. Obtained results of significant differently expressed genes between tissue collected at day 0 and control group after 48hours in explant culture (Figure 16A), and between control group, and HAse treated for 24hours (Figure 16B) are showed in volcano plot. Differences in genes involved in adipocyte function (Figure 16C), hyaluronan metabolism (Figure 16D), adipogenesis (Figure 16E) and Zfp36 family (Figure 16F) are summarized as gene counts. Each bar represents different patient; n=3.

III The effect of hyaluronidase on 3T3-L1 cells

1. Validation of hyaluronidase action in cultured adipocytes

Hyaluronan extraction & assays

The addition exogenous HAse of bacterial origin (or heat inactivated enzyme as a negative control) into the medium of cultured cells can be used to decrease extracellular HA. We confirmed HAse efficiency by fluorescence imaging with biotinylated HA Binding Protein (HABP), which indicated strong cell labelling in control cells or in cells treated with heat inactivated HAse, whereas a drastic reduction of labelling was observed with the active HAse enzyme (Figure 17A). HA was also purified from the cell culture medium and further analyzed on agarose gels, which confirmed substantial reduction with HAse treatment. The dye reagent (Stains all) used in these experiments stains HA in blue, nucleic acids in violet and proteoglycans in brown, and revealed that blue-colored HA smears were mainly produced by 3T3-L1 adipocytes, with almost undetectable proteoglycans. Furthermore, evaluation of the approximate size of HA chains by comparison with HA markers of defined length indicated that adipocytes produced HA up to 2MDa, roughly corresponding to chains formed with more than 5000 sugar units (Figure 17B).

1.2.Osmolarity

Since extracellular HA is a determinant of extracellular osmotic pressure driving water movement across cell membranes, culture medium osmolarity was measured in different conditions. The assay was done using Peltier's effect on automatic osmometer (Micro-Osmometer type 15, Löser, Germany). HAse addition (either active or heat inactivated did not changed osmolarity of the medium that had not been exposed to cells, whereas addition of increasing concentrations of the polyol mannitol dose-dependently elevated medium osmolarity (Figure 17C). We next evaluated the changes in medium osmolarity that could be observed after a 2-day incubation with differentiating adipose cells. Compared to cells maintained in a standard medium, treatment with HAse induced a slight drop in medium osmolarity, that was not observed in the presence of heat inactivated enzyme (Figure 17D). This suggests that medium osmolarity is impacted by cell production of extracellular HA. Interestingly, mannitol-containing medium remained hyperosmolar even after cell exposure for 2 days, and a combination of HAse and mannitol abolished the decrease in medium osmolarity driven by HAse alone. Thus, HAse treatment of cultured adipocytes efficiently reduces high molecular weight HA chains in the culture medium, and also participates in the reduction of medium osmolarity, that can be counteracted by mannitol supplementation into the medium. HAse action did not affected the expression of Collagen 1, another component of the extracellular matrix that remained unaffected by a 2 day-HAse exposure (Figure 17E). Fibronectin1 mRNA was slightly increased with both HAse and heat inactivated HAse, suggesting an effect independent of HA concentration (Figure 17F).

Figure 17 -Validation of HAse efficiency in cultured cells.

A: Confluent 3T3-L1 cells were incubated with vehicle or 400µg/ml native or heat inactivated HAse. After 10 days, cell layer was fixed with paraformaldehyde and incubated with biotinylated HABP (1:200, SigmaAldrich, France) at 4 o C overnight followed by incubation with fluorescent streptavidin (1:1000, Vector Laboratories, France). Subsequently cells were visualized with confocal microscopy (Olympus FV1200, Germany). Representative images are shown. B: From confluence (day 0) 3T3-L1 cells were fed 3 times a week with new medium containing vehicle or 400µg/ml native or heat inactivated HAse. At indicated times, the medium was collected for HA extraction. Hyaluronan was isolated according to modified protocols described previously [136,158,159]. Media were collected, Proteinase K (0,1mg/ml) added and incubated in 60 o C for 4h. Subsequently, 4 volumes of 100% ethanol were added followed by overnight incubation at -20 o C. The next day samples were centrifuged, the pellet was reconstituted in ammonium acetate and incubated with DNAse and RNAse for 3hours in 37 o C. After enzymes heat inactivation, 4 volumes of 80% ethanol was added. After overnight incubation at -20 o C samples were centrifuged and the pellet was resuspended in loading buffer (100mM formamide + 0,2% bromophenol blue). Extracted material was run onto 0.5% agarose gels and stained with "Stains All" reagent which generates a blue coloration in the presence of HA, whereas nucleic acids are stained in purple. A typical experiment is shown. C: Osmolarity of culture media not exposed to cells. D: change in osmolarity induced by 2day incubation in differentiating cells. Delta values are calculated from osmolarity values in control (untreated cells). Each point represents an individual measure from at least 3 independent experiments. E: The mRNA expression of main extracellular matrix proteins was measured by RTqPCR at day 10, when cells are fully differentiated. HAse treatment (or heat inactivated HAse) was applied from confluence (day0). Each point represents an individual experiment. Differences between mean values are indicated by bars. Note that Fn1 expression is increased in HAse treated cells but also in cells treated with heat inactivated enzyme.

No acute effects on adipocyte function

We next assessed if the function of fully differentiated adipocytes was affected by HAse treatment for 24h. Acute insulin response, a major contributor to lipid storage, evaluated by serine phosphorylation of Akt in the presence of maximal concentrations of insulin was not affected (Figure 18A), as well as lipid mobilization assessed by glycerol release in response to adrenergic stimulation (Figure 18B). Moreover, acute HAse treatment did not affect the expression of Cebpa, Cd36, Fabp4 nor Fasn (Figure 18C). Thus, no acute effect of HAse was seen on fully differentiated adipocytes. A: 3T3-L1 cells were grown to confluence and induced for differentiation according to a standard protocol. When fully differentiated, cells were starved from insulin for 24 hours in serum-free DMEM (Ctrl), in the presence of native HAse or heat inactivated enzyme (400µg/ ml). Insulin response was evaluated after incubation for 20 min at 37°C with insulin (100nM) or vehicle. Cell lysates in RIPA buffer (30µg protein) were probed with Akt specific antibodies. Data are quantified after normalization to basal pAkt/total Akt in untreated controls and expressed as mean values +/-sem from 3 independent experiments. B: 3T3-L1 cells were grown to confluence, induced for differentiation according to a standard protocol (Ctrl) and evaluated for lipolysis when fully differentiated. Native hyaluronidase (HAse) or heat inactivated enzyme (hiHAse) was added (400µg/ml) for 24 hours before evaluation of basal or isoproterenol-stimulated (Iso, 10 5 M, 4h) glycerol release. Data are normalized to basal values of untreated controls and expressed as means +/-sem from 3 independent experiments. C: The mRNA expression of main genes related with adipocyte function was measured by RTqPCR at day 24, when cells are fully differentiated. Cells were incubated with native hyaluronidase (HAse) or heat inactivated enzyme (hiHAse) (400µg/ml) for last 24 hours before collection.

3. Hyaluronidase exposure inhibits adipose differentiation of 3T3-L1 cells

Lipid accumulation

To investigate the impact of HAse treatment on adipose conversion, 3T3-L1 cells were chronically exposed to increasing doses of HAse throughout the whole differentiation process i.e., starting from confluence, including the induction period (from day 0 to day 2) and the following week up to day 8. At that time, the density of terminally differentiated adipocytes containing refringent lipid droplets was drastically reduced in cells treated with HAse, compared to untreated controls (Figure 19A). In agreement, in cells continuously cultured in medium containing the highest HAse concentration (400µg/ml) the staining of lipid droplets with LipidTOX at day 14 was very low compared to untreated controls that differentiated normally (Figure 19B). When added sequentially either during the early induction period or in the late phase of differentiation (Figure 19C), HAse treatment resulted in a decreased density of terminally differentiated cells with a lipid laden morphology.

Gene expression

We then examined the expression of differentiation-related genes linked to conversion from fibroblast to the adipocyte phenotype. Among the early induced genes that responded to the addition of adipogenic drugs during the induction period, Klf2, Klf4, Cebpdelta and Cepbbeta mRNA peaked within the 4 hours following induction, with similar amplitude in controls, HAse treated or heat inactivated treated cells (Figure 19D). However, after 24hours a lower level of Pparg expression could be detected in HAse treated cells compared to controls or cells treated with heat inactivated enzyme. At the end of the induction period (after 2 days) both Pparg and Cebpalpha mRNA were significantly downregulated by HAse treatment (Figure 19D). The expression of Cepba remained lower in HAse treated cells throughout the whole differentiation period (Figure 19E), which resulted in significantly reduced induction of late differentiation markers including Glut4, Fasn, Fabp4, Cd36 and Adipoq (Figure 19E). Noteworthy, HAse treatment did not significantly affected the mRNA expression of Cd44 and Hyaluronan-mediated mobility receptor (Hmmr), known to interact with extracellular HA, or mRNA encoding mechanoactive ion channels such as Swell1 or Piezzo1 (Figure 20). In search for possible mechanisms that could explain HAse-induced inhibition of adipocyte differentiation, we turned to Zfp36 family of proteins that are specific regulators of RNA turn-over involved in mRNA degradation, reported to be induced by exogenous HAse in a variety of cell lines [160]. We found that Zfp36 mRNA remained stable during adipose conversion, whereas Zfp36 L1 and Zfp36 L2 dropped shortly after addition of differentiation inducers (Figure 21A). None of Zfp36 family members was significantly affected by HAse treatment. In agreement Glut1 mRNA, a gene whose expression is modulated by Zfp36 remained unchanged in controls, HAse treated cells or in cells treated with heat inactivated HAse (Figure 21A). Thus, Zfp36 family of mRNA regulators is unlikely to be involved in the HAse-mediated inhibition of adipose differentiation.

Threose as a candidate mediator

We next turned to the possibility that a metabolite produced by hyaluronan polymeric chain degradation might be the mediator of HAse to decrease adipose differentiation. We focused on threose, that was identified in our metabolomics screen as a differentially produced metabolite in HAse-treated adipose tissues compared to untreated controls (Figure 21B). Indeed, threose is a four carbon sugar that can be derived from HAse-produced glucoronic acid following degradation of ascorbic acid (Figure 21C). To test the potential role of threose as a mediator of HAse inhibitory effect, cells were grown to differentiate in the presence of increasing concentrations of the sugar. We observed that threose was not able to mimic the inhibitory effect of HAse, and did not affect the expression of terminal differentiation gene markers like Cebpalpha, Fasn, Fabp4 and AdipoQ (Figure 21D). Thus, HAse-dependant inhibition of adipose differentiation is unlikely mediated by liberation of threose subsequent to hyaluronan chains degradation.

Figure 21 -Mechanistic insight into HAse mediated inhibition of adipogenesis.

A: Zfp36 family of mRNA regulators are not affected by HAse in differentiating 3T3L1 cells. Confluent 3T3-L1 were induced to differentiate (day 0) in the presence of native (blue) or heat inactivated (red) HAse. Zfp36 and related mRNA were assessed by qPCR over time. Values are mean +/-sem from 3 independent experiments. B: Volcano plot highlighting threose as a metabolite produced after treatment of adipose tissue slices with HAse. Differential analysis of metabolites in adipose tissue slices embedded in agarose after HAse treatment (400µg/ml for 24 hours). Data were obtained from 3-5 independent slices pulled together prepared from SCAT samples from 3 lean subjects. C: Glucuronic acid generated after HAse action can produce threose. Most reactions indicated as dashed lines are non-enzymatic. D: Threose is not able to mimic HAse-mediated inhibition of adipose differentiation-related genes: 3T3-L1 cells were allow to differentiate in standard conditions (Ctrl), in the continuous presence of 400µg/ml native hyaluronidase (HAse) or heat inactivated (hiHAse), or in the presence of increasing threose concentrations. After 10 days, Total RNA was extracted to measure gene expression by RT-QPCR. Values are mean +/-Sem from 2 independent experiments.

4.3.Osmotic pressure regulation as a mediator of HAsemediated inhibition of adipose differentiation

Because hyaluronan is an active osmotic regulator, able to bind large quantity of water molecules, we reasoned that HAse-mediated inhibition of adipose differentiation could be driven by changes in medium osmolarity. To demonstrate a possible osmotic pressure dependent effect, culture medium osmolarity was measured in different conditions before any contact with 3T3-L1 cells. We found that in the absence of cells, the addition of HAse (either active or heat inactivated) did not changed osmolarity, whereas supplementation with mannitol increased osmotic pressure as expected (Figure 22A). However, we observed that medium osmolarity was impacted by incubation with differentiating cells for 2-days (between medium changes). Indeed, relative to cells maintained in the standard medium, a high level of osmotic pressure was maintained after cell exposure for 2 days in the hyperosmolar mannitol supplemented media. On the contrary, differentiating cells in the presence of active HAse led to a slight decrease in osmotic pressure (around 20mOsm reduction), whereas cells in heat inactivated HAse containing medium did not induced changes in osmolarity. Thus, as expected, enzymatic hydrolysis of extracellular HA impacts cell medium osmolarity (Figure 22B). Interestingly, HAse-mediated drop in osmolarity was not detected with the simultaneous presence of HAse and mannitol (Figure 22B). Thus, the HAse/Mannitol combination allows the decoupling of changes in medium osmolarity. However, when applied during the full time scale of differentiation (10 days) this combination was inefficient to recover adipocyte specific gene expression in HAse-treated cells, up to the levels seen in controls (Figure 22C). Indeed, Fasn, Glut4, Adipoq, Cd36, Cebpa and Pparg mRNA remained low in the combined presence of HAse and mannitol, similar to HAse alone. This indicates that inhibiting the drop of osmolarity induced by HAse with mannitol is not able to rescue cell differentiation, suggesting osmotic pressure-independent effect of HAse. 

Summary of the results

To sum up, the experiments conducted within this PhD project aiming to assess the physiological and pathophysiological role of hyaluronic acid in adipose tissue show:

-no correlation between accumulation of hyaluronic acid in adipose tissue and metabolic outcome in obese patients -no effect of hyaluronidase mediated deprivation of hyaluronic acid on adipocyte function, especially on its ability to respond to insulin and isoprenaline in vitro -hyaluronic acid synthesised by adipocytes regulates osmotic pressure of ECM -hyaluronic acid is necessary for adipogenesis in vitro and its removal affects the expression of early adipogenesis genes in yet unknown mechanism

Recent findings implicated hyaluronan in pathophysiology of type 1 and type 2 diabetes mellitus suggesting its role both in inflammation and glycaemic control. Mostly, these studies reported that both circulating and tissue deposed hyaluronan was increased in insulin resistant, obese patients [161,162], as well as, in skeletal muscles, liver and adipose tissue of obese diabetic mice [136,162,163]. As shown by Kang et al. hyaluronan accumulates with high-fat feeding in insulin dependent tissues and contributes to insulin resistance reducing tissue perfusion [162]. In our study at the tissue level, we have not found any relation between adipose tissue hyaluronan content and metabolic outcomes in a population of obese patients eligible for bariatric surgery. It is worth noting that this population comprises patients with high BMI all within a small range. In this population, we show that VAT has similar HA content as SCAT, and VAT HA negatively correlates with systemic inflammation, which is contrary to the current state of knowledge. Thus, our observations need to be completed by the study of lean or less obese subjects. Moreover, it will be of interest to evaluate if adipose HA content is changed during weight loss eg., following surgery or lifestyle modification.

In fact, increased hyaluronan deposition accompanies inflammation in all tissues unrelated to its cause (infectious, metabolic or mechanical injury) [164][165][166]. Thus, it should not be surprising that both in obesity or T2DM, where patients are exposed to low-grade inflammation in insulin dependent tissues, hyaluronan deposition is increased e.g., in adipose tissue. Furthermore, some papers showed that increased hyaluronan accumulation is an effect of HAS2 induction downstream to NF-kB activation [166,167]. Interestingly, forced overexpression of HAS2 by genetic means in mouse model has overall beneficial metabolic effects [136].

Links between hyaluronan deposition and inflammation have been the subject of active research. Some studies show that hyaluronan plays an important role as a modulator of immune system response to danger. In physiological condition ECM is composed inter alia of HMW-HA which have anti-inflammatory properties [168,169]. However, when HA is broken down to LMW-HA it triggers proinflammatory response via TLR4 and stimulates cytokine and chemoattractant release [170,171]. Furthermore, HMW-HA keeps dendritic cells in peripheral tissue while HA cleavage stimulates their migration to lymph nodes and antigen presentation [172]. On the other hand, immune cells migrating to inflamed tissues express hyaluronan receptor, CD44, and use it for chemotaxis [167]. Despite the fact that CD44 is not only specific to hyaluronan and other ligands may also be involved, experiments with native HAse showed a decreased chemotaxis of monocytes in HAse treated environment [167]. Furthermore, since migrating monocytes, macrophages and lymphocytes express CD44 just their infiltration of adipose tissue may be a cause of observed increased level of this protein in insulin resistance or obesity, as suggested by Liu et al. [173]. It is worth noting that especially M1 macrophages highly express CD44 and anti-CD44 treatment significantly lowers their activation markers (CD68, TNFα, MCP-1 or Il-6) in adipose tissue [174]. Finally, the importance of hyaluronan and CD44 in modulation of inflammation and chemotaxis may at least partly explain why both anti-CD44 antibodies, exogenous HAse or pharmacological HAS inhibition by 4-MU ameliorates insulin resistance [136,174]. Receptor blockage, as well as, its ligand removal might impair leucocytes migration and thus proinflammatory cytokines production in insulin dependent tissues.

As shown in the experimental part, short term incubation of 3T3-L1 cells with HAse did not change cellular response to insulin and adrenergic stimulation, suggesting that hyaluronan removal do not affect adipocyte metabolic function. Further suggesting that a hyaluronan enriched ECM is not a cause but a consequence of inflammation. Moreover, despite the changes in osmotic pressure, hyaluronan cleavage also did not affect the expression of main responders to mechanical cues in adipocytes, such as Piezo1 and Swell1. However, their downstream effectors should also be assess to exclude the role of mechanotransduction in observed effect [125].

Beside its role in inflammation hyaluronan modulates fat cell differentiation and thus adipose tissue expansion potential. As we showed herewith, HAse treatment impairs adipogenesis affecting its early phase by disabling PPARy and CEBPα activation, a crucial state that is well characterized in the 3T3-L1 model. This was reported in two previous studies, [175,176] but here we have confirmed that HAse indeed impacted HA contents in cell cultures, and that native HAse enzyme activity was required to inhibit fat cell conversion. Despite our attempts, that eliminated some candidate mechanisms, to explain HAse-mediated inhibition of adipogenesis, full understanding still needs further research. One of molecular causes might be impaired signal transduction between CEBPß, which was unaffected by HAse, and its down-stream effectors or an obstruction up-stream to PPARy. Interestingly, our work suggests that hyaluronan regulation of adipogenesis is neither related to osmotic pressure, since mannitol, an active osmolyte, was not not able to rescue the effect of HAse. We also examined the possibility of HAse-dependent release of metabolites, based on our metabolite screen that identified of threose as a sugar induced in adipose tissue slices exposed to HAse. However, even if threose is inactive, it remains possible that some low abundant metabolite not detected in the present screen might be involved.

The fail of our mechanistic attempts may suggest that hyaluronidase-mediated inhibition of adipogenesis is a receptor mediated effect. Bahrami et al. showed that RHAMM knock out mice had higher body and fat mass and blocking of RHAMM receptor by injected peptides or antibodies stimulated adipogenesis and increased adipose tissue volume [177]. While, CD44KO mice were characterized by lower body and fat mass in comparison to WT littermates when fed with a control diet [177]. However, when challenged with HFD they had higher fat mass, larger, more hypertrophic adipocytes but were more insulin sensitive than WT [178].

Based on our findings and state of the art literature it is too early to draw any clinical conclusions on the role of hyaluronic acid in diabetes. However, the failure of our attempts to show adipocyte specific impact of this ECM component, seams to suggest that it is predominantly related with inflammation and leucocytes chemotaxis. That could at least partly explain the beneficial effects of the interventions aiming to decrease its deposition in tissues by 4-MU or exogenous hyaluronidase administration. Similarly, to anti-CD44 treatment, both blocking of the receptor required for chemotaxis, as well as, reducing its ligand availability in the ECM might be the reasons of a decreased immune cells infiltration of affected organs. That mechanism may be a cause of anti-hyaluronan treatment success both in type 1 and type 2 diabetes mellitus in their murine models. On the other hand, as far as T2DM is concerned, the hyaluronan rich ECM is also necessary for adipocyte differentiation, since metabolically healthy adipose tissue expansion is driven by hyperplasia. In this case adipose tissue specific over-expression of HAS2 might favour insulin sensitivity, while systemic anti-hyaluronan treatment were affecting inflammatory aspect of T2DM pathophysiology.

Conclusions & perspectives

To conclude, pathological ECM remodelling of adipose tissue is undoubtedly a key factor in insulin resistance and obesity. However, in contrary to collagens and fibrosis increased hyaluronan deposition in insulin dependent tissues during T2DM seems to be a bystander effect rather than pathophysiological cause. On the other hand, hyaluronan presence and its metabolism is essential to modulate immune response and play part in leukocyte chemotaxis. While, hyaluronan-rich ECM seems to be crucial for optimal adipogenesis, at least in the 3T3-L1 model.

However, our research had some limitations which could be overcome in the perspective of upcoming studies. First of all, to better understand the role of hyaluronic acid in adipose tissue it would be of outmost importance to study the changes in hyaluronan deposition during weight gain and weight loss to see if they follow similar pattern to fibrosis. Furthermore, studies of CD44 and RHAMM knock out mice exposed to high fat diet, would be essential to answer the role of hyaluronan receptors in adipose tissue development and to what extent the effects of hyaluronan targeted treatment are mediated through its receptors.
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 1 Figure 1 -The world occurrence of obesity in woman & men within last 20 years [2].
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 2 Figure 2 -Variability in individual changes in body weight after 12 weeks of monitored exercise based on [37].
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 3 Figure 3 -The anatomy of adipose tissue depots. Based on [59-62].
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 4 Figure 4 -Types of adipocytes. Based on [62].
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 5 Figure 5 -White adipose tissue structure. Based on [73].
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 6 Figure 6 -Energy stockage and mobilisation. Based on [74].
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 7 Figure 7 -Endocrine function of adipocytes. Based on [79].

  In obese adipose tissue the number of immune cell increase significantly, and thus responsible for a state of low grade inflammation [102-104]. The tissue is enriched with whole variety of immune cells out of whom the most typical are macrophages, dendritic cells and mastocytes [100]. Because, in contrary to infectious inflammation, the cause of it cannot be overtaken as long as positive energy balance persists, the inflammation can evolve leading to fibrosis [105,106].
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 8 Figure 8 -Leptin effects on innate and adaptive immunity. Based on [107].

Figure 9 -

 9 Figure 9 -Adipose tissue fibrosis and its metabolic outcome.Obesity and cooccurring low grade inflammation leads to adipose tissue fibrosis, seen as excessive ECM deposition (here collagen fibers stained with picosirrus red). Interestingly, % of adipose tissue fibrosis affects metabolic outcomes during post-bariatric weight loss [120]. Obese patients characterized with more fibrosis in their SCATlose less fat mass at 3, 6 and 12 months post bariatric surgery. Left panel shows ECM deposition in lean and obese SCAT. Right panel depicts % of pre-operative weight loss in a 12-month follow-up study.
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 10 Figure 10 -Adipose tissue expression of hyaluronan and its receptors.Hyaluronan content in adipose tissue homogenates was assayed with an ELISA kit containing biotinylated HABP (R&D Systems) while CD44 and RHAMM kits were using respective
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 13 Figure 13 -Response to physiological stimuli in adipose tissue slice culture. A: At day 3 ex vivo, slices were incubated with or without 100nM of insulin for 20 min and Akt phosphorylation was assessed using immunofluorescence. The slices and image sets come from 4 different patients. B: After incubation collected slices were fixed in 4% paraformaldehyde for 15 min, washed, permeabilized with 1%Triton X-100 for 20min washed again and blocked with 3% BSA for 1 hour. Next, they were incubated with anti phospho-Akt antibody (serine 473, rabbit, Cell Signalling)(1:200) in 3% BSA for 1hour followed by washing and staining with Alexa Fluor488 labelled secondary antibody (goat anti-rabbit, Alexa Fluor 488, abcam)(1:2000). Subsequently, after washing slices were counterstained with Alexa Fluor647 labelled panAkt antibody in 3% BSA (rabbit, Alexa Fluor 647 conjugate, Cell Signalling) (1:200) for 1 hour followed by washing and DAPI staining (1:5000) for 1min. At last mounted using Fluoromount-G slices were visualized with confocal microscopy (x5 objective, Olympus FV1200, Germany) and mean fluorescence for red and green channel was analysed using ImageJ. C: Glycerol release test was assessed upon 3 hours incubation with or without 10µM of isoprenaline. Glycerol concentration in media was measured calorimetrically using commercially available kit (Sigma-Aldrich, Poland) and standardized to total protein in the corresponding slice analysed in standard BCA method.
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 15 Figure 15 -Total RNA recovery with different methods.We observed that even small agarose contamination in samples disabled RNA isolation with standard protocol. Within all analysed methods only the protocol dedicated to RNA isolation from plants (RNeasy Plant Mini Kit) was able to provide acceptable RNA integrity. However, the total amount of obtained RNA was less than 50µg, too low for subsequent RNA-seq processing.
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 18 Figure 18 -No effect of acute HAse treatment in fully differentiated 3T3-L1 cells.A: 3T3-L1 cells were grown to confluence and induced for differentiation according to a standard protocol. When fully differentiated, cells were starved from insulin for 24 hours in serum-free DMEM (Ctrl), in the presence of native HAse or heat inactivated enzyme (400µg/ ml). Insulin response was evaluated after incubation for 20 min at 37°C with insulin (100nM) or vehicle. Cell lysates in RIPA buffer (30µg protein) were probed with Akt specific antibodies. Data are quantified after normalization to basal pAkt/total Akt in untreated controls and expressed as mean values +/-sem from 3 independent experiments. B: 3T3-L1 cells were grown to confluence, induced for differentiation according to a standard protocol (Ctrl) and evaluated for lipolysis when fully differentiated. Native hyaluronidase (HAse) or heat inactivated enzyme (hiHAse) was added (400µg/ml) for 24 hours before evaluation of basal or isoproterenol-stimulated (Iso, 10 5 M, 4h) glycerol release. Data are normalized to basal values of untreated controls and expressed as means +/-sem from 3 independent experiments. C: The mRNA expression of main genes related with adipocyte function was measured by RTqPCR at day 24, when cells are fully differentiated. Cells were incubated with native hyaluronidase (HAse) or heat inactivated enzyme (hiHAse) (400µg/ml) for last 24 hours before collection.
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 19 Figure 19 -HAse inhibits adipose differentiation. A: Phase contrast imaging of differentiated 3T3-L1 cells maintained in standard condition (0) or in HAse containing medium at indicated concentrations. HAse was added from confluence, including the induction period with MIX/DEX/INS until day 8. Highly refringent cells are laden with lipid droplets. A representative experiment is shown. B: Fluorescent imaging of terminally differentiated cells showing nuclei (DAPI staining) or lipid droplets (LipidTOX) in cells continuously maintained in a medium containing HAse or not. C: Phase contrast images showing cells maintained in the absence of HAse (upper panels) or in the sequential presence of HAse (only during induction, lower left) or only post induction (lower right). D: Time course of mRNA expression during early differentiation of 3T3L1 cells from day 0 (addition of differentiation cocktail. Values are mean +/-sem from three independent experiments. Parentheses indicate significant differences (p<0.05) between groups by Student's t test. E: Time course analysis of late adipose differentiation markers by RTqPCR. Values are mean +/sem from three independent experiments. * indicate significant differences (p<0.05) between HAse and hiHAse, # between Controls and HAse groups by Student's t test.

Figure 20 - 4 . 4 . 1 .

 20441 Figure 20 -Time course of gene expression during differentiation of 3T3-L1 cells. Cells were chronically treated as indicated. Points represent mean values +/-sem from 3 independent experiments.

Figure 22 -

 22 Figure 22 -Mannitol is not able to rescue HAse-inhibited cell differentiation. A: Osmolarity of culture media not exposed to cells. B: Change in osmolarity induced by 2day incubation in differentiating cells with or without mannitol supplementation. Delta values are calculated from osmolarity values in control (untreated cells). Each point represents an individual measure from at least 3 independent experiments. C: mRNA expression of late adipose differentiation markers byRTqPCR. Values are mean +/-sem from two independent experiments. * indicate significant differences (p<0.05) between Controls and HAse groups by Student's t test.
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Table 2 -Medical, psychosocial and economical consequences of obesity. Based on [27].
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Table 3 -General characteristics of drugs registered for obesity treatment. Based on Polish and Canadian recommendations [40,41].
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