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Abstract

:

Mitochondria play a key role in maintaining energy homeostasis in metabolic tissues, including adipose tissues. The two main types of adipose tissues are the white adipose tissue (WAT) and the brown adipose tissue (BAT). WAT primarily stores excess energy, whereas BAT is predominantly responsible for energy expenditure by non-shivering thermogenesis through the mitochondria. WAT in response to appropriate stimuli such as cold exposure and β-adrenergic agonist undergoes browning wherein it acts as BAT, which is characterized by the presence of a higher number of mitochondria. Mitochondrial dysfunction in adipocytes has been reported to have strong correlation with metabolic diseases, including obesity and type 2 diabetes. Dysfunction of mitochondria results in detrimental effects on adipocyte differentiation, lipid metabolism, insulin sensitivity, oxidative capacity, and thermogenesis, which consequently lead to metabolic diseases. Recent studies have shown that mitochondrial function can be improved by using thiazolidinedione, mitochondria-targeted antioxidants, and dietary natural compounds; by performing exercise; and by controlling caloric restriction, thereby maintaining the metabolic homeostasis by inducing adaptive thermogenesis of BAT and browning of WAT. In this review, we focus on and summarize the molecular regulation involved in the improvement of mitochondrial function in adipose tissues so that strategies can be developed to treat metabolic diseases.
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1. Introduction


In 1890, Altmann identified ubiquitously existing cytoplasmic structures with genetic and metabolic autonomy and called them “bioblasts.” He proposed that these structures are “elementary organisms” resembling bacteria [1]. The term “mitochondria” was introduced in 1898 by Benda; this term originated from the Greek words “mitos” and “condros,” which meant thread granules [2]. Later, in the 1930s, Keilin proposed the idea of a “respiratory chain” and Warburg won the Nobel Prize for his discovery of the respiratory enzyme [3,4]. Further, Krebs and Johnson elucidated the citric acid cycle, and they were awarded the Nobel Prize for their contribution in 1953 [5]. However, until then, mitochondria were not at the center of these important discoveries. At that point, Albert Claude introduced a technique for isolating mitochondria, and he subsequently revealed that the major enzymes related to the citric acid cycle, fatty acid oxidation, and oxidative phosphorylation (OXPHOS) are exclusively present in mitochondria [6,7]. These studies show that mitochondria are the essential intracellular organelles for energy metabolism because there are unique enzymes and systems that convert the chemical energy derived from carbohydrates, lipids, and proteins into adenosine triphosphate (ATP) in the form of available energy for cells [8,9]. In addition, eukaryotic cells have the ability to initiate adaptive responses to different environmental stimuli such as cell growth, differentiation, death, and stress during energy demands. Mitochondria play an important role in various processes including energy homeostasis, apoptosis, autophagy, and inflammatory pathways by regulating their number or their morphology or by remodeling their organization and distribution [10,11,12].



Adipose tissue is the major organ that controls the overall energy homeostasis in a living organism. Briefly, in excess energy conditions, the adipose tissue stores the superabundant nutrients in the form of triglycerides, whereas during scarcity of energy, it supplies the nutrients to other tissues through lipolysis [13]. In mammals, there are two different types of adipose tissues, namely, white adipose tissue (WAT) and brown adipose tissue (BAT). Interestingly, WAT and BAT have opposite functions. The WAT stores excess energy as triglycerides, while the BAT is specialized in the dissipation of energy through heat production for maintaining the body temperature and energy consumption. Recent studies have demonstrated that beige adipocytes sporadically reside with white adipocytes and emerge in response to certain environmental cues. Beige adipocytes have the antagonistic functions of WAT and agonistic functions of BAT at the same time. In the basal state, beige adipocytes act as white adipocytes; however, when given signals that require heat production through energy consumption such as cold stimulation, these cells demonstrate BAT-like function and morphology [14].



It has been established that mitochondria in many tissues, including skeletal muscle, liver, and heart play a critical role in the regulation of systemic energy homeostasis [15]. Consistent with that in other tissues, the mitochondria of adipose tissues function as a provider of cellular energy, but they also have adipocyte-specific functions. Several studies have suggested that mitochondria in the adipose tissue are intimately integrated with critical adipocyte biology such as adipogenesis, lipid metabolism, and thermogenesis [16,17]. Furthermore, recent studies have revealed that mitochondria in adipocytes might play substantial roles in the regulation of whole-body energy homeostasis, control of insulin sensitivity and glucose metabolism, or crosstalk between muscles and adipose tissues [18,19]. In this review, we focus on the adipocyte-specific roles of mitochondria and discuss the molecular regulation to improve mitochondrial function in adipose tissues in view of treatment of obesity and metabolic diseases, which are the major health challenges worldwide.




2. Mitochondrial Properties and Adipocytes


2.1. Mitochondria in White Adipocytes


White adipocytes are spherical cells of various sizes depending on the size of a single lipid droplet. A lipid droplet is composed of triglycerides and accounts for more than 90% of the cell volume. Mitochondria of white adipocytes are elongated, thin, and variable in amount (Table 1) [20]. Although the cell type-selective roles of mitochondria in regulating metabolic homeostasis have been discussed previously [17], the specific functions of mitochondria in white adipocytes have not been characterized in detail as well as that of the mitochondria in brown adipocytes.



The white adipocyte mitochondria represent the main source of ATP similar to that in other tissues, and they play critical roles in the biological processes of the adipocytes such as differentiation, lipogenesis, lipolysis, and fatty acid oxidation [16,23]. One of the features of WAT is that it has fewer mitochondria than BAT, with less expression of fatty acid oxidation-related enzymes such as acyl-CoA dehydrogenase, suggesting that the activity of fatty acid oxidation in WAT is lower than that in BAT (Table 1) [24,25,26,27]. To understand the tissue-specific functions of mitochondria, Forner and colleagues compared in vivo mouse mitochondrial proteomes between white and brown fat cells [22]. The result of their analysis demonstrated significant qualitative and quantitative differences in the mitochondrial proteins in the two different types of adipose tissues. The mitochondria of brown fat cells are more similar to those of skeletal muscles, whereas those in white fat cells not only selectively express proteins that support lipogenic function but also degrade xenobiotics, thereby revealing the protective function of this tissue. In particular, the Molybdenum cofactor sulfurase C-terminal domain-containing protein 1 (Mosc1), a component of the prodrug-converting complex, and Acyl-coenzyme A synthase (Acsm5) with CoA ligase activity were exclusively detected in WAT (Table 1).




2.2. Mitochondria in Brown and Beige Adipocytes


In contrast to the white fat cells, the brown adipocytes have multilocular lipid droplets. Brown adipocyte mitochondria are morphologically different from white adipocyte mitochondria. These brown adipocyte mitochondria are apparently more numerous and larger and contain packed cristae compared to the mitochondria in white adipocytes (Table 1) [20]. The brown fat cells containing numerous mitochondria appear to be brownish in microscopic images because of the iron-containing heme cofactor in the mitochondrial enzyme, namely, cytochrome oxidase [28].



BAT specifically converts chemical energy into heat in adaptive thermogenesis. When activated by sympathetic stimulation, brown and beige adipocytes dissipate chemical energy stored in the form of triglycerides by lipolysis and fatty acid oxidation. Subsequently, the energy of the substrate oxidation is converted into heat [25,29,30]. This process, called the non-shivering thermogenesis of brown and activated beige adipocytes, is particularly important for small animals and infants who need greater heat production owing to the large surface-to-volume ratio and hibernation of animals [31]. The uncoupling protein-1 (UCP1), a mitochondrial protein, plays a major role in the thermogenic function of brown and activated beige adipocytes. The UCP1 is located in the inner membrane of the mitochondria, and it causes a proton leak across the inner membrane of the mitochondria, thereby converting the electrochemical energy into heat [32]. The UCP1-dependent heat production in brown and activated beige adipocytes is induced by fatty acids, which are generated by lipolysis upon thermogenic activation such as cold exposure. Further oxidation of acetyl-CoA, the end of β-oxidation, through the tricarboxylic acid (TCA) cycle and the electron transport chain provides energy to dissipate heat by UCP1 [33]. In contrast to UCP1, other UCPs such as UCP2 and UCP3 appear to be involved in the reduction of free radical levels rather than in adaptive thermogenesis [34].



Forner et al. demonstrated the mitochondrial feature of brown and activated beige adipocytes by proteomic analysis of mitochondria from mouse BAT and WAT [22]. Their findings showed that the proteins involved in pathways related to fatty acid metabolism, OXPHOS, and the TCA cycle were highly expressed in BAT compared to that in WAT. In addition, acetyl-CoA synthase 2-like (Acss1), which converts acetate to acetyl-CoA, and pyruvate dehydrogenase kinase 4 (Pdk4), which inhibits the pyruvate dehydrogenase complex, thereby reducing the conversion of pyruvate to acetyl-CoA, were detected only in BAT.





3. Role of the Mitochondria in Adipocytes


3.1. Adipocyte Differentiation


Mitochondria are key organelles that control the physiological role of adipocytes such as adipocyte differentiation, lipid homeostasis, insulin sensitivity, oxidative capacity, adaptive thermogenesis, and browning of WATs (Figure 1). In particular, adipocyte differentiation is characterized by an induction in mitochondrial metabolism. During adipogenesis, preadipocytes undergo sequential transcriptional regulation by adipogenic regulators such as peroxisome proliferator-activated receptor-γ (PPARγ), CCAAT-enhancer-binding proteins (C/EBPs), and PPARγ coactivator 1-α (PGC1α), thereby leading to the promotion of mitochondrial biogenesis [35]. In addition, mitochondrial remodeling is involved in the quantitative and qualitative changes of the mitochondria during adipocyte differentiation [36]. Within 4 days of adipogenic induction of 3T3-L1, which are immortalized white preadipocytes, the expression of mitochondrial proteins and the number of mitochondria increases dramatically and is accompanied by qualitative changes in the mitochondrial composition, including pyruvate carboxylase and aconitase, which are involved in fatty acid metabolism [37]. Moreover, the increased oxygen consumption rate of the differentiated adipocytes compared to that of the preadipocytes is clear evidence that mitochondria are activated during adipocyte differentiation [38].



Previous studies have shown that the induction of mitochondria is essential for ATP production, which is necessary for increasing the metabolic activity during the adipogenic program. Despite promoted mitochondrial activity during adipocyte differentiation, the ATP content is decreased by high ATP consumption processes such as lipogenesis [37]. In the adipogenic program, the TCA cycle produces reducing equivalents such as nicotinamide adenine dinucleotide and flavin adenine dinucleotide and achieves oxidation of the acetyl-coenzyme A—an important metabolite produced from the catabolism of glucose and fatty acids [21]. Recently, it was demonstrated that mitochondrial dysfunction adversely affects adipocyte differentiation. Specific inhibitors of mitochondrial di- and tricarboxylate carriers prevent the differentiation of 3T3-L1 adipocytes, suggesting that mitochondria play an essential role in adipogenesis [39].



Mitochondrial reactive oxygen species (ROS) produced by the respiratory chain act as a second messenger and plays a crucial role in numerous cellular signaling pathways inside and outside the mitochondria. Mitochondrial ROS produced by OXPHOS complex III is essential for the initiation of adipocyte differentiation of human mesenchymal stem cells, whereas adipogenesis is inhibited by mitochondria-targeted antioxidants [23]. However, high doses of ROS negatively regulate the proliferation and differentiation of adipocytes [40]. In particular, increased ROS production by rotenone, a complex I inhibitor, or oligomycin, a F0-F1 ATP synthase inhibitor, has been reported to prevent the adipocyte differentiation of human mesenchymal stem cells [41,42]. A number of studies support the importance of mitochondria in adipocyte differentiation. Therefore, it is rational to target mitochondria for the treatment of obesity caused by the abnormal control of adipocyte differentiation.




3.2. Lipid Homeostasis and Oxidative Capacity


Adipose tissues play a key role in maintaining whole-body lipid homeostasis. Adipose tissues store lipids in the form of triglycerides in lipid droplets, thereby preventing ectopic lipid accumulation in other organs. Perilipin (PLIN), a lipid droplet coat protein, is required for the stable storage of lipid metabolites in adipocytes [43]. The triglycerides are broken into fatty acids and glycerol by adipose triglyceride lipase (ATGL)-mediated lipolysis, sequentially used as energy [44]. In obesity, excessive lipogenesis increases the total lipid pool, leading to insulin resistance and hyperglycemia [45]. It has been reported that the mitochondrial dysfunction with an OXPHOS complex III inhibitor causes triglyceride accumulation by inducing excessive lipogenesis in 3T3-L1 preadipocytes [46]. In particular, mitochondria in brown adipocytes are involved in lipid homeostasis by controlling fatty acid oxidation, which is one of the key pathways for lipid clearance [47]. Therefore, ectopic lipid accumulation is promoted by reducing fatty acid oxidation and energy expenditure due to mitochondrial dysfunction in the brown adipocytes of people with obesity and metabolic diseases [48].



A previous study showed that the abundance of mitochondrial populations is halved in adipocytes isolated from epididymal adipose tissues from obese and diabetic ob/ob mice [49]. Moreover, two obese and diabetic mouse models—the genetic model db/db mice and the dietary high-fat diet-fed mice—showed a decreased level of mitochondrial biogenesis regulators, including PGC1α and estrogen-related receptor-α, resulting in the loss of mitochondrial mass and structure [50]. Furthermore, mitochondrial dysfunction caused by tumor necrosis factor-α (TNF-α), which is an inflammatory cytokine that increases in obesity, leads to smaller and condensed mitochondria and inhibits intracellular ATP synthesis in 3T3-L1 adipocytes [51]. In addition, the expression of genes involved in OXPHOS complexes and fatty acid oxidation is decreased by TNF-α in primary adipocytes [52]. Under various pathological conditions, the oxidative capacity, biogenesis, density, and dynamics of mitochondria could be disrupted in the adipocytes, resulting in the development of obesity and metabolic diseases.



The main function of mitochondria in the adipocytes is to produce ATP to support a variety of metabolic pathways, including triglyceride synthesis, gluconeogenesis, and fatty acid re-esterification [21]. Dysregulation of mitochondria destroys the oxidative capacity and eventually fails to generate ATP. The mitochondrial membrane potential and the activity of the respiratory chain complexes are reported to be significantly decreased in the subcutaneous adipose tissues of obese subjects [53]. Moreover, the expression of the genes involved in mitochondrial oxidative pathways, including fatty acid oxidation, TCA cycle, ketogenesis, ketolysis, and branched chain amino acid degradation, is suppressed in obese individuals. One study showed that the protein levels of OXPHOS complexes III, IV, and V are also decreased in the adipose tissues of obese subjects [54]. Inverse correlations have been reported between body mass index and mitochondrial respiratory capacity in human adipose tissues. Furthermore, ADP-stimulated mitochondrial respiration, mtDNA copy number, and OXPHOS complex protein expression are dramatically decreased in the adipose tissues of obese subjects [55]. Thus, previous studies have shown the correlation between mitochondrial oxidative capacity in the adipocytes and systemic energy metabolism.




3.3. Glucose Utilization and Insulin Sensitivity


Insulin is a major anabolic hormone also involved in the regulation of energy and lipid metabolism through the phosphatidylinositol 3-kinase (PI3K)–Akt signaling pathway. The primary function of insulin is to allow glucose uptake into muscle cells and adipocytes to lower the blood glucose level. Binding of insulin to its receptor on adipocytes triggers the phosphorylation and activation of insulin receptor substrate (IRS), and it forms a docking site for PI3K at the cell membrane. When docked, PI3K converts phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). Subsequently PIP3 activates phosphoinositide-dependent protein kinase 1 (PDK1) and Akt. Akt stimulates translocation of glucose transporter type 4 (GLUT4) translocation to cell membranes, thus allowing glucose to enter the cell [56]. Adipocyte-specific Glut4 knockout mice exhibit systemic glucose intolerance and insulin resistance [57].



Recently, mitochondria in adipocytes have been suggested to play a role in regulating insulin sensitivity. Treatments with respiratory inhibitors or uncoupling reagents that block mitochondrial function were shown to reduce insulin-stimulated glucose uptake in adipocytes [58]. In high-fat-diet-fed rats, mitochondrial biogenesis and the copy number of mitochondrial DNA (mtDNA) were decreased in epididymal adipose tissues, accompanied by hyperglycemia [59]. Further, high levels of glucose and/or free fatty acid attenuated insulin-stimulated glucose uptake by the dysfunctional mitochondria in the adipocytes. This glucose and/or free fatty acid-mediated reduction of glucose uptake was recovered by PGC1α overexpression, which is involved in the normalization of mitochondria [60]. The CR6-interacting factor-1 (Crif1) is a key translational factor responsible for the protein expression of mitochondrial OXPHOS complexes. Crif1 ablation in adipocytes causes loss of OXPHOS complex subunits and respiratory complexes, sequentially resulting in whole-body insulin resistance [61]. These studies suggest that mitochondria in adipocytes are required for regulating glucose use through insulin signaling pathway.




3.4. Thermogenesis and WAT Browning


Recent studies have focused on the role of mitochondria in brown adipocytes that promotes energy consumption via adaptive thermogenesis [62]. Activation of mitochondria in brown adipocytes accelerates heat generation by increasing the inner mitochondrial membrane UCP1 [30]. Activated UCP1 uncouples the electron transport of the respiratory chain, thereby blocking ATP production and dissipating energy in the form of heat [63]. It has been demonstrated that the activity of UCP1 and thermogenesis in mouse BAT is associated with body-weight control and energy homeostasis [64]. Moreover, the adipocyte UCP1 expression is reduced in obese subjects, while metabolic complications are improved with UCP1 activation by various environmental and pharmacological stimuli [65]. Strategies for combating metabolic diseases through the activation of UCP1 have been proposed; for instance, eight subjects with diabetes reported a 43% increase in insulin sensitivity when UCP1 was activated by cold acclimation (14–15 °C) for 10 days [66]. Thus, adaptive thermogenesis-dependent fat burn has emerged as a plausible and safe strategy for relieving the metabolic syndrome.



The most important and well-studied factor that activates thermogenesis is norepinephrine (NE). NE affects cell proliferation and differentiation as well as thermogenesis of brown adipocytes. NE increases cyclic adenosine monophosphate levels via the β3-adrenergic receptor and activates protein kinase A, subsequently leading to lipolysis-mediated production of free fatty acids, one of the acute substrates of thermogenesis [67]. PGC1α has been reported to be essential for thermogenic activation by cold-induced and β3-adrenergic agonists in brown adipocytes [68]. PGC1α was first identified as a cold-induced interacting partner of PPARγ in BAT [69]. Mechanistically, PGC1α promotes mitochondrial biogenesis and oxidative metabolism by inducing UCP1 transcription [67]. Notably, thermogenic activation in brown adipocytes is accompanied by mitochondrial fission and depolarization [70]. These studies suggest that thermogenesis might be regulated by mitochondrial dynamics in brown adipocytes.



A recent study showed that white adipocytes, which have low UCP1 expression and low mitochondrial contents, sometimes act as inducible thermogenic adipocytes that increase UCP1 expression and energy consumption under certain conditions such as cold exposure and β-adrenergic activation. Beige adipocytes (also called “brite”, “brown-like”, or “inducible brown”) are generated by the browning of WAT [71] (Figure 2). Beige adipocytes exhibit UCP1-dependent thermogenesis, and these mitochondria use lipids or carbohydrates as substrates, similar to brown adipocytes [72]. Chronic exercise decreases body weight and fat mass by inducing browning of subcutaneous WAT [73]. In addition, Irisin, a PGC1α-dependent myokine induced by exercise, has been shown to increase energy expenditure and to improve insulin sensitivity by activation of WAT browning [74]. In adults with low compositions of BAT, increased energy expenditure through WAT browning is an attractive strategy for preventing metabolic diseases. Taken together, mitochondria are essential organelles for maintaining the function of adipocytes in metabolic homeostasis.





4. Mitochondrial Dysfunction in Adipocytes


4.1. Increased Production of ROS


Mitochondrial dysfunction in adipocytes can affect whole-body energy dysregulation as well as insulin resistance. In addition, mitochondrial dysfunction has a significant association with obesity, which can eventually develop into metabolic diseases, including type 2 diabetes [75,76]. ROS might exhibit a beneficial or detrimental effect on the roles of adipocytes depending on the concentration and conditions. At moderate levels, ROS in the form of hydrogen peroxide plays an essential role in insulin signal transduction [75]. Kim et al. have provided evidence for the enhancement of insulin sensitivity by ROS in vivo [77]. Moreover, Tormos et al. suggested that the mechanistic target of rapamycin complex 1 (mTORC1)-promoted ROS is required for PPARγ-dependent adipogenesis during mesenchymal stem cell differentiation to adipocytes [23]. In addition, a recent study by Spiegelman et al. provided evidence for an important role of mitochondrial ROS in thermogenesis in brown and beige adipocytes [78]. They focused on the elevation of mitochondrial ROS during BAT thermogenesis and established that thermogenic ROS alters the redox status of cysteine thiols in BAT to drive increased respiration and that Cys-253 of UCP1 is a key target [78,79].



However, excessive mitochondrial ROS generation by chronic oxidative stress activates various stress pathways such as nuclear factor kappa light chain enhancer of activated B cells (NF-κB), c-Jun N-terminal kinase, and p38 mitogen-activated protein kinase to mediate immune and inflammatory response, leading to an increase in the expression of pro-inflammatory cytokines such as interleukin-6 (IL-6), TNF-α, and monocyte chemoattractant protein-1 (MCP-1) [80]. Subsequently, serine/threonine kinases are activated by these pro-inflammatory cytokines or ROS directly. The activated serine/threonine kinases increase the phosphorylation of the key components involved in the insulin signaling pathways such as insulin receptor (IR) and insulin receptor substrate (IRS). ROS-mediated phosphorylation of IR and IRS inhibits the recruitment and activation of the downstream Src Homology 2 (SH-2) containing signaling molecules and disrupt the ability of the IRS protein to interact with the IR [81,82,83]. Therefore, higher levels of ROS in mitochondria can contribute to the development of insulin resistance and the progression of various metabolic diseases, including type 2 diabetes. In addition, Wang et al. have reported that higher intracellular ROS levels result in the impairment of adipocyte function, which is accompanied by glucose intolerance and insulin resistance [58]. Given that mitochondria are important for adipocyte function, mitochondrial dysfunction caused by excessive ROS can lead to the impairment of adipogenesis and thermogenesis, which are the principal functions of adipocytes [78]. Despite many studies on the beneficial and detrimental effects of ROS in adipose tissues, further studies are required to elucidate the contribution of mitochondrial ROS in the roles of adipose tissue and metabolic homeostasis.




4.2. Alteration of the Mitochondrial Genome


Alteration of the mitochondrial genome can be more specifically divided into two types: reduction of the mitochondrial mass caused by the decrease of mtDNA related to mitochondrial biogenesis and mutation of mtDNA. Several investigations on obesity and type 2 diabetes have suggested that a decrease of mtDNA in the adipose tissues is associated with these diseases. For instance, mitochondrial mass and function are reduced in the WAT of ob/ob and db/db mice, which are the animal models of obesity [49,50,84]. Furthermore, Pietiläinen et al. have reported a decrease in the mtDNA of the WAT of obese human subjects [85].



Transcriptional coactivators PGC1α and PGC1β are known to be key components in the molecular network that coordinates the biogenesis of mitochondria in both WAT and BAT [69,86,87]. The fat-specific Pgc1α-deletion mice were more susceptible to glucose intolerance and insulin resistance than wild-type mice, and they displayed a decrease in uncoupling respiration. However, they showed normal mitochondrial content during treatment with PPARγ agonist rosiglitazone by inducing mitochondrial biogenesis [88]. One possible explanation for that is compensation by PGC1β because PGC1β is also upregulated by rosiglitazone [89]. To test this idea, Pardo et al. compared the effects of knockdown of PGC1α and PGC1β by using siRNA in rosiglitazone-treated 3T3-L1 adipocytes. They reported that only PGC1β knockdown prevented the induction of mitochondrial OXPHOS enzymes and mitochondrial respiration. This finding provides evidence that PGC1β, not PGC1α, regulates the mitochondrial gene expression in white adipocytes [87]. The mitochondrial transcription factor A (Tfam) is one of the major regulators of mitochondrial biogenesis. In adipocyte-specific Tfam-knockout mice, the activity of the proteins in complexes I, III, and IV was significantly decreased, which resulted in adipocyte death and inflammation in the WAT [18].



The mtDNA lacks the DNA repair mechanisms found in the nucleus, and mtDNA is subject damage from ROS released as a byproduct during OXPHOS. Therefore, the mutation rate in mtDNA is higher than that in nuclear DNA (nDNA) [90]. Several studies have shown that a certain polymorphism of mtDNA caused by mutations might be associated with obesity and lipid metabolism [91,92]. In addition, a previous study indicated that lipomas can be caused by a mutation in the mtDNA [93]. Therefore, it is plausible that the increase of ROS and mtDNA alteration can cause metabolic diseases by promoting mitochondrial dysfunction in adipocytes.




4.3. Dysregulated Mitochondrial Dynamics


Recent studies have indicated that mitochondrial structural remodeling through mitochondrial dynamics, including fusion and fission, is important for mitochondrial function [94,95]. In accordance with these, the imbalance of mitochondrial dynamics is associated with the pathophysiology of metabolic diseases such as obesity and type 2 diabetes [96]. Over the past several years, key regulators of mitochondrial dynamics have been identified under various conditions. The process of mitochondrial fusion is regulated by GTPase proteins, mitofusin 1 and 2 (MFN1/2) and optic atrophy 1 (OPA1), which are located in the outer and inner mitochondrial membranes, respectively [97,98]. Once intimate contact between mitochondria is established, the fusion of the outer mitochondrial membranes merges through the formation of a complex between MFN1 and MFN2 [99]. After tethering, the fusion of the inner mitochondrial membranes is mediated by OPA1 depending on the internal membrane potential [100]. The mitochondrial fusion process maintains the mitochondrial capacity and retains the genetic and biochemical homogeneity by allowing the dilution of increased ROS levels and mutated DNA and the repolarization of membranes [94]. Further, mitochondrial fusion is controlled by two highly conserved GTPases, fission 1 (FIS1) and dynamin-related protein 1 (DRP1), which are localized in the outer mitochondrial membrane and in the cytosol, respectively. The oligomerization of DRP1 forms a helical structure, and it hydrolyzes GTP and divides the mitochondria by constriction. In the fusion process, the mitochondrial content is mixed and the electrical conductivity is sustained throughout the mitochondria [101].



These mitochondrial dynamics are essential for preserving a healthy mitochondrial population. The remodeling of the mitochondrial structure is dynamic and sensitive to metabolic signals [102]. Mitochondrial fusion is positively involved in enhanced ATP production, while fission is associated with diminished OXPHOS, mtDNA depletion, and ROS generation. The balance of fusion and fission can be tilted in either direction depending on the changes in nutrient availability and metabolic demands, resulting in fragmented or hypertubular mitochondria [103]. Dysregulated mitochondrial dynamics adversely affect mitochondrial function, leading to excessive production of ROS, altered mitochondrial enzyme activity, impaired calcium homeostasis, reduced ATP production, and systemic energy abnormalities [104,105]. It has been reported that intracellular triglyceride accumulation is induced when the mitochondrial dynamics is destroyed by the knockdown of Mfn2 or Opa1 in 3T3-L1 adipocytes [106]. Moreover, adipocyte-specific Mfn2-deficient mice present severe structural abnormalities of the mitochondria and impaired adaptive thermogenesis [107,108]. In addition, mitochondrial fission by protein kinase A (PKA)-dependent phosphorylation of DRP1 at serine 600 is essential for the thermogenesis of the brown adipocytes, and impairment of this regulatory pathway disrupts brown adipocyte function [70]. It has been reported that reduced expression of MFN2 is associated with the reduced function of mitochondria in subcutaneous and visceral adipose tissues of obese subjects [109]. Furthermore, adipocyte-selective inducible deletion of Mfn2 in mice leads to obesity and insulin resistance [109]. The role of mitochondrial dynamics in adipocyte metabolism has not been thoroughly elucidated, and further studies are required to understand the novel regulatory mechanisms of mitochondria in adipocytes.




4.4. Altered Mitophagy and Mitochondrial Turnover


Mitochondrial homeostasis is maintained by the balance between mitochondrial biogenesis and degradation. Mitochondrial degradation is carried out through autophagy—a breakdown process to remove and recycle unwanted or damaged cellular components in lysosomes [110]. Mitophagy is a quality control process of selectively clearing the excess mitochondria through autophagy when mitochondria have accumulated during adipogenesis or have been damaged by oxidative stress [111]. Mitophagy can be stimulated by Unc-51 like autophagy activating kinase 1 (ULK1) upon 5′-adenosine monophosphate-activated protein kinase (AMPK) activation or mTORC1 inhibition under cell maturation or nutritional deprivation [112]. The association between mitochondria and autophagosome, the initiation step of mitophagy, is mediated by the ubiquitin-dependent PTEN-induced kinase 1 (PINK1)-Parkin pathway [113]. Alternatively, mitochondria can be degraded by selective autophagy via microtubule-associated protein 1A/1B-light chain 3 (LC3) and p62 protein in an ubiquitin-independent manner [114]. In addition, mitochondria are removed by mitophagy to generate more lipid droplets by limiting fatty acid oxidation during adipocyte differentiation [114]. Recent studies on autophagy in adipocytes have provided insight into mitochondrial turnover and degradation pathways. Mice with adipocyte-specific inhibition of autophagy by ablation of autophagy-related gene 7 (Atg7) are resistant to diet-induced obesity and they exhibit improved insulin sensitivity, which is accompanied by the reduction of WAT mass but expansion of BAT [115,116]. The findings suggest that autophagy plays an important role in the clearance of mitochondria for adipocyte development.



Clinical studies have shown increased autophagy in the adipose tissues of human subjects with obesity and diabetes [117]. Increased autophagy under metabolic complications is the normal response for removing damaged mitochondria, which is induced by endoplasmic reticulum stress, oxidative stress, inflammation, and insulin resistance. Moreover, other clinical studies have shown higher accumulation of dysfunctional or metabolically impaired mitochondria in obese subjects than in lean groups [118,119]. These findings possibly suggest that mitophagy might be negatively controlled by excessive fat accumulation or obesity. In addition, mTORC1 activation and mitophagy inhibition increase the accumulation of damaged mitochondria in conditions of overnutrition [114]. Studies using autophagy-related gene knockout mice fed with a high-fat diet suggest that inhibition of lipogenesis and activation of mitophagy can occur as a compensatory mechanism when adipocyte autophagy is disrupted by malnutrition [116]. For instance, skeletal muscle-specific Atg7 KO mice are resistant to diet-induced obesity, which are accompanied by induction of WAT browning [120]. Consistently, mitophagy contributes to whitening of brown and beige adipocytes, turning them into white adipocytes by mitochondrial clearance after withdrawal of β-adrenergic agonist or cold stimulus [121]. Moreover, it has been reported that mitophagy is required for mitochondrial homeostasis in BAT during cold challenge [122]. This ambivalence of mitophagy in adipocyte turnover and the presence of compensatory pathways with alternative autophagy may occur to effectively maintain the mitochondrial integrity and mass. In summary, mitophagy plays an essential role in eliminating impaired mitochondria in metabolic complications, but its effects in adipocytes is controversial because it is complicatedly regulated by various signals such as nutrition and stress conditions. Thus, further studies in this area will be needed to understand the physiological and the pathophysiological roles of mitophagy in adipocytes in metabolic diseases.





5. Targeting Mitochondria as a Therapeutic Strategy for Metabolic Diseases


5.1. Activation of BAT Thermogenesis and WAT Browning


Despite some understanding of the mechanisms of development and progression of obesity, it is still one of the major challenges in health worldwide. The current clinical approaches for the treatment of obesity include diet control, physical activity, drug therapy, and surgery [123]. Since recently applied anti-obesity therapies have shown several limitations and side effects, the regulation of mitochondrial activity in adipocytes has been proposed as a novel strategy. Mitochondrial activation in BAT has emerged as a safe prevention and management of obesity by increasing the energy expenditure. Cold exposure improves dyslipidemia and insulin resistance by accelerating plasma lipid clearance by triglyceride uptake into BAT in mice [124]. Evidences have shown the metabolically beneficial effect of BAT in genetic models with increased BAT [67] and transplantation of BAT [64]. In particular, BAT transplantation exhibits reduction of body weight and improvement in systemic insulin sensitivity [64]. Thus, increasing energy expenditure by BAT activation can be an appropriate strategy to overcome obesity.



Recently, WAT browning has been proposed as an alternative to BAT thermogenesis. Browning of WAT in many rodent models was found to result in resistance to diet-induced obesity and improvement in the systemic energy metabolism [125,126]. WAT browning has been reported to be induced by the chronic treatment of β3-adrenergic activators or PPARγ agonist thiazolidinedione (TZD) [127]. The browning process is regulated by various environmental factors such as hormones, chronic cold exposure, physical activity, and environmental enrichment [128]. Recent reports suggest that WAT browning by cold exposure or certain molecules such as Irisin and Neuregulin 4 may be an excellent strategy for controlling insulin-dependent diabetes [74,129]. Furthermore, fibroblast growth factor 21 (FGF21) potentiates cold-induced thermogenesis by promoting thermogenic gene expression and WAT browning [130]. Moreover, it has been revealed that beige adipocytes, which have similar characteristics to brown adipocytes, exist in humans [131]. In the last century, chemical uncoupler 2,4-dinitrophenol substances have been used to mimic the effects of activated UCP1, but when used at high doses, uncontrolled respiratory uncoupling resulted in side effects such as hyperthermia and death [67]. Therefore, further studies are needed to identify the applications of WAT browning without side effects to overcome metabolic diseases.




5.2. Thiazolidinediones


TZDs (thiazolidinediones), which are PPARγ agonists, belong to the class of antidiabetic drugs and are potent stimulators of adipocyte differentiation [132]. TZDs also affect many metabolic processes by regulating lipid mobilization, glycerol production, and gluconeogenesis in the liver and glucose use in the skeletal muscle and pancreatic beta cells, thereby contributing to the insulin-sensitizing effect [133]. In addition, treatment with TZDs promotes fatty acid oxidation by promoting the number of mitochondria in adipocytes, leading to systematic lipid homeostasis [134]. Rosiglitazone, a certain TZD, was found to dramatically improve insulin sensitivity, accompanied by mitochondrial biogenesis and remodeling, including shape and size in the white adipocytes of ob/ob mice. [49]. Another TZD, pioglitazone, is known to stimulate mitochondrial biogenesis and fatty acid oxidation by activating PGC1α in the subcutaneous adipose tissues of diabetic subjects [135]. Interestingly, it has been demonstrated that rosiglitazone enhances UCP1 expression and WAT browning in both rodents and humans [127]. TZD-mediated mitochondrial biogenesis and WAT browning are attractive pharmacological approaches, but further studies are required because the molecular mechanisms that control WAT browning in response to TZD are not thoroughly understood. Taken together, TZDs would be suitable applications to prevent or treat metabolic diseases by regulating mitochondrial function and energy expenditure.




5.3. Mitochondria-Targeted Antioxidants


Oxidative stress caused by mitochondrial dysfunction is known to be one of the etiologies of metabolic diseases. Thus, mitochondria-targeted antioxidants could be a potential therapy for metabolic and neurodegenerative diseases, which are associated with mitochondrial dysfunction. Many clinical studies have revealed that mitochondrial antioxidants such as vitamin E, N-acetylcysteine, glutathione, and coenzyme Q10 alleviate excessive ROS production and improve hyperglycemia in subjects with diabetes [136]. In 3T3-L1 adipocytes, treatment with R-α-lipoic acid, a mitochondria-targeted antioxidant, increases the oxygen consumption rate and fatty acid oxidation as well as promotes the expression of mitochondrial biogenesis-related genes such as PGC1α, mitochondrial transcription factor A, and nuclear respiratory factor-1 [137]. Moreover, other mitochondrial antioxidants such as ubiquinone (MitoQ) and vitamin E (MitoVitE) have been used to overcome mitochondrial dysfunction [138]. MitoQ is a potent mitochondria-specific antioxidant of which the lipophilic triphenylphosphonium (TPP) cation is bound to the ubiquinone antioxidant moiety of coenzyme Q10 [139]. The lipophilic TPP cation-mediated selective mitochondrial accumulation of MitoQ reduces mitochondrial ROS, which protects against mitochondrial defective diseases [140]. A recent study has shown that MitoQ mitigates metabolic diseases by regulating redox signaling pathways [141]. Similarly, SkQ1, which comprises a plastoquinone moiety, is also targeted by the mitochondria via the conjugation of the TPP cation, resulting in inhibition of mitochondrial ROS [142]. Another ROS scavenger mito-TEMPO, a mitochondria-targeted superoxide dismutase mimetic, improves insulin resistance and metabolic dysfunction [143]. These results support that excessive accumulation of mitochondrial ROS contributes to the development of metabolic diseases, implying that mitochondria-targeted antioxidants could alleviate metabolic complications.



However, previous studies has been demonstrated that the efficacy of antioxidants is low in the case of long-term supplementation. In patients with vascular diseases, antioxidant supplementation for several years did not prevented overall cardiovascular events and may increase the risk for heart failure [144]. In addition, long-term administration of the mitochondria-targeted antioxidants fails to attenuate oxidative damage in skeletal muscles of aged mice [145]. Thus, further studies are necessary to understand the different effects regarding the concentrations and duration of mitochondria-targeted antioxidant supplementation.




5.4. Exercise and Caloric Restriction


Mitochondrial abnormalities are involved in the development of metabolic and neurodegenerative diseases. Exercise increases systemic insulin sensitivity by improving mitochondrial biogenesis, respiration, content, and density in the skeletal muscles of individuals with diabetes [146]. Exercise mechanistically potentiates AMPK to induce PGC1α phosphorylation and activation, resulting in mitochondrial biogenesis [147]. Moreover, exercise stimulates Sirtuin 1 (SIRT1) deacetylase by increasing NAD+ content and leads to deacetylation-dependent PGC1α activation [148]. In addition to exercise, caloric restriction without malnutrition is a promising nongenetic and non-pharmacologic nutritional intervention that helps prolong life and prevent metabolic disease [149]. Caloric restriction has also been suggested to be an effective treatment for metabolic diseases by inducing mitochondrial biogenesis, oxygen consumption, ATP synthesis, and SIRT1-dependent PGC1α activation [150]. Recently, calorie restriction was reported to ameliorate hyperglycemia by increasing Akt2 activation and insulin-stimulated glucose uptake in the skeletal muscles of aged mice [151]. Taken together, exercise or calorie restriction improves whole-body metabolism through mitochondrial expansion.




5.5. Dietary Natural Compounds


In metabolic diseases, mitochondrial function and oxidative capacity are decreased in several metabolic tissues, including liver, skeletal muscle, and adipose tissues [152]. Recent studies have shown that a variety of dietary natural compounds such as polyunsaturated fatty acids and polyphenols could prevent and even treat metabolic diseases [153]. A variety of dietary polyunsaturated fatty acids improves insulin action on glucose use and prevents the development of whole-body insulin resistance [154]. For instance, α-linoleic acid, a plant-derived polyunsaturated fatty acid, has anti-obesity effects by promoting mitochondrial density and fatty acid oxidation in rodents and humans [155]. Dietary polyphenol resveratrol (3,5,4′-trihydroxystilbene) is mainly contained in grape skins and red wines. It is well known that resveratrol has antioxidant activities by reducing ROS production [156]. Furthermore, resveratrol increases systemic insulin sensitivity, mitochondrial biogenesis, and oxidative capacity by SIRT1-dependent PGC1α activation [157]. Consistently, other polyphenols, such as quercetin and hydroxytyrosol, have been shown to be very effective in inducing mitochondrial biogenesis through activating SIRT1-PGC1α pathway [158]. Recently, polyphenols have been reported to regulate energy metabolism by activating thermogenesis in BAT [159]. In addition, epigallocatechin-3-gallate (EGCG), which is abundant in green tea, has been reported to have antioxidant, anti-obesity, and anticancer activities [160]. Indeed, low doses of EGCG have been shown to improve insulin sensitivity via PGC1α activation in adipocytes [161]. EGCG is also involved in the induction of adaptive thermogenesis in humans [162]. Thus, various dietary natural compounds such as polyunsaturated fatty acids, polyphenols, and EGCG can improve insulin sensitivity by modulating mitochondrial function in the adipocytes.





6. Conclusions and Perspectives


To date, the importance of mitochondria has been extensively investigated not only in energy supply but also in maintaining metabolic homeostasis. In particular, since adipocytes are metabolically active cells that require large amounts of ATP for regulating glucose and lipid metabolism, highly active mitochondria are crucial for adipocyte function. In adipocytes, mitochondria regulate adipocyte differentiation, lipid homeostasis, insulin sensitivity, oxidative capacity, thermogenesis, and WAT browning, while mitochondrial dysfunction causes a wide range of metabolic complications such as insulin resistance, obesity, and type 2 diabetes. Thus, understanding the molecular mechanisms of mitochondrial dysfunction of adipocytes implicated in the pathogenesis of metabolic diseases could provide potential opportunities for prevention and therapeutic intervention. Taken together, the improvement of the function of mitochondria by thermogenesis, PPARγ agonist TZD, mitochondria-targeted antioxidants, exercise, caloric restriction, and dietary natural compounds can be considered as a new potential therapeutic approach for the treatment of metabolic diseases (Figure 3). Effects of mitochondria-targeting drugs in adipocytes are quite promising; therefore, we hope that it will enable the development of effective metabolic disease therapies. Nonetheless, future studies are needed to elucidate the mechanisms underlying mitochondrial dysfunction and its pathogenic influence in the development of metabolic complications.
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Figure 1. Physiological role of adipocyte mitochondria: Mitochondria in adipocytes regulate adipocyte differentiation, lipid homeostasis, oxidative capacity, insulin sensitivity, adaptive thermogenesis, and browning of white adipose tissues. Peroxisome proliferator-activated receptor-γ (PPARγ); CCAAT-enhancer-binding protein (C/EBP); Perilipin (PLIN); Adipose triglyceride lipase (ATGL); Oxidative phosphorylation (OXPHOS); Glucose transporter type 4 (GLUT4); Uncoupling protein-1 (UCP1); PPARγ coactivator 1-α (PGC1α). 
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Figure 2. Regulation of adipose tissue browning: Beige adipocytes are generated by the browning of white adipose tissues in response to numerous stimuli, including cold exposure and activation of β-adrenergic receptors. Subsequently, the transcriptional machinery of the browning program activates the expression of characteristic thermogenic genes, leading to the formation of beige adipocytes. Similar to brown adipocytes, beige adipocytes are rich in mitochondria that express UCP1 and can achieve thermogenesis. Notably, beige adipocytes primarily contribute to energy expenditure rather than to energy storage. 
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Figure 3. Therapeutic interventions for obesity and metabolic diseases by targeting mitochondrial regulation: Mitochondrial dysfunction due to impaired mitochondrial biogenesis and ROS -induced oxidative stress diminishes the role of the adipocytes. Therefore, mitochondrial dysfunction causes obesity and metabolic diseases, which in turn has a vicious cycle that leads to mitochondrial dysfunction. Recently, treatment of metabolic diseases has been suggested to involve induction of mitochondrial biogenesis in response to TZD and resveratrol treatment or by controlling mitochondrial function. In addition, mitochondria-targeted antioxidants and/or EGCG mitigate mitochondrial oxidative damage. Reactive oxygen species (ROS); Thiazolidinedione (TZD); Epigallocatechin-3-gallate (EGCG); 5’-Adenosine monophosphate-activated protein kinase (AMPK); Sirtuin 1 (SIRT1). 
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Table 1. Mitochondrial characteristics of white and brown/beige adipocytes. Mitochondria (M); Nucleus (N); Lipid droplet (L); Pinocytotic vesicles (V); External basal membrane (MB); Molybdenum cofactor sulfurase C-terminal domain-containing protein 1 (Mosc1); Acyl-coenzyme A synthase (Acsm5); Acetyl-CoA synthase 2-like (Acss1); Pyruvate dehydrogenase kinase 4 (Pdk4).
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