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Abstract
Obesity and Type 2 diabetes mellitus (T2DM) are closely related such that together these are generally called diabesity, the underlying causes of which revolve around the functioning of insulin. Methods PubMed was searched using the following Mesh [(“Adipocytes/classification”[Mesh] OR “Adipocytes/cytology”[Mesh] OR “Adipocytes/ metabolism”[Mesh] OR “Adipocytes/pathology” [Mesh] OR “Adipocytes/physiology”[Mesh]) OR “Fatty acids (FA)” [Mesh]. Results The interaction of insulin with the whole body systems is extensive and resistance to insulin can occur due to multiple reasons including sepsis, Cushing’s syndrome, or even with pregnancy. In this review of literature, our focus is primarily on insulin resistance that is associated with obesity. Insulin promotes lipogenesis in the liver and promotes glucose uptake by skeletal muscles and adipose tissues. Also, insulin inhibits lipolysis in adipose tissue to allow triacylglycerides (TAG) storage in the anhydrous droplet form. When insulin resistance ensues, the delicate balance will tilt to a self-enabling cycle that culminates in the development of T2DM “Diabesity”. Conclusion This review of literature also discusses the hypothetical cascade of defective expansion of adipose tissue due to fatty acids escape, chronic inflammatory state, and ectopic fat deposition in the omentum, liver and skeletal muscles that underlie the pathogenesis of this disease process.
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Background

Obesity and Type 2 diabetes mellitus (T2DM) are closely related such that together these are generally called diabesity, the underlying causes of which revolve around the functioning of insulin.

Methods

PubMed was searched using the following Mesh [(“Adipocytes/classification”[Mesh] OR “Adipocytes/cytology”[Mesh] OR “Adipocytes/ metabolism”[Mesh] OR “Adipocytes/pathology” [Mesh] OR “Adipocytes/physiology”[Mesh]) OR “Fatty acids (FA)” [Mesh].

Results

The interaction of insulin with the whole body systems is extensive and resistance to insulin can occur due to multiple reasons including sepsis, Cushing’s syndrome, or even with pregnancy. In this review of literature, our focus is primarily on insulin resistance that is associated with obesity. Insulin promotes lipogenesis in the liver and promotes glucose uptake by skeletal muscles and adipose tissues. Also, insulin inhibits lipolysis in adipose tissue to allow triacylglycerides (TAG) storage in the anhydrous droplet form. When insulin resistance ensues, the delicate balance will tilt to a self-enabling cycle that culminates in the development of T2DM “Diabesity”.

Conclusion

This review of literature also discusses the hypothetical cascade of defective expansion of adipose tissue due to fatty acids escape, chronic inflammatory state, and ectopic fat deposition in the omentum, liver and skeletal muscles that underlie the pathogenesis of this disease process.
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Introduction

he recent updates from world health organization (WHO) indicate that the number of patients with diabetes in the world T has quadrupled to an estimated 422 million since the publication of first report by WHO in 1980.1 Likewise, obesity has doubled globally during the same time-period with more than 1.9 billion overweight and over 600 million obese adults worldwide.2 Given the clinical manifestations, Type-2 diabetes mellitus (T2DM) has always been considered as glucose-centric pathology, characterized by the legendary Hippocratic three “Ps”, i.e., polyuria, polydipsia and polyphagia.3 The underlying cause of T2DM is the loss of glucose homeostasis, a condition which is also shared by Type- 1 diabetes mellitus (T1DM). In terms of metabolic derangement, T1DM and T2DM are on the opposing ends of the disease spectrum: the former is depicted by hypoinsulinemia whereas the latter is characterized by hyperinsulinemia that emanates from body’s adaptive response to the tissue insulin resistance.4 Experimental animal studies have provided genetic evidence supporting the novel dogma that fatty acid (FA)-induced hyperinsulinemia is a driving factor for diet-induced obesity rather than directly inducing obesity on its own.5 Hyperinsulinemia has also been associated with obesity both in animal models and humans where excessive insulin is considered as a predictor of obesity.6,7 The tetrad of insulinemia, insulin resistance, hyperglycemia and diabetes are closely related with each other in a way that most T2DM patients will show all these features. In the light of this interplay of the tetrad, we redefine the state of T2DM which biochemically is considered as blinding of body tissues to the level of both glucose and insulin circulating in the blood that leads to a constant influx of high energy substrates like free fatty acids (FFAs) and glucose into the circulation. Based on review of literature, we attempt to define a commonality between T1DM and T2DM in terms of body’s shift to use lipids as fuel for energy when insulin sensitivity of the tissues or availability of insulin is low in the light of second-wave hypothesis of adipocytes.

Interaction Between Ffas And Insulin

FFAs are classified as short-chain (SCFAs; 1-6), medium-chain (MCFAs; 6-12) and long-chain (>12 carbon atoms; LCFAs) fatty acids with a significant role as energy substrates in the body.8 One of the mechanism by which FFAs contribute to glycolysis, gluconeogenesis and lipogenesis is via regulation of insulin secretion from the pancreatic β-cells.9 While short-term exposure of the β-cells to FFAs enhances insulin secretion, long-term exposure may cause significantly reduced insulin secretion due to lipotoxicity of the β-cells.10 Rodent and human islets of Langerhans showed increased secretion of insulin when challenged with FFAs in a glucose-dependent manner.11 More interestingly, the LCFAs, especially with higher saturation degree, were more effective than medium- and short-chain FFAs. At molecular level, they (especially the LCFAs) interact with G-protein coupled receptors-40 (GPCR- 40) in the pancreas to regulate insulin secretion and negatively influence insulin-mediated glucose uptake by the body tissues. Mechanistically, this is attributed to reduced glycogen synthesis and reduction in carbohydrate metabolism via early interruption of insulin signaling by FAs. It is speculated that increased lipid oxidation might be the underlying cause of diabetes and obesity associated insulin resistance. The postulated mechanism is that increased FFA oxidation cause elevation of the intra-mitochondrial acetyl-CoA/ CoA and nicotinamide adenine dinucleotide (NADH/NAD) ra- 13,14 tios with subsequent inactivation of pyruvate dehydrogenase. This in turn causes the citrate concentration to raise that leads to inhibition phosphofructokinase and subsequent accumulation of glucose-6-phosphate (G-6-P) that inhibits hexokinase-II thus resulting in lower glucose uptake. However, subsequent studies have revealed decrease in the cellular G-6-P instead of elevated level needed to inhibit hexokinase-II.

FFAs also have a direct effect on insulin-mediated glucose uptake and phosphorylation by amending the responsiveness of insulin receptors.16 Saturated FFAs have been generally implied in the development of insulin resistance whereas unsaturated FAs have protective effect on the metabolism. This distinction is based on their respective inflammatory and anti-inflammatory properties to disrupt insulin signaling in the cells.17 More recent studies have implied differential effects of FFAs on insulin signaling and glucose uptake relevant to their structure and saturation level.18 Treatment of human skeletal myotubes with palmitate (saturated FA) and oleic acid (unsaturated FA) and their combination significantly 6,7 impaired 3H-labeld 2-deoxy-D-glucose uptake. However, at molecular level, assessment of the myotubes showed impaired insulinstimulated activation of Akt-serine473, AS-160 (Aktsubstrate of 160k Da protein), Glycogen synthase kinase 3 beta (GSk3B) phosphorylation and induction of stress-signaling phospho-Extracellular signal-regulated kinases (ERK) and c-Jun N-terminal kinases (JNK) (54k Da isoform) by palmitate treatment while these molecular changes were inhibited by combined treatment with oleic acid.18 These data explain a differential role of FFAs by which they interfere with insulin signaling but really fail to translate this affect into insulin-independent glucose uptake by the cells thus pointing to the interference and influence of other concomitantly working signaling mechanisms.

Despite sufficient evidence in the published data that FFAs cause insulin resistance, some contriving reports in this regard from early investigators attribute their effect to the duration FFAs in the blood.19 Assessment during acute phase (within 90 minutes) of FFAs infusion showed no effect in terms of insulin resistance while chronic exposure to FFAs increased insulin resistance irrespective of the rate of infusion.20 A common feature of these studies is the time duration of only 2 hours of FFAs infusion to impart their effect which is insufficient for the FFAs to modulate the insulin receptor activity. This information is critical and explains that the rapid postprandial rise in the plasma level of triacylglycerides (TAG) does not cause insulin resistance; rather chronically high plasma level TAG in most T2DM patients would play a major role in insulin resistance in these patients.21 In summary, the saturation status of FFAs and duration of exposure to FFAs are important determinants of tissue insulin resistance.

9,12 Effect Of Glucose On Adipose Tissue (Second-Wave Adipocyte Hypothesis)

Insulin promotes euglycemia via tissue uptake of glucose while blood glucose homeostasis is swayed towards hyperglycemia due

to tissue insulin resistance.22 Akin to any other body cell, adipocytes are sensitive to glucose changes in their microenvironment. With better understanding of their role in energy balance, they are being considered as critical integrators of glucose homeostasis.23 Studies with 3T3-L1 adipocytes showed that the cells cultured in 5 mM glucose grew with normal phenotype and were responsive to insulin mediated glucose uptake and inhibition of lipolysis pathways as compared to the 3T3-L1 cells cultured in 25 mM glucose.24 More importantly, high glucose culture conditions significantly influenced the insulin-induced 3T3-L1 adipose cell differentiation besides influencing differentiation-directed insulin signaling pathways in glucose concentration-dependent fashion. Long-term exposure to high glucose concentration during adipogenesis and short-term exposure of mature adipocytes to glucose promote TAG accumulation in the 3T3-L1 cells. These molecular changes have been attributed to the impaired metabolic functions in the adipocytes upon exposure to high glucose concentration. A direct comparison of 3T3-L1 adipocytes cultured in 4 mM and 25 mM glucose also showed that the cells cultured in high glucose culture conditions developed insulin resistance. Similar observations were made in the adipocytes from rats with Streptozococin (STZ)-induced diabetes.

Molecular studies in vitro as well as in vivo using adipocytes isolated from STZ-treated hyperglycemic rats have also shown elevated levels of ROS with simultaneous low level secretion of pro-inflammatory interleukin-6.26 ROS levels in the 3T3-L1 adipocytes can be reduced either by pharmacological treatment of the cells with the drugs which reduce mitochondrial membrane potential or by the over expression of uncoupling protein-1 (UCP- 1) (27), which is essential role for optimal mitochondrial function. Transduction of adipocytes with adenovirus encoding for UCP-1 showed that phosphorylated Akt levels were not affected by insulin despite significant reduction of review of systems (or symptoms) (ROS) in UCP1 expressing adipocyte. Moreover, insulin receptor substrate-1 (IRS-1) significantly increased in the insulin-induced 307 636 phosphorylation of serine and serine under hyperglycemic conditions, both of which have been implicated in the reduced 28,29 608 insulin-sensitive state. Phosphorylation of tyrosine that is important for interaction between IRS-1, phosphatidylinositol 2-kinase and PTP2C was significantly increased under normoglycemic conditions. These data support the idea that adipose tissue adopts insulin-resistant phenotype when exposed to hyperglycemia. It is pertinent to mention that induction of adipogenic phenotype using high glucose concentration (25 mM) has little clinical relevance. This high glucose-induced adipose tissue in the biological system functions in a limited range of biological activity. For example, adipose tissue maintains a relatively steady flux of TAGs into the blood during fasting. On the other hand, the time for the adipose tissue to buffer the blood FFAs is prolonged after dietary ingestion of high caloric diet due to inherent insensitivity.30 Such deleterious activity of the adipose tissue during hyperglycemia deteriorates glucose homeostasis even further.

14C-integration analysis in genomic DNA has shown 50% adipose tissue renewal in the body in 9-years, with 10% fat cell renewal/year without any change in the total number of adipocytes 31,32 at all adult ages. These data has led to the hypothesis of a second-wave of adipocytes that show genetic changes as an adaptive response against glucotoxicity. The second-wave adipocytes which achieve adaptive genetic priming not only show insulin resistance but are also slow to restore their insulin sensitivity. If this hypothesis holds good, it explains the chronicity of T2DM and stress the significance of developing early screening program for patients that would alter the treatment outcome.33

Adipocyte Mitochondrial Response To Elevated Subtrate Levels

The mitochondria has significant role in lipolysis and lipogenesis such that obesity is associated with mitochondrial dysfunction.34 The mitochondria in the adipocytes contain several proteins, i.e., 25 decarboxylase carrier (DIC) and phosphoenolpyruvate carboxykinase (PEPCK) that facilitate the exchange of metabolites across its membrane. While DIC is involved in the transport of citrate, PEPCK-2 (the mitochondrial isozyme PEPCK-M encoded by PCK2 gene) catalyzes the GTP-stimulated conversion of oxaloacetate to phosphoenolpyruvate for glyceroneogenesis that allows the synthesis of glycerol backbone for FA re-esterification.35 Transgenic overexpression of PEPCK increased glycerogenesis, re-esterification of FFAs, adipose mass and body weight in mice.36 Contrarily, gene deletion of cytosolic PEPCK caused severe hypoglycemia by day 2 after birth in a mice model besides 2-3 fold higher liver triglyceride contents as compared to the normal control littermates.37 At molecular level, it involves co-operative action of citrate, dicarboxylate and phosphate carriers. Whereas citratecarrier mediates efflux of citrate from mitochondrial matrix into the cytoplasm in exchange for malate, DIC mediates the exchange 27 of malate with phosphate, and phosphate-carrier then mediates the exchange of phosphate with hydroxyl ion, resulting in a net transport of citrate to the cytoplasm (Figure 1). DIC as a mitochondrial membrane protein has a pivotal role in FA metabolism and its expression is regulated by the substrates and by insulin;

Figure 1. Transport of Citrate Across the Mitochondrial Membrane into the Cytosol The mitochondrial transporters cooperate for citrate flux into the cytosol where it is converted into oxaloacetate before phosphoenolpyruvate carboxykinase (PEPCK) enzyme converts it into enolpyruvate for further use in glyceroneogenesis. Glycerol thus synthesized is esterified with free fatty acids for the formation of triacylglycerides(TAG).

abundance of FFAs and glucose upregulates while insulin down regulates DIC protein in the mitochondria.38 Higher DIC expres sion is associated with mitochondrial membrane hyperpolarization that leads to increased ROS which causes tissue irresponsiveness to insulin.39

Molecular Pathway Of Insulin Resistance In Adipocytes (Fatty Acid Escape Hypothesis Part-I)

Loss of glucose and lipid homeostasis is linked to many bioactive molecules released from the visceral adipocytes, i.e., tumor-necrosis factor-α (TNF-α), resistin, leptin, and adiponectin besides.40 Lipid-overloaded hypertrophied adipocytes are resistant to insulin without the involvement of adipocytes inflammatory status as a contributory factor.41 From amongst the FFAs, monounsaturated FFAs cause hypertrophy whereas saturated FFAs cause pro-inflammatory response in the adipocytes. The hypertrophied adipocytes, characterized by the presence of uni-locular lipid droplets, show impaired insulin-dependent glucose uptake which was accompanied by defective Glucose transporter type 4 (GLUT4) trafficking.

A dysregulated FFA metabolism is one of the primary causes of insulin resistance due to preferential oxidation of FFAs over glucose in T2DM thus supporting FFAs as a novel target to 18,42 treat insulin resistance in T2DM. Signals from apparently unrelated pathways can inhibit insulin signaling by heterologous desensitization. Studies have focused on Ser/Thr phosphorylation of internal revenue service (IRS) proteins as a key feedback control mechanism to abrogate signal transduction in response to insu- 43,44 lin. TNFα, FFAs and cellular stress play a significant role in activation of Ser/Thr kinases to phosphorylate the IRS proteins and inhibit their function via their uncoupling from their upstream and downstream effectors in response to insulin to promote insu- 45,46 lin resistance.

Figure 2A. Insulin Signaling Pathway and the “Insulin Sensitive State” Insulin binding with its receptor (IR) activates the insulin receptor substrate-1 (IRS-1) which is the major substrate of the insulin receptor. Downstream to the activation of IRS-1, activity of phosphoinositol triphosphate kinase (PI3K) which is an integral part this signaling complex,generates phosphoinositol 3,4-biphosphate and phosphoinositol 1,3,4-triphosphate that lead to the activation of Protein KinaseB (Akt2).The activation

of Akt thus causes membrane trafficking of GLUT4 transporter to permit glucose uptake from the circulation.

Insulin binding to its receptor (IR) autophosphorylates its tyrosine residues followed by downstream activation of Akt, Protein Kinase Cζ (PKCζ), mammalian target of rapamycin (mTOR) and IKKβ (I-kappa B kinase β). The excessive presence of FFAs and TNFα effects insulin signaling in the tissues by activation of the downstream signals i.e., PKC, IKKβ, through different pathways that allow them to phosphorylate and inhibit IRS even before insulin binds to its receptor. As the level of inhibitors rise as part of the disease process, IRS fails to activate Akt thus abrogating translocation of GLUT-4 transporter from the cytoplasm to the cell membrane thus leading to much reduced glucose uptake (Figures 2A, 2B).

Figure 2B. The State of Insulin Resistance “TNF-α Signaling Pathway” The binding of (TNF-α) with its receptor leads to activation of NFkβ-IKKβ pathway that causes failure of insulin receptor and insulin receptor substrate-1 (IRS-1) activation in response to insulin binding with its receptor on the cell surface. These molecular events impairs the activation of Protein Kinase B (Akt) thus resulting in failure of membrane trafficking of Glut-4 transporter and development of resistance

to glucose uptake in response to insulin binding with its receptor.

The Fatty Acid Escapes Hypothesis Part-2: Adipocytes Response To Energy Flood

Excessive energy intake provokes the adipose tissue to undergo dynamic remodeling characterized by adipocyte hypertrophy and hyperplasia. Whereas these two modes of remodeling diverge in many aspects including adipocyte size and number, recruitment of inflammatory cells, release of adiponectin and pro-inflammatory cytokines, hypoxia and fibrosis (all increasing in case of hypertrophy), they have a common feature in terms of FFAs release.48 Both of these modes of remodeling are part of adipocytes’ contribution to energy homeostasis.

Adipocytes are active secretors of bioactive molecules which, besides protecting themselves, also contribute towards metabolism, immunity, inflammation, matrix remodeling, vasculogenesis and many more physiological functions.49 IKKβ-deficient mice are at a higher risk of increased adipocyte death; higher macrophage infiltration and defective adaptive adipose remodeling that also lead to increased lipolysis, higher release of FFAs and impaired insulin signaling.50 Molecular studies have shown a key role for IKKβ in adipocyte survival. Histological studies in high

fat diet-fed obese mice show an increase in hypoxia induced factor-1 alpha (Hif-1α) due to large adipocyte volume and the higher oxygen demand that might not be compensated by neo-angiogenesis and hence remains instrumental in adipocyte apoptosis while knockdown of Hif-1α decreased adiposity with concomitant im- 51,52 provement in insulin sensitivity. These molecular changes are accompanied by gross infiltration by immune cells including M1 and M2 macrophages which participate in the remodeling process as the key players.53 These cells release a plethora of pro- and antiinflammatory adipokines, i.e., leptin, resistin, adiponectin, vistatin as well as cytokines and chemokines, i.e., IL6, TNF-α and monocyte chemo attractant protein-1 (MCP-1) which act in autocrine, paracrine and systemic manner to produce their effects.

As the pro-inflammatory and anti-inflammatory molecules outbalance each other and the degree of inflammation in the adipose tissue increases beyond the level of healthy expansion, a spill-over of inflammatory cytokines into the blood causes a low grade chronic inflammatory state. These molecular changes cause loss of sensitivity to insulin with a simultaneous increase in lipolysis, which initiates FFAs escape to the circulation thus augmenting a vicious cycle that climaxes into global tissue insulin resistance. FFAs and chronic inflammation together form an ominous combination to induce insulin resistance in other tissues via ectopic fat deposition with the former and receptor signaling into cells by the latter.

Ectopic Fat Deposition “Viscral Fat”

Visceral fat (VF) and subcutaneous fat (SCF) have distinct cellular and molecular characteristics and diverge in terms of anatomical distribution.56 Besides other differences, VF and its resident macrophage population release more inflammatory cytokines i.e., TNF-α and IL-6, show higher lipoprotein lipase activity and higher release of FFAs as compared to SCF. Epidemiological studies have substantiated these observations and report that in comparison with SCF, VF correlates more with insulin resistance.59 However, SCF cell volume change is more strongly correlated with insulin sensitivity rather than fat cell number which remain nearly constant.60

In view of the FFA escape hypothesis discussed earlier, SCF will be the prime site for fat disposition albeit with marked variability among individuals due to wide variety of factors not discussed here. This may result in the development of “obesity-healthy phenotype (OH-phenotype)” in healthy-obese subjects whereas in lean subjects with “insulin resistance phenotype (IR-phenotype)”. In other words, when SCF storage capacity doesn’t match with the positive energy balance then FFAs will be re-routed to deposit as VF thus leading to high circulatory FFAs. This also makes VF to positively correlate with metabolic syndrome. A direct comparison of adipocytes from different fat tissues shows that the percentage of small size adipocytes is higher in SCF and omental fat (OMF) in normoglycemic subjects as compared to the hyperglycemic patients.61 A similar but statistically insignificant trend has also been observed in the mesenteric fat derived adipocytes. VF adipocytes show higher catecholamine-induced lipolysis and reduced sensitivity to insulin-mediated lipogenesis thus maintaining a higher level of circulating FFA in the blood that would augment tissue insulin resistance.62 VF tissue shows enhanced responsiveness to the lipolytic effect of circulating catecholamine that makes VF sensitive to exercise.63

VF adipocytes also show a distinct genetic profile as compared to SCF and epigastric adipose tissue that may be an important contributory factor towards their insulin resistance and therefore, can be classified as “IR-phenotype”.64 The steady-state messenger ribonucleic acid (mRNA) levels for lipoprotein lipase (LPL) as well as LPL mass are lower in omental fat (OMF) than subcutaneous fat (SCF); however, the specific LPL activity is greater in OMF as 54,55 65 compared with to SCF tissue. Insulin increases the levels of LPL mRNA and LPL activity in abdominal SCF but not in the OMF, whereas glucocorticoids increase the LPL mRNA and LPL activity more in OMF, particularly in men.66 Moreover, insulin and glucocorticoids synergistically affect the activity of LPL in both OMF and SCF; however SCF is more sensitive to glucocorticoids in the presence of insulin. The LPL activity normally is higher in OMF than SCF. Insulin not only effects LPL mRNA expression, it also regulates the LPL activity via posttranslational mechanism which is more significant in the SCF tissue as compared to OMF tissue and the latter is inherently insensitive to insulin.67 It is important to mention that LPL activity needs to be coupled with acylation stimulating protein (ASP) enzymes which will upregulate the process of reesterification and TAG formation.68 As this mechanism is more significant in SCF tissue in comparison with OMF tissue, it renders the former more effective in TAG clearance via rapid incorporation of the formed FFA into intracellular TAG. On the contrary, OMF tissue releases more FFA in the circulation because the hydrolysis is not accompanied with TAG formation. When insulin resistance is developed in SCF tissue, it practically adopts OMF tissue phenotype thus losing its ability to clear the endogenous or exogenous TAG. The OMF tissue expansion thus be- 57,58 comes more prominent during this stage as it also competes with SCF in the storage. This derangement culminates into OMF tissue expansion with higher portal FFA level that is going to affect the liver insulin sensitivity as discussed in the next section.

Ectopic Fat Deposition “Liver”

Insulin from the pancreas and the VF derived FFAs pass through the liver and get partially cleared before their drainage into the systemic circulation. Hence, the level of insulin in the portal circulation is much higher as compared to systemic circulation. Similarly, liver has a significant role in the trafficking of FFAs. FFAs with greater whole body flux as compared to the lean tissue in obese than non-obese individuals undergo conversion to TAG in the liver, packaged into VLDL and poured back into systemic circulation to cause hypertriglyceridemia. A chronically increased flux of systemic as well as visceral FFAs overloads the liver to cause hepatic changes thus leading to decline in hepatic insulin clearance which will occur when hepatic insulin resistance develops. Hepatic glucose uptake is independent of insulin stimulation; however, insulin action in the liver is important to direct excess glucose to glycogenesis. When insulin action on the hepatocytes is abrogated, the metabolic pathway will revert to gluconeogenesis with efflux of glucose to the systemic circulation to cause hyperglycemia.

Ectopic Fat Deposion In Skeletal Muscles

TAGs in the muscle tissue form intramuscular triglyceride (imTG) pool and constitute dynamic lipid storage in the cytoplasm of the skeletal muscle cells.71 The imTG pool generally gets expanded in the event of excess lipid availability and provides a source of energy substrate when required.72 It is assumed that the imTG pool is replenished by FFAs from the plasma which is transported into intramuscular cytosol prior to undergoing mitochondrial oxidation. In an interesting study, infusion of 14C-labeled oleic acid led to 14CO2 release within 30-minutes of treatment even though the steady state of FA uptake was achieved within 5-10 minutes.73 The release of 14CO2 continued for 7 days of observation which showed that the FA after infusion became part of the imTG pool before undergoing oxidation in the mitochondria. A similar study with improved methodology using Pulse-chase, dual-isotope, muscle biopsy approach has shown that imTG stores are used primarily, if not solely, as local oxidative fuel.74 FFAs from plasma get incorporated into imTG during exercise thus accounting for a stable imTG pool size after the exercise session and concomitantly contribute to obviate FFA-induced insulin resistance.75 Put together, these studies imply that fat disposition in skeletal muscles involves multi-stepα enzyme-controlled processes for TAG formation which are then hydrolyzed to FAs ordained for oxidation.

Figure 3. FFA Escapes Hypothesis Starting from label when peripheral adipose tissue undergoes healthy expansion, it may culminate into Metabolic healthy obese “MHO”. However, in case that adipose tissue expansion is ineffective will be accompanied by an inflammatory response, macrophage invasion occurs.Then free fatty acids (FFAs) and TNF-α spilling over into the systemic circulation.The omental fat (OMF) expansion causes pouring of FFA into the portal circulation. Hepatic clearance of insulin gets reduced and higher level of very low density lipoprotein (VLDL) and other metabolites are produced and secreted into systemic circulation. Skeletal muscles become resistant (see picture above) and systemic insulin resistance sets in as well.Triggered by the “positive energy balance”, disturbed homeostasis mentioned above gives rise to the metabolic profile observed in “Diabesity”.

Athletes have a large imTG pool, however with preserved insulin sensitivity which is also known as athlete’s paradox.76 In other words, the imTG pool in the skeletal muscles of athletes is primed to provide substrate for energy production and is not primarily meant for TAG storage. On the contrary, obese individuals also have increased imTG pool which is destined for storage of the high circulating FFAs besides its association with insulin resistance. This leads to accumulation of FA metabolites, i.e., diacylglycerol (DAG) as well as increased intracellular synthesis of ceramide that mediates insulin resistance. Treatment of cultured mice myocytes with insulin and/or palmitate has shown that insulin is a potent stimulator of ceramide production while combination of palmitate and insulin show a synergistic effect in ceramide synthesis. It is however pertinent to mention that this is not the only insult that increases skeletal muscle insulin resistance; it combines with low grade chronic inflammatory state and the hepatic production and secretion of ceramide to interact through intracellular mechanisms culminating in the IRS inactivity and the reduction of glucose transporter translocation and decrease skeletal muscle uptake of glucose. As skeletal muscle in the body is primarily responsible for blood glucose uptake, their resistance to insulin besides the unsuppressed hepatic glucose production lead to hyperglycemia.

Conclusion

Increased FFA flux from adipose tissue and tissue insulin resistance together constitute major predictors of ectopic fat accumulation. While increased imTG accumulation is associated with skeletal muscle insulin resistance, cardiac steatosis is associated with left ventricular dysfunction and premature death. Similarly, deposition of fat in and around the pancreas is associated with impaired β-cell function. This aberrant fat partitioning may be explained by the FFAs escape model and the second-wave hypothesis of differentiated adipocyte population. The role of cytosolic fatty acid binding proteins which are abundantly expressed in tissue specific manner and, carnitine and their acyl esters (acylcarnitine)should be considered for their role in intracellular transport of FAs during FA catabolism. Most patients who develop “diabesity” (obesity related diabetes) would follow the sequence of derangement as depicted in Figure 3. Patients with T2DM who characteristically present with insulin resistance and “the positive energy balance” have the matching adipose tissue-relevant metabolic profile, i.e., high lipolysis and low lipogenesis, with the one observed in hormonally mediated diabetes i.e., Cushing’s syndrome.Similarly, while T1DM primarily results from β-cell failure, T1DM patients also show low lipogenesis and higher lipolysis due to activation hormone sensitive lipase in the adipose tissue in the absence of insulin. Put together, low lipogenesis with concomitant higher lipolysis remain the cardinal features to diabetes irrespective of its type and underlying etiology.

Contriving the long-standing dogma that hyperglycemia is the main player in the pathogenesis of T2DM; our hypothesis implies that hyperglycemia is a mere consequence of body’s shift to lipid metabolism as the primary energy source. Hence, there is a need to redefine it as a disease variant characterized by hyperglycemia which in fact is a very late manifestation of the chronically disturbed body metabolism. Furthermore, this urges the use of markers other than blood glucose, either alone or in combination, i.e., serum FFAs, ceramide, and insulin levels due to their early appearance during the disease onset. Using blood sugar level as a marker is akin to leaving the diagnosis as well as treatment until too late. Similarly, our model proposes that that T2DM can be reversed until the adipose tissue remains responsive to insulin.

In conclusion, we are aiming to establish a unifying hypothesis that would contribute in defining and future development of a holistic treatment approach that could reverse the whole body metabolic abnormalities rather than managing the blood parameters alone without addressing the root cause of the problem. Our hypothesis may explain the underlying cause of the emerging concept of ‘double diabetes’ as well.
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