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The prevalence of obesity and diabetes mellitus (DM) has been consistently increasing worldwide. Sharing powerful genetic and environmental features in their pathogenesis, obesity amplifies the impact of genetic susceptibility and environmental factors on DM. The ectopic expansion of adipose tissue and excessive accumulation of certain nutrients and metabolites sabotage the metabolic balance via insulin resistance, dysfunctional autophagy, and microbiome-gut-brain axis, further exacerbating the dysregulation of immunometabolism through low-grade systemic inflammation, leading to an accelerated loss of functional β-cells and gradual elevation of blood glucose. Given these intricate connections, most available treatments of obesity and type 2 DM (T2DM) have a mutual effect on each other. For example, anti-obesity drugs can be anti-diabetic to some extent, and some anti-diabetic medicines, in contrast, have been shown to increase body weight, such as insulin. Meanwhile, surgical procedures, especially bariatric surgery, are more effective for both obesity and T2DM. Besides guaranteeing the availability and accessibility of all the available diagnostic and therapeutic tools, more clinical and experimental investigations on the pathogenesis of these two diseases are warranted to improve the efficacy and safety of the available and newly developed treatments.
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1 Introduction

The rapid development of modernization, urbanization, and accelerated socio-economic growth favored an improved living standard but a more stressful and sedentary lifestyle and unhealthy dieting habits in most parts of the world. Especially in the last two decades, obesity has become a global pandemic threatening people’s life by affecting almost every organ system and is now a severe public health problem as one of the most common non-communicable diseases (NCDs) (1–3). With no exception, all countries are now being affected by obesity, and this impact is predicted to be even more prominent during the current decade, resulting in more lost years of a healthy life, disability, and death (4). Hence, it is urgent to make effective and decisive actions to hinder the rise in the prevalence of obesity to prevent and treat obesity and other obesity-related comorbidities, among which T2DM is a health issue growing at an alarming speed in all regions as another global health emergency of the 21st-century (5). The booming increase in the prevalence of obesity in all age groups is one of the main culprits of the exponential growth of the population of T2DM (5).

Inspired by their connected epidemiology and plenty of clinical findings (6), researchers have made considerable efforts to investigate the deeper correlations between the pathogeneses of these two common metabolic disorders. The first to mention is the overlaps in their genetics/epigenetics revealed by the Genome-Wide Association Study (GWAS) (7), which are further dissected by multiomics technologies and other analytical approaches facilitating the translation of these genetic connections into shared etiological and pathophysiological features. Once obesogenic and diabetogenic environmental factors amplify the genetic susceptibilities, the ectopic expansion of adipose tissue and excessive accumulation of certain nutrients and metabolites sabotage the metabolic balance via insulin resistance, dysfunctional autophagy, and microbiome-gut-brain axis, which further exacerbate the dysregulation of immunometabolism through systemic inflammation (8), leading to an accelerated loss of β-cell function and gradual elevation of blood glucose.

Given these intricate connections in their pathogenesis, the current therapeutic options for managing and treating obesity and T2DM have partial similarities, ranging from lifestyle interventions, pharmacotherapy, and various newly developed medical devices and bariatric surgeries with increasing popularity and advancing techniques. Lifestyle interventions are the cornerstone and the frontline treatment method for obesity and T2DM, effective management of obesity is of top priority (9). While the anti-obesity drugs are anti-diabetic to some extent, some anti-diabetic medicines, however, have been shown to increase body weight, such as insulin. Meanwhile, taken for the backbone and the most effective treatment for both obesity and T2DM (10), surgical procedures, whether endoscopic or non-endoscopic, have made their names among patients suitable for different approaches, yet the inevitable risks and the complications still remind us that these techniques are far from perfection.

Although some connections between obesity and T2DM have been covered from different aspects in previous literature, their epidemiological, pathogenic, and therapeutic effects on each other haven’t been comprehensively described. Therefore, to provide a bigger picture of these existing tight bonds, the latest epidemiological data on obesity and T2DM will be parsed first to favor an overview of their linked prevalence. Then the main mechanisms responsible for their connections will be introduced, followed by detailed comparisons of the mutual effects of the available treatments for obesity and T2DM.




2 Epidemiological links between obesity and T2DM



2.1 Obesity

Determined by genetics, biology, healthcare availability, mental status, sociocultural factors, socioeconomics, personal lifestyle, and other environmental inducers, obesity is now generally recognized as a chronic, relapsing, and multifactorial disease dilatorily jeopardizing almost every organ system with its concurrent metabolic disorders or other related comorbidities such as T2DM, cardio- and cerebrovascular diseases, and cancers, impacting both physical and mental health in several ways that cannot be easily solved via weight loss (4). Usually, obesity is described by the body mass index (BMI). Still, this parameter suits more on the population level rather than defining the complexity of obesity as a disease, which requires a more comprehensive and systemic assessment (4).

In most developed countries, such as parts of Europe and North America, the rising prevalence of obesity is mainly caused by the growing socioeconomy, yet in many high-income and middle-income countries, the booming prevalence of obesity is fueled by the failure of obesity-tackling policies and inadequate comprehensive prevention, treatment, and management, with the discrepancies in the perception of obesity among different cultures also being important determinants (4). Currently, the prevalence of obesity in all age groups of both sex is booming around the world, with none achieving a decline in the obesity epidemic across its population, even though the global landscape differs among nations and the prevalence of obesity is plateauing at high levels in some regions, such as parts of Europe and North America (4, 11). The highest rates and numbers of people with obesity live in the World Health Organization (WHO) Americas region, yet the fastest growth in the population of obesity is now seen in low- and middle-income countries (LMICs) and small island developing states (SIDS) (4). Influenced by age and reproductive status (menopause etc.), the global prevalence of obesity is higher amongst women than men. According to the latest estimates, nearly 14% of men and 20% of women of the world’s population (over 1 billion people) will suffer from obesity by 2030 and the percentage of adults with obesity (Class I, II and III, BMI≥30kg/m2), severe obesity (Class II and III, BMI≥35kg/m2), and severe obesity (Class III, BMI ≥40kg/m2) will be 18%, 6%, and 2%, respectively (4). Regarding childhood obesity, the Western Pacific region has the highest prevalence and numbers, and the Middle East and Western Pacific regions are predicted to see a doubled population with childhood obesity by 2030, with the change being more attributable to the older age group (4).

The impacts and consequences of obesity are far beyond measure, which requires all countries to act on time with adequate efficiency. Still, the economic discrepancies are the root of the gaps in the capacity of obesity prevention amongst nations. According to the latest estimates of the World Obesity Federation (World Obesity), the LMICs are most unprepared, while the countries with higher income have a bigger capacity to embrace the challenge of obesity prevalence (4). Although action calls on obesity prevention have been being made since the 1970s (2), we haven’t done an excellent job in handling this one of the greatest threats to public health in the 21st century, our latest failure of meeting the 2025 target to impede obesity prevalence early in 2020 (12) is already sending an alarm that the actual figure of the population with obesity in 2030 could perhaps be more unexpecting and astonishing if we don’t put more efforts into the global addressing of obesity. Of note, countries with a higher prevalence of obesity in adults but relatively lower in children stand a chance of benefitting more from powerful strategies of obesity prevention (4).




2.2 T2DM

The booming population of obesity around the globe is inevitably contributing to the increase in the prevalence of T2DM, which is also a chronic and overgrowing disease occurring when the body fails to produce enough (or any) insulin or cannot effectively use the insulin it produced, inducing elevated blood glucose (hyperglycemia) as a primary manifestation, ranking as one of the fastest-growing global health emergencies of this century (5).

Regardless of its types, the rapid increase in the prevalence of obesity is partially responsible for the equivalent rise in DM, affecting almost 10.5% of the world’s population, with the incidence of DM among youths also significantly increasing (5, 13, 14). According to the latest estimates of the International Diabetes Federation (IDF), almost half of the patients (240 million) with DM (mainly T2DM) are unaware of their condition and therefore undiagnosed, while the diagnosed DM was 537 million in 2021, which was predicted to be 643 million and 783 million by 2030 and 2045, respectively (5). When 90% of undiagnosed DM cases live in LMICs, and more than half of the patients with DM are undiagnosed in Africa, South-East Asia, and the Western Pacific, the incidence of DM was reported to be stable or declined in over 70% of mainly high-income populations during 2006 to 2017, same for more than 80% of countries since 2010 (5). Even so, there were other 541 million estimated to be prediabetic in 2021 (5). As more than 6.7 million death in the population aged 20~79 (equals12.2% of global deaths from all causes in this age group) was estimated to be caused by DM in 2021, the number of children and adolescents (under 19 years old) with DM is also increasing, of whom 1.2 million were diagnosed with type 1 DM (T1DM), and half of them are under 15 years old (5).

Being strongly connected to overweight and obesity, aging, ethnicity, and family history, T2DM accounts for more than 90% of DM worldwide, fueled by relative insulin deficiency owing to pancreatic β-cell dysfunction and insulin resistance (5). T2DM is preventable and manageable through education, support, lifestyle modification, required medication, and other available treatments, with accumulating evidence supporting the possibility of its remission as well (5). However, the insurmountable uncertainty of the exact time of the onset and the distinct duration of the prediabetic period leave nearly 30~50% of patients undiagnosed; thus, many patients are not diagnosed until treatments are required for the complications of T2DM (5). Set aside the massive population with currently diagnosed T2DM, countless people are at a high risk of developing future T2DM resulting from impaired glucose tolerance (IGT) and impaired fasting glucose (IFG), although the later onset of T2DM is likely to be preventable. In 2021, 541 million and 319 million adults were anticipated to have IGT and IFG, and these numbers were predicted to reach 730 million and 441 million by 2045 (5).

Obesity is also a solid influential driving factor of T2DM, which resulted in a nearly equivalent rise in T2DM epidemiology mainly through the adaptation of unhealthy diets, lack of physical activity, maternal obesity, etc. (5). Furthermore, growing numbers of older children and young people are also being diagnosed with T2DM due to the prevalence of childhood obesity. Compared to T1DM, youth with T2DM have a greater chance of developing cardiometabolic complications because of the elevated risk of hypertension, hyperlipidemia, and central obesity (5). However, the prevalence of childhood obesity is not definitely relevant to a higher incidence rate of youth-onset T2DM, and the prevalence of DM is higher in men than women in most of the age groups, which is quite the opposite of the higher prevalence of obesity amongst women than men (5), highlighting the substantial impact of other determinants and indicating that obesity is a potent booster of DM onset instead of being a decisive factor. Next, the main mechanisms connecting obesity and T2DM will be introduced in detail.





3 Mechanisms connecting obesity and T2DM

The consequence of obesity may seem quite straightforward—excessive weight gain. However, slowly increasing body weight is the fuse of subsequent metabolic disorders, among which T2DM is undoubtedly the one that is closely related to obesity. The outcome of metabolism-related T2DM is quite simple: hyperglycemia resulting from declined insulin sensitivity owing to the reduction of functional β-cell mass, with obesity being a powerful driver in its development and progression, including strengthened genetic/epigenetic vulnerability, microenvironmental changes impairing insulin signaling, deteriorated β-cell function, and dysregulated microbiome-gut-brain axis. However, T2DM can also occur inversely before obesity in some individuals with inherent insulin resistance resulting in increased hepatic glucose production and elevated insulin levels, which are the actual cause of obesity. This rare and challenging concept beyond the scope of this article is reviewed elsewhere (15), and the other commonly accepted mechanisms will be discussed below.



3.1 Genetics and environment affecting islet function

The pathogenesis of T2DM is characterized by the inflammatory component inducing progressive loss of β-cell insulin secretion with co-existing insulin resistance (16, 17), impacting early β-cell function and cell fate (18), where overweight and obesity are deemed the most effective “accelerator” (19) (Figure 1).




Figure 1 | Genetic and environmental factors affecting islet function and connecting obesity and T2DM. Genetic factors mainly alter the energy balance in obesity while regulating the development and function of β-cells in T2DM. Being further promoted by various environmental factors, obesity accelerates the β-cell loss and blunts insulin signaling in T2DM. Meanwhile, insulin prescribed to patients with T2DM can have a weight-increasing effect. Arrows in color indicate the interactions between obesity and T2DM. T2DM, type 2 diabetes mellitus; ECM, extracellular matrix.



Many patients with obesity can go through a transitional stage called “Prediabetes” before eventually developing hyperglycemia, which refers to the scenario when the glucose levels are not high enough for a T2DM diagnosis while the normal carbohydrate metabolism is compromised (20). Despite not being a clinical entity but rather an omen prompting possible intervention and other comprehensive screening for T2DM and cardiovascular risk factors, prediabetes has a solid link to obesity (particularly abdominal or visceral obesity), hyperlipidemia, and hypertension (20). In patients with T2DM, genetic signals mainly regulate β-cell development and function (18, 21) (Figure 1). Numerous GWAS confirmed that the variants markedly affect islet regulatory elements in the heritability of T2DM, and a large part of the association lies in the dysregulation of β-cell development and insulin secretion rather than disruption of insulin action on tissues (18, 22). In addition, a decline in the transcript encoding insulin in β-cells of patients with T2DM was also shown by single-cell RNA sequencing (23).

Environmental factors and hyperglycemia contribute to epigenetic changes in DNA and histones, modulating gene expression in organs implicated in the pathogenesis and progression of T2DM and β-cell function (24). Obesity leads to insulin resistance and may even result in early β-cell failure in some individuals who develop T2DM, and none of the drugs available is convincingly capable of preventing the gradual decline of β-cell function over time (18). Higher maternal BMI before pregnancy, greater calorie intake, more significant gestational weight gain, and maternal hyperglycemia are closely related to childhood obesity and T2DM. More importantly, maternal hyperglycemia and gestational DM are associated with precursors of T2DM (e.g., insulin resistance) in offspring, further indicating a powerful effect of maternal hyperglycemia on pancreatic β-cell development and function (25). Later in adulthood, the aging-associated decline in the β-cell responsiveness to carbohydrates partly explains the growing glucose intolerance with aging (26). As an effective therapeutic option for both obesity and DM, bariatric surgeries are beneficial far beyond contributing to weight loss but also recovering islet function by reversing metabolic disorders and normalizing the levels of glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) (27).




3.2 Microenvironmental remodeling related to adiposity

Obesity is characterized by the overaccumulation of adipose tissue. The expansion of adipose tissue in non-adipose sites elevates the levels of certain metabolites, with the overproduction of inflammatory cytokines fueling systemic inflammation and disruption of cellular function, jointly contributing to impaired insulin signaling, damaged physiological and metabolic regulation, locally induced loss of β-cell function, the onset of hyperglycemia, and the eventual occurrence of DM.



3.2.1 Ectopic expansion of adipose tissue

So far, three types of adipocytes have been identified in the human body (28). The subcutaneously stored and energy-producing white adipocytes are dominant and capable of secreting adipokines such as leptin, adiponectin, etc. In a much smaller amount, brown adipocytes located within supraclavicular, paravertebral, mediastinal, and other adipose-tissue depots can be activated and produce heat during cold exposure, with their activity being negatively correlated with age, BMI, and fasting glycemia, indicating the regulatory roles of brown adipocytes in cold-induced thermogenesis and energy metabolism (29). Scattered within white adipose tissue and characterized by their progenitor cellular origin, beige (thermogenic beige, or brown-and-white (“bright”)) adipocytes, as their names imply, can turn into brown adipocytes in response to cold exposure (30), exercise (31), and endocrine signals (32). Accordingly, different adipocytes induce different metabolic impacts on adiposity: the brown and beige adipocytes offer considerable benefits to energy homeostasis, whereas the altered white adipocytes in obesity are the culprit for multiple metabolic disorders (33). In detail, the changes in white adipocytes include alterations in size, function, inflammatory state, and whole-body distribution. On the cellular level, adipose tissue abnormalities are usually seen in the composition of extracellular matrix (ECM), vascularization, size, number of adipocytes, oxidative stress, adipokine secretion, and the inflammatory state of immune cell infiltration (34). As the adipose tissue expands exorbitantly with the increasing size of adipocytes, the cells become less responsive to insulin due to the reduced efficiency of glucose transport caused by stretched cell surface of enlarged adipocytes and oxidative stress caused by over-nutrition, a condition called insulin resistance that commonly exists in T2DM (35). Fundamentally, the excessive accumulation and expansion of white adipose tissue (WAT) is related to a remodeled microenvironment in obesity characterized by aberrant inflammation, fibrosis, hypoxia, dysregulated secretion of adipokines, and disrupted mitochondrial function (34, 36), which impairs insulin signaling, triggers insulin resistance, reduces insulin-stimulated glucose-transport activity (37), and speeds β-cell dysfunction, playing a pivotal role in the pathogenesis of T2DM. Besides, it was suggested that instead of the stage of obesity, the distribution of adipose tissue is more critical in developing insulin resistance (38).

Later, the volume of the liver, skeletal muscles, other organs, and tissues increases following the accumulation of WAT, and so does the β-cell mass (28). In particular, the WAT expansion in skeletal muscles and the liver increases the level of diacylglycerol (DAG), which activates the epsilon form of protein kinase C (PKCϵ), leading to decreased glucose uptake in muscles and disrupts insulin-induced activation of glycogen synthesis and suppression of glucose production in the liver, fueling hyperglycemia (39). Moreover, the expansion of adipose tissue in the liver leads to steatosis, exacerbating insulin resistance by causing lipotoxicity-induced cellular dysfunction and apoptosis (40). Once present, which is very common in obesity, β-cells secret more insulin to maintain normal glycemic homeostasis. However, the concentration of blood glucose increases following the piecemeal failure or diminish of β-cells (Figure 2). Of note, the obesity-induced transition from insulin resistance to T2DM involves dysfunction of both pancreatic α- and β-cells resulting in upregulation of hepatic gluconeogenic gene transcription with the cytokines and adipocytokines released in systemic inflammation suppressing insulin action (will be discussed later), which in turn, increases hepatic gluconeogenic enzymes transcription through the activation of nuclear factor κB (NF-κB), Jun N-terminal kinase (JNK), and ceramide biosynthetic pathways (39) (Figure 3).




Figure 2 | The critical roles of obesity-induced insulin resistance in the consequent pathogenesis of T2DM. (A) The aberrant accumulation and expansion of adipose tissue in obesity create a microenvironment characterized by hypoactive fatty acid metabolism and fuel cellular stress and pro-inflammatory perturbations, which results in an increased lipolysis, oxidative stress, and hypoxia due to fibrosis and insufficient angiogenesis. (B) In the liver, the excessive infusion resulting from enhanced lipolysis within adipose tissue causes a transient increase in DAG, which occurs once the rates of DAG synthesis exceed rates of mitochondrial long-chain CoA oxidation under mitochondrial dysfunction, and then the DAG is synthesized into TAG and stored as lipid droplets. Meanwhile, DAG activates PKCϵ and blunts the insulin receptor tyrosine kinase, damaging insulin signaling and decreasing insulin-stimulated glycogen synthesis owing to reduced phosphorylation of GSK3. At the same time, it also dampens the activity of glycogen synthase and indulges hepatic gluconeogenesis through decreased phosphorylation of FoxO, where the increased FoxO translocates to the nucleus and enhances the gene transcription of gluconeogenic enzymes, such as PEP-CK and G6P (39). Similarly, the cytokines and adipocytokines released in systemic inflammation increase hepatic gluconeogenic enzyme transcription by activating NF-κB and JNK. (C) In the skeletal muscle, the increased lipid fusion results in the accumulation of intracellular long-chain CoA and elevates the level of DAG, which is also caused by the decline in fat oxidation owing to mitochondrial dysfunction and subsequent reduction in glucose uptake. Apart from increasing the synthesis of TAG as cellular lipid storage, DAG also activates the theta isoform of protein kinase C (PKCθ), which leads to increased phosphorylation of IRS-1 and hinders insulin signaling and subsequent activation of the PI3K/AKT pathway, dampening glucose transport and glycogen synthesis. (D) While obesity-induced insulin resistance exacerbates inflammation and glucose transport in adipose tissue, the volume of β-cell mass is increased to meet the growing demand for insulin secretion. However, the increased insulin secretion results in hyperinsulinemia afterward and exasperates both hepatic and systemic lipid accumulation. Moreover, hyperinsulinemia increases the level of lactate in muscles, which is released into circulation and used as a substrate for hepatic lipogenesis. Finally, β-cells collapse, and the deficiency of insulin secretion leads to hyperglycemia. AKT, protein kinase B; ATM, adipose tissue macrophage; CoA, acetyl coenzyme A; DAG, diacylglycerol; FoxO, forkhead box subgroup O; G6P, glucose 6-phosphate; GLUT4, glucose transporter type 4; GSK3, glycogen synthase kinase 3; IRS-1, insulin receptor substrate 1; JNK, Jun N-terminal kinase; NF-κB, nuclear factor κB; NK, natural killer (cell); P, phosphorylation; PEP-CK, phosphoenolpyruvate carboxykinase; PI3K, phosphatidylinositol-3-kinase; PKCϵ (θ), epsilon (theta) isoform of protein kinase C; ROS, reactive oxygen species; TAG, triglyceride.






Figure 3 | Mechanisms of fatty acids affecting insulin signaling and fueling hyperglycemia. Contradictory to the anti-inflammatory and insulin-sensitizing effect of PUFAs, MUFAs, and FAHFAs, SFAs sabotage insulin sensitivity by promoting pro-inflammatory signaling via TLR4 and its adaptor proteins TRIP and MYD88, which jointly enhance the activity of pro-inflammatory pathway and transcription factors, such as IRF3, NF-κB, and AP1 to augment the expression of chemocytokines. Mutually, these pro-inflammatory chemocytokines can also activate these pro-inflammatory transcription factors as a positive feedback loop to maintain an inflammatory environment detrimental to insulin signaling. Meanwhile, the accumulation of TAG, ceramides, and increased ER stress due to activated NF-κB signaling and inflammatory cascade can also exacerbate insulin resistance and fuel hyperglycemia. AP1, activator protein 1; ER, endoplasmic reticulum; FAHFA, branched fatty acid esters of hydroxy fatty acid; IKKβ, inhibitor of nuclear factor-κB (NF-κB) kinase subunit-β; Ikβ, inhibitor of NF-κB subunit-β; IRF3, interferon regulatory factor 3; JNK, Jun N-terminal kinase; MUFA, monounsaturated fatty acid; MYD88, myeloid differentiation primary response protein MYD88; NF-κB, nuclear factor-κB; P, phosphorylation; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; TAG, triglyceride; TLR4, Toll-like receptor 4; TRIF, TIR-domain-containing adaptor-inducing interferon-β.



Meanwhile, hypoxia, fibrosis, and mitochondrial dysfunction in the microenvironment of obesity also contribute to the development of DM (Figure 2). Hypoxia, an early determinant and initiator of ECM disruption and fibrotic stress, is a consequence of insufficient angiogenesis owing to fast and excessive adipose tissue expansion, over-activating the transcription factor hypoxia-inducible factor 1α (HIF-1α) that triggers fibrosis, enhances local inflammation and lowers insulin sensitivity (34, 41). Fibrosis, on the other hand, refers to a pathological process resulting from an abnormality in the composition of ECM, which restrains the lipid storage of adipocytes and promotes lipotoxicity (34), a detrimental effect of excess fat accumulation on glucose metabolism and metabolic pathways, whether in adipose tissue or peripheral organs, such as liver, heart, pancreas, and muscles, which impairs insulin signaling and pancreatic β-cell function (42). Many types of lipids, namely non-essential fatty acids (NEFAs), triacylglycerol (TAG), DAG, and ceramides, etc. (will be introduced below), and their components as well as their localization within cells, jointly contribute to lipotoxicity (42). Consequently, lipotoxicity induces mitochondrial dysfunction, mainly involving a reduction in mitochondrial mass and ATP production with overproduction of reactive oxygen species (ROS), which is detrimental to insulin sensitivity due to the critical role of mitochondria in regulating the adipogenesis, fatty acid synthesis, esterification, and lipolysis of adipocytes (36, 43). In this context, certain metabolites, such as the elevated levels of free fatty acids (FFAs) resulting from enhanced lipolysis, for instance, may increase endoplasmic reticulum (ER) stress and impair β-cell function (18). Nevertheless, the expansion of adipose tissue cannot be thoroughly repudiated despite being intensively associated with various adverse outcomes since ample evidence has shown that adipose tissue expanding in a “healthier” way can be protective and improves the prognosis and survival of patients in many medical conditions like cardiovascular disease and cancer, a so-called “obesity paradox” (44, 45).




3.2.2 Nutrients and metabolites

The contribution of obesity to insulin resistance is beyond the impairment of insulin signaling but involves the interplays of various metabolic pathways and essential nutrients and metabolites. Some nutrients and metabolites can directly impact insulin signaling by regulating the components of the insulin signaling pathway or indirectly mediate the substrates flux of metabolic pathways such as lipogenesis, lipid oxidation, protein synthesis, degradation, hepatic gluconeogenesis, and the post-translational modulation of proteins (46).



3.2.2.1 Fatty acids (FAs)

Whether endogenously synthesized or ingested from the diet, the excessive accumulation of lipids is very common in obesity. However, the jeopardizing effects of lipids on insulin sensitivity differ depending on their biochemical classification. Among fatty acids (FAs), saturated fatty acids (SFAs) induce negative impacts on insulin sensitivity by promoting pro-inflammatory signaling via Toll-like receptor 4 (TLR4) (47) and enhancing the synthesis of DAG and ceramides (48). Moreover, SFAs also increase ER stress by activating NF-κB signaling and inflammatory cascade to exacerbate insulin resistance in metabolic organs and immune cells (46, 49, 50). In contrast, the polyunsaturated fatty acids (PUFAs), monounsaturated fatty acids (MUFAs), and branched fatty acid esters of hydroxy fatty acids (FAHFAs) are shown to have an anti-inflammatory and insulin-sensitizing effect in animals, although this effect is marginal in humans in a dietary way (46, 51–54) (Figure 3).

Other types of FAs are also implicated in the regulation of insulin sensitivity. Since the short-chain fatty acids (SCFAs) are released by the gut microbiome, the alteration of microbiome composition in obesity and T2DM disrupts SCFA production and affects insulin sensitivity and energy metabolism. Usually, SCFAs effectively suppress appetite by stimulating the secretion of gastrointestinal (GI) peptides (e.g., leptin, PYY, and GLP-1) (55–57) and activating G protein-coupled receptors (GPCRs) in the brain (58). Moreover, SCFAs also activate the insulin-sensitizing intestinal gluconeogenesis that promotes satiety and increases energy expenditure via the periportal neural system (59). Finally, with their roles in suppressing lipolysis and increasing oxidative metabolism in WAT, liver, and skeletal muscles (60), SCFAs ameliorate inflammation in adipose tissue (55) and improve insulin signaling in rodents. However, the beneficial effect of SCFAs on humans is still unclear.

Other lipids, such as DAG, an immediate precursor of TAG elevated in muscles and liver of patients with obesity and T2DM, have been associated with declined insulin sensitivity through dysfunctional modification of insulin signaling molecules (61). Nevertheless, the higher levels of DAG and worse insulin sensitivity are not definitely correlated (62). Likewise, elevated levels of ceramides of a certain chain length and saturation of fatty acids, which belong to sphingolipids, are reported to impair insulin sensitivity through reduced adiponectin and increased inflammation caused by insulin resistance initially (63, 64). Technically, the specific structures instead of the ceramide levels affect insulin sensitivity (65). For example, overexpression of ceramide synthase 2 (CERS2), a catalyst for the synthesis of very-long-chain fatty acids (VLCFAs) in hepatocytes, enhances insulin signaling despite elevating the total level of ceramide (66), whereas the depletion of CERS2 in WAT and liver results in weight gain and deterioration of insulin resistance (67). In addition, as the major components of the cellular membrane, certain phospholipid species also regulate insulin sensitivity by influencing the mitochondrial function, inflammation, production of BAs, and FAs uptake (46).

Furthermore, insulin resistance in obesity is also a direct outcome of disrupted metabolic substrate shift for oxidation between glucose and FAs (68), with the over-accumulation of lipids resulting from dietary intake or lipogenesis being the main driver. At the same time, the increased lipolysis further boosts the release of FAs and glycerol, contributing to systemic inflammation in a mutual way (69). As a result, the increased lipolysis caused by insulin resistance elevates the deposition of lipids and their flux in the skeletal muscles and liver, leading to mitochondrial dysfunction in muscles and enhanced gluconeogenesis in the liver, favoring an exacerbated insulin sensitivity and rise in glycemic levels (Figure 2).




3.2.2.2 Amino acids (AAs)

Like many other metabolites, the levels of amino acids (AAs) are altered in patients with obesity and insulin resistance with their capability of increasing the risk or deteriorating T2DM (70, 71). Yet positively, they serve as the markers in differentiating the stage of DM (72). In particular, the branched-chain amino acids (BCAAs) are the most studied ones and are suggested to be associated with obesity-related metabolic syndrome and cardiovascular risk (73). Initiated by insulin resistance in the brain (74) and increased WAT inflammation, ER stress, hypoxia, and mitochondrial dysfunction, the increase of BCAAs is caused by the declined expression of BCAA catabolic enzymes and suppressed oxidation in WAT of both animals and humans with obesity, insulin resistance and T2DM (46, 71), where the dampened oxidation in adipose tissue and liver leads to excessive lipid release and shunted oxidation of BCAAs in skeletal muscles, resulting in accumulation of lipid and jointly boost lipotoxicity that contributes to impaired insulin signaling and development of T2DM (71). Meanwhile, the increase in the BCAA-producing bacteria in the gut microbiome and the decreased hepatic BCAA catabolism contribute to the increased BCAA levels (75, 76). However, whether the elevated BCAA levels lead to T2DM is currently elusive. In addition, high levels of methionine and circulating aromatic amino acids (AAAs) are also involved in insulin resistance and T2DM. While the methionine restriction is related to weight loss, improved energy intake, insulin sensitivity, and adiponectin secretion, the elevation in the levels of AAAs is shown to be related to the over-ingestion from diet and over-production by the Escherichia coli owing to the excessive supply of glucose (77).




3.2.2.3 Other metabolites

Some metabolites affect insulin sensitivity through post-translational modification, such as acetyl-CoA and palmitate, mediating lipid and glucose metabolism through acetylation and palmitoylation (46). And nucleotides, especially the levels of uridine, are related to insulin resistance and increased in patients with T2DM (78), which requires further studies to elucidate the role of nucleotides in the pathogenesis of obesity and T2DM.





3.2.3 Systemic inflammation

Triggered by excessive lipid species, the elevation of circulating lipopolysaccharide (LPS), hypoxia, and fibrosis, the consequent occurrence of systemic inflammation in obesity plays a causative role in insulin resistance, insulin deficiency, and dysregulation of energy homeostasis. The obesity-induced low-grade inflammation affects many organs and involves activation of the innate immune system that impacts metabolic balance, resulting in tissue damage via increased fibrosis and necrosis at the same time (79). While locally, the gradual deterioration of inflammatory reaction within pancreatic islet leads to the loss of β-cell mass and cellular dysfunction and the eventual onset of T2DM (8).

In the shade of the dysregulated secretion of pro-inflammatory cytokines, including tumor necrosis factor (TNF), interleukin (IL) −1β, IL−6, IL−8, leptin, resistin, and monocyte chemoattractant protein 1 (MCP1) by adipocytes and macrophages within adipose tissue, the low-grade systemic inflammation dampens insulin signaling in the conjunction of decreased anti-inflammatory cytokines and adipokines such as IL−10 and adiponectin as the result of tissue remodeling fueled by adipocyte apoptosis (34, 80, 81). In this process of activating the innate immune system, the overall number of macrophages and its ratio of M1 to M2 phenotype increases as a response, which also involves many other immune cells such as T cells, B cells, and natural killer (NK) cells, etc. (82).

In addition, the increased infiltration of macrophages in the liver damages hepatic insulin sensitivity in collaboration with inflammatory chemokines and cytokines (83). Apart from worsening the insulin resistance of the distant sites (e.g., liver and skeletal muscle) (84), inflammation is another major factor contributing to the transition from insulin resistance to weakened glucose tolerance by inducing lipolysis that increases the delivery of fatty acid flux and glycerol to the liver, enhancing gluconeogenesis and compromising the function of α- and β-cells by worsening glucolipotoxicity, hyperglycemia and inflammation itself (39, 84–87) (Figure 2). Mechanistically, as the predominant regulator, the enhanced activation of NF−κB, as well as other specific protein kinases (inhibitor of NF-κB kinase subunit-β [IKK-β], IKK-ϵ, Jun N−terminal kinase [JNK] and protein kinase Cγ [PKCγ]), interfere with insulin signaling in both direct and indirect manners (88, 89).

Overall, the early-phase inflammation in obesity is triggered as a positive and adaptive response to anabolic pressure fueled by energy imbalance, or broadly, an intricate immunometabolic crosstalk tailored to sustain tissue integrity and homeostasis (8). Unfortunately, the long-term chronic inflammation and excessive adipose tissue expansion eventually contribute to the development and progression of T2DM by promoting insulin resistance, fibrosis, adipocyte dysfunction, and cell death (34).





3.3 Autophagy

Autophagy maintains cellular quality and organ function as a key but conserved homeostatic process via the disposal and recycling of cellular components while eliminating hazardous cells containing potentially toxic proteins, lipids, and organelles, which is mainly regulated by the mechanistic target of rapamycin (mTOR) kinase and the autophagy-related protein (ATG) family, with its aberrance (whether enhanced or suppressed) being involved in multiple metabolic disorders and diseases, including obesity, T2DM, and cancer (90, 91). Due to its crucial physiological function, autophagy is highly sensitive to changes in nutrients, energy status, microenvironment (hypoxia, oxidative stress, DNA damage, and protein aggregates), cellular metabolism, and intracellular pathogens (92). Generally, the alteration of autophagy (either site-dependently enhanced or suppressed) in the context of obesity is complicated since they depend on various conditions (93) (Figure 4), where the hyperactivation of mTOR under overnutrition leads to the suppression of autophagy owing to the imbalance between calorie intake and energy expenditure (94). However, most existing experimental data suggest that autophagy is enhanced in the adipose tissue (90).




Figure 4 | Alterations of autophagy in different metabolic organs during the transition from overnutrition and obesity to T2DM. The excessive intake of nutrients such as lipids, glucose, and amino acids results in the suppression of autophagy via different signaling pathways and contributes to obesogenesis by increasing the accumulation of lipids, and proteins, enhancing low-grade systemic inflammation and exacerbating insulin signaling. In obesity, distinct dissimilarities can be observed in the changes in autophagy among different sites. In adipose tissue, the elevations in the levels of lipids and FAs and the upregulation of autophagy genes can enhance autophagy, whereas cellular stress can suppress autophagy. While the hepatic can also be enhanced or blunted by different signaling pathways and lead to the promotion of lipogenesis, glucogenesis, inflammation, and apoptosis. Insulin and metabolites, such as lipids, amino acids, glucagon, and FAs can also induce a dual impact on pancreatic autophagy and result in hyperinsulinemia as an initial protective mechanism against hyperglycemia but eventually favors the onset of insulin resistance and DM following the concurrent dysfunction of β-cells. Pancreatic autophagy might also be enhanced by elevated levels of free fatty acids (FFAs) and glucagon in obesity. Jointly, all these disruptions in autophagy of different sites contribute to the aberrant accumulation of protein aggregates, lipids, and other detrimental components in the microenvironment that fuels cellular stress and causes insulin resistance and subsequent transition from obesity to DM. BCAAs, branched-chain amino acids; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis. AKT, protein kinase B; AMPK, AMP-activated protein kinase; BCAA, branched-chain amino acid; DM, diabetes mellitus; ER, endoplasmic reticulum; FAs, fatty acids; IGF-1, insulin-like growth factor 1; JNK, Jun N-terminal kinase; mTORC1, mechanistic target of rapamycin (mTOR) complex 1; PI3K, phosphatidylinositol-3-kinase; PLIN2, perilipin 2; STAT3, signal transducer and activator of transcription 3.



Oppositely, suppressed autophagy might disrupt adipocyte differentiation, adipose tissue development, and adipokine secretion regarding its critical roles in regulating adipose tissue development, adipogenesis, and lipid metabolism (90, 95). Besides, the expansion of adipose tissue increases the secretion of pro-inflammatory adipokines while decreasing the adiponectin level. As a result, autophagy is upregulated, accompanied by the elevated expression of autophagy genes in adipose tissue as a compensatory anti-inflammatory response (96). Yet, the possibly increased intracellular lipid disposal and decreased lipolysis and proteolysis under enhanced autophagy can cause visceral fat accumulation and insulin resistance (93, 97). Even so, it would be hasty to say either the alteration of autophagy is a cause of obesity or vice versa based on the evidence so far. If it is, hypothetically, we can assume that the dysfunction of autophagy contributes to excessive adipose tissue expansion, low-grade inflammation, and metabolic dyslipidemia, thereby resulting in hyperinsulinemia and the onset of T2DM. Meanwhile, the residence of non-adipocyte cells in adipose tissue might also perturb autophagy in obesity under a conversed condition. For example, despite autophagy being enhanced in adipose tissue to rid lipid droplets and promote lipid catabolism in non-adipose tissues, autophagy in macrophages is somehow suppressed at the price of adipose tissue dysfunction (98).

Several common abnormalities in the microenvironment of obesity impairing insulin sensitivity, such as lipid accumulation, oxidative stress, inflammation, ER stress, and mitochondrial dysfunction, induce a negative impact on autophagy as well (99). Given the suppression of autophagy in overnutrition, the downregulated secretion of glucagon under nutrient excess leads to hyperinsulinemia that blunts autophagy, compromising insulin signaling in return and boosting the development of T2DM (100). During this process, the protective autophagy in pancreatic β-cells is essential in maintaining metabolic homeostasis (101). Unfortunately, the excessive autophagy regulating β-cell death may deteriorate β-cell loss under cellular stress and fuse the onset of T2DM (102). As insulin resistance can be directly affected by autophagy in insulin-sensitive tissues such as adipose tissue, skeletal muscles, pancreas, liver, and the brain (103), the ectopic expansion of adipose tissue in these sites disrupts autophagy and accumulates dysfunctional organelles, promoting tissue-specific insulin resistance and damaging pancreatic function. Meanwhile, pathophysiological changes occurring during insulin resistance might reciprocally disrupt autophagy reciprocally (90). Finally, following the exacerbation of autophagy dysfunction, accumulation of ROS, and mitochondrial damage, the gradually aggravated insulin resistance leads to the occurrence and development of T2DM.

Beyond the influence on insulin sensitivity of different tissues and organs through complex mechanisms, autophagy can also be affected by inflammation in obesity. A variety of highly active adipokines and activated signaling pathways (e.g., JNK–activator protein 1 [AP1] complex and NF-κB) in different tissue types of low-grade inflammation can affect different autophagy responses (79). Through the activation of calpain or mTOR and inhibition of AMP-activated protein kinase (AMPK) in tissues, including heart and adipose tissue, obesity enhances pro-inflammatory response by decreasing autophagy flux (104). Interestingly, many cytokines or adipokines released during low-grade inflammation also enhance autophagy. In turn, autophagy inhibits the inflammatory response by scavenging damaged organelles (such as mitochondria) or intracellular pathogens and clearing pro-inflammatory complexes (104, 105), so it was proposed that inflammasomes are the central pivot connecting inflammation and autophagy coordination in obesity (90).

Overall, obesity causes a series of metabolic abnormalities, such as T2DM, cardiac dysfunction, hypertension, nonalcoholic fatty liver disease (NFLD), and polycystic ovary syndrome (PCOS) by fueling autophagy disruption (90). And inspired by the beneficial effect of autophagy modulation in the prevention and treatment of obesity and related metabolic disorders via lifestyle modification (such as exercise and calorie restriction) and pharmacotherapy, numerous preclinical studies have been carried out over the years. Nevertheless, the relationship between obesity, obesity-related metabolic abnormalities, and autophagy is complex. Currently, there are many elusive and even contradictory findings, as the changes in autophagy can be highly heterogeneous depending on the organ, metabolic status, space, and local inter-organ communication. Since both the activation and inhibition of autophagy are beneficial in improving metabolic disorders, it isn’t easy to fully justify the roles of autophagy in obesity-related T2DM onset, which warrants more future research in this field.




3.4 β-cell failure in pancreatic islet

Following the slow progression of T2DM, β-cells suffer from unbearable stress and deteriorated apoptosis (18) (Figure 5). Meanwhile, the number of macrophages is mildly increased in the islet of T2DM, and the β-cell loss (~40% reduction) is caused by multiple factors, including glucolipotoxicity and amyloid deposition enhancing β-cell apoptosis through oxidative and ER stress (18, 106, 107). The transition from obesity and insulin resistance to T2DM is triggered by β-cell failure, impaired glucose-stimulated insulin secretion (GSIS), and loss of β-cell function that is independent of cell loss in T2DM (18, 108), which is fueled by gradual dedifferentiation of β-cells to endocrine progenitor-like cells or transdifferentiation to other cell types (109, 110). As introduced, T2DM progresses in a much slower manner because of a much longer duration of loss of residual β-cell function and mass, even though the β-cell aging and senescence are accelerated by obesity (18). More importantly, this loss cannot be endogenously compensated with newly generated β-cells owing to the incapability of neogenesis and replication of the human pancreas after age thirty (111). However, now a variety of therapeutic approaches have been developed to reverse this process and are being tested and validated to treat both T1DM and T2DM by reactivating the neogenesis and regeneration of β-cells (112, 113), and some of these emerging measures are promising and may favor a cure for those who suffer from DM in the future.




Figure 5 | Obesity-induced acceleration of β-cell loss in the pancreatic islets of T2DM. The accumulation of lipid and glucose induces glucolipotoxicity, which jointly exacerbates insulin resistance and exhausts β-cells with enhanced low-grade inflammation owing to the increased secretion of pro-inflammatory cytokines to the microenvironment. In the islets of T2DM with a similarity to the inflammatory microenvironment as in adipose tissue, the deposition of amyloid worsens oxidative stress, resulting in increased apoptosis of β-cells, while the dedifferentiation of β-cells to progenitor-like cells or transdifferentiation to other identities (e.g., α-cells) further jeopardize the β-cell population. Collaboratively, the constant pro-apoptotic and pro-inflammatory signals promoting ER stress lead to β-cell loss. ER, endoplasmic reticulum; T2DM, type 2 diabetes mellitus.



Driven by long-term exposure of the islets to excessive nutrients and a constitutive increase in hormone synthesis and secretion, ER stress is another factor that adversely affects β-cell function and survival in obesity (108). To compensate for the insulin resistance in peripheral tissues, the demand for insulin synthesis is increased in obesity, where the excessive nutrients intake overloads ER protein folding capacity and thereby activates unfolded protein response (UPR) and PKR-like ER-associated kinase (PERK), resulting in inhibition of protein translation and insulin deficiency eventually (108). Likewise, prolonged exposure to hyperglycemia and hyperlipidemia of islets induces glucolipotoxicity that blunts insulin secretion and activates β-cell apoptosis (107). Meanwhile, ER stress leads to β-cell dysfunction by hindering normal synthesis and secretion of insulin and triggers ER-associated degradation of proteins and autophagy. A prolonged ER stress induces dedifferentiation and apoptosis of β-cells (114, 115). In this context, the short-term effective ER stress response made to maintain organelle homeostasis is of great importance for the development, function, and survival of β-cells (114). Of note, hyperactivation of the ER stress response can even be harmful to β-cells in the context of lipid overload (18). On the contrary, as a preferable strategy targeting obesity and T2DM, low-calorie Mediterranean-style or low-carbohydrate dietary regimens ameliorate insulin resistance, insulin clearance, and β-cell function (116).




3.5 The microbiome-gut-brain axis

Regulated by various factors, the microbiome-gut-brain axis is one of the most critical mechanisms regulating whole-body metabolism, adiposity, energy balance, and central appetite and food reward signaling in humans (Figure 6). The aberrance of this axis is closely associated with several metabolic diseases, including obesity and T2DM (117). Significantly, microbiome dysfunction is the main culprit responsible for energy imbalance, fat deposition, inflammation, insulin resistance, glucolipotoxicity, and dysregulation of endocrine signaling pathways by either direct or indirect effect (118).




Figure 6 | Regulators of the microbiome-gut-brain axis. The crucial function of the microbiome-gut-brain axis is regulated by various factors, such as diet, sexual differences, genetics/epigenetics, exercise, environment, medication, and maternal environment.



Harboring about 100 times more genetic information than humans (119), the gut microbiome is dominated by five bacterial phyla: Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia. In general, the high diversity of the microbiome is crucial in maintaining a healthy physical condition. The composition of the microbiome is both endogenously and exogenously shaped by multiple factors, including maternal environment, age, ethnicity, diet, medication (especially antibiotics), and genetics (120), among which the diet is predominately determinative, and the composition of gut microbiome changes with the development of obesity and T2DM. Similar to studies in rodents, an increased ratio of Firmicutes/Bacteroidetes was observed in humans with obesity and suggested to be associated with more dietary energy extraction (121). In addition, the decrease in the diversity of the microbiome is related to the increase in BMI, fat mass, inflammatory markers, reduced insulin sensitivity, and dyslipidemia (122), and changes in the composition of the microbiome also affect fasting glucose, glycated hemoglobin (HbA1c) levels, and T2DM development by inducing significant alterations such as changes in GI peptides, appetite, inflammation, insulin resistance, fat storage, hepatic lipid metabolism, and hyperglycemia by converting dietary nutrients into metabolites thus regulating their central and peripheral effect (118, 123–125). Overall, the gut microbiome affects metabolic processes and insulin signaling by regulating inflammation and the production and disposal of metabolically effective components (126, 127).

Although evidence from rodent studies has provided plenty of valuable connections between the intestinal microbiome and host health as well as the development of metabolic diseases, these results must be interpreted with caution due to the essential differences between mice and humans exist in GI anatomy, genetic background, metabolic phenotype, along with more confounding factors in human such as diet, lifestyle, medication history, etc. The changes in gut microbial production (e.g., metabolites) or host exposure to bacteria-derived components (e.g., endotoxin) have been suggested to induce a more considerable impact on the development of metabolic disorders compared to its direct influence on the metabolic process resulting from its altered composition (128). Furthermore, rodent models indicated that the gut microbiome is vital in increasing inflammatory tone in obesity and T2DM (129). The LPS-induced endotoxemia, as demonstrated in mice and consistent with humans, is responsible for the inflammatory status (130, 131). While under normal conditions, the gut barrier only allows a minimal amount of LPS to enter the circulation, the elevated LPS in obesity and DM binds to TLR4 and activates NF-κB signaling pathways, promoting the secretion of inflammatory cytokines like IL-1, IL-6, and TNF-α (132, 133). Hence, it can be hypothesized that the endotoxins produced from the GI tract may flux into the liver through the portal vein, which would probably deteriorate the inflammation and insulin signaling in the liver. What is worse, the diet-induced increase in gut permeability and subsequent reduction in protective gut barrier function contributes to the development of T2DM owing to the increased circulating levels of bacterial DNA (134, 135). Functionally, the gut microbiome produces numerous organic compounds such as nitric oxide, ammonia, carbon oxide, indole, and hydrogen sulfide that could be pro- or anti-inflammatory and influence gut permeability (136), thereby modulating systemic or local metabolism.

As the primary workforce of metabolite generation in the GI tract, the microbiome mediates metabolic processes such as enteroendocrine regulation, GLP-1 secretion, inflammatory response, glucose uptake, FA oxidation, and energy metabolism via the production of SCFAs and SCFA-mediated activation of GPCRs. Interestingly, the levels of SCFAs are increased in patients with obesity, which seems contradictory to its benefits on metabolic control. The truth is, the increased relative abundance of SCFA-producing microbiome and increased SCFA content in obesity is veiled by the rapid absorption by the host and the gut microbiome itself, resulting in the incompetence of SCFA disposal (120). In contrast, obese patients with T2DM have been shown to have a relatively reduced number of SCFA-producing bacterial species (137).

Bile acids (BAs), on the other hand, participate in the maintenance of human health and the development of metabolic diseases as signaling molecules activating receptors in the gut, liver, and adipose tissue (138), majorly under the modulation of the nuclear Farnesoid X receptor (FXR) and its downstream targets fibroblast growth factor (FGF) 15/19 in intestines and small heterodimer partner in liver (139). Beyond its synthesis and modifications of BAs after secretion (140), the gut microbiome also regulates the uptake of BAs (141). Furthermore, BAs have been shown to promote GLP-1 secretion (142) and control the expression and activity of genes involved in BA, lipid and carbohydrate metabolism, energy expenditure, and inflammation (46, 143, 144). A bidirectional effect exists between the gut microbiome and BAs, and dysregulation of BA metabolism in conjunction with dysbiosis contributes to the metabolic disorder in obesity and T2DM (143). The BA metabolism, total concentration, and pool composition are altered in obesity and T2DM, leading to aberrance in energy balance, lipid metabolism, glucose metabolism, and immune function (143). Given the ample evidence of bariatric surgeries recovering metabolic homeostasis via the normalization of BA metabolism, BAs are now deemed amendable targets to treat metabolic disorders with different therapeutic strategies.

Concerning the roles of the neurological system in metabolic imbalance. Fundamentally, the level of glycemia is strictly regulated by the nervous system: 1) the central nervous system (CNS), particularly the hypothalamus, detects the glycemic alterations throughout the day in blood, and 2) the autonomic nervous system (ANS), including the enteric nervous system (ENS) and the vagus nerve (VN), detect the glycemic variations within the whole GI tract, from the mouth to the colon, and the portal vein during post-prandial period (126). And the secretion of glucose-lowering and elevating hormones and peptides will be tuned according to the level of blood glucose. This joint and balanced mediation is crucial in maintaining systemic metabolic homeostasis. Its dysregulation results in extensive alterations, notably in insulin signaling and glucagon action controlled by metabolic, endocrine, and paracrine regulatory mechanisms. Insulin enhances anabolic processes by promoting the storage of metabolic fuels, while the catabolic effects of glucagon oppose it. The intestines secret various peptides that act on the pancreatic islets, specifically the GLP-1 and glucose-dependent insulinotropic polypeptide (GIP), commonly known as incretins, to stimulate insulin secretion while suppressing glucagon production (145).

However, the detrimental alterations in the gut microbiome disrupt the normal functioning of ENS and VN and cause aberrance in regulating metabolic control (126) (Figure 7). In normal conditions, SCFAs increase intestinal gluconeogenesis and improve peripheral glucose production and insulin sensitivity through a complex intestine-brain-neural circuit (59). SCFAs also improve short-term satiety and reduce weight gain (58, 146). Likewise, BAs are also associated with the regulation of body weight, food intake, and glucose homeostasis (147, 148). Different bariatric surgery and animal models owe more credit in highlighting the role of BAs and microbiome-gut-brain axis in metabolic control (149), as all of these techniques are designed to reverse the metabolic disorders by surgically changing the anatomical and physiological nature of the GI tract, which is bound to induce alterations in intestinal microbiome (150).




Figure 7 | Dysfunction of the microbiome-gut-brain axis in obesity and T2DM. The composition and diversity of the gut microbiome are significantly altered in obesity. Apart from the consequent aberrances in the metabolism and metabolites of the microbiomes, such as the decrease in the production of BAs and SCFAs and the increase in LPS, the protective function of the gut is compromised by the increased permeability resulting from the inflammatory stimulations of nitric oxide, ammonia, carbon oxide, indole, and hydrogen sulfide, allowing the drastic elevation in the flux of LPS, which can not only activate the TLR4 on enterocytes to promote the secretion of inflammatory cytokine and recruit inflammatory dendritic cells, B cells, and macrophages, but also directly inducing the production of inflammatory cytokines from these cells. Meanwhile, the profound reduction in the production of SCFAs and BAs leads to the subsequent drop in the activation of GPCR and FXR in enteroendocrine cells to sustain the production of GI hormones vital for energy homeostasis, which include GLP-1, GIP, PYY, and CCK. All these peptides have both peripheral and central effects on modifying the host metabolism and regulation of appetite directly through the vagus nerve or indirectly via immunoneuroendocrine mechanisms. Centrally, the aberrant hormonal signals transmitted from the gut to the hypothalamus in the brain result in aberrant eating behavior and metabolic control. While peripherally, the influx of LPS, pro-inflammatory cytokines, and bacterial DNA, along with inadequate SCFAs, Bas, and GI peptides in the circulation further exacerbates insulin signaling and metabolic imbalance. Altogether, these central and peripheral abnormalities in metabolic control eventually lead to hyperglycemia. 5-HT, 5-hydroxytryptamine; BA, BA; CCK, cholecystokinin; FXR, Farnesoid X receptor; GABA, γ-aminobutyric acid; GI, gastrointestinal; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide 1; GPCR, G-protein coupled receptor; LPS, lipopolysaccharide; PYY, peptide YY; SCFA, short-chain fatty acid; TLR4, Toll-like receptor 4.



In sum, there are many similarities between obesity and T2DM in genetic elements playing essential roles in their pathogenesis, which can be further affected and amplified by environmental factors. Internally, following the gradual reshaping of the microenvironment by the alterations in the metabolic state, the local aggregation of detrimental stress on pancreatic islets ends up with the deterioration of β-cell function or loss of the β-cell population in T2DM. Meanwhile, in addition to the intrinsic and profound impact of genetics on the microbiome, the remodeling of the intestinal microbiome by the over-eating dietary habit is the reason and the consequence of metabolic disorders. What is vital for energic homeostasis, the regulation of nutritional absorption by the intestines becomes chaotic in obesity and T2DM, with the disrupted gut-brain interactions fueling excessive energy consumption and weakening the restriction of energy intake, which not only directly promotes the occurrence of obesity and T2DM, but also aggravates metabolic abnormalities and concurrent complications via dysfunction of neuronal circuits dysregulation of various hormones.





4 The mutual effect of available treatment for obesity and T2DM

T2DM is a slowly progressing metabolic disease closely related to obesity. Hence, obesity management ameliorates or even remits the T2DM in many patients. Likewise, since nearly 2/3 of the patients with T2DM have a weight problem (151), some anti-diabetic treatments (such as oral medications) can also reduce body weight. In general, treatments effective for both obesity and T2DM include lifestyle interventions (such as dietary modification, physical activity, and behavioral therapies), pharmacotherapy, medical devices, and bariatric surgery.



4.1 Lifestyle interventions

Given their inexpensiveness and minimal side effects (28, 152, 153), lifestyle interventions are always the first option, or more precisely, the cornerstones for the management of obesity and T2DM (1, 154). What is the core of lifestyle interventions, behavioral strategies include a self-monitoring of body weight, blood glucose, diet, and physical activity, behavioral contracts and goal setting (1), which helps patients stick to a healthy lifestyle, eating habits, and the frequency and intensity of physical activity that contribute to weight loss and glycemic control. An increased energy expenditure based on calorie restriction (CR) is the primary driver of weight loss, helping patients to reduce body weight and lower blood glucose. In this context, lifestyle interventions include the prescription of a low-calorie diet, increased physical activity, and the development of behavioral strategies that enhance adherence to dietary and physical activity recommendations (155). In principle, all patients should be encouraged to gradually increase their physical activity while cutting calorie intake if they are physically capable. However, these interventions must be personalized following a complete evaluation of the patient’s condition and be adjusted according to individualized feedback. Most importantly, they require constant adaptation on a life-long basis regardless of whether other treatments are involved. Other emerging weight reduction methods, such as Internet-based weight-loss treatment and weight-loss apps for smartphones or other portable devices, are also gaining popularity. However, their efficacy is uncertain as these interventions are relatively passive and lack intensity (155).




4.2 Dietary modification and physical activity

Dietary modification (medical nutrition therapy) and physical activity are two primary and significant lifestyle interventions. Although there is no optimal diet or physical activity regimen for every patient, optional and professional guidelines have recommended various appropriate dietary patterns and multiple types of physical activities that facilitate energy restriction, induce weight loss, and improve glycemic status (152, 156).

Diets good for weight loss and glycemic control are characterized by low energy density and high dietary fiber. Specifically, a diet that includes high-quality lean protein, vegetables, fruits, some healthy fats (such as nuts and avocados), and a limited intake of refined carbohydrates would be optimal for most patients (1), which makes a vegetarian diet and a ketogenic diet (KD) preferable. KD was suggested to improve systemic metabolic signaling by reducing blood glucose and insulin while ameliorating insulin sensitivity, reducing body weight, and preventing cancer in rodents and humans (157, 158). In addition, convenient and calorie-traceable meal replacements diets and more tolerable and acceptable intermittent fasting are getting increasingly popular nowadays as an alternative to the traditional methods of CR. However, no matter which diet pattern is chosen, the ongoing adherence to the diet weighs more than the dietary composition itself in weight loss and glycemic control (1). Meanwhile, regular physical activity has many delectable health benefits, which will further improve CR results if combined with other approaches (1).

Undoubtedly, patients adhering to these diets and exercise plans will benefit from the improved physical condition and decreased risk of many other diseases. Nevertheless, apart from clearly indicated pharmacotherapy, with lifestyle interventions alone, many patients may “plateau” or find it hard to achieve personal targets consistently over a more extended period, or even worse, have a “rebound” in body weight and blood glucose. Under these circumstances, pharmacotherapies usually start when these “vulnerable” improvements depending on persistence and a life-long adaptation stop working.




4.3 Pharmacotherapy

Considering the limited efficacy of lifestyle interventions, other therapeutic approaches are needed to maintain or strengthen obesity and T2DM management effectively. Technically, both weight-loss and glucose-lowering medications must be taken for a long time unless they are intolerable, or cessation is highly indicated due to the safety concerns related to any possible side-effect. Since the patients’ diets and physical activity will not be affected by the drugs, it is still important to advise patients to stick to the concomitant lifestyle interventions.

Following the withdrawal of Locaserin by the Food and Drug Administration (FDA) in 2020 due to the concern regarding the increased risk of cancer (159), Orlistat, Phentermine-topiramate (PHEN/TPM), Naltrexone-bupropion (NB), and GLP-1 receptor agonists (GLP-1RAs) are currently available for obesity management, a systematic review and network meta-analysis comprising 143 randomized controlled trials (RCTs) provided solid data on the comparison of their efficacy and safety (160), and these anti-obesity medications have also been suggested to be effective in lowering blood glucose to some extent (152). Meanwhile, most anti-diabetic drugs can also impact body weight. For example, sodium-glucose cotransporter-2 inhibitors (SGLT-2is) can help lose weight, while insulin, one of the commonly used drugs, increases body weight (152). The mutual effects of available pharmacotherapy for obesity and DM are summarized in Table 1.


Table 1 | The mutual effects of weight-lowering drugs and anti-diabetic drugs on managing obesity and DM.







4.4 Medical devices

Due to the conservativeness and limited efficacy of lifestyle interventions and pharmacotherapy, along with the aggressiveness, irreversibility, and safety concerns of bariatric surgery, medical devices have been developed to fill in this gap as an eclectic solution for those who decline or are unfit for bariatric surgery (165). Currently, the available devices for the management of obesity include adjustable gastric band (AGB, see “Bariatric surgery”), intragastric balloons, electrical stimulation systems, gastric emptying systems, endoscopic endoluminal bypass liners (not FDA-approved), other types of devices or techniques (Table 2). The weight-loss efficacy of these devices is between pharmacotherapy and bariatric surgery, with a positive effect on T2DM and glycemic status. More importantly, these devices do not cause anatomical gut changes and are associated with faster recovery and fewer complications (165). Still, more data are needed concerning their long-term efficacy, safety, cost-effectiveness, and clinical use.


Table 2 | The effects of medical devices on managing obesity and DM.






4.5 Bariatric surgery

Bariatric surgery is the most effective treatment for both short- and long-term weight loss and glycemic control (10), and the safety of bariatric procedures has been greatly improved over the last two decades thanks to the increased experience and training of surgeons, use of laparoscopic and robotic approaches, improved perioperative and post-operative care and disciplines (175). Therefore, bariatric surgery has gained global popularity, with about half a million procedures performed annually (176). In addition, bariatric surgery has been included in many authoritative guidelines since it is a safe and effective treatment for severe obesity that results in long-term weight loss, improvement and remission of obesity-related comorbid conditions (particularly T2DM), metabolic syndrome, quality of life, and prolonged survival (177). Through complicated mechanisms beyond the magnitude of weight loss alone that includes improvements in incretin profiles, insulin secretion, insulin sensitivity, and so on, bariatric surgery achieves substantial, durable weight loss and glycemic control (28), which is more robust in long-term control of T2DM compared to conventional medication (178). The four most common bariatric procedures performed worldwide are sleeve gastrectomy (SG), Roux−en−Y gastric bypass (RYGB), adjustable gastric banding (AGB), and biliopancreatic diversion with duodenal switch (BPD-DS) (162, 177). These techniques induce significant weight loss and improvement or, very likely, the remission of T2DM, where SG and RYGB are the two dominant procedures worldwide, with the latter being superior in weight reduction and glycemic control but more complications and reoperation (10, 179). As for the AGB is rarely performed because of its lower weight loss, need for adjustment, and potential mechanical complications (1). Counting for less than 2%, BPD-DS is a combined and complex procedure that ranks the highest in weight loss, T2DM remission, and complications. Other widely endorsed miainstream techniques include Single-anastomosis duodenal ileostomy with sleeve gastrectomy (SADI-S) and One anastomosis gastric bypass (OAGB) (Table 3).


Table 3 | The effects of bariatric surgery on managing obesity and DM.



Of course, bariatric surgery is not a “once and for all” or “one size fits all” measure to treat T2DM because some patients, especially those who are older, use insulin, regain weight, or have greater baseline waist circumference, longer diabetes duration, or poor preoperative glycemic control appear to be more likely to suffer from relapse of T2DM over time (183). But delightfully, the long-lasting effect of bariatric surgery can make recurrent T2DM less severe and easier to control with less intensive medication regimens (162).

To sum up, while lifestyle interventions, medical devices, and bariatric surgery are effective in treating both obesity and T2DM with the weight loss drugs have an intermediate impact on glycemic control, some anti-diabetic medicines such as insulin, sulfonylureas, TDZs, meglitinides have a negative weight-increasing effect, which may contribute to obesity-related comorbidities.






Closing remarks

Unquestionably, consistent growth of the population with obesity and T2DM is to be witnessed regarding the epidemiological data demonstrated above. Still, the prevention and tackling of obesity provide the opportunity to lighten the future burden of T2DM. The intricate connections in the pathogenesis of obesity and T2DM primarily lie in the magnifying impacts of obesity on genetic susceptibility and environmental factors. In detail, the remodeled and reshaped metabolic microenvironment in obesity drastically dampens insulin signaling and favors the gradual elevation of blood glucose owing to the excessive detrimental accumulation of certain nutrients and metabolites, hyperactive low-grade inflammation, disrupted autophagic process, and energy imbalance resulting from dysregulated microbiome-gut-brain axis. All these changes are predominantly caused by the widespread ectopic expansion of adipose tissue fueling the systemic reprogramming of immunometabolism while locally toxicating the pancreas and diminishing the numbers of functional β-cells.

Given these connections, most treatments available for obesity and T2DM have a mutual effect on each other. Future efforts are warranted in the work and multi-disciplinary collaborations in monitoring the prevalence and revealing the biological nature of obesity and T2DM to improve the accuracy of the diagnosis and the efficacy of the treatments by exploring more advanced and optimized therapeutic methods while maximumly guaranteeing their availability and accessibility and minimizing their side-effects and complications to immensely benefit the patients. It is noteworthy that prevention is still the most economic and long-lasting solution for obesity and T2DM, and only by striving together and taking decisive and comprehensive action can the whole world make real progress in this task that we have been failing for decades.





Author contributions

QX and RR conceptualized the article. RR, TL, and XZ prepared the initial manuscript. RR prepared the figures. JS prepared the table. YC, RX, and XY did the literature search and helped organize the manuscript’s contents. RR, TL, XZ, and QX edited and revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

Research work related to the topic of this article that is currently being carried out in the authors’ laboratories is supported in whole or in part by the Chinese Academy of Medical Sciences (CAMS) Innovation Fund for Medical Sciences (CIFMS, 2021-I2M-1-002), National High-Level Hospital Clinical Research Funding (2022-PUMCH-D-001), and National Natural Science Foundation of China (NSFC, 81970763), and the Non-profit Central Research Institute Fund of CAMS (2018PT32014).




Acknowledgments

We regretfully failed to cite many critical and excellent original studies related to the topic of this article due to format constraints. Beyond our cordial apology, we sincerely hope the reviews we cited can make it easier for these studies to be discovered by interested readers. The authors thank Prof. Yupei Zhao for his inspiration and encouragement in the writing of this article. Figures were created on BioRender.com with permission for publication.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Tsai, AG, and Bessesen, DH. Obesity. Ann Intern Med (2019) 170(5):Itc33–itc48. doi: 10.7326/aitc201903050

2. Kumanyika, S, and Dietz, WH. Solving population-wide obesity - progress and future prospects. N Engl J Med (2020) 383(23):2197–200. doi: 10.1056/NEJMp2029646

3. Blüher, M. Obesity: global epidemiology and pathogenesis. Nat Rev Endocrinol (2019) 15(5):288–98. doi: 10.1038/s41574-019-0176-8

4. World Obesity Federation. World obesity atlas 2022. (London: World Obesity Federation) (2022). Available at: https://data.worldobesity.org/publications/?cat=15.

5. International Diabetes Federation (IDF). IDF Diabetes Atlas, 10th ed. Brussels: International Diabetes Federation (IDF)). (2022). Available at: https://diabetesatlas.org/atlas/tenth-edition/.

6. Piché, M-E, Tchernof, A, and Després, J-P. Obesity phenotypes, diabetes, and cardiovascular diseases. Circ Res (2020) 126(11):1477–500. doi: 10.1161/CIRCRESAHA.120.316101

7. Ingelsson, E, and McCarthy, MI. Human genetics of obesity and type 2 diabetes mellitus: past, present, and future. Circ Genom Precis Med (2018) 11(6):e002090. doi: 10.1161/CIRCGEN.118.002090

8. Rohm, TV, Meier, DT, Olefsky, JM, and Donath, MY. Inflammation in obesity, diabetes, and related disorders. Immunity (2022) 55(1):31–55. doi: 10.1016/j.immuni.2021.12.013

9. Lingvay, I, Sumithran, P, Cohen, RV, and le Roux, CW. Obesity management as a primary treatment goal for type 2 diabetes: time to reframe the conversation. Lancet (London England) (2022) 399(10322):394–405. doi: 10.1016/S0140-6736(21)01919-X

10. Arterburn, DE, Telem, DA, Kushner, RF, and Courcoulas, AP. Benefits and risks of bariatric surgery in adults: a review. Jama (2020) 324(9):879–87. doi: 10.1001/jama.2020.12567

11. Swinburn, BA, Kraak, VI, Allender, S, Atkins, VJ, Baker, PI, Bogard, JR, et al. The global syndemic of obesity, undernutrition, and climate change: the lancet commission report. Lancet (2019) 393(10173):791–846. doi: 10.1016/S0140-6736(18)32822-8

12. World Obesity Federation. Obesity: missing the 2025 global targets - trends, costs and country reports. (London, UK: World Obesity Federation). (2022). Available at: https://www.worldobesity.org/resources/resource-library/world-obesity-day-missing-the-targets-report.

13. NCD Risk Factor Collaboration (NCD-RisC). Trends in adult body-mass index in 200 countries from 1975 to 2014: a pooled analysis of 1698 population-based measurement studies with 19·2 million participants. Lancet (2016) 387(10026):1377–96. doi: 10.1016/s0140-6736(16)30054-x

14. Mayer-Davis, EJ, Lawrence, JM, Dabelea, D, Divers, J, Isom, S, Dolan, L, et al. Incidence trends of type 1 and type 2 diabetes among youths, 2002-2012. N Engl J Med (2017) 376(15):1419–29. doi: 10.1056/NEJMoa1610187

15. Malone, JI, and Hansen, BC. Does obesity cause type 2 diabetes mellitus (T2DM)? or is it the opposite? Pediatr Diabetes (2019) 20(1):5–9. doi: 10.1111/pedi.12787

16. Association AD. 2. classification and diagnosis of diabetes: standards of medical care in diabetes-2019. Diabetes Care (2019) 42(Suppl 1):S13–s28. doi: 10.2337/dc19-S002

17. Mandrup-Poulsen, T. Type 2 diabetes mellitus: a metabolic autoinflammatory disease. Dermatol Clin (2013) 31(3):495–506. doi: 10.1016/j.det.2013.04.006

18. Eizirik, DL, Pasquali, L, and Cnop, M. Pancreatic β-cells in type 1 and type 2 diabetes mellitus: different pathways to failure. Nat Rev Endocrinol (2020) 16(7):349–62. doi: 10.1038/s41574-020-0355-7

19. Versini, M, Jeandel, P-Y, Rosenthal, E, and Shoenfeld, Y. Obesity in autoimmune diseases: not a passive bystander. Autoimmun Rev (2014) 13(9):981–1000. doi: 10.1016/j.autrev.2014.07.001

20. American Diabetes Association Professional Practice Committee. 2. classification and diagnosis of diabetes: standards of medical care in diabetes-2022. Diabetes Care (2022) 45(Suppl 1):S17–38. doi: 10.2337/dc22-S002

21. McCarthy, MI. Genomics, type 2 diabetes, and obesity. N Engl J Med (2010) 363(24):2339–50. doi: 10.1056/NEJMra0906948

22. Dupuis, J, Langenberg, C, Prokopenko, I, Saxena, R, Soranzo, N, Jackson, AU, et al. New genetic loci implicated in fasting glucose homeostasis and their impact on type 2 diabetes risk. Nat Genet (2010) 42(2):105–16. doi: 10.1038/ng.520

23. Segerstolpe, Å, Palasantza, A, Eliasson, P, Andersson, E-M, Andréasson, A-C, Sun, X, et al. Single-cell transcriptome profiling of human pancreatic islets in health and type 2 diabetes. Cell Metab (2016) 24(4):593–607. doi: 10.1016/j.cmet.2016.08.020

24. Keating, ST, and El-Osta, A. Epigenetic changes in diabetes. Clin Genet (2013) 84(1):1–10. doi: 10.1111/cge.12121

25. Perng, W, Oken, E, and Dabelea, D. Developmental overnutrition and obesity and type 2 diabetes in offspring. Diabetologia (2019) 62(10):1779–88. doi: 10.1007/s00125-019-4914-1

26. Broughton, DL, and Taylor, R. Review: deterioration of glucose tolerance with age: the role of insulin resistance. Age Ageing (1991) 20(3):221–5. doi: 10.1093/ageing/20.3.221

27. Chen, X, Zhang, J, and Zhou, Z. Targeting islets: metabolic surgery is more than a bariatric surgery. Obes Surg (2019) 29(9):3001–9. doi: 10.1007/s11695-019-03979-1

28. Heymsfield, SB, and Wadden, TA. Mechanisms, pathophysiology, and management of obesity. N Engl J Med (2017) 376(3):254–66. doi: 10.1056/NEJMra1514009

29. Lee, P, Swarbrick, MM, and Ho, KKY. Brown adipose tissue in adult humans: a metabolic renaissance. Endocr Rev (2013) 34(3):413–38. doi: 10.1210/er.2012-1081

30. van Marken Lichtenbelt, WD, Vanhommerig, JW, Smulders, NM, Drossaerts, JMAFL, Kemerink, GJ, Bouvy, ND, et al. Cold-activated brown adipose tissue in healthy men. New Engl J Med (2009) 360(15):1500–8. doi: 10.1056/NEJMoa0808718

31. Aldiss, P, Betts, J, Sale, C, Pope, M, Budge, H, and Symonds, ME. Exercise-induced 'browning' of adipose tissues. Metabolism (2018) 81:63–70. doi: 10.1016/j.metabol.2017.11.009

32. Montanari, T, Pošćić, N, and Colitti, M. Factors involved in white-to-brown adipose tissue conversion and in thermogenesis: a review. Obes Rev (2017) 18(5):495–513. doi: 10.1111/obr.12520

33. Kusminski, CM, Bickel, PE, and Scherer, PE. Targeting adipose tissue in the treatment of obesity-associated diabetes. Nat Rev Drug Discovery (2016) 15(9):639–60. doi: 10.1038/nrd.2016.75

34. Sun, K, Kusminski, CM, and Scherer, PE. Adipose tissue remodeling and obesity. J Clin Invest (2011) 121(6):2094–101. doi: 10.1172/JCI45887

35. Czech, MP. Mechanisms of insulin resistance related to white, beige, and brown adipocytes. Mol Metab (2020) 34:27–42. doi: 10.1016/j.molmet.2019.12.014

36. Kusminski, CM, and Scherer, PE. Mitochondrial dysfunction in white adipose tissue. Trends Endocrinol metab: TEM (2012) 23(9):435–43. doi: 10.1016/j.tem.2012.06.004

37. Tuomi, T, Santoro, N, Caprio, S, Cai, M, Weng, J, and Groop, L. The many faces of diabetes: a disease with increasing heterogeneity. Lancet (2014) 383(9922):1084–94. doi: 10.1016/S0140-6736(13)62219-9

38. Al Amiri, E, Abdullatif, M, Abdulle, A, Al Bitar, N, Afandi, EZ, Parish, M, et al. The prevalence, risk factors, and screening measure for prediabetes and diabetes among emirati overweight/obese children and adolescents. BMC Public Health (2015) 15:1298. doi: 10.1186/s12889-015-2649-6

39. Shulman, GI. Ectopic fat in insulin resistance, dyslipidemia, and cardiometabolic disease. New Engl J Med (2014) 371(23):2237–8. doi: 10.1056/NEJMc1412427

40. Tchkonia, T, Thomou, T, Zhu, Y, Karagiannides, I, Pothoulakis, C, Jensen, MD, et al. Mechanisms and metabolic implications of regional differences among fat depots. Cell Metab (2013) 17(5):644–56. doi: 10.1016/j.cmet.2013.03.008

41. Halberg, N, Khan, T, Trujillo, ME, Wernstedt-Asterholm, I, Attie, AD, Sherwani, S, et al. Hypoxia-inducible factor 1alpha induces fibrosis and insulin resistance in white adipose tissue. Mol Cell Biol (2009) 29(16):4467–83. doi: 10.1128/MCB.00192-09

42. Yazıcı, D, and Sezer, H. Insulin resistance, obesity and lipotoxicity. Adv In Exp Med Biol (2017) 960:277–304. doi: 10.1007/978-3-319-48382-5_12

43. Montgomery, MK, and Turner, N. Mitochondrial dysfunction and insulin resistance: an update. Endocr Connections (2015) 4(1):R1–15. doi: 10.1530/EC-14-0092

44. Antonopoulos, AS, and Tousoulis, D. The molecular mechanisms of obesity paradox. Cardiovasc Res (2017) 113(9):1074–86. doi: 10.1093/cvr/cvx106

45. Lennon, H, Sperrin, M, Badrick, E, and Renehan, AG. The obesity paradox in cancer: a review. Curr Oncol Rep (2016) 18(9):56. doi: 10.1007/s11912-016-0539-4

46. Yang, Q, Vijayakumar, A, and Kahn, BB. Metabolites as regulators of insulin sensitivity and metabolism. Nat Rev Mol Cell Biol (2018) 19(10):654–72. doi: 10.1038/s41580-018-0044-8

47. Tao, C, Holland, WL, Wang, QA, Shao, M, Jia, L, Sun, K, et al. Short-term versus long-term effects of adipocyte toll-like receptor 4 activation on insulin resistance in Male mice. Endocrinology (2017) 158(5):1260–70. doi: 10.1210/en.2017-00024

48. Chavez, JA, and Summers, SA. Characterizing the effects of saturated fatty acids on insulin signaling and ceramide and diacylglycerol accumulation in 3T3-L1 adipocytes and C2C12 myotubes. Arch Biochem Biophys (2003) 419(2):101–9. doi: 10.1016/j.abb.2003.08.020

49. Frakes, AE, and Dillin, A. The UPR: sensor and coordinator of organismal homeostasis. Mol Cell (2017) 66(6):761–71. doi: 10.1016/j.molcel.2017.05.031

50. Hotamisligil, GS, and Davis, RJ. Cell signaling and stress responses. Cold Spring Harb Perspect Biol (2016) 8(10):a006072. doi: 10.1101/cshperspect.a006072

51. Lalia, AZ, and Lanza, IR. Insulin-sensitizing effects of omega-3 fatty acids: lost in translation? Nutrients (2016) 8(6):329. doi: 10.3390/nu8060329

52. Bosch, J, Gerstein, HC, Dagenais, GR, Díaz, R, Dyal, L, Jung, H, et al. N-3 fatty acids and cardiovascular outcomes in patients with dysglycemia. New Engl J Med (2012) 367(4):309–18. doi: 10.1056/NEJMoa1203859

53. Finucane, OM, Lyons, CL, Murphy, AM, Reynolds, CM, Klinger, R, Healy, NP, et al. Monounsaturated fatty acid-enriched high-fat diets impede adipose NLRP3 inflammasome-mediated IL-1β secretion and insulin resistance despite obesity. Diabetes (2015) 64(6):2116–28. doi: 10.2337/db14-1098

54. Yore, MM, Syed, I, Moraes-Vieira, PM, Zhang, T, Herman, MA, Homan, EA, et al. Discovery of a class of endogenous mammalian lipids with anti-diabetic and anti-inflammatory effects. Cell (2014) 159(2):318–32. doi: 10.1016/j.cell.2014.09.035

55. Al-Lahham, S, Roelofsen, H, Priebe, M, Weening, D, Dijkstra, M, Hoek, A, et al. Regulation of adipokine production in human adipose tissue by propionic acid. Eur J Clin Invest (2010) 40(5):401–7. doi: 10.1111/j.1365-2362.2010.02278.x

56. Chambers, ES, Viardot, A, Psichas, A, Morrison, DJ, Murphy, KG, Zac-Varghese, SEK, et al. Effects of targeted delivery of propionate to the human colon on appetite regulation, body weight maintenance and adiposity in overweight adults. Gut (2015) 64(11):1744–54. doi: 10.1136/gutjnl-2014-307913

57. Psichas, A, Sleeth, ML, Murphy, KG, Brooks, L, Bewick, GA, Hanyaloglu, AC, et al. The short chain fatty acid propionate stimulates GLP-1 and PYY secretion via free fatty acid receptor 2 in rodents. Int J Obes (2005) (2015) 39(3):424–9. doi: 10.1038/ijo.2014.153

58. Frost, G, Sleeth, ML, Sahuri-Arisoylu, M, Lizarbe, B, Cerdan, S, Brody, L, et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat Commun (2014) 5:3611. doi: 10.1038/ncomms4611

59. De Vadder, F, Kovatcheva-Datchary, P, Goncalves, D, Vinera, J, Zitoun, C, Duchampt, A, et al. Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits. Cell (2014) 156(1-2):84–96. doi: 10.1016/j.cell.2013.12.016

60. Aberdein, N, Schweizer, M, and Ball, D. Sodium acetate decreases phosphorylation of hormone sensitive lipase in isoproterenol-stimulated 3T3-L1 mature adipocytes. Adipocyte (2014) 3(2):121–5. doi: 10.4161/adip.27936

61. Samuel, VT, Petersen, KF, and Shulman, GI. Lipid-induced insulin resistance: unravelling the mechanism. Lancet (London England) (2010) 375(9733):2267–77. doi: 10.1016/S0140-6736(10)60408-4

62. Turpin, SM, Hoy, AJ, Brown, RD, Rudaz, CG, Honeyman, J, Matzaris, M, et al. Adipose triacylglycerol lipase is a major regulator of hepatic lipid metabolism but not insulin sensitivity in mice. Diabetologia (2011) 54(1):146–56. doi: 10.1007/s00125-010-1895-5

63. Holland, WL, Miller, RA, Wang, ZV, Sun, K, Barth, BM, Bui, HH, et al. Receptor-mediated activation of ceramidase activity initiates the pleiotropic actions of adiponectin. Nat Med (2011) 17(1):55–63. doi: 10.1038/nm.2277

64. Chavez, JA, and Summers, SA. A ceramide-centric view of insulin resistance. Cell Metab (2012) 15(5):585–94. doi: 10.1016/j.cmet.2012.04.002

65. Park, J-W, Park, W-J, and Futerman, AH. Ceramide synthases as potential targets for therapeutic intervention in human diseases. Biochim Biophys Acta (2014) 1841(5):671–81. doi: 10.1016/j.bbalip.2013.08.019

66. Montgomery, MK, Brown, SHJ, Lim, XY, Fiveash, CE, Osborne, B, Bentley, NL, et al. Regulation of glucose homeostasis and insulin action by ceramide acyl-chain length: a beneficial role for very long-chain sphingolipid species. Biochim Biophys Acta (2016) 1861(11):1828–39. doi: 10.1016/j.bbalip.2016.08.016

67. Turpin, SM, Nicholls, HT, Willmes, DM, Mourier, A, Brodesser, S, Wunderlich, CM, et al. Obesity-induced CerS6-dependent C16:0 ceramide production promotes weight gain and glucose intolerance. Cell Metab (2014) 20(4):678–86. doi: 10.1016/j.cmet.2014.08.002

68. Kelley, DE, and Mandarino, LJ. Fuel selection in human skeletal muscle in insulin resistance: a reexamination. Diabetes (2000) 49(5):677–83. doi: 10.2337/diabetes.49.5.677

69. Grant, RW, and Stephens, JM. Fat in flames: influence of cytokines and pattern recognition receptors on adipocyte lipolysis. Am J Physiol Endocrinol Metab (2015) 309(3):E205–13. doi: 10.1152/ajpendo.00053.2015

70. Felig, P, Marliss, E, and Cahill, GF Jr. Plasma amino acid levels and insulin secretion in obesity. N Engl J Med (1969) 281(15):811–6. doi: 10.1056/nejm196910092811503

71. Neinast, M, Murashige, D, and Arany, Z. Branched chain amino acids. Annu Rev Physiol (2019) 81:139–64. doi: 10.1146/annurev-physiol-020518-114455

72. Gar, C, Rottenkolber, M, Prehn, C, Adamski, J, Seissler, J, and Lechner, A. Serum and plasma amino acids as markers of prediabetes, insulin resistance, and incident diabetes. Crit Rev Clin Lab Sci (2018) 55(1):21–32. doi: 10.1080/10408363.2017.1414143

73. Hu, W, Sun, L, Gong, Y, Zhou, Y, Yang, P, Ye, Z, et al. Relationship between branched-chain amino acids, metabolic syndrome, and cardiovascular risk profile in a Chinese population: a cross-sectional study. Int J Endocrinol (2016) 2016:8173905. doi: 10.1155/2016/8173905

74. Siddik, MAB, and Shin, AC. Recent progress on branched-chain amino acids in obesity, diabetes, and beyond. Endocrinol Metab (Seoul Korea) (2019) 34(3):234–46. doi: 10.3803/EnM.2019.34.3.234

75. Pedersen, HK, Gudmundsdottir, V, Nielsen, HB, Hyotylainen, T, Nielsen, T, Jensen, BAH, et al. Human gut microbes impact host serum metabolome and insulin sensitivity. Nature (2016) 535(7612):376–81. doi: 10.1038/nature18646

76. Shin, AC, Fasshauer, M, Filatova, N, Grundell, LA, Zielinski, E, Zhou, J-Y, et al. Brain insulin lowers circulating BCAA levels by inducing hepatic BCAA catabolism. Cell Metab (2014) 20(5):898–909. doi: 10.1016/j.cmet.2014.09.003

77. Arneth, B, Arneth, R, and Shams, M. Metabolomics of type 1 and type 2 diabetes. Int J Mol Sci (2019) 20(10):2467. doi: 10.3390/ijms20102467

78. Zhang, Y, Guo, S, Xie, C, and Fang, J. Uridine metabolism and its role in glucose, lipid, and amino acid homeostasis. BioMed Res Int (2020) 2020:7091718. doi: 10.1155/2020/7091718

79. Saltiel, AR, and Olefsky, JM. Inflammatory mechanisms linking obesity and metabolic disease. J Clin Invest (2017) 127(1):1–4. doi: 10.1172/JCI92035

80. Grant, RW, and Dixit, VD. Adipose tissue as an immunological organ. Obes (Silver Spring) (2015) 23(3):512–8. doi: 10.1002/oby.21003

81. Luotola, K, Pietilä, A, Zeller, T, Moilanen, L, Kähönen, M, Nieminen, MS, et al. Associations between interleukin-1 (IL-1) gene variations or IL-1 receptor antagonist levels and the development of type 2 diabetes. J Intern Med (2011) 269(3):322–32. doi: 10.1111/j.1365-2796.2010.02294.x

82. Lackey, DE, and Olefsky, JM. Regulation of metabolism by the innate immune system. Nat Rev Endocrinol (2016) 12(1):15–28. doi: 10.1038/nrendo.2015.189

83. Obstfeld, AE, Sugaru, E, Thearle, M, Francisco, A-M, Gayet, C, Ginsberg, HN, et al. C-c chemokine receptor 2 (CCR2) regulates the hepatic recruitment of myeloid cells that promote obesity-induced hepatic steatosis. Diabetes (2010) 59(4):916–25. doi: 10.2337/db09-1403

84. Kahn, SE, Cooper, ME, and Del Prato, S. Pathophysiology and treatment of type 2 diabetes: perspectives on the past, present, and future. Lancet (2014) 383(9922):1068–83. doi: 10.1016/s0140-6736(13)62154-6

85. Nicol, LE, Grant, WF, Comstock, SM, Nguyen, ML, Smith, MS, Grove, KL, et al. Pancreatic inflammation and increased islet macrophages in insulin-resistant juvenile primates. J Endocrinol (2013) 217(2):207–13. doi: 10.1530/joe-12-0424

86. Böni-Schnetzler, M, Boller, S, Debray, S, Bouzakri, K, Meier, DT, Prazak, R, et al. Free fatty acids induce a proinflammatory response in islets via the abundantly expressed interleukin-1 receptor I. Endocrinology (2009) 150(12):5218–29. doi: 10.1210/en.2009-0543

87. Maedler, K, Sergeev, P, Ris, F, Oberholzer, J, Joller-Jemelka, HI, Spinas, GA, et al. Glucose-induced beta cell production of IL-1beta contributes to glucotoxicity in human pancreatic islets. J Clin Invest (2002) 110(6):851–60. doi: 10.1172/jci15318

88. Chiang, S-H, Bazuine, M, Lumeng, CN, Geletka, LM, Mowers, J, White, NM, et al. The protein kinase IKKepsilon regulates energy balance in obese mice. Cell (2009) 138(5):961–75. doi: 10.1016/j.cell.2009.06.046

89. Ussher, JR, Koves, TR, Cadete, VJJ, Zhang, L, Jaswal, JS, Swyrd, SJ, et al. Inhibition of de novo ceramide synthesis reverses diet-induced insulin resistance and enhances whole-body oxygen consumption. Diabetes (2010) 59(10):2453–64. doi: 10.2337/db09-1293

90. Zhang, Y, Sowers, JR, and Ren, J. Targeting autophagy in obesity: from pathophysiology to management. Nat Rev Endocrinol (2018) 14(6):356–76. doi: 10.1038/s41574-018-0009-1

91. Kim, KH, and Lee, MS. Autophagy–a key player in cellular and body metabolism. Nat Rev Endocrinol (2014) 10(6):322–37. doi: 10.1038/nrendo.2014.35

92. Cheng, Y, Ren, X, Hait, WN, and Yang, JM. Therapeutic targeting of autophagy in disease: biology and pharmacology. Pharmacol Rev (2013) 65(4):1162–97. doi: 10.1124/pr.112.007120

93. Soussi, H, Clément, K, and Dugail, I. Adipose tissue autophagy status in obesity: expression and flux–two faces of the picture. Autophagy (2016) 12(3):588–9. doi: 10.1080/15548627.2015.1106667

94. Galluzzi, L, Pietrocola, F, Levine, B, and Kroemer, G. Metabolic control of autophagy. Cell (2014) 159(6):1263–76. doi: 10.1016/j.cell.2014.11.006

95. Tao, J, Wang, H, Zhai, Y, Park, H, Wang, J, Ji, F, et al. Downregulation of Nrf2 promotes autophagy-dependent osteoblastic differentiation of adipose-derived mesenchymal stem cells. Exp Cell Res (2016) 349(2):221–9. doi: 10.1016/j.yexcr.2016.09.013

96. Jansen, HJ, van Essen, P, Koenen, T, Joosten, LA, Netea, MG, Tack, CJ, et al. Autophagy activity is up-regulated in adipose tissue of obese individuals and modulates proinflammatory cytokine expression. Endocrinology (2012) 153(12):5866–74. doi: 10.1210/en.2012-1625

97. Kosacka, J, Kern, M, Klöting, N, Paeschke, S, Rudich, A, Haim, Y, et al. Autophagy in adipose tissue of patients with obesity and type 2 diabetes. Mol Cell Endocrinol (2015) 409:21–32. doi: 10.1016/j.mce.2015.03.015

98. Bechor, S, Nachmias, D, Elia, N, Haim, Y, Vatarescu, M, Leikin-Frenkel, A, et al. Adipose tissue conditioned media support macrophage lipid-droplet biogenesis by interfering with autophagic flux. Biochim Biophys Acta Mol Cell Biol Lipids (2017) 1862(9):1001–12. doi: 10.1016/j.bbalip.2017.06.012

99. Ye, J. Mechanisms of insulin resistance in obesity. Front Med (2013) 7(1):14–24. doi: 10.1007/s11684-013-0262-6

100. Jia, G, DeMarco, VG, and Sowers, JR. Insulin resistance and hyperinsulinaemia in diabetic cardiomyopathy. Nat Rev Endocrinol (2016) 12(3):144–53. doi: 10.1038/nrendo.2015.216

101. Marsh, BJ, Soden, C, Alarcón, C, Wicksteed, BL, Yaekura, K, Costin, AJ, et al. Regulated autophagy controls hormone content in secretory-deficient pancreatic endocrine beta-cells. Mol Endocrinol (2007) 21(9):2255–69. doi: 10.1210/me.2007-0077

102. Fujitani, Y, Ueno, T, and Watada, H. Autophagy in health and disease. 4. the role of pancreatic beta-cell autophagy in health and diabetes. Am J Physiol Cell Physiol (2010) 299(1):C1–6. doi: 10.1152/ajpcell.00084.2010

103. Fujitani, Y, Kawamori, R, and Watada, H. The role of autophagy in pancreatic beta-cell and diabetes. Autophagy (2009) 5(2):280–2. doi: 10.4161/auto.5.2.7656

104. Zhong, Z, Sanchez-Lopez, E, and Karin, M. Autophagy, inflammation, and immunity: a troika governing cancer and its treatment. Cell (2016) 166(2):288–98. doi: 10.1016/j.cell.2016.05.051

105. Lapaquette, P, Guzzo, J, Bretillon, L, and Bringer, MA. Cellular and molecular connections between autophagy and inflammation. Mediators Inflammation (2015) 2015:398483. doi: 10.1155/2015/398483

106. Jurgens, CA, Toukatly, MN, Fligner, CL, Udayasankar, J, Subramanian, SL, Zraika, S, et al. β-cell loss and β-cell apoptosis in human type 2 diabetes are related to islet amyloid deposition. Am J Pathol (2011) 178(6):2632–40. doi: 10.1016/j.ajpath.2011.02.036

107. Poitout, V, Amyot, J, Semache, M, Zarrouki, B, Hagman, D, and Fontés, G. Glucolipotoxicity of the pancreatic beta cell. Biochim Biophys Acta (2010) 1801(3):289–98. doi: 10.1016/j.bbalip.2009.08.006

108. Campbell, JE, and Newgard, CB. Mechanisms controlling pancreatic islet cell function in insulin secretion. Nat Rev Mol Cell Biol (2021) 22(2):142–58. doi: 10.1038/s41580-020-00317-7

109. Hunter, CS, and Stein, RW. Evidence for loss in identity, de-differentiation, and trans-differentiation of islet β-cells in type 2 diabetes. Front Genet (2017) 8:35. doi: 10.3389/fgene.2017.00035

110. Hudish, LI, Reusch, JE, and Sussel, L. β cell dysfunction during progression of metabolic syndrome to type 2 diabetes. J Clin Invest (2019) 129(10):4001–8. doi: 10.1172/JCI129188

111. Perl, S, Kushner, JA, Buchholz, BA, Meeker, AK, Stein, GM, Hsieh, M, et al. Significant human beta-cell turnover is limited to the first three decades of life as determined by in vivo thymidine analog incorporation and radiocarbon dating. J Clin Endocrinol Metab (2010) 95(10):E234–9. doi: 10.1210/jc.2010-0932

112. Basile, G, Qadir, MMF, Mauvais-Jarvis, F, Vetere, A, Shoba, V, Modell, AE, et al. Emerging diabetes therapies: bringing back the β-cells. Mol Metab (2022) 60:101477. doi: 10.1016/j.molmet.2022.101477

113. Jain, C, Ansarullah,, Bilekova, S, and Lickert, H. Targeting pancreatic β cells for diabetes treatment. Nat Metab (2022) 4(9):1097–108. doi: 10.1038/s42255-022-00618-5

114. Cnop, M, Toivonen, S, Igoillo-Esteve, M, and Salpea, P. Endoplasmic reticulum stress and eIF2α phosphorylation: the Achilles heel of pancreatic β cells. Mol Metab (2017) 6(9):1024–39. doi: 10.1016/j.molmet.2017.06.001

115. Bensellam, M, Jonas, J-C, and Laybutt, DR. Mechanisms of β-cell dedifferentiation in diabetes: recent findings and future research directions. J Endocrinol (2018) 236(2):R109–43. doi: 10.1530/JOE-17-0516

116. Tricò, D, Moriconi, D, Berta, R, Baldi, S, Quinones-Galvan, A, Guiducci, L, et al. Effects of low-carbohydrate versus Mediterranean diets on weight loss, glucose metabolism, insulin kinetics and β-cell function in morbidly obese individuals. Nutrients (2021) 13(4):1345. doi: 10.3390/nu13041345

117. Cryan, JF, O'Riordan, KJ, Cowan, CSM, Sandhu, KV, Bastiaanssen, TFS, Boehme, M, et al. The microbiota-Gut-Brain axis. Physiol Rev (2019) 99(4):1877–2013. doi: 10.1152/physrev.00018.2018

118. Torres-Fuentes, C, Schellekens, H, Dinan, TG, and Cryan, JF. The microbiota-gut-brain axis in obesity. Lancet Gastroenterol Hepatol (2017) 2(10):747–56. doi: 10.1016/S2468-1253(17)30147-4

119. Eckburg, PB, Bik, EM, Bernstein, CN, Purdom, E, Dethlefsen, L, Sargent, M, et al. Diversity of the human intestinal microbial flora. Sci (New York NY) (2005) 308(5728):1635–8. doi: 10.1126/science.1110591

120. Meijnikman, AS, Gerdes, VE, Nieuwdorp, M, and Herrema, H. Evaluating causality of gut microbiota in obesity and diabetes in humans. Endocr Rev (2018) 39(2):133–53. doi: 10.1210/er.2017-00192

121. Turnbaugh, PJ, Ley, RE, Mahowald, MA, Magrini, V, Mardis, ER, and Gordon, JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature (2006) 444(7122):1027–31. doi: 10.1038/nature05414

122. Le Chatelier, E, Nielsen, T, Qin, J, Prifti, E, Hildebrand, F, Falony, G, et al. Richness of human gut microbiome correlates with metabolic markers. Nature (2013) 500(7464):541–6. doi: 10.1038/nature12506

123. Boulangé, CL, Neves, AL, Chilloux, J, Nicholson, JK, and Dumas, M-E. Impact of the gut microbiota on inflammation, obesity, and metabolic disease. Genome Med (2016) 8(1):42. doi: 10.1186/s13073-016-0303-2

124. Ridlon, JM, Kang, DJ, Hylemon, PB, and Bajaj, JS. Bile acids and the gut microbiome. Curr Opin Gastroen (2014) 30(3):332–8. doi: 10.1097/MOG.0000000000000057

125. Chobot, A, Górowska-Kowolik, K, Sokołowska, M, and Jarosz-Chobot, P. Obesity and diabetes-not only a simple link between two epidemics. Diabetes/metab Res Rev (2018) 34(7):e3042. doi: 10.1002/dmrr.3042

126. Grasset, E, and Burcelin, R. The gut microbiota to the brain axis in the metabolic control. Rev Endocr Metab Disord (2019) 20(4):427–38. doi: 10.1007/s11154-019-09511-1

127. Dabke, K, Hendrick, G, and Devkota, S. The gut microbiome and metabolic syndrome. J Clin Invest (2019) 129(10):4050–7. doi: 10.1172/JCI129194

128. Rooks, MG, and Garrett, WS. Gut microbiota, metabolites and host immunity. Nat Rev Immunol (2016) 16(6):341–52. doi: 10.1038/nri.2016.42

129. Cani, PD, Bibiloni, R, Knauf, C, Waget, A, Neyrinck, AM, Delzenne, NM, et al. Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes (2008) 57(6):1470–81. doi: 10.2337/db07-1403

130. Cani, PD, Amar, J, Iglesias, MA, Poggi, M, Knauf, C, Bastelica, D, et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes (2007) 56(7):1761–72. doi: 10.2337/db06-1491

131. Trøseid, M, Nestvold, TK, Rudi, K, Thoresen, H, Nielsen, EW, and Lappegård, KT. Plasma lipopolysaccharide is closely associated with glycemic control and abdominal obesity: evidence from bariatric surgery. Diabetes Care (2013) 36(11):3627–32. doi: 10.2337/dc13-0451

132. Cani, PD, and Jordan, BF. Gut microbiota-mediated inflammation in obesity: a link with gastrointestinal cancer. Nat Rev Gastroenterol Hepatol (2018) 15(11):671–82. doi: 10.1038/s41575-018-0025-6

133. Singer-Englar, T, Barlow, G, and Mathur, R. Obesity, diabetes, and the gut microbiome: an updated review. Expert Rev Gastroenterol Hepatol (2019) 13(1):3–15. doi: 10.1080/17474124.2019.1543023

134. Denou, E, Lolmède, K, Garidou, L, Pomie, C, Chabo, C, Lau, TC, et al. Defective NOD2 peptidoglycan sensing promotes diet-induced inflammation, dysbiosis, and insulin resistance. EMBO Mol Med (2015) 7(3):259–74. doi: 10.15252/emmm.201404169

135. Amar, J, Serino, M, Lange, C, Chabo, C, Iacovoni, J, Mondot, S, et al. Involvement of tissue bacteria in the onset of diabetes in humans: evidence for a concept. Diabetologia (2011) 54(12):3055–61. doi: 10.1007/s00125-011-2329-8

136. Tomasova, L, Konopelski, P, and Ufnal, M. Gut bacteria and hydrogen sulfide: the new old players in circulatory system homeostasis. Molecules (Basel Switzerland) (2016) 21(11):1558. doi: 10.3390/molecules21111558

137. Karlsson, FH, Tremaroli, V, Nookaew, I, Bergström, G, Behre, CJ, Fagerberg, B, et al. Gut metagenome in European women with normal, impaired and diabetic glucose control. Nature (2013) 498(7452):99–103. doi: 10.1038/nature12198

138. Wahlström, A, Sayin, SI, Marschall, H-U, and Bäckhed, F. Intestinal crosstalk between bile acids and microbiota and its impact on host metabolism. Cell Metab (2016) 24(1):41–50. doi: 10.1016/j.cmet.2016.05.005

139. Sinal, CJ, Tohkin, M, Miyata, M, Ward, JM, Lambert, G, and Gonzalez, FJ. Targeted disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell (2000) 102(6):731–44. doi: 10.1016/S0092-8674(00)00062-3

140. de Aguiar Vallim, TQ, Tarling, EJ, and Edwards, PA. Pleiotropic roles of bile acids in metabolism. Cell Metab (2013) 17(5):657–69. doi: 10.1016/j.cmet.2013.03.013

141. Sayin, SI, Wahlström, A, Felin, J, Jäntti, S, Marschall, H-U, Bamberg, K, et al. Gut microbiota regulates bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab (2013) 17(2):225–35. doi: 10.1016/j.cmet.2013.01.003

142. Thomas, C, Gioiello, A, Noriega, L, Strehle, A, Oury, J, Rizzo, G, et al. TGR5-mediated bile acid sensing controls glucose homeostasis. Cell Metab (2009) 10(3):167–77. doi: 10.1016/j.cmet.2009.08.001

143. Chávez-Talavera, O, Tailleux, A, Lefebvre, P, and Staels, B. Bile acid control of metabolism and inflammation in obesity, type 2 diabetes, dyslipidemia, and nonalcoholic fatty liver disease. Gastroenterology (2017) 152(7):1679–94.e3. doi: 10.1053/j.gastro.2017.01.055

144. Watanabe, M, Houten, SM, Mataki, C, Christoffolete, MA, Kim, BW, Sato, H, et al. Bile acids induce energy expenditure by promoting intracellular thyroid hormone activation. Nature (2006) 439(7075):484–9. doi: 10.1038/nature04330

145. Nauck, MA, and Meier, JJ. Incretin hormones: their role in health and disease. Diabetes Obes Metab (2018) 20(Suppl 1):5–21. doi: 10.1111/dom.13129

146. Lu, Y, Fan, C, Li, P, Lu, Y, Chang, X, and Qi, K. Short chain fatty acids prevent high-fat-diet-induced obesity in mice by regulating G protein-coupled receptors and gut microbiota. Sci Rep (2016) 6:37589. doi: 10.1038/srep37589

147. Prinz, P, Hofmann, T, Ahnis, A, Elbelt, U, Goebel-Stengel, M, Klapp, BF, et al. Plasma bile acids show a positive correlation with body mass index and are negatively associated with cognitive restraint of eating in obese patients. Front Neurosci (2015) 9:199. doi: 10.3389/fnins.2015.00199

148. Adrian, TE, Gariballa, S, Parekh, KA, Thomas, SA, Saadi, H, Al Kaabi, J, et al. Rectal taurocholate increases l cell and insulin secretion, and decreases blood glucose and food intake in obese type 2 diabetic volunteers. Diabetologia (2012) 55(9):2343–7. doi: 10.1007/s00125-012-2593-2

149. Liu, H, Hu, C, Zhang, X, and Jia, W. Role of gut microbiota, bile acids and their cross-talk in the effects of bariatric surgery on obesity and type 2 diabetes. J Diabetes Invest (2018) 9(1):13–20. doi: 10.1111/jdi.12687

150. Martinez-Guryn, K, Leone, V, and Chang, EB. Regional diversity of the gastrointestinal microbiome. Cell Host Microbe (2019) 26(3):314–24. doi: 10.1016/j.chom.2019.08.011

151. Chatterjee, S, Khunti, K, and Davies, MJ. Type 2 diabetes. Lancet (2017) 389(10085):2239–51. doi: 10.1016/s0140-6736(17)30058-2

152. Davies, MJ, D'Alessio, DA, Fradkin, J, Kernan, WN, Mathieu, C, Mingrone, G, et al. Management of hyperglycemia in type 2 diabetes, 2018. a consensus report by the American diabetes association (ADA) and the European association for the study of diabetes (EASD). Diabetes Care (2018) 41(12):2669–701. doi: 10.2337/dci18-0033

153. American College of Cardiology/American Heart Association Task Force on Practice Guidelines, and Obesity Expert Panel. Expert panel report: guidelines (2013) for the management of overweight and obesity in adults. Obes (Silver Spring) (2014) 22(Suppl 2):S41–410. doi: 10.1002/oby.20660

154. Vijan, S. Type 2 diabetes. Ann Intern Med (2019) 171(9):Itc65–itc80. doi: 10.7326/aitc201911050

155. Gadde, KM, Martin, CK, Berthoud, HR, and Heymsfield, SB. Obesity: pathophysiology and management. J Am Coll Cardiol (2018) 71(1):69–84. doi: 10.1016/j.jacc.2017.11.011

156. Jensen, MD, Ryan, DH, Apovian, CM, Ard, JD, Comuzzie, AG, Donato, KA, et al. 2013 AHA/ACC/TOS guideline for the management of overweight and obesity in adults: a report of the American college of Cardiology/American heart association task force on practice guidelines and the obesity society. Circulation (2014) 129(25 Suppl 2):S102–38. doi: 10.1161/01.cir.0000437739.71477.ee

157. Badman, MK, Kennedy, AR, Adams, AC, Pissios, P, and Maratos-Flier, E. A very low carbohydrate ketogenic diet improves glucose tolerance in ob/ob mice independently of weight loss. Am J Physiology-Endocrinol Metab (2009) 297(5):E1197–204. doi: 10.1152/ajpendo.00357.2009

158. Leidy, HJ, Clifton, PM, Astrup, A, Wycherley, TP, Westerterp-Plantenga, MS, Luscombe-Marsh, ND, et al. The role of protein in weight loss and maintenance. Am J Clin Nutr (2015) 101(6):1320S–9S. doi: 10.3945/ajcn.114.084038

159. Sharretts, J, Galescu, O, Gomatam, S, Andraca-Carrera, E, Hampp, C, and Yanoff, L. Cancer risk associated with lorcaserin — the FDA’s review of the CAMELLIA-TIMI 61 trial. N Engl J Med (2020) 383(11):1000–2. doi: 10.1056/NEJMp2003873

160. Shi, Q, Wang, Y, Hao, Q, Vandvik, PO, Guyatt, G, Li, J, et al. Pharmacotherapy for adults with overweight and obesity: a systematic review and network meta-analysis of randomised controlled trials. Lancet (London England) (2022) 399(10321):259–69. doi: 10.1016/S0140-6736(21)01640-8

161. Müller, TD, Blüher, M, Tschöp, MH, and DiMarchi, RD. Anti-obesity drug discovery: advances and challenges. Nat Rev Drug Discovery (2022) 21(3):201–23. doi: 10.1038/s41573-021-00337-8

162. Pareek, M, Schauer, PR, Kaplan, LM, Leiter, LA, Rubino, F, and Bhatt, DL. Metabolic surgery: weight loss, diabetes, and beyond. J Am Coll Cardiol (2018) 71(6):670–87. doi: 10.1016/j.jacc.2017.12.014

163. Karagiannis, T, Avgerinos, I, Liakos, A, Del Prato, S, Matthews, DR, Tsapas, A, et al. Management of type 2 diabetes with the dual GIP/GLP-1 receptor agonist tirzepatide: a systematic review and meta-analysis. Diabetologia (2022) 65(8):1251–61. doi: 10.1007/s00125-022-05715-4

164. Jastreboff, AM, Aronne, LJ, Ahmad, NN, Wharton, S, Connery, L, Alves, B, et al. Tirzepatide once weekly for the treatment of obesity. New Engl J Med (2022) 387(3):205–16. doi: 10.1056/NEJMoa2206038

165. Lee, PC, and Dixon, J. Medical devices for the treatment of obesity. Nat Rev Gastroenterol Hepatol (2017) 14(9):553–64. doi: 10.1038/nrgastro.2017.80

166. Popov, VB, Ou, A, Schulman, AR, and Thompson, CC. The impact of intragastric balloons on obesity-related Co-morbidities: a systematic review and meta-analysis. Am J Gastroenterol (2017) 112(3):429–39. doi: 10.1038/ajg.2016.530

167. Lebovitz, HE, Ludvik, B, Yaniv, I, Schwartz, T, Zelewski, M, and Gutterman, DD. Treatment of patients with obese type 2 diabetes with Tantalus-DIAMOND® gastric electrical stimulation: normal triglycerides predict durable effects for at least 3 years. Horm Metab Res (2015) 47(6):456–62. doi: 10.1055/s-0035-1548944

168. Nyström, M, Machytka, E, Norén, E, Testoni, PA, Janssen, I, Turró Homedes, J, et al. Aspiration therapy as a tool to treat obesity: 1- to 4-year results in a 201-patient multi-center post-market European registry study. Obes Surg (2018) 28(7):1860–8. doi: 10.1007/s11695-017-3096-5

169. Koehestanie, P, de Jonge, C, Berends, FJ, Janssen, IM, Bouvy, ND, and Greve, JW. The effect of the endoscopic duodenal-jejunal bypass liner on obesity and type 2 diabetes mellitus, a multicenter randomized controlled trial. Ann Surg (2014) 260(6):984–92. doi: 10.1097/sla.0000000000000794

170. Rajagopalan, H, Cherrington, AD, Thompson, CC, Kaplan, LM, Rubino, F, Mingrone, G, et al. Endoscopic duodenal mucosal resurfacing for the treatment of type 2 diabetes: 6-month interim analysis from the first-in-Human proof-of-Concept study. Diabetes Care (2016) 39(12):2254–61. doi: 10.2337/dc16-0383

171. de Oliveira, GHP, de Moura, DTH, Funari, MP, McCarty, TR, Ribeiro, IB, Bernardo, WM, et al. Metabolic effects of endoscopic duodenal mucosal resurfacing: a systematic review and meta-analysis. Obes Surg (2021) 31(3):1304–12. doi: 10.1007/s11695-020-05170-3

172. Gollisch, KSC, and Raddatz, D. Endoscopic intragastric balloon: a gimmick or a viable option for obesity? Ann Trans Med (2020) 8(Suppl 1):S8. doi: 10.21037/atm.2019.09.67

173. McCarty, TR, and Thompson, CC. The current state of bariatric endoscopy. Digestive endoscopy (2021) 33(3):321–34. doi: 10.1111/den.13698

174. Greenway, FL, Aronne, LJ, Raben, A, Astrup, A, Apovian, CM, Hill, JO, et al. A randomized, double-blind, placebo-controlled study of Gelesis100: a novel nonsystemic oral hydrogel for weight loss. Obes (Silver Spring Md) (2019) 27(2):205–16. doi: 10.1002/oby.22347

175. Azagury, D, and Morton, JM. Bariatric surgery outcomes in US accredited vs non-accredited centers: a systematic review. J Am Coll Surg (2016) 223(3):469–77. doi: 10.1016/j.jamcollsurg.2016.06.014

176. Angrisani, L, Santonicola, A, Iovino, P, Vitiello, A, Zundel, N, Buchwald, H, et al. Bariatric surgery and endoluminal procedures: IFSO worldwide survey 2014. Obes Surg (2017) 27(9):2279–89. doi: 10.1007/s11695-017-2666-x

177. Nguyen, NT, and Varela, JE. Bariatric surgery for obesity and metabolic disorders: state of the art. Nat Rev Gastroenterol Hepatol (2017) 14(3):160–9. doi: 10.1038/nrgastro.2016.170

178. Mingrone, G, Panunzi, S, De Gaetano, A, Guidone, C, Iaconelli, A, Capristo, E, et al. Metabolic surgery versus conventional medical therapy in patients with type 2 diabetes: 10-year follow-up of an open-label, single-centre, randomised controlled trial. Lancet (2021) 397(10271):293–304. doi: 10.1016/s0140-6736(20)32649-0

179. Aminian, A. Sleeve gastrectomy: metabolic surgical procedure of choice? Trends Endocrinol Metab (2018) 29(8):531–4. doi: 10.1016/j.tem.2018.04.011

180. Buchwald, H, Estok, R, Fahrbach, K, Banel, D, Jensen, MD, Pories, WJ, et al. Weight and type 2 diabetes after bariatric surgery: systematic review and meta-analysis. Am J Med (2009) 122(3):248–56.e5. doi: 10.1016/j.amjmed.2008.09.041

181. Spinos, D, Skarentzos, K, Esagian, SM, Seymour, KA, and Economopoulos, KP. The effectiveness of single-anastomosis duodenoileal bypass with sleeve Gastrectomy/One anastomosis duodenal switch (SADI-S/OADS): an updated systematic review. Obes Surg (2021) 31(4):1790–800. doi: 10.1007/s11695-020-05188-7

182. De Luca, M, Piatto, G, Merola, G, Himpens, J, Chevallier, J-M, Carbajo, M-A, et al. IFSO update position statement on one anastomosis gastric bypass (OAGB). Obes Surg (2021) 31(7):3251–78. doi: 10.1007/s11695-021-05413-x

183. Adams, TD, Arterburn, DE, Nathan, DM, and Eckel, RH. Clinical outcomes of metabolic surgery: microvascular and macrovascular complications. Diabetes Care (2016) 39(6):912–23. doi: 10.2337/dc16-0157




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Ruze, Liu, Zou, Song, Chen, Xu, Yin and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1161521-g003.jpg
MUFA SFA

\VVVVVVVVVVVVV VARARANAANAANANS

PUFA
AARARARANRARARARARARARANS

FAHFA TLR4
AARARARAAAANAANAANS Ce” membrane

l Ceramide
ER strses T
TAG T

Inflammatory @p
macrophage and
dendritic cell @ JNK

// \\
@@@

-, e S;i‘mj TranscrlptlonT i

Chemocytokine N I
ucleus
release j

Insulin signaling

Lipid accumulation
Hyperglycemia





OEBPS/Images/fendo-14-1161521-g001.jpg
Obesity T2DM

Genetic susceptibility Genetic susceptibility

A

Eating behavior, reward system, metabolism, DNA
binding, growth, hormone, inflammation, immune system,
mitophagy, circadian rythm, hypoxia, oxidative stress,
hyperglycemia, lipolysis and thermogenesis

Environment
.
“,5;’ ' - ‘ ﬁ
Calone @ 9%/ i J : ) \ff% \\\\ N
SO e 5T
sonadt’ SN | = @ o

Energy Nutrient | Maternal
imbalance composition Microbiome obesity/DM weight Medicine Polution Sleep insufficiency

B-cell function

Dysregulated B-cell
development and
insulin secretion

+

Speed of B-cell loss

Accelerator” m

Expanded adipose tissue = o l

with accumulation of ECM De? Functional -
and inflammatory cells A= cell mass !
+

Insulin
sensitivity {

Insulin Insulin
insufficiency resistance

Excessive Insulin
weight gain supplementation






OEBPS/Images/table1b.jpg
GLPIRAS

Dipeptidyl
peptdase-4
inhibitors (DDP-
)

Sodium glucose
cotransporter2
inhibitors (SGLT-
28

Glucosidsse
inibitors

Insuin

Amylin anslogucs

GIPIGLP! dush

agonist
(Ticepatide)

© Insalin seretion!
® Glucagon secrtion
© Hepatic glucose
oupott

® Dlayed gastric
empying

© Sty

© Insulin seretiont
© Glucagon secrtion

Urinary glacose
excretiont

Slowed gucose
absorpton by desying
degradation of complex
carbohydrtes in the GI

sl supplementaton:
© Glucose disposall
@ Glucose prodctont

© Glucagon secrtion
© Delayed gastric
emptying

© Syt

Synergistic incetn i
© Insulin scretion]

© Glucagon secetion]
© Insulin biosynthesis]
© Bl profersiont
© Bl apoposis),

Incrmedine-very b
(depend on drug)

Inermedise

Incrmedine high
(depend on glomerubr
itraton rate)

Lovw.imermediste

Very high

Incrmedine

® v plcebor 1771
movolimal (-162%) t0
35 mmolimol
(2009)
©sGLP RAs 322
mmolimal (029%) to

1006 mmolimol
(092%)
© v baclinsolin
egimens: 7.6 mmol/
mol (0705) to-1202
mmolimol (-L09%)

© No hypogycemia a5
monotherapy

© Excellen postprandil
hcose conteol

© Canfiovascular skl

© No hypoghycenia
© Stisfying olrance

© No hypoghycemia
© Blood pressurel,

© Eftctiveat all stages
of T2DM with preserved
‘omerular function

© Canfiovascub risk,
ese e, chronic
Kidney discase certain
drogl

©Low sk for
hypogycemia

© Posprandal e
fucustiont

© Mechanim ofston
in non-ystemic way

© Carorsalr sty
©nopensine

© Universl response
© Stisiying efficacy

Postprandial ghcose
Aucuationt

© Superio effectof
slycemia control
compared with placebo,
GLPIRAS, and basl
insulin

© Docs not ncrese the
odds of hypoglycemia

© Gl side effects
@ Hear et

© Dose adjusiment/
avoidance i renal
diseae

© Maliple
complcations

© Very expensive

© Potentialrsk of
unicri/angiosdema
© Hospializaton
because o heant
faluret (crtain drug)
© Dose adjustment
avoidance or ensh
diseae

© Genital and uinary
s infctions

© Polyuria

© Volume depleton’
hypotension
@LL.Ct
© Cretninet

® Dose adjustment
avoidance for rensl
discae

© Riskfor
amputation and
fmcure
(camglorin) 1

© Expensive

© Gl sde ellects
© Frequent dosing
adjustment

© Dose adjustment
avoidance or rensh
diseae

© Hypoglycemia
© Frequent dose
adjustment

© Expensive

© Hypoglycemia
© Frequent dosing
adustment

© G side ffts
© Very expensive

Gl adwerse events
(mainlyat high dose)
such 2 nauses,
vomiting and
disrhea

T DMt B i Tl T e T o e ksl

Effcacy in body weight

rduction:
TirzepatidesGi

RAs





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Obesity and type 2 diabetes mellitus: connections in epidemiology, pathogenesis, and treatments

      

        		

          1 Introduction

        



        		

          2 Epidemiological links between obesity and T2DM

        

          		

            2.1 Obesity

          



          		

            2.2 T2DM

          



        



        



        		

          3 Mechanisms connecting obesity and T2DM

        

          		

            3.1 Genetics and environment affecting islet function

          



          		

            3.2 Microenvironmental remodeling related to adiposity

          

            		

              3.2.1 Ectopic expansion of adipose tissue

            



            		

              3.2.2 Nutrients and metabolites

            

              		

                3.2.2.1 Fatty acids (FAs)

              



              		

                3.2.2.2 Amino acids (AAs)

              



              		

                3.2.2.3 Other metabolites

              



            



            



            		

              3.2.3 Systemic inflammation

            



          



          



          		

            3.3 Autophagy

          



          		

            3.4 β-cell failure in pancreatic islet

          



          		

            3.5 The microbiome-gut-brain axis

          



        



        



        		

          4 The mutual effect of available treatment for obesity and T2DM

        

          		

            4.1 Lifestyle interventions

          



          		

            4.2 Dietary modification and physical activity

          



          		

            4.3 Pharmacotherapy

          



          		

            4.4 Medical devices

          



          		

            4.5 Bariatric surgery

          



        



        



        		

          Closing remarks

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1161521-g005.jpg
Systemic changes

Obesity

Insulin resistance

Lipid and glucose Inflammation
accumulation

Glucolipotoxicity

B-cell exhaustion

Eosinophil .~ Pancreatic islet in T2DM

Inflammation

Progenitor-like cell

Oxidative

Dedifferentiation and/or stress 1
transdifferentiation

a-cell

Amyloid deposition

Reduction in

number

Inflammatory
cytokine
production T

B-cell death *





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1161521-g007.jpg
Gut microbiome
Normal ——— Obesity

Altered composition
Diversity {

Hyperlipidemia
Body weight T
Inflammation T
Insulin sensitivity 4
Hyperglycemia

Hypothalamus /g Appetite T Circulation
ok Satiety |
Hunger T
Energy expenditure !

eGI peptid:a.sji.. . LPS?

o0
®e o

Vagus nerv

ry cytokines 1 /
O\ O ° ° ‘
\.‘ ° .-: * Macrophage Q

Dendritic cell

Enteroendocrine cel

SCFA-producing
microbiome !

GABA,

Gut lumen

Pro-
inflammatory

cytokines 1 E
£ Lpst e
S

- TLR...:.. 1
s

GSCFA disposal ! oo
LPS production T § o

Systemic inflammation T
Endotoxemia
Insulin sensitivity
Metabolic imbalance

( )SCFAL QBM }ﬁi

Bacterial DNA T

carbon oxide, indole,

ammonia,
% hydrogen sulfide

5—H'I',Ilitric oxide, %






OEBPS/Images/table2.jpg
Efficacy in
weight loss/
glycemic
control

Mechanism of
action (Not
exhaustive)

Treatment

® Gastric volume|
@ Stimulation of

afferent
mechanosensitive Total body
Intragastric receptors in the gastric | weight loss
balloons wall (same below):
@ Delayed gastric 5-15%
emptying
@ Alterations in GI
hormones
© Gastric
accommodation|
Electrical @ Delayed gastric 9.2% at 1 year
stimulation systems  emptying 8.0% at 2 years
® Satiety?

@ Calorie intake|

P . © Fastened gastric
Gastric emptying

systems emptying 15-20%
¥ @ Caloric intake|
. djﬁi‘:ic:;l’l:;?ass Limitation of intestinal
f 15-2(
iners (NOT FDA. | DYPass component o 5-20%
bariatric procedure
approved)
Mean weight
® Absorption of
Other (Duodenal .sorp fon o loss of 3.1kg at 3
nutrients|
mucosal . months
) @ Enhanced cretin L
resurfacing) Not significant
effect
at 6 months
® Gastric volume|
Hydrogel particle  ® Satiety] 5-15%
@ Calorie intake|

(T2) DM, (type 2) diabetes mellitus; BMI, body mass index.

Advantages

® Globally
used

@ Easy
placement and
removal

@ Reversibility
@ Less invasive

Avoidance of
permanent
nerve damage

® Long
durability

® No increase
in eating
disorder
incidence

® Technically
easy

® Approved
for higher BMI

@Reversibility
@ Improved
glycemic
control

® No incision
@ Restored
insulin
sensitivity

® Promotes
weight loss

© Long
durability

@ No increase
in eating
disorder
incidence

@ Convenient

Impact on

body
Disadvantages weight/
glycemic
traits
Improvement or (155,
remission of 165-
T2DM 174
® Temporary use only (6 months maximum) )
@ Modest weight reduction
@ GI side effects
@ Uncertain long-term safety
® Weight regain
© Multiple side effects
® Relatively invasive and requires intraperitoneal
violation (vagal nerve blockade)
@ Device-specific risks: electrolyte abnormalities,
nausea, and vomiting
@ Gastrostomy tube requires maintenance
@ Potassium chloride supplementation and PPIs
are commenced to reduce acid loss and potential
potassium depletion due to aspiration of gastric
contents
® Multiple side effects
Uncertain long-term safety
@ Fluoroscopic placement
© Modest weight loss
@ Fluoroscopy needed
® More data required
Improved
sl
© Uncertain long-term safety i
sensitivity

@ Modest weight loss
® More data required
@ Expensive





OEBPS/Images/table3.jpg
Efficacy in

Mechanism weight
of action : Impact on body weight/glycemic
Treatment loss/ Advantages Disadvantages P Y wWelghtgly
(Not - traits
~ glycemic
exhaustive)
control
® Gastric ® Easier procedure
volume/| Ten.ds to avmc.l ll'()fl © Risk of gastric
@ Fastened calcium and vitamin leak
gastric deficiencies caks .
. . @ Late complications
emptying ! year: @ Rapid and requiring conversion
Sleeve @Food intake | 20-28% substantial weight loss 8
i : ; to RYGB
gastrectomy (SG) | and calorie 26 Years: ® No foreign material h .
: . @ Weight regain due
consumption | 22% implanted o
to dilated sleeve
@ GI hormones @ Can be used as the 3
. L @ Increased risk of
(ghrelin) | initial procedure Sstorerstive GERD
® Appetite| before RYGB or postoperat
® Satiety? BPD-DS
® Food and
calories
consumption |
@ Fat ® Complexity
malabsorption ® Long-term vitamin
@ Calories and e and/or mineral
Roux-en-Y nutrients 2 3}’4 3 % Notable long-term deficiencies
gas!;i; g)épass ?Dl)i;)rgtionl ) 56 Years weight }oss and1 @ Longer hospital © Popularity:
(: ) ;] nti-incretin 25.28% glycemic contro s@tal)-'r X SG>RYGB>AGB>BPD-DS
Sibstarcest tigher @ Efficacy of weight loss and T2DM remission:
©lncretin perioperativerand BPD-DS>RYGB>SG>AGB (10,28,
substance late complications © Complications: 155,
secretiont: BPD-DS>RYGB>SG>AGB 162,
© I"_Sf'l?" @® Common mechanisms: 177,
sEnsitivity Changes in hunger, satiety, energy balance, 180~
® No surgical division gastric poucl? evmpt?'ing m‘tes, vagal signaling, GI | 182)
SEthie stonaek hormone activity, circulating BAs, and the gut
@ Shorter operative ) microbiome, Changes in inflammatory and
fime ® Higher rate of adipokine profiles
e reoperation for
@ R il d
@ Satiety? 1 year: a d'ues‘t,:tisﬂlill e obstruction, band
Adjustable gastric @ Delayed 14-30% ® ]Lower rizk of slippage or erosion
band (AGB) gastric >6 Years: L @ Device
. vitamin and/or s
emptying 13-14% thadil vulnerability
M © Risk of band
‘malabsorption betraction:
©® Lower rate of death  °
and perioperative
complications
® Complexity
® Food @ Higher
consumption - : complication rates
<2 : @ Hi t t I
Biliopancreatic @ Absorption years 1.ghes weigh f)ss and mortality
i . . 48-64% and improvement in .
diversion with of protein, fat, B @ Potential
. R >2 Years: glucose metabolism L
duodenal switch nutrients, and N deficiencies in
L 69-78% @ Highest rate of ) L
(BPD-DS) vitamins| Vinl® proteins, vitamins,
. remission of T2DM <
® Changes in and minerals
GI hormones @ Frequent follow-
up required
@ Safe
® More simplified
Single- techmgue.and less 0] C?mplemy
o 21.5-412%, | complications ® Higher
Without compared to BPD-DS | complication rates
duodenal weight @ Shorter © Potential
ileostomy with | Similar to SG eent orter otential DM remission rate is up to nearly 75%
dassi regain within  hospitalization deficiencies in in
N 24months | @ Strengthened total serum proteins,
gastrectomy A )
after surgery | efficacy in weight loss folate, vitamin B12,
(SADI-S) . : :
and glycemic control calcium, and zinc
for patients with
morbid obesity
EBMIL at a
9} ‘l;oocll u.1take n;e;u; :‘l-n;eAl © Safe
nd smone s © Higher efficacy in | ® Potential risk of
consumption] | years: weight lossand DM bile reflux and
One anastomosis | @ Altered GI © Revisional 5 n_i ion than RYGB forbal " © Weight reduction: AOGB=RYGB>SG
gastric bypass | hormones|. operations: cmissio ; stomal cance ® Average DM remission: 75.8% + 12.2 at a
X and SG, respectively ® Longer follow-ups X
(OAGB) ® Appetite]. 79.14 + 148 X mean time of 2.9 + 3.4 years
2 : @ Shorter operative and more data are
@ Satiety? @ Primary : .
E s time required
® Insulin operations: oL lication
sensitivity! 83.77 % €55 complcations
13.41

(T2) DM, (type 2) diabetes mellitus; EBMIL, excess body mass index loss.





OEBPS/Images/fendo-14-1161521-g004.jpg
=9

Overnutrition

Lipids
and FAs T

Insulin-IGF-1
pathway

Amino
acids T
BCAAT
Ammonia T
mTORC1

Low-grade inflammation
Hyperlipidemia

Autophagy flux

PI3K-AKT
pathway

Autophagy

Lipid disposal {
Protein degradation !

Lipogenesis T
Inflammation T

Obesity

Pancreas

Adipose tissue

Lipidemia-induced oxidative
stress, inflammation, ER
stress, and mitochondrial

dysfunction

Antophagy gene expression T PLIN2 and AMPK and Insulin T
Lipids T Rubicon STAT3-JNK Lipids T
FAs T signaling Amino acids T

PI3K-AKT pathway

Glucagon T
FAs T

Antophagy ! Antophagy T Antophagy { Antophagy T
Disruapted dipocyte Adiponectin! Lipogenesis T

differentiation, adipose Insulin sensitivity { Glucogenesis T Hyperinsulinemia
tissue development, and Adipogenesis T Inflammation T B-cell dysfunction

adipokine secretion Inflammation T Apoptosis T





OEBPS/Images/fendo-14-1161521-g002.jpg
pose tisue accumuation and expansion T
Py acid metgboiamd.

Hypertrophy
roiaraan woe (T Aibe Tand NclT)
RoST

Angiogenesis
Fibrosis and hyposia
LpolysisT

B U nfusion?

nflammatory
Lpid nfusiont

Adipose
inflammation? | | Skeletal muscle
Adipose GLUAT 4

Hepatocyte.

[ L8/ o)

b
== M

_— 'wm = .

VY iaiﬁf g






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2023.1161521_cover.jpg
& frontiers | Frontiers in Endocrinology

Obesity and type 2 diabetes mellitus:
connections in epidemiology, pathogenesis,
and treatments





OEBPS/Images/table1a.jpg
Mechanism of

Efficacy in weight
loss/glycemic

control

Disadvantages

Impact on body.
weight/glycemic
taits

Treatment action (Not
xhaustive)
Weightlowering drugs
o © Lipae inhibitor

Phentermine.
opiramate
(PHENITPM)

Nalwexone-
bupropion (NB)

GLP-1 reeptor
agonists (GLP-
)

Anti-diabetic drugs

Biguanides

(Metformin, MET)

Sulfonyress

Thiszolidinediones
(PPAR-yagoniss
orTZDy

Megitnides
(Glinides)

© Fat malabsorption

© Phenermine:
norepinephrine elessing.
agent

© Topirmate: GABA
rceptor modulation

© Appettel.

© Naltexone: opicid
amsgonist

® Bupropion: dopamine.
and norepnephrine.
rupake inbibior

© Food inakel

© Linglutide:obsi
(30 mg, once dity)/
TIDM (18 mg)

© Semagluide (24 mg.
once weeky)

© Delayed gastric
empying

© Hepatic glocose
ouputl

© Perphera isue
senstiy]

© GLP-1 scretiont

nslin secretion]

sl sensiviy in
target onganst

Inslin seretion]

Weight losscompared
with placbo (%, same
below:

£1%0102%,

L2178% 093
(dosc dependent)

© Certin fficacy
© Convenient

LIRLS0% 0 -615%

(dose dependent)

Lingltide: 26555
Semaglutide: 245
149%

© Validaed efficacy

© No hypoghycemia

© Incxpensive

© Only drug svasble
for patients wha are 15
yeurs or younger

High

© Validsted efficacy
© Lowered
microsasculr
© Inexpensive

tigh

© Low riskof
Bypogycemia

@ Long durabily
© Lipidemial

© Candiovascube
events|

© Inexpensive

High

© Postprandil glucose
Aucuation

© Flexible dossge

© S in advanced reral.
discse with approprise
dosing.

© Incxpensive

Incrmediaie high

© High ratesof side
efeas

© Linited durbil
© Expensive

© Gl symptoms and
Vi deiciency

© Dose adustment
avoidance for enal
diseae

© Lactic acidosis
()

© Hypogycenia
® Uncersin
rdiovasular sfety
© Dose adjustment
avoidance for rensl
discae

© High e of-
secondary ilure

© Riskof edema and
hear el

© Bone los and bone
fncturest

© Hypoghcemia
© Uncersin
ardiosasala sfey
© Frequent dosing
adusiment

@ Effcacy of weightloss
(compared with sty
modifcation aonel:

Tommatr
W | &
Do o | 52
@ e e
Naltrexone- 1
Bupropion> Phestermine. | 6
Toprmacar
o
it e
Inmeda
!
!
as.
-
by






OEBPS/Images/fendo-14-1161521-g006.jpg
Sexual
differences

Microbiome-gut-

brain axis regulators






