

  ijms-22-08974




ijms-22-08974







Int. J. Mol. Sci. 2021, 22(16), 8974; doi:10.3390/ijms22168974




Review



PPARs-Orchestrated Metabolic Homeostasis in the Adipose Tissue



Chen Sun 1,2, Shuyu Mao 2, Siyu Chen 2[image: Orcid], Wenxiang Zhang 2[image: Orcid] and Chang Liu 1,2,*[image: Orcid]





1



College of Pharmacy, Xinjiang Medical University, Urumqi 830054, China






2



State Key Laboratory of Natural Medicines and School of Life Science and Technology, China Pharmaceutical University, Nanjing 211198, China









*



Correspondence: changliu@cpu.edu.cn; Tel./Fax: +86-25-86185645







Academic Editors: Manuel Vázquez-Carrera and Walter Wahli



Received: 26 July 2021 / Accepted: 17 August 2021 / Published: 20 August 2021



Abstract

:

It has been more than three decades since peroxisome proliferator-activated receptors (PPARs) were first discovered. Many investigations have revealed the central regulators of PPARs in lipid and glucose homeostasis in response to different nutrient conditions. PPARs have attracted much attention due to their ability to improve metabolic syndromes, and they have also been proposed as classical drug targets for the treatment of hyperlipidemia and type 2 diabetes (T2D) mellitus. In parallel, adipose tissue is known to play a unique role in the pathogenesis of insulin resistance and metabolic syndromes due to its ability to “safely” store lipids and secrete cytokines that regulate whole-body metabolism. Adipose tissue relies on a complex and subtle network of transcription factors to maintain its normal physiological function, by coordinating various molecular events, among which PPARs play distinctive and indispensable roles in adipocyte differentiation, lipid metabolism, adipokine secretion, and insulin sensitivity. In this review, we discuss the characteristics of PPARs with special emphasis on the roles of the different isotypes in adipocyte biology.
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1. Introduction


Adipose tissue is an essential component of healthy energy homeostasis. Conversely, adipose tissue dysfunction promotes a pro-inflammatory, hyperlipidemic, and insulin-resistant environment that contributes to the pathogenesis of T2D and metabolic syndromes [1]. On the other hand, despite their obesity, some individuals appear to have a healthy metabolism. Moreover, lipodystrophy also contributes to insulin resistance and metabolic syndromes [2]. These diametrically opposite conditions illustrate the complex interplay between adipose tissue and metabolic homeostasis.



PPARs are fatty acid-activated nuclear receptors that belong to the subfamily 1 of the nuclear hormone receptor superfamily of transcription factors, and they have three subtypes: PPARα (also called NR1C1), PPARβ/δ (also called NR1C2), and PPARγ (also called NR1C3) [3]. Like other nuclear receptors, PPARs are composed of several distinct functional domains. PPARs are activated by ligands through the ligand-binding pocket in the C-terminal ligand-binding domain (LBD), which contains a ligand-dependent transactivation function (AF2), and they bind target genes through a highly conserved DNA-binding domain (DBD). In addition, the N-terminal domain (NTD, A/B domain) of PPARs contains a ligand independent activation function (AF1) that can recruit coregulatory proteins to regulate the expression of target genes. After being activated by endogenous ligands, PPARs recruit coregulator proteins with chromatin-remodeling capabilities through AF2, thereby regulating the expression of target genes [4]. The subsequent DNA binding requires dimerization with retinoid X receptor (RXR), and then the PPAR-RXR heterodimer binds to a specific DNA response element called the PPAR response element (PPRE), activating the transactivation of target genes. Meanwhile, conformational changes in PPARs, induced by diverse ligand binding, cause differential recruitment of cofactors and changes in the PPARs’ activity, thereby regulating unique physiological processes [5].



In fact, these three PPAR isoforms have some discrepancies in their functions, tissue distributions, and ligand sensitivities, in vivo. PPARα, the first rodent PPAR isoform to be identified and cloned, is expressed predominantly in the tissues that exhibit high capacity for fatty acid catabolism, such as kidneys, brown adipose tissue (BAT), liver, and skeletal muscle [6]. In these tissues, PPARα regulates the adaptive response to nutritional changes by controlling fatty acid metabolism, resulting in energy dissipation. PPARα is activated by hypolipidemic fibrates, which reduce plasma triglycerides by inhibiting the synthesis of very-low-density lipoprotein (VLDL) and increasing fatty acid oxidation in the liver [7]. PPARβ/δ was subsequently cloned from mice after the discovery of PPARα [8]. PPARβ/δ shows a relatively broader expression pattern, which is ubiquitously expressed in the heart, kidneys, skeletal muscle, fat, skin, and gastrointestinal tract, and it plays a crucial role in fatty acid and glucose metabolism [9]. PPARγ, the third member of the PPAR family, is most highly expressed in both white adipose tissue (WAT) and BAT. Due to alternative splicing and differential promoter usage, PPARγ exists as two isoforms, PPARγ1 and PPARγ2, with the former lacking the first 30 amino acids at the N-terminus, and it is expressed in a broad variety of tissues, whereas the latter is highly abundant in adipose tissue. PPARγ is mainly responsible for regulating adipocyte differentiation and lipid metabolism [10]. Thiazolidinediones (TZDs) are synthetic PPARγ ligands with robust insulin-sensitizing activities, and they are used in the treatment of type 2 diabetes [5]. Compared with the other two subtypes, PPARγ seems to play a more important role in the regulation of the biology of adipose tissue.



In this review, we highlight the roles of three PPAR isoforms in maintaining the metabolic homeostasis of adipose tissue and discuss the new findings about PPARs in adipose tissue.




2. Adipose Tissue Classification and Function


Adipose tissue, as a central metabolic organ, is distributed throughout the body and is composed of individual fat depots with diversity in terms of their embryology, topology, morphology, function, and gene expression profile. In mammals, WAT and BAT are the two principal types of adipose tissue. WAT is responsible for the storage and release of fat, and therefore maintains systemic energy balance and plays a role in thermal insulation, as well as in protection from mechanical damage. WAT uptakes fats and carbohydrates from the circulation and converts them into triacylglycerides (TGs) via lipogenesis. During starvation, TGs are hydrolyzed into free fatty acids (FFAs) and glycerol, which are released into the circulation to supply substrates for other tissues. On the other hand, WAT is composed of many different types of cells that secrete a variety of cytokines, chemokines, and hormones; therefore, WAT is described as an important endocrine organ in controlling the systemic energy metabolism. Adipocyte dysfunction is due to excessive lipid load causes alterations in adipokine secretion, tissue inflammation, and ectopic fat accumulation in other tissues, which subsequently cause peripheral metabolic dysfunctions, such as insulin resistance and glucose intolerance; this may explain the many adverse effects of obese states. In addition, according to its location, WAT can be roughly divided into subcutaneous WAT (sWAT) and visceral WAT (vWAT). Different lipid turnovers between sWAT and vWAT may cause distinct metabolic changes in obese states [11]. Lipid accumulation in vWAT is associated with insulin resistance and increased risk of metabolic disease, whereas lipid accumulation in sWAT may even be protective against metabolic syndromes, explaining why some people are metabolically healthy in spite of their obesity [2].



Unlike white adipocytes, which contain a large unilocular lipid droplet that fills the cytoplasm, brown adipocytes contain multilocular lipid droplets and large numbers of mitochondria for the dissipation of energy via uncoupled mitochondrial respiration. In humans, BAT can be estimated in the cervical, axillary, and paraspinal regions by using PET/CT with 2-deoxy-2-[18F] fluoroglucose [12]. BAT plays an active role in thermoregulation by converting chemical energy into heat. Cold-induced norepinephrine release stimulates lipolysis and β-oxidation in BAT. Thermogenesis is regulated by uncoupling protein 1 (UCP1), which is localized on the inner membrane of mitochondria and uncouples mitochondrial respiration from ATP synthesis. In brief, BAT is a metabolically active tissue that can clear circulating glucose and lipids; therefore, increased BAT activity is associated with several metabolic benefits, such as increased weight loss and improved glucose metabolism and insulin sensitivity.



In rodents, prolonged cold exposure leads not only to the recruitment of brown fat, but also to the appearance of white adipocytes with multilocular fat droplets and UCP1 expression, which is called “browning” [13]. These brown-like adipocytes are termed beige/brite adipocytes—the third classification of adipose tissue—and appear within classical WAT. Although beige/brite adipocytes share characteristics of brown adipocytes and express most brown-adipocyte-specific genes, such as UCP1, cell-death-inducing DNA fragmentation factor alpha subunit-like effector A (Cidea), and peroxisome proliferative activated receptor gamma coactivator 1 alpha (PGC1α), beige/brite adipocytes appear to develop from distinct populations of embryonic precursors and have distinct gene expression signatures [14].




3. PPARγ


PPARγ was first described as a factor induced during adipocyte differentiation, and was subsequently identified as a master regulator of adipocyte differentiation as early as 1994. These early studies indicate that PPARγ is induced and involved in adipogenesis [15,16]. In vivo studies showed that, due to placental defects, embryonic death was caused in whole-body PPARγ knockout mice. In addition, the mice that were chimeric for wild-type and PPARγ-null cells showed little or no contribution from null cells to the development of adipose tissue [17,18]. Tissue-specific gene knockout, mediated by the Cre/loxP strategy, permitted further investigation. Both adipocyte protein 2 promoter-driven Cre (aP2-Cre) and adiponectin-driven Cre (Adipoq–Cre) mouse lines were used to probe into the adipose-specific functions of PPARγ [19,20]. In these models of knockout mice, adipose tissue-specific loss of PPARγ led to critical atrophy of adipose tissue and was accompanied by significant impairment of adipokine secretion. Mechanically, the activation of the transcription factor CCAAT/enhancer binding protein (C/EBP) is one of the most important downstream effects of PPARγ during adipocyte differentiation [21]. Adipogenic transcriptional cooperation between PPARγ and C/EBP is essential in order to fully activate the programming of mature adipocytes. More than 90% of the DNA binding sites of PPARγ are also bound by C/EBP, and PPARγ relies on the induction of proteins of the C/EBP family for the complete activation of the gene transcription that is expressed in mature adipocytes (Figure 1) [22,23]. Moreover, the contributions of two PPARγ isoforms—PPARγ1 and PPARγ2—in adipogenesis are obviously different in vitro. Because the regulatory function of PPARγ2 in adipogenesis cannot be achieved by PPARγ1 in the absence of an exogenous ligand, PPARγ2 is considered the more adipogenic isoform of PPARγ [24]. In fact, the PPARγ1 isoform is sufficient for supporting development of adipose tissue and the fat deposition requirements of a lean mouse model, but the expandability of adipose tissue mainly relies on the PPARγ2 isoform under energy-excess conditions [25]. Once sufficient adipocytes are formed, mature adipocytes—along with infiltrated immune cells—secrete IL-6 and other cytokines, which, by inducing AT-rich interactive domain 5A (Arid5a), further limit the differentiation of adipocytes. Arid5a binds to the PPARγ2 promoter and prevents the activation of PPARγ2. Collectively, the feedback regulation of Arid5a and PPARγ2 maintains the homeostasis of adipose tissue. To effective adipogenesis, inhibition of Arid5a is accomplished by PPARγ2. In contrast, to limit excess adipogenesis, a check of PPARγ2 is accomplished by Arid5a [26]. In addition to its role in adipose tissue development and total storage capacity, PPARγ2 has also been identified as a crucial regulator of the lipid storage rate in adipose tissue. Mice that lack PPARγ2 cope when fat storage demands are low, but acute overfeeding overwhelms the adipose tissue, and lipids are redirected to the muscle, causing insulin resistance [27]. As already mentioned, PPARγ is essential for adipogenesis, and other adipogenic factors must act (at least in part) by activating the expression or activity of PPARγ (no transcriptional regulator that promotes adipocyte differentiation in the absence of PPARγ has been discovered).



The discovery of PPARγ mutants in human subjects also supports the important role of PPARγ in adipose tissue development [28]. In general, most of the above subjects with PPARγ mutations suffered from partial lipodystrophy, insulin resistance, and dyslipidemia. Significantly, the subcutaneous fat of limbs and the gluteal region was preferentially lost, while the visceral abdominal fat tissue was relatively preserved. In turn, treatment with PPARγ agonists in humans also resulted in redistribution of WAT [29]. In summary, PPARγ also plays a role in determining WAT distribution.



In addition to its critical role in adipogenesis, PPARγ is also indispensable for the state of mature adipocytes. Using the tamoxifen-dependent Cre-ERT2 recombination system, PPARγ was selectively ablated in adipocytes of adult mice, which resulted in the death of PPARγ-ablated adipocytes and formation of newly PPARγ-positive differentiated adipocytes within a few days [30]. Due to the compensatory effect, the remaining adipocytes were hypertrophic and more susceptible to apoptosis, which further gave rise to the presence of inflammation (such as macrophage infiltration and fibrosis) in the adipose tissue [31]. In white adipocytes, PPARγ plays a role in energy storage and adiposity. Both supraphysiological activation of PPARγ by thiazolidinediones (TZDs) and heterozygous PPARγ deficiency prevent adipocyte hypertrophy, but via different mechanisms. TZDs induce adipocyte differentiation and apoptosis, thereby increasing the number of small adipocytes, whereas the reduction of PPARγ decreases lipogenesis and promotes leptin expression in WAT [32]. On the other hand, the loss of the differentiated cell state caused by cell plasticity can result in the inability of the tissue to perform its functions. PPARγ blocks TGF-β signal transduction, thereby inhibiting the loss of adipocyte status [33].



White adipose tissue, as an important energy storage organ, strongly responds changes in nutritional signals and dynamically regulates fat storage; unsurprisingly, PPARγ also contributes to this physiological process. In adipose tissue, PPARγ expression is downregulated by fasting and insulin-deficient diabetes but induced by exposure to a high-fat diet and insulin [34,35]. The activation of PPARγ in adipocytes promotes the expression of the genes involved in the release of FFA from lipoproteins, FFA uptake, intracellular FFA transport, FFA activation, and FFA esterification [36]. Specifically, adipocytes’ lipid uptake and transport are partially regulated by lipoprotein lipase (LPL), differentiation cluster 36 (CD36), and adipocyte protein 2 (Ap2), all of which are upregulated by the response of PPARγ to TZDs treatment [37]. With the uptake of FFAs by adipocytes, PPARγ upregulates phosphoenolpyruvate carboxykinase (PEPCK), which provides a skeleton for the esterification of FFA, promotes the formation of intracellular lipid vesicles, and protects against FFA-induced lipotoxicity [38]. Furthermore, PPARγ promotes efficient storage of triglycerides in unilocular lipid droplets by regulating several lipid-droplet-associated proteins [39]. The results of the ChIP-seq experiments on the differentiated 3T3-L1 adipocytes showed that PPARγ-binding sites were found on the promoters of Plin1, Plin2, Plin4, Plin5, Abhd5, Pnpla2, G0s2, Cidea, and Cidec [40]. Under conditions of nutritional deficiency, PPARγ, as a fatty acid sensor, also activates lipolysis and releases FFA in order to provide maintain the balance of energy metabolism. It has been reported that the activation of PPARγ with rosiglitazone stimulates lipolysis and increases expression of adipose triglyceride lipase (ATGL) and monoacylglycerol lipase (MGL) in rat subcutaneous and visceral WAT [41]. Adipose tissue lipolysis is also stimulated by natriuretic peptides (NPs), which play a key role in maintaining blood pressure and fluid volume. Under overnutrition conditions, PPARγ upregulates high-fat diet (HFD)-dependent NP receptor C (Nprc) expression in adipocytes through long-range distal transcriptional regulation, and thereby attenuates adipocyte NP signaling in obesity [42]. Mitochondrial activity plays an important role in the health and function of adipose tissue. PPARγ induces E3 ubiquitin ligase membrane-associated RING-CH-type finger 5 (March5), which is known as an outer mitochondrial membrane protein, to regulate mitochondrial morphology and dynamics in adipocytes by controlling mitochondrial fusion. The inhibition of PPARγ expression in hypertrophic adipocytes has been observed during obesity, which may explain the decrease in mitochondrial gene expression, including that of March5 [43].



In addition to regulating lipid metabolism in WAT, PPARγ also influences the production of various signal molecules (adipokines) in white adipocytes, including adiponectin, FGF21,TNF-α, MCP-1, and resistin [44]. Adiponectin, an important adipokine, plays a cardinal role in improving obesity and metabolic diseases, and it is induced during adipocyte differentiation. PPARγ is the main regulator of adiponectin expression and processing [45]. Recent studies showed that PPARγ promotes the transport of vesicles containing adiponectin by activating reptin, which has both ATPase and DNA helicase activities. Then, upregulated transport accelerates polymerization and secretion of adiponectin, which facilitate pre-adipocyte differentiation [46]. Leptin is an adipocyte hormone that controls the mass and function of adipose tissue. By using the assay for transposase-accessible chromatin with high throughput (ATAC-seq), the functional requirement of the PPARγ-RXRα complex for the quantitative transcriptional regulation of leptin by binding to leptin regulatory element 1 (LepRE1) was confirmed. This underappreciated role of the PPARγ-RXRα complex is responsible for the quantitative control of leptin expression but does not affect its fat-specific expression [47].



Although PPARγ has been widely studied in the differentiation of WAT, it is also indispensable for the development and function of BAT. Compared with WAT, PPARγ has higher expression in both adult and embryonic BAT [48]. It was observed that PPARγ expression was already high in undifferentiated brown pre-adipocytes in vitro, and it increased further during differentiation [49,50]. Furthermore, PPARγ agonists drive BAT formation, both in vivo and in vitro [51,52]. Certainly, PPARγ is a mediator in the process of recruitment of BAT, whether by itself or in combination with other factors [53]. However, unlike in the case of WAT, C/EBPα is not a necessary factor for the gene expression of PPARγ during brown adipocyte differentiation [54]. For brown adipocytes to acquire their identity and thermogenic capacity, PPARγ recruits PR (PRD1-BF1-RIZ1 homologous) domain containing 16 (PRDM16), histone-lysine N-methyltransferase (EHMT1), and early B-cell factor (EBF2) to form a transcription complex that coordinates the transcriptional circuits toward the brown lineage. PPARγ and PRDM16 form the core part of the transcription complex, and the other two factors, EHMT1 and EBF2, are incorporated into the PPARγ-PRDM16 complex and advance its function in brown adipocytes. In detail, EHMT1, a unique methyltransferase that is specifically purified with PRDM16 by using a mass spectrum, induces the inhibitory H3K9me2 and H3K9me3 at promoter regions of the PRDM16-resident gene, which promotes precursors toward mature brown adipocytes [55]. In the same light, PPARγ recruits EBF2 to its brown-selective binding site and activates the expression of related genes, such as UCP1 [56].



Following the formation of BAT, the PPARγ-PRDM16 complex recruits a different set of cofactors in order to maintain the function of brown fat in adaptive thermogenesis and energy balance, among which PGC1α plays a central role. In brown adipocytes, PGC1α at least partially coactivates PPARγ to promote the expression of genes related to mitogenesis and thermogenesis, including Cidea, Elovl3 and Ucp1 [57]. Indeed, the PPARγ-PRDM16-PGC1α thermogenic transcription complex fine-tunes the thermogenesis and energy homeostasis by recruiting other cofactors, or it undergoes multiple modifications.



The thermogenic capacity of brown adipose tissue is directly related to intracellular triglyceride storage. The hydrolysis of triglyceride provides the FFA needed for allosteric activation of UCP1, as well as for mitochondrial oxidation, which releases energy in the form of heat during thermogenesis. Interestingly, triglyceride synthesis in BAT is also significantly increased upon cold exposure [58]. Like cold exposure, pharmacological PPARγ activation significantly accelerates triglyceride synthesis, promotes hypertrophy in brown adipocytes (Figure 2), and increases BAT mass. This process is associated with upregulated absorption of fatty acids from circulating triacylglycerol via lipoprotein lipase (LPL), increased generation of glycerol 3-phosphate via glyceroneogenesis and glycerokinase (GK), and elevated esterification of fatty acids via glycerol-3-phosphate acyltransferase (GPA) and diacylglycerol acyltransferase (DGAT), which catalyze the first and last acylation of glycerol-3-phosphate, respectively [59,60,61]. On the other hand, pharmacological PPARγ activation also upregulates lipolytic genes, such as ATGL and its partner, abhydrolase domain containing 5 (Abdh5), and MGL [62]. However, the release of lipolysis-derived FFA is counteracted by its intracellular recycling and re-esterification back to TAG (Figure 2). Therefore, these higher lipase levels are not translated into higher functional lipolytic rates due to the impairment of sympathetic activity and thyroid status in this condition [63]. In addition to fatty acids, glucose is another important metabolic substrate in supporting BAT thermogenesis, which is explained by the large amount of glucose stored in brown adipocytes in the form of glycogen and the significant increase in glucose uptake caused by sympathetic nerve-mediated thermogenic activation [64]. Unlike cold exposure, pharmacological PPARγ activation dramatically reduces glucose uptake and glycogen contents, which is explained by the impairment of sympathetic activity [65]. Overall, pharmacological PPARγ activation seems to hamper the thermogenetic ability of BAT through other systemic alterations. Another option is that PPARγ is needed for β-adrenergic signaling-mediated induction of brown adipocytes, and GK is, at least in part, required for mediating PPARγ function in BAT [66]. Furthermore, it was reported that pharmacological PPARγ activation enhanced the ability of normal mice to defend against cold-induced hypothermia by switching the fuel preference of BAT from carbohydrates to lipids under cold conditions [67]. Further investigation is required in order to elucidate the mechanism of this shift.



BAT contains large numbers of mitochondria and oxidases, which are used to oxidize fatty acids and glucose in order to dissipate energy. In vivo studies showed that the activation of PPARγ by rosiglitazone was not related to the number of BAT mitochondria or the expression of PGC1α [62]. In addition, rosiglitazone did not affect the expression of PGC1α in brown adipocytes that were cultured in vitro but increased the number of mitochondria and the expression of carnitine palmitoyl transferase 1 (CPT1) [52]. However, this change increases oxygen consumption only in the presence of norepinephrine. In the other words, PPARγ cannot enhance mitochondrial function in brown adipocytes independently of the activation of the sympathetic nervous system. Interestingly, the truncated form of PPARγ2 (52 kDa), but not the full-length PPARγ2, is highly enriched in brown adipocyte mitochondria, and it regulates mtDNA-encoded ETC gene expression [68]. This unexpected regulation may provide an additional level of control for mitochondrial respiration in brown adipocytes.



The brown-like cells that are recruited through cold exposure and that arise from progenitors expressing TMEM26 and CD137 on the cell surface are referred to as beige adipocytes [69]. The activation of PPARγ by synthetic agonists induces brown fat-gene transcription in white adipocytes, both in vivo and in vitro, and these brown-like cells are referred to as brite adipocytes [70]. The significant morphological differences between brite adipocytes and beige adipocytes have been observed—the former are paucilocular, while the latter are multilocular [71]. PPARγ full agonists, such as classical TZDs, induce a brown fat phenotype in subcutaneous WAT. On the other hand, PPARγ ligands with weak or partial agonism, such as MRL24, nTZDpa, Mbx-102, and BVT.13, exhibit little or no browning effects [72]. Specifically, chronic treatment of TZDs induces activation of the PGC-1α expression [73] and stimulates a powerful stabilization of the PRDM16 Protein [72]. In vitro, brown adipocyte-like cells, which have numerous mitochondria and the presence of UCP1 protein, emerge in TZDs-treated white adipocyte cultures [70]. These cells have increased expression of not only PGC1α and UCP1, but also other brown adipocyte-specific genes, such as carnitine palmitoyltransferase 1b (CPT1B), ELOVL fatty acid elongase 3 (Elovl3), and Cidea [70]. Li and colleagues further demonstrate that PPARγ-induced WAT browning is mediated by SIRT1, PRDM16, C/EBPα and PGC1α. The transcriptional program of BAT is triggered via an SIRT1–PPARγ–PRDM16 cascade, in which PPARγ is deacetylated by SIRT1 on K268 and K293 and then recruits PRDM16 to increase the expression of BAT genes such as Ucp1 and Cidea [74]. Moreover, the CDK inhibitor prevents S273 phosphorylation of PPARγ and promotes the formation of brite adipocytes in WAT [71]. In human adipocytes, kruppel-like factor 11 (KLF11) is directly induced by PPARγ and appears to cooperate with PPARγ in a feed-forward manner to activate and maintain the brite-selective gene program during long-term exposure to rosiglitazone [75]. In addition to the induction of BAT genes, the browning process also involves the repression of WAT genes. The mutation of critical amino acids within helix 7 of the PPARγ LBD suppresses TZD-mediated inhibition of WAT genes, including resistin and angiotensinogen [76]. On the molecular level, the repression of the WAT genes involves recruitment of two members of the carboxy-terminal binding protein family, CtBP1 and CtBP2, which, directed by C/EBPα, to the minimal promoter of the corresponding genes in response to the treatment of TZDs [76]. Therefore, PPARγ depends on its post-translational modifications and cofactor recruitment profiles in order to modulate its ability that activating the distinct genes subsets. However, TZD-induced browning is not associated with increased energy expenditure or weight loss in vivo, although UCP1-mediated uncoupled respiration is enhanced in adipocytes. Hence, it is important to uncouple TZDs’ benefits from their adverse effects. Further research showed that the constitutively deacetylated PPARγ (K268R/K293R) mutant mice resisted HFD-induced obesity by increasing brown remodeling in WAT, and they maintained the insulin-sensitizing response to TZD while displaying few adverse effects on fat deposition [77]. Thus, PPARγ deacetylation may dissociate the metabolic benefits of the PPARγ agonist from its adverse effects. Interestingly, the ablation of PPARγ in the sWAT of 12-month-old mice revealed PPARγ preferential regulation of brown fat gene expression for the maintenance of browning programs during aging [78].




4. PPARα


Unlike PPARγ, PPARα is mainly expressed in the liver, and the expression level of PPARα is low in both human and rodent WAT [79]. However, expression of PPARα in human subcutaneous and omental adipose tissue has been reported to be negatively correlated with body mass index (BMI) [80]. PPARα expression is also decreased in the WAT of mice with genetically or HFD-induced obesity, and PPARα agonists can reduce adiposity and improve insulin resistance in such obese mouse models by stimulating both differentiation and fatty acid oxidation in adipocytes [81]. Similarly, the activation of PPARα by GW7647 also stimulates differentiation and fatty acid oxidation in human adipocytes [82]. In terms of adipogenesis, the effect of PPARα seems to be partially shared with PPARγ. On the other hand, PPARα may promote a futile cycle of lipolysis and fatty acid re-esterification through the induction of GK in human white adipocytes [83]. Other studies further clarified the capacity of PPARα to promote lipolysis through several mechanisms in white adipocytes. Firstly, PPARα activation increases the expression of ATGL and HSL, which catalyze the first two important steps of lipolysis [84]. Secondly, PPARα agonists increase Ap2a2 expression, which facilitates the efficient endocytosis of β-adrenergic receptors (β-ARs) and thereby allows the avoidance of desensitization and internalization of β-ARs caused by prolonged exposure to agonists [85]. Moreover, the activation of PPARα by Wy14,643 upregulates the gene expression of adiponectin receptors (Adipor1 and Adipor2) in the WAT of obese diabetic KKAγ mice [86]. In addition, PPARα has been shown to have a potent anti-inflammatory effect in white adipocytes, by inhibiting CD40 expression via upregulation of SIRT1 expression through the AMPK pathway in TNFα-treated 3T3-L1 cells [87]. All of these actions of PPARα in the WAT can enhance energy consumption and improve adipocyte hypertrophy, as well as obesity-induced insulin resistance. In addition, other studies showed that PPARα has a key role in regulating the crosstalk between the ER and mitochondria. In response to an adiponectin signal, PPARα binds to the activating transcription factor-2 (ATF2) promoter region, resulting in the inhibition of ATF2 transcription, thereby alleviating ER stress and apoptosis in adipocytes [88].



As PPARα is the key regulator of cellular fatty acid uptake and oxidation (Figure 2), it is not surprising that PPARα is highly expressed in BAT. PPARα-deficient mice, despite having a normal BAT morphology, exhibited a thermogenesis-associated disorder in response to cold exposure. [89] Furthermore, compared with PPARα-deficient mice, liver-specific PPARα-null mice had more severe hypothermia after 24h-fasting, indicating that extrahepatic PPARα is necessary for maintaining whole-body temperature [90]. The possible explanation includes, but is not limited to, the role of PPARα in BAT. PPARα is activated by endogenous ligands that are derived from cold-induced lipolysis, and it upregulates the fatty acid oxidation and thermogenic genes through a cooperative mechanism with PGC1α. This regulation is initiated by the positive feedback loop of PPARα-induced PGC1α expression. In addition, PPARα regulates the expression of PRDM16, which binds to the PPARα-binding site of the PGC1α gene promoter and enhances PGC1α expression [91]. The energy source used for ATP production or thermogenesis is mainly supplied by glucose or fatty acids in BAT. Pyruvate dehydrogenases (PDH) and pyruvate dehydrogenase kinases (PDK) play a key role in the process of supplying energy from glucose. The activated PPARα competes with hepatocyte nuclear factor 4 alpha (HNF4α), a positive regulator, to bind the PDHβ promoter region, thereby suppressing PDHβ expression during cold exposure [92]. This finding agrees with the above-mentioned switching of fuel preference in BAT under cold conditions. Moreover, PPARα activation resulted in a reversal of whitening, with the favored thermogenesis being sustained by enhanced β3-adrenergic stimulation, lipolysis, and β-oxidation in BAT of the mice with HFD-induced obesity [93]. However, recent studies have suggested that PPARα is dispensable in thermogenesis. Even though PPARα agonists enhance the function of BAT, PPARα depletion in BAT did not affect the expression of classic BAT markers (such as Ucp1, Cidea and Cox7a1) [66]. In addition, WT and PPARα-null mice had no differences in BAT function during CL316,243 (β3-adrenergic agonist) treatment [94]. Furthermore, another study confirmed that the redundancy of PPARα with PPARγ is because PPARα binds to a subset of PPARγ sites [95].



Indeed, in vitro PPARα activation in human white adipocytes induces the expression of brown adipocyte-selective genes, such as PGC1α, PRDM16, UCP1 and DIO2 [91]. In addition, the activation of PPARα by chronic fenofibrate administration increases the gene expression of PGC1α and irisin, and it yields UCP-1-positive beige cells in the sWAT of the mice with HFD-induced obesity [96]. Furthermore, PPARα-null mice displayed a disrupted induction of thermogenic and brite markers in the inguinal WAT upon β3-adrenergic agonist treatment, which was associated with lower PDK4 expression [94]. Taken together, these data indicate that PPARα activation can promote the browning of WAT. Surprisingly, recent research showed that PPARα, despite its marked upregulation by cold in inguinal WAT, is completely dispensable for cold-induced browning in mice because cold-induced changes in gene expression in inguinal WAT are fully maintained in the absence of PPARα [97]. The reason why PPARα is induced by cold exposure, if it is not involved in regulating gene expression in inguinal WAT, remains unknown. The possible explanation is that PPARα activation is a sufficient and unnecessary condition during WAT browning.




5. PPARβ/δ


Similar to PPARγ, the expression of PPARβ/δ is also upregulated during adipocyte differentiation, and the difference is that PPARγ is expressed at the late stage of differentiation whereas PPARβ/δ is expressed in the initial stage of differentiation [98]. In vitro, PPARβ/δ promotes preadipocyte differentiation by inducing the expression of adipogenesis-related genes, such as PPARγ and fatty acid transporter (FAT) [99]. Another study showed that PPARβ/δ plays an important role in the proliferation of adipocyte precursor cells, and it has only a minor impact on terminal adipocyte differentiation [100]. This finding is consistent with the observation that PPARβ/δ knockout mice had impaired gonadal adipose stores [101]. On the other hand, the activation of PPARβ/δ promotes fatty acid oxidation and energy uncoupling in vivo and in vitro [102]. Moreover, PPARβ/δ prevents angiotensin-II-induced adipocyte hypertrophy and stimulates adipocyte remodeling with smaller adipocytes, while decreasing inflammation and increasing adiponectin secretion via the activation of haem oxygenase-1 (HO-1) expression and the Wnt-canonical pathway [103]. The activation of PPARβ/δ by GW501516 arrested IL-6–dependent reduction in insulin-stimulated Akt phosphorylation and glucose uptake by inhibiting ERK1/2 and inhibiting the activation of the signal transducer and activator of transcription-3 (STAT3) and the upregulation of the suppressor of cytokine signaling 3 (SOCS3) [104]. Otherwise, in adipose tissue-resident macrophages, PPARβ/δ is upregulated by IL-13 to control the polarization of macrophages toward alternative activation, thereby improving insulin sensitivity [105]. Furthermore, PPARβ/δ ablation impairs macrophage M2 polarization, which, in turn, causes inflammation and results in the stimulation of lipolysis and insulin resistance in adipocytes.



In BAT, PPARβ/δ activation induces the expression of genes related to fatty acid oxidation and thermogenesis (Figure 2) [102]. Furthermore, BAT-specific PPARβ/δ knockout mice are compromised with respect to maintaining body temperature during cold exposure, because PGC1α no longer binds to the UCP1 promoter in the absence of PPARβ/δ. Interestingly, PPARβ/δ not only mediates the actions of PGC1α, but also regulates the expression of twist family BHLH transcription factor 1 (twist-1), which inhibits histone H3 acetylation on the promoters of PGC1α target genes, suggesting a negative-feedback regulatory mechanism [106].



As a nutritional signal sensor, PPARβ/δ has been described as a candidate for the induction of adiposal browning [102]. However, in mice with HFD-induced obesity, pharmacological PPARβ/δ activation tackles glucose intolerance and reduces adipocyte size, but not positive UCP1 beige adipocytes were not shown in the sWAT, which may have been because of the enhanced Cidea gene expression, which inhibited the activity of UCP1 by forming a complex [107]. On the other hand, a recent study showed that PPARβ/δ mediates leptin-induced FGF21 expression in the crosstalk of brain–visceral adipose tissue, therefore contributing to the white-to-beige cell transition in WAT via autocrine/paracrine mechanisms [108].




6. Conclusions


Numerous studies support the crucial role of PPARs in maintaining metabolic homeostasis in adipose tissue (Figure 3). PPARγ plays a key role in adipocyte differentiation, and lipid storage, PPARα and PPARβ/δ are primarily involved in adaptive thermogenesis and lipid utilization in adipose tissue. Selective and potent PPARα or PPARγ agonists enhance the activity of BAT and induce the “browning “of WAT (Figure 2). However, over the last decades, market withdrawal and the failure of drug development programs have made people doubt the clinical value of compounds with PPAR-activation functions. Meanwhile, the PPARγ agonist rosiglitazone and dual PPAR agonists displayed ineluctable adverse effects that led to restricted use or halted development. Nevertheless, most of these side effects were either caused by nonspecific and off-target effects of the drugs or excessive PPARγ activation. With the development of targeted therapy, PPAR targeted therapy will regain its brilliance.



At present, significant advances have been made in understanding the sophistication of the function of adipose tissue and the role of adipose tissue in controlling systemic energy balance. Obviously, targeting adipose tissue is an effective strategy for the treatment of obesity, insulin resistance, T2D, and another metabolic syndromes. In adipose tissue, PPARs represent how various metabolic signaling networks converge into a single nuclear factor, and the transcriptional activity of PPARs is controlled by multiple regulative layers of alternative splicing, post-translational modification, and coactivator/suppressor interaction, thereby resulting in its time- and tissue-specific responses. The study of alternative splicing and post-translational modification of PPARs in adipose tissue under diverse physiological and pathological conditions still needs further research. Altogether, we are convinced that the targeting of adipose PPARs in metabolic disorders remains a valuable and promising approach, with a future ahead of it.
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Figure 1. Control of white adipocyte differentiation by PPARγ. Cooperation between PPARγ and C/EBP is essential in order to fully activate the programming of mature adipocytes. Abbreviations: PPARγ, peroxisome proliferator-activated receptor γ; RXR, retinoid X receptor; C/EBPs, CCAAT/enhancer binding proteins. Figure was created using SMART–Servier Medical Art (https://smart.servier.com, the last accessed date is 29 July 2021). 
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Figure 2. Control of glucose and lipid metabolism by PPAR in brown or beige/brite adipose tissue. Enzymes in red are activated by PPAR. The enzyme in blue remains unchanged. Abbreviations: VLDL, very-low-density lipoprotein; LPL, lipoprotein lipase; FFAs, free fatty acids; CD36, differentiation cluster 36; GPA, glycerol-3-phosphate acyltransferase; DGAT, diacylglycerol acyltransferase; GLUT, glucose transporters; GK, glycerokinase; LD, lipid droplet; ATGL, adipose triglyceride lipase; ABDH5, abhydrolase domain containing 5; UCP1, uncoupling protein 1. Figure was created using SMART–Servier Medical Art (https://smart.servier.com, the last accessed date is 29 July 2021). 
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Figure 3. (A) Effects of physiologic and pharmacologic PPAR activation on white and brown adipocyte biology. (B) Physiologic and pharmacologic PPAR activation promote the “browning” of WAT. Figure was created using SMART–Servier Medical Art (https://smart.servier.com, the last accessed date is 29 July 2021). 
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