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Abstract 




The complex adipose organ


It has highly plasticproperties to reprogram its genes and transdifferentiate reversibly into cells with different structure and functions.The adipose
organ plays important role in health and disease states including obesity and MetS and fulfils several crucial survival needs like thermogenesis, storage
of energy and fuel for metabolism, immune responses, sexual development around puberty, reproductive function and lactation. Further, as an endocrine
organ, it secretes several peptides termed adipokines, including adiponectin and leptin.


Adiposity and metabolic mechanisms


The rising prevalence of obesity and MetS in recent decades reflects increased calorie consumption though diets rich in fat and refinedcarbohydrates,
leading to over-nutrition and nutrient overload which in due course leads to nutritional toxicity, endangering the intracellular organelle and impairing
intracellular and intercellular metabolic processes. The adipose tissue protects the vital organs through expansion of the WAT, through an upsurge in
the adipocytecellsize and formation of new white adipocytes, and adiposity can, thus, be regarded a way to deal with nutritional excess.The IR linked to
adiposity can also be regarded a measure to control excess nutrients entry into cells, endangering vital intracellular organs.


The excess folic acid and obesity link


Folic acid influences energy aswell as lipid metabolism by modifying DNA synthesis and gene expressions and contributes to alterations in
metabolism. In the animal model, the EFA with a HF diet were related to significant weight and fat mass gain. Thus, EFA may intensify weight increase,
adiposity and inflammatory response in setting of increased fat dietary intake.


Metabolic fallouts of adiposity/obesity


The adipose tissue relates to about 20% of body weight in lean individuals and to 50% or more body weight in extremely obese. The adipose
tissue organ has white, beige and brown adipocytes for specialized functions, and their coordinated action ensure an optimal metabolic homeostasis.
The adiposity is a crucial factor in development of metabolic diseases including DM, and high BMI, T2DM and IR are closely linked.With obesity, the
levels of NEFAs, adiponectins, cytokines and proinflammatory markers like NNF-a and IL-6 involved in the genesis of IR, are increased, and with
metabolic dysfunctions, there occur derangements of carbo-lipid and global metabolic homeostasis. Normally, there is a dynamic feedback relationship
between ß-cells function and insulin-sensitive response in tissues. The failure of the intricate process and sustained decline in ß-cell function result in
dysregulation of glucose levels and worsening ofT2DM.


Future projections and options


Both obesity and T2DM represent a global public health crisis brought about by rapid westernization, nutritional alterations transition and
increasingly sedentary lifestyles. Controlling and treating Obesity as well as T2DM and their fallouts require a thoughtful long-term planning and
rational use of limitedresourcesin developing countries with scarce resources. Further, owing to the wide range of therapeutic interventions and options
available, the treatment algorithm is ridden with complexity.
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Adipose Tissue: The Complex Organ


The adipose tissue is a complex organ with characteristicsfor a high degree of plasticity anda unique property of the adipocytes to be able to reprogram their genes totransdifferentiatereversibly into cells with a different structure and functions. As documented by various recent studies, highlighting its active physiological role in various stages of life including puberty, pregnancy and lactation,the adipose tissue as a wholecan aptly be referred to as 'adipose organ'  [1].The adipose organ plays important roles both in health as well as disease states including obesity and metabolic syndrome (MetS).


The adipose tissue cytology


The adipose organ is composed of two main types of adipocytes, the  white  adipose  tissue  (WAT)which  are  spherical  cells  with
~90% of their volume comprising a single large cytoplasmic lipid droplet and an enfolded nucleus and is leptin-responsive and S100- B-immunoreactive. The brown adipose tissue (BAT) consistsof polygonal cells with a round nucleus and have and numerous cytoplasmic lipid droplets. The BAT is rich in mitochondria with well-defined cristae anddistinctly express the uncoupling protein 1 (UCP1), a unique protein responsible for oxidative phosphorylation for thermogenesis. Both, the WAT and BATexist in various depots of the adipose organ, consisting of subcutaneous(mainly large adipocytes) and visceral depots (mainly small adipocytes). Some of adipose depots areas are brown, that is, consist mainly of brown adipose tissue, while the white adipose areas consistof a majority of white adipose tissue and contain also a variable number of brown adipocytes, the number of which varies with age, metabolic state and environmental factors.


The adipose tissue depots


The adipose organ fulfils to organism's some of the key survival needs like thermogenesis, stores for metabolic fuel and energy, immune responsiveness,sexual development around puberty, reproductive function and lactation. The white adipocytes stores energy and nutrients, whereas the brown adipocytesutilize energy for thermogenesis to maintain body temperature. The two types of adipose cells with opposing functions co-exist in various fat depots of adipose organ, a remarkable feature which is critical for the adipose organ's plasticity [2].The adipose organ is rich in blood vessels and nerve fibres, their density being comparatively higher in the brown zones. All the adipocytes from the adipose organ have been shown to express the specific adrenoceptor (ss3AR), which is related, to the plasticity and in case of the loss of ss3ARs the plasticity of adipose tissue is decreased [3].


The adipose tissue is made up of multiplesubcutaneous and visceral zones. The anterior subcutaneous zone - main volume is located at upper dorsal area at level of the scapulae consisting of inter-scapular, subscapular, axillary and cervical. The posterior subcutaneous zone, located mainly in lower ventral part of body and consists of dorso-lumbar, inguinal and gluteal depots. The truncal adipose zone is contained in mediastinum and abdomen. Apart from these, in females, the abdominopelvic adipose zone consists of perirenal, periovarian, parametrial and perivesicaldepots.



The composition of adipose organ


The composition of adipose tissueisvariabledepending upon the   location,metabolic   state   and    environmental    conditions. In the hot weather, adipose zones near the aorta and arteries, inter-scapular region, several subcutaneous and visceral regions represent BAT,containing mainly UCP1-expressing brown adipocytes, highlyvascular network and richly innervating noradrenergic parenchymal fibers. Whereas, majority of the adipose organ,  represents WAT, composed ofleptinand  S100- Bexpressing adipose tissue which is deficiently vascularized and innervated. Some areas are composed of paucilocular adipocytes positive for UCP1 and S100-B, depending on their differentiation stage, and are intermediate between white and brown adipocytes, and called beige or brite adipocytes. The beige cellshave a gene expression pattern distinct from that  of  either  white  or  brown fat cells,resembling white fat cells in the basal state, but respond to environmental thermogenic stimuli leading to increase in thermogenic genes [4]. Thus, the adipose tissues as an  organ with discrete anatomy, specific vascular and nerve supplies, has a complex cytologyandhighplasticity.


Thus, both white and brown adipocytes are present together in visceral and subcutaneous zones, though in a variable proportion,in spite of their different functions of storing energy and producing heat respectively. It is apparent that such locational arrangement is directly related to their plasticity, which following change in milieu and apt stimulation letstrans-differentiation of an adipocyte type into the otherone [5].Undersituations of a continuous and chronic cold exposure, white-to-brown transdifferentiation occurs to meet the increased need for thermogenesis, whereas a regular intake of obesogenic diet induces brown-to-white conversion to fulfill the increased requirementto deal with thenutrient overload. T2DM is the most common metabolic disease associated withcentral obesity. With adiposity comes the deficient  oxygenation  and  adipocytes undergo apoptosis, initiating macrophages infiltration of the adipose tissue bringing about a low-grade chronic inflammation and release of proinflammatoryfactorspaving to IR and T2DM, in due course.


Dynamics of adipose organ


The pericardial, omental, mesenteric and subcutaneous adipose depots normally contain lymphocytes. But, the functional relationship between adipocytes and lymphocytes is altered in adiposity.In general, the brown adipocytes are smaller in size compared to white  adipocytes  (Figure  1 ).  Thus,  the  reduction in size of white adipocytes outlines the first step of their trans- differentiation into brown adipocytes without triggering apoptosis based on critical size [6]. Physiologically, adipocyte cell death is related to the growth up to the critical death size and the critical change in size for visceral adipocytes is smaller than that of subcutaneous adipocytes, which explains for the greater morbidity associated with visceral adiposity.The recent animal studies have outlined the plasticity of the adipose organ - the transformation into brown adipose tissue from white adipose tissue occurred in rats treated with ss3AR agonists is due to a direct transformation of differentiated unilocular adipocytes. The study endorsed the possibility to modulate the plasticity of the adipose organ for therapeutic  interventions  for  obesity  and  related  disorders.The so called browning phenomenon is associated withmodulation by several molecules and signalling pathways involved in the WAT physiology.
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Figure 1:  The adipose organ: composition and gross dynamics








The adipose organ is adequately innervated, enabling it to respond tophysiological, environmental and homeostatic stimuli throughtheCNSinterface.The nerve supply reaches the vasculature and adipocytes, by noradrenergic fibers expressing tyrosine hydroxylase (TH). The thermogenesis is stimulated through sympathetic nervous system activationon exposure to a subnormal temperature andnor epinephrine acting on β-3-adrenoreceptors topromote and facilitate the molecular pathway for thermogenesis in BAT, where the density of TH- fibers is higher than in WAT. Further, ona chronic exposure to colder temperature, the density of the TH-fibers has been shown to increase simultaneously with the increase in brown adipocytes [7].In this context, the human BAT consists of UCP1-expressing adipocytes, densely innervated by TH- immuno-reactive fibers [8].


Phylogenetically, the brown and white adipocytes are derived from adipose tissue-vascular endothelial cells [9]. Both of the two adipocytes are contained collectively in the fat depots, though their ratio is dynamically changing.The higher amounts of WAT are associated with obesity and related disorders, whereas a higher number of brown adipocytes is inversely related to adiposity, MetS, IR and related disorders.The plasticity is an integralquality of the adipose tissue and the trans-differentiation process is related to physiological conditions like chronic exposure to cold, physical exercise, pregnancy and lactation and pathological conditions like over-nutrition and obesity. A recently identified hormone, irisin, is produced by skeletal muscle following physical exercise. Irisin induces browning of WAT in mice [10].Irisin is also produced in humans and projected to be manipulated to modulate plasticity of the adipose organ in selected population group.


Mechanisms of adipose plasticity


The WAT expresses β-3 adrenoceptors  (β3ARs),  essential for the browning phenomenon, as proved by blunted browning in β3AR knockout mice. In addition, other mechanisms  are alsoassociatedwithtrans-differentiation of WAT to BAT and adipose tissue browning, like - Activation of peroxisome proliferator- activated receptor-γ (PPARγ), Stimulated activity of fork-head box protein C2 (FOXC2) increasing the sensitivity of the β-adrenergic cAMP-PKA signaling pathway, Activation of cyclooxygenase 2 (COX2), Activation of the microRNA cluster comprising miR- 193b-365, Activation of the growth factor FGF21, Inhibition of retinoblastoma (Rb) protein activity, and Induction of myokine hormone, irisin.The 'brown-like adipocytes' (BLAs) arise from the WAT following certain physiological stimuli. The BLAs have been projected to emerge from pharmacological therapy. The BLAs are UCP-1expressing adipocytes, a feature of the BAT. Experimentally, the lipopolysaccharide (LPS)-challenged macrophage conditioned medium and TNF-α inhibit theUCP-1 mRNA induction in adipocytes through extracellular signal-regulated kinase (ERK) activation and the blockade of nuclear signaling has been shown to suppress the emergence of BLAs from white adipocytes [11].


Epinephrine, actsthrough the β-adrenergic receptors, cAMP, protein kinase A and nuclear signaling, to facilitate the expression of UCP-1 mRNA in adipocytes. The BLAs emerging from the WAT improve insulin sensitivity and IR, and boost and facilitate the norepinephrine-induced oxygen consumption to halt apoptosis and adipocyte survival. The physiological actions of BAT lead to suppression of weight gain, a healthy phenotype, and improved homeostasis of glucose and lipid metabolism. On the other hand, the lack of the BAT activity predisposes toadiposity and metabolic disorders [12]. Thus, the projected possibility to manipulate the plasticity of the adipose organ holds a therapeutic potential. It has already been shown that animals with higher BAT are comparatively resistant to adiposity and T2DM, whereas those with lower BAT ratio are prone to adiposity and T2DM [13]. Further, weight gain in rats as well as in human volunteers is restrained when they are treated with β3AR agonists, which are capable of inducing the browning in WAT [14].


The lactation represents a special phenomenon involving adipose organ plasticity. In pregnancy and later during lactation, the subcutaneous adipose depots in female mice convert into milk-secreting glands, a hormone-regulated process called adipo-epithelial trans-differentiation. There occurs a progressive reduction in the adipocytes and a simultaneous rise in the epithelial cells forming adenomeres of  mammary  glands.  The  process being reversible, the epithelial-adenomeres cells revert back to adipocytes in the post-lactation period [15].


The endocrine role of adipose organ


Apart from being storage depots for somatic energy, adipose organ has endocrine function, and plays an important role through the adipocytes-derived hormones in metabolic homeostasis. The adipose tissues secrete several peptides termed adipokines, acting in an autocrine, paracrine and endocrine  modes  to  influence the metabolic functions. So far, over 50 adipokines have been discovered and profiled. Of these,adipokines, like adiponectin and leptin are of major significance. Both, adiponectin and leptin have wide-ranging central and peripheral effects on metabolism and energy homeostasis. Adiponectin and leptin, both, reduce circulating fatty acids and triglyceride level through increased fat oxidation. The latter effect is mediated by activating the enzyme AMP-activated protein kinase (AMPK), which increases glucose transport in muscle [16]. Interestingly, the exercise also activates AMPK, which can increase lipo-oxidation and reduces IR. The adipocyte hormones and exercise appear to act via a similar signal transduction pathway to increase lipo-oxidation, reduces IR and improve insulin sensitivity [17].


 Adiponectin (adipoQ): Adiponectin (adipocyte complement- related protein - adipoQ) is vastly expressed in adipocytes. It improves insulin sensitivity in liver and muscles, lowers IR, increases FFA oxidation in muscles and other tissues, and decreases serum glucose, FFA and triacylglycerol concentrations.In animal models,the experiments in insulin-resistant mice treated with adipoQ, glucose tolerance and IR improve. In human volunteers, plasma adipoQ levels have been shown to fall with obesity, the effect being greater in men than in women [18]. The reduced adipoQ concentrations correlate with  IR  and  hyperinsulinemia. In addition,  several polymorphisms of the adipoQ gene  (APM1, mapped to chromosome 3q27) have been identified which are associated with reduced plasma adipoQ activity and  increased risk of T2DM, IR and MetS [19]. In addition, adipoQ influences the development of atherosclerosis and adipoQ concentration is shown to be reduced in patients with CVD. The adipoQ inhibits theTNF-α- induced expression of adhesion molecules and the transformation of macrophages to foam cells, the key players in the components of atherogenesis process [20].


Leptin: Leptin influences the appetite and food intake through a direct effect on the hypothalamus, whereas the plasma leptin concentrations correlate with BMI [21]. The role of leptin in regulating body weight is, thus, complex. In an obese person, the increased amount of leptin-secreting adipose tissue lets the serum leptin levels are high [22]. With increased leptin concentrations, the target cells increasingly express SOCS-3 (suppressor-of-cytokine- signaling), a potent inhibitor of leptin signalingand become resistant to leptin action [23]. The feedback mechanism, thus, results in loss of effectivity of leptin in obese individuals despite its high circulating levels.


Experimentally, the mice lacking the gene coding for leptin (ob/ obmice) whoareobeseanddiabetic, ontreatmentwithleptin, reduce food intake, increase metabolic rate and lose weight [24]. Similarly, the mice with a genetic mutation affecting the leptin receptor in the hypothalamus also exhibit comparable features [25]. A mouse model of congenital lipodystrophy,  having  IR,  hyperinsulinemia, hyperglycemia and fatty liver, leptin therapy reversed the insulin resistance and diabetes can be mentioned in this context [26]. Another, rare disease, namely the lipoatrophic diabetes, has little or no fat mass, reduced serum leptin and elevated serum triglyceride. In a pilot study, administration of exogenous leptin to individuals with lipoatrophic diabetes has shownremarkable reductions in triglyceride level, liver volume and glycated hemoglobin [27].


The Adiposity Metabolic Mechanisms


Overnutrition and nutrient overload


The diet-gene interaction is an important determinant of health [28]. The MetS encompassing abdominal adiposity, IR, dyslipidaemia and hypertension, accounts for a major public health threat both indeveloped as well as developing regions of the world [29]. The rise in obesity and MetS prevalence in recent decades isattended by the background changes in dietary patterns, reflecting increased nutrient availability  and  consumption  [30]. In general, diets rich in fat and rapidly-digestible carbohydrates have increased average calorie intakeand led to over-nutrition and nutrient overload culminating into global obesity epidemic (Figure 2).
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Figure 2:  Over nutrition, nutrient overload and adiposity






The pooling of positive energy balance, that is,food and energy intake greater than energy expenditure, leads to expansion of the WAT, occurring throughboth an increase in adipocytes volume as well as the development of new WATtransdifferentiate from BAT to store additional energy[31]. Further, the energy accumulation inducesthe TGF-β/Smad3 signaling pathway as compared to the experimental knockdown of Smad3 (a component of the TGFβ signaling pathway) in mice which induces browning of the adipose tissue and appears to protect from obesity and diabetes [32].


The protective role of adipose tissue


Physiologically, the role of adipose organ as depots for energy storage appears to be an evolutionary need. An obese animal is evolutionary suitable to survive by utilizing the fat depots in an adverse milieu when food is scarcely obtainable, as exemplified by in penguins. Similarly, in the evolutionary  phases  as  hunter and food-gatherer, the fat depots stored nutrients for times when food availability became erratic. The adipose tissue remained in a dynamic equilibrium, overnutrition led to filling of adipose depots, conversion of BAT to WAT to store more nutrients, the WAT was converted to BAT to sustain during the cold weather, and the stored nutrients helped the animal survive in the phase of scarce- or non- availability of food.


The stored nutrients and  their  metabolites,  nutrients  such as cholesterol, folic acid, vitamin E  and  vitamin  D,  and  ligands for various transcription factors are expressed in adipose tissue. The fatty acids ingested by adipocytes interact with numerous transcription factors critical for various developmental and metabolic processes like, PPAR-α, -γ and -delta, sterol regulatory element-binding proteins1 and 2 and liver X receptors α and β. The glucose is also stored as fatty acids via lipogenesis in adipocytes. The metabolic signals from the adipose organ are released as peptides called adipokines, which play an important role in metabolic regulation.


The physiological protective role:Rather than total body fat mass (BFM),  the body fat distribution  (BFD) including  visceral, subcutaneous and ectopic fat, and the impaired adipocyte function are predictable of IR, T2DM and related complications at the individual level [33]. In humans, the abdominal obesity has been linked with morbidity and is a predictor of the mortality risk. Further, the fat deposition in ectopic zones like liver and skeletal muscle causes lipotoxicity and impairment to insulin action. On the other hand, the expansion of SF may confer a relative protection from metabolic derangements [34].


In general, the BFM and BMI are important factors which determine the metabolic healthand the BFD and adipose tissue dysfunction are major determinants for genesis of adiposity-related IR and cardio-metabolic disease. A subgroup of obese persons, called 'metabolically healthy obese' (MHO), appears to have a less ectopic fat storage, a better adipose tissue function or a less marked adipose tissue dysfunction and a less pronounced IR than metabolically unhealthy obese individuals. This observation emphasizes the important role of adipose tissue function in metabolic health. As such, the MHO individuals have a less pronounced central obesity and a more subcutaneous fat distribution, though on BMI scale they may have similarity with metabolically unhealthy obese person. The MHO individuals are relatively protected against chronic metabolic disorders compared to metabolically unhealthy obese individuals. Still, the MHO persons have an increased risk of developing obesity- related disorders and complications as compared to normal weight individuals. Adipose tissue also contains immune cells, both the adaptive (B and T lymphocytes) and innate (macrophages), making it an immune organ.


The pathophysiological protective role:The over-nutrition leads to nutritional overload, which later,  in  due course causes nutritional toxicity endangering the intracellular organelle and intracellular as well as intercellular metabolic processes. This avoided by a selective and differential development of IR by various tissues to limit the excess nutrient entry into their cells. The plasticity of the adipose organ by modifying its cells come to aid and protects various vital organs. The WAT helps in dealing with the nutritional overload by enlarging their cells to store more as well as by trans-differentiation to produce more WAT from BAT. The adipose tissue, thus, plays an important role to protect several vital organs from the challenge posed by nutritional overload, and manifest as adiposity. The positive energy balance entails the calorie intake higher than actual energy expenditure, leads to expansion of the WAT, occurring through an increase in the volume as well as numbers. The adiposity can, thus, be regarded a temporary way to deal with nutritional excess.


Storing of excess energy, in due course, leads to overweight and obesity, and associated disorders, such as IR, which are linked with abnormal adipose tissue amount and its altered physiology to which several factors contribute [35]. The metabolic function of adipocytes changes as they enlarge with increasing obesity. First, adipocytes function to maintain temperature through thermogenesis and acts asstorehousesof nutrients including free fatty acids (FFAs). Second, they release adipokines to regulate BFM and modulate appetite and food intake. Third, with increasing adiposity, as they enlarge the regulating mechanisms become dysregulated, the in the adipose tissue, and inflammation ensues.  Finally,  with  the  enlargement of individual adipocytes and the adipose tissue mass, the tissue oxygenation is hampered culminating as areas of inflammation and apoptosis and the enlarged, disarrayed and damaged adipocytes attract macrophages and promote inflammation, culminating in release of proinflammatory markers that predispose to IR and other metabolic dysfunctions [36].


The inflammatory effects of adiposity


Adipocytes cellular and molecular alterations:The impaired adipose tissue expansion, adipocyte hypertrophy, altered lipid metabolism and local inflammation lead to adipose tissue dys- function. The recent studies suggest that impaired adipose tissue oxygenation may be a key factor. With obesity, apart from the ad- ipocytes enlargement, and adipose tissue endures molecular and cellular alterations which affect the global metabolism. The fasting FFAsare increased due to a deficiency of perilipins, the phosphop- roteins present on the surface of triacylglycerol droplets acting as gatekeepers for release of FFAs. The excess FFAs release from in the enlarged adipocyte promotes IR in tissues like muscle [37].The macrophage infiltration occurs mainly in the visceral adipose tissue following impaired adipose tissue oxygenation, injury to adipocytes and their apoptosis, leading to inflammation and release of various cytokines (Figure 3), which contribute to IR and related disorders associated  with  obesity  [38].The  macrophages  form  crown-like
structures (CLSs) to surround the dead adipocytes, which are then phagocytosed by the macrophages [39].Macrophage infiltration has also been correlated with the size of adipocytes in visceral fat depots. Visceral fat adipocytes are smaller than subcutaneous ones but have a smaller critical death size (CDS), hence die at a smaller CDS [40]. This observation explains the deleterious metabolic fall- outs of excess visceral fat accumulation.
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Figure 3: Adiposity, adipotoxicity and adipo-inflammation





Adiposity and proinflammatory factors: Following adipocyte apoptosis and adipose tissue inflammation, the macrophages increasingly accumulate in the visceral adipose tissue [41]and are responsible for increased cytokine production and release [42].


The proinflammatory factors and IR: With adiposity, variousproinflammatory molecules, factors and co-factors are increasingly produced by adipose tissue including TNF-α, IL- 6,IL-1α,monocyte chemotactic protein 1, inducible nitric oxide synthase, transforming growth factor β1, pro-coagulant proteins such as plasminogen activator inhibitor type 1, tissue factor, factor VII and C-reactive protein [43]. The appearance of the inflammatory molecules and their propensity to promote IR and other complications of obesity like T2DM are closely linked [44]. The macrophage-released pro-inflammatory cytokines interfere with the insulin signaling [45].


On basis  of  recent research,  the  sequence  of  events  linking obesity with IR, apparently, can be outlined as follows:Adipocyte hypertrophy due to obesity→Adipocyte stress and metabolic dysregulation   possibly   involving    hypoxia    [46]→Production of chemo-attractants→Macrophage infiltration of adipose tissue→Thedeath of adipocytes on reaching the CDS, predisposed by  decreased   oxygenation?Reabsorption   of   adipocyte remnants by macrophages→Explosiverelease of cytokines by macrophages→Increased level of circulating cytokines → IR in peripheral tissues.


The TNF-α, IL-6 and 11βHSD-1: The TNF-α concentrations in adipose tissue have been correlated with obesity and IR in patients with and without T2DM [47].Also,TNF-α messenger RNA expression in adipose tissue has been correlated with fasting plasma glucose, insulin levels and FFA concentrations. The TNF-α increases adipocyte lipolysis and may increaseIR by promoting the release of fatty acids from adipose tissue into the bloodstream to act on tissues such as muscle and liver. Thus, adipose tissue TNF-α which acts locally in adipose tissue, in due course promotes IR in muscles and other peripheral tissues as well.The IL-6 expression isincreasedandhigher in visceral than in peripheral adipocytes. IL-6 increases lipolysis and fat oxidation and causes IR in the liver [48], and its elevated plasma concentration correlate with IR [47], which is a predictor for development of T2DM and for CVD [49].


The concentration and activity of 11?-hydroxysteroid dehydrogenase type 1 (11βHSD-1) are elevated in adipose tissue of obese individuals [50].The11βHSD-1 converts inactive metabolites of cortisol back into cortisol,resulting in increased local adipose tissue concentrations despite normal plasma cortisol  levels.  In the animal model experiments,  over-expression  of  11βHSD-1 in mice resulted in increased visceral adiposity and metabolic abnormalities likeIR and diabetes, increased cytokine expression, hyperphagia, hyperlipidaemia, and hypertension [51]. These complications observed mice are similar to those in obese humans. There arenumerous inflammatory factors associated with the development of obesity related complications and development of the chronic diseases associated with obesity.


The excess folic acid and obesity link


The standardrecommended daily  requirement  of  folic  acid is 400µg/day for the general adult population. Sources of natural folates (pteroyl-polyglutamates) include green leafy vegetables, legumes and oranges.Simultaneously, there is provision of fortification of staple foods.The widespread supplement use has increased folic acid intake in urban diets. Children and elderly populations are likely to have high folic acid intake because large proportions of their diet consist of cereals and bread.The pregnant women and lactating mothers may have high intakes due to high supplement use.The excess folic acid intake raises concerns about possible adverse effects, including alterations in energy and lipid metabolism as documented in certain recent studies.The folic acid appears to influence energy and lipid metabolism by modulating DNA methylation and gene expression patterns [52]. There is evidence that influence of methyl donors, including folic acid, on gene expression may be tissue-, site-, and gene-specific. The gene expression analysis has shown increased mRNA levels of PPARγ and some of related target genes.


The excess folic acid intake may promote changes to one carbon metabolic pathways and gene expression patterns, leading to liver injury. In an animal model, the effects of excess folic acid (EFA) with a high fat (HF) diet were related to significantly higher weight
gain andincrease in fat massas compared to rats fed adequate folic acid (AFA). There was also present increased inflammation along with impaired glucose tolerance in HF-EFA fed rats, as compared to high fat-adequate folic acid (HF-AFA) fed rats. The  results, thus, suggest that EFA may  exacerbate  weight  gain  (Figure4), fat accumulation, and  inflammation  caused  by  consumption  of a HF diet,simultaneously [53]. The observational evidence  has also linked folate status to adiposity and altered lipid and energy metabolism [54]. Obesity and the metabolic syndrome represent a major public health burden and the link between EFA and metabolic complications warrants further investigations [55].In addition, the observational evidence has linked high dietary folic acid intake to increased risk of colorectal and prostate cancers, impaired immune function and cognitive decline.
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Figure 4: Metabolic changes triggered by adiposity





Adiposity, IR, T2DM and Other Fallouts


The global epidemic of adiposity


There is an alarming increasedprevalenceofoverweight and obesity in developed and developing regions the world-over [56]. The obesity being an important risk factor for DM, CVD, AD, cancer and premature death, its high prevalence makes it a global health challenge. In general, the prevalence of obesity tends to increase with age, peaks during middle-age and decreases thereafter, simultaneously, its consistently higher among women compared with men in similar age groups and the projections for thehealth burden and the future trends indicate that the numbers of obese people will increase to about 44-45% by year 2030 [57]. Further, compared with developed regions of the world, developing regions are being projected to have a  higher  proportional  increase  in the number of obese individuals by 2030. Growth in population size, population aging, urbanization and changes  in  lifestyle encompassing increased calorie intake and physical inactivity, all seem to contribute to an impending epidemic of obesity in the developing regions [58].



The metabolic fallouts of adiposity


The BMI and adiposity have been correlated with obesity- related complications. The adipose organ accounts for about 20% of total body mass in lean individuals and for over 50% in those having morbid obesity.The adipose organ is a biologically active tissue which secretes various adipokines and stores nutrients such as free fatty acids [59]. The adipose tissue organ is constituted of white, beige and brown adipocytes serving specialized functions, and their coordinated actions ensure an optimal metabolic homeostasis. The complications ensue when the coordinated action of the three adipocytes groups becomes dysfunctional as a result of excess nutrients load, IR and associated metabolic dysfunctions leading to lipo-toxicity and compromised global metabolic homeostasis.


The risk stratification at baseline can improve the effectiveness of a certain interventions in a particular subgroup of the population. This has been endorsed by an analysis of data from the TULIP study, demonstrating that stratification of  subjects  with  prediabetes by phenotype (including impaired insulin secretion, IR and non- alcoholic fatty liver) at baseline predicts the effectiveness of a lifestyle intervention in achievingthe therapeutic goals [60]. The study also demonstrated that a high-risk phenotype at baseline was associated with reduced improvement in glycemia following lifestyle intervention.


The adiposity and T2DM


The adiposity and T2DM link:The adiposity is a majorrisk factor for development of metabolic disorders including diabetes and atherosclerosis. Further, obesity has been linked to various medical, psychological and social conditions, the most devastating of which is T2DM.Obesity and T2DM, both, are associated with IR. However, not all obese persons, though having IR to varying degree, do not develop diabetes, because at thatstage the β-cells are able produce adequate insulin to override and overcome IR, as one of the metabolic changes triggered by adiposity.




[image: ]

Figure 5a: The obesity link with IR-Adiposity/Obesity→Adipocyte stress and hypoxia→Production of chemo-attractants→Chemoattraction
and infiltration of macrophages→The adipocyte apoptosis on reaching the CDS→Reabsorption of adipocyte remnants
by macrophages→Massive release of cytokines by macrophages→Increased circulating cytokines like TNF-α, IL-6 and
11βHSD-1→IR in peripheral tissues → Initiation of T2DM.




The main offending factor to impair the insulin sensitivity leading to IR is held the increased release of NEFAs seen both in T2DM and in obesity (Figure 5a). Conversely, with decreasedserum NEFA levels, as in the case with antilipolytic drugs, the peripheral insulin sensitivity, glucose uptake and utilizationare improved [61]. The insulin sensitivity is also influenced by another crucial factor, the BFD. Thus, even a lean individual with adverse BFD, that is, having increased abdominal or central fat despite BMI in a normal range, may have IR and its fallouts. Individuals with more peripheral BFD than central retain better insulin sensitivity than individuals with adverse central BFD [62].

The researchers, Marcial et al.[64]  from  their  study  in Puerto Ricans and other Hispanic populations  have  explained the subcellular and molecular mechanisms of IR, adipose tissue inflammation and the development of DM [63].As a hormone, insulin has anabolic effects and enhances glycogen synthesis in liver and muscle as well as enhances protein synthesis and inhibits proteolysis. Thus, under influence of insulin, IR is indirectly altered by fat storage and mobilization or any change in BFD [64].
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Figure 5b: Adiposity, Obesity, ↑Body Fat Mass and BFD-↑Levels of NEFAs, glycerol, adiponectins, cytokines, proinflammatory
markers like NNF-α and IL-6 and 11βHSD-1→Impaired insulin sensitivity (influenced by BFD)+IR. The Impaired dynamic intricate
feedback relationship between the β-cells and the insulin-sensitive tissues→dysregulation of glucose levels→Development of
T2DM. Continued decline in β-cell mass and function leading to inadequate insulin secretion worsens PP and F blood glucose
levels and DM. 




The β-cells, insulin sensitivity and IR


In normal conditions, there is a dynamic feedback relationship between the β-cells function and the insulin-sensitive tissues. For

the stability of glucose levels, any changes in insulin sensitivity iscoordinated by anequivalent change in circulating insulin levels. Any failure of this intricate process results in a dysregulation of



glucose levels and the development of DM.Thecontinued decline in β-cell function is the main cause of development and worsening of T2DM (Figure 5b). When there is inadequate insulin secretion due to β-cell dysfunction, first, postprandial blood glucose and later fasting blood glucose levels are affected. In due course, there is decreased hepatic and muscle glucose uptake and impaired inhibition of liver glucose production. The high blood glucose levels lead to glucotoxic

effects on the β-cells and worsens IR and insulin sensitivity [65]. The occurrence of IR and a failure of the compensatory secretory mechanism by β-cells in humans contributes to increased amount of NEFA levels produced lipids by adipocytes. Through a vicious loop, the increased plasma NEFA levels cause a further loss of already compromised β-cells function.
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Figure 5c: High Dietary Fat and Excess Folic Acid Intake - The high fat-excess folic acid intake (HF-EFA) β excess folic acid
Levels β increased mRNA levels of peroxisome proliferator-activated receptor γ (PPARγ) and some of its target genes → greater
weight and fat mass gain → increased inflammation along with impaired glucose tolerance + alterations in energy and lipid
metabolism in adulthood→ Altered carbon metabolic pathways and gene expression patterns → Fatty Liver injury, Weight gain
and obesity, and IR and Diabetes mellitus. 






(Figure  5c)  -  High  dietary  fat  and  excess  folic  acid  intake
- The high fat-excess folic acid intake (HF-EFA) →excess  folic acid Levels?increased mRNA levels of peroxisome proliferator- activated receptor γ (PPARγ) and some of its target genes →greater weight and fat mass gain → increased inflammation along with impaired glucose tolerance+alterations in energy and lipid metabolism in adulthood→Altered carbon metabolic pathways and gene expression patterns→Fatty Liver injury, Weight gain and obesity, and IR and Diabetes mellitus.


The high BMI, T2DM and IR are closely linked. With obesity, the levels of NEFAs, glycerol, adiponectins, cytokines, proinflammatory markers like NNF-αand IL-6, and certain other substances involved in the genesis of IR, are increased [66]. The pathogenesis of development of T2DM involves the impairment of β-islet cells heralding a lack of blood glucose control. The development of T2DM is sets-in when the β-islet cells failure is accompanied by IR [67].Adiposity and increased BFM contribute altered T2DM.


Adiposity, T2DM and obesity factors


The rising incidence of T2DM entails role of certain hitherto novel factors like, the increased  prevalence  of  obesity  among all age groups and physical inactivity, altered dietary habits and urbanization [68]. IR with lipid and thrombotic  abnormalities and atherosclerotic risk factors like, smoking, family history and hypertension, determine the CV risk, which is associated with the development of IR even before apparent hyperglycemia develops. The hyperglycemia contributes to microvascular and metabolic complications, but the macrovascular complications are not directly linked to glycemic abnormalities. An important concept, the 'ticking clock' hypothesis by Haffner et al.[69]outlined that the onset of hyperglycemia puts one at risk for developing diabetic macrovascular complications at an earlier point, at the genesis of IR and well-before apparent hyperglycemia [69].Another issue, put- forth by Wilkin et al as the 'accelerator hypothesis' is an accepted theory linking the association between body mass and DM [70].The increasing body weight accelerates the risk of developing IR and DM in persons predisposed genetically to DM. There has beennoted an inverse relationship between BMI and the diagnosis of  DM. With body weight gain, DM appears to be diagnosed earlier, a fact applicable to both T1DM as well as T2DM.


Conclusion: Future Projections and Options


Adiposity/obesity and T2DM: Projections for the future


Both obesity and T2DM represent a global health crisis brought about by a rampant urbanization, the nutrition transition from traditional to modern and an increasingly sedentary lifestyle. Preventing, controlling and treating Obesity as well  as  T2DM and their fallouts require a thoughtful long-term planning and rational allocation of resources, especially in countries with limited resources. The accumulating evidence over several decades, stronglyputs-forth that the majority of T2DM and  obesity  both can be prevented through dietary and lifestyle modification. In general, the public health strategies to target the obesogenic environment are critically needed.Translating the clinical and epidemiologic findings into practice will require fundamental shifts in public policies and health systems.To expedite improvement in therapeutics to obesity and T2DM at individual level, there is need for the innovative approaches to their pharmacological and non- pharmacological management includingthe bariatric surgery.




Adiposity/obesity and T2DM: The therapeutic options


The therapeutic options for weight reduction: As the prevalence of obesity and T2DM continue to increase, the need for implementation of effective weight-loss strategies becomes more urgent. The lifestyle interventions have been shown to reduce body weight and improve risk factors related to obesity and T2DM. The results from various studies suggest that lifestyle modifications, may represent a safe and effective therapy for the management of obesity in patients with T2DM.The excess body weight is an established risk factor for T2DM, yet most obese individuals do not develop T2DM. Recent studies continue to identify the links between obesity and T2DM involving proinflammatory cytokines (TNF-α and  interleukin-6),  insulin  resistance,  deranged  fatty acid metabolism, and cellular processes such as mitochondrial dysfunction and endoplasmic reticulum stress even a modest weight reductionwhether through lifestyle/behavioral interventions, obesity medications, or bariatric surgerycan improve glycemic control and reduce risk related to T2DM and its complications.


Projecting therapeutic options for T2DM and weight reduction: The rising prevalence of obesity and T2DM has led to robust commercial interests in the development of therapeutic interventions for T2DM and weight reduction. As far as the pharmacotherapy is concerned, owing to the range of therapeutic options available, the treatment algorithm is complex. It appears that:


A. Metformin monotherapy will  remain the first-line pharmacotherapy for T2DM.  Metformin  also  activates AMPK, although metformin does not increase adiponectin concentrations like the TZDs. But, as relate to the drug tolerance issues, we need to develop a drug having advantages shown by metformin but bereft of its adverse effects including gastrointestinal intolerance.


B. The class of antidiabetic therapy called the thiazolidinediones (TZDs), for example, rosiglitazone, activate peroxisome proliferator-activated receptor γ (PPAR-γ), a nuclear transcription factor, which is highly expressed in adipose tissue, reduces plasma FFA and glucose concentrations and improves insulin sensitivity. TZDs have also been shown to decrease 11βHSD-1, increase adiponectin, decrease IL-6 and TNF-α, and increase perilipin concentrations. The TZDs, similar to exercise, leptin, and adiponectin, have been shown to activate AMPK.


C. The emergence of several new antidiabetic drug-classes over the past decade, namely the Glucagon-Like Peptide-1 (GLP-1) receptor agonists, Dipeptidyl Peptidase 4 (DPP-4) inhibitors, and Sodium-Glucose Cotransporter 2 (SGLT-2) inhibitors, has led to considerable market growth. This is likely to affect considerably the use of previously available drugs like sulfonylureas and thiazolidinediones.


D. The insulin therapy is undergoing overhaul and a new and more patient-friendly approach is being evolved including therapeutic effects mimicking normal glycemic curve in vivo.
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