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Interactions between macrophages and adipocytes in adipose tissue are critical for the regulation of energy metabolism and obesity. Macrophage polarization induced by cold or other stimulations can drive metabolic reprogramming of adipocytes, browning, and thermogenesis. Accordingly, investigating the roles of macrophages and adipocytes in the maintenance of energy homeostasis is critical for the development of novel therapeutic approaches specifically targeting macrophages in metabolic disorders such as obesity. Current review outlines macrophage polarization not only regulates the release of central nervous system and inflammatory factors, but controls mitochondrial function, and other factor that induce metabolic reprogramming of adipocytes and maintain energy homeostasis. We also emphasized on how the adipocytes conversely motivate the polarization of macrophage. Exploring the interactions between adipocytes and macrophages may provide new therapeutic strategies for the management of obesity-related metabolic diseases.
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1 Introduction

Obesity, characterized as excess adipose tissue accumulation, has become a serious global health issue because of its induced risk of metabolic diseases, immune dysfunctions, cardiovascular diseases, and cancers (1–3). Proverbially, adipose tissues can be divided into two types: white adipose tissue (WAT) mainly for the storage of fat, and brown adipose tissue (BAT) for the generation of energy by nonshivering thermogenesis (4–6). Increasing evidence also indicates that white adipocytes can be differentiate into beige adipocytes containing a small number of mitochondria (7).

Numerous researches have reported that adipose tissues are endocrine organs, and their homeostasis is controlled by internal immune cells, including adipose tissue macrophages (ATMs) (8–10). Both macrophages’ recruitment and polarization can regulate the microenvironment in the adipose tissues (11–14). It has been clarified that the main sources of ATMs are monocyte-derived recruited macrophages as well as tissue-resident macrophages. In obesity, the adipocytes and stromal vascular fraction can produce some monocyte chemoattractant proteins, such as monocyte chemoattractant protein-1(MCP1), leading to the enhancement of macrophage infiltration into the adipose tissues (15–17). Even worse, ATMs in the obese are found to polarize to a pro-inflammatory phenotype, subsequently leading to insulin resistance and other metabolic diseases. Conversely, tissue-resident macrophages could exhibit the phenotype of anti-inflammation and facilitate the development of brown or beige adipose tissues. Thus, understanding how adipose tissues regulate macrophage recruitment and polarization is of great importance for the prevention of obesity.

Classically, ATMs are broadly classified into two types: activated M1 macrophages and alternatively-activated M2 macrophages (10). Under different microenvironments, AMTs are rapidly capable of adapting through peripheral cell recruitment as well as proliferation. In lean adipose tissue (AT), the macrophages mainly exist as M2 subtypes to contribute to AT repair and eventually to maintain the homeostatic environment of AT (18–20). However, this balance will be disrupted by obesity, in which the numbers of ATMs are further increased by 5–10 fold (21, 22). Accompanying the metabolic abnormality, the malleable macrophages quickly alter their phenotype and function (23), to subsequently secreting many pro-inflammatory cytokines (e.g., IL-1β and TNF-α) that could influence adipocyte remodeling and impair insulin sensitivity (24). Although some reviews have reported the key roles of macrophages in the AT, these summaries predominately concentrate on the origin of macrophages and the mechanisms that are related to polarization. Thus, a comprehensive review of the crosstalk between macrophages and adipocytes remains limited and urgently needed.

In this article, we comprehensively summarized the interplay between macrophages and adipocytes in controlling immunological regulation and energy metabolism regulation, with a focus on elucidating the essential regulatory factors governing macrophage-adipocyte crosstalk as well as the underlying molecular mechanism, providing effective strategies for the prevention of obesity-related diseases such as insulin resistance (25), atherosclerosis (26), type 2 diabetes and nonalcoholic fatty liver diseases (NAFLD) (27, 28).




2 Adipose tissue performs a crucial role in preserving energy homeostasis

Adipose tissue is a highly heterogeneous, complex, and mini-endocrine organ (29, 30). As early as 1994, the subsequent identification and characterization of leptin established the status of adipose tissue as an endocrine organ (31). Adipose tissue not only sends out signals but also expresses many receptors that enable it to respond to signals from the hormonal system and the central nervous system (CNS) (29). Therefore, in addition to storing and releasing energy, adipose tissue also regulates metabolism, enabling it to communicate with distant organs, including the central nervous system, forming a large interaction network that engages adipose tissue in coordinating various biological processes, including energy metabolism, neuroendocrine function, and immune function.

The origin of white adipocytes and brown adipocytes is different. White adipocytes and beige adipocytes with a limited number of mitochondria originate from Myf5- precursor and can occasionally differentiate into each other (32). Brown adipocytes source from Myf5+ precursor, which contain a large number of mitochondria and are essential for thermogenesis. Precursor are malleable and can be stimulated by both internal and external tissue environments. They can be subjected to systematic regulation of immune cells, different inflammatory factors, and the extracellular matrix to determine their own differentiation potential, which is important for maintaining the body’s metabolic homeostasis (6, 33–35) (Figure 1). The functional characteristics of various forms of adipose tissue in energy metabolism are the main topic of this section.




Figure 1 | Sources of adipocytes and adipose tissue categorization. Myf5- precursors, or white adipose tissue, are the source of white and beige adipocytes, which are mostly employed for energy storage. Brown adipocytes are produced by Myf5+ precursors and have a high number of mitochondria, which are necessary for producing heat.





2.1 WAT’s significance for energy storage

The human body contains a large amount of WAT, which is primarily found in the subcutaneous regions of the buttocks, deep and shallow abdomen, and visceral area, where it is located beneath the skin. WAT serves as a buffer against external mechanical stress, an insulator against heat loss, and a barrier against skin infections. Vital organs in the peritoneum and ribs of the body are encased in visceral white fat (36).

Triglycerides, which WAT stores as energy, are also a source of energy, which is why they are important for preserving energy homeostasis. Excess fats are stored as triglycerides in WAT when the body uses too much energy. This keeps lipids from building up in other organs, such as the liver, where they could impair normal bodily functions or cause harmful metabolic issues. Moreover, WAT serves as a source of energy in the presence of starvation, malnutrition, and other conditions. The body responds to these stimuli by regulating catecholamines and sympathetic nervous system signals. Adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase (MG) work together to hydrolyze triacylglycerol in adipose tissue, which is then released into the bloodstream. Part of the fatty acids are oxidized by beta oxidation and then the products go into the tricarboxylic acid cycle to produce ATP (5, 37).

Additionally, when WAT browning occurs under certain stimulations, it would become an organ for heat production. It was discovered that inhibition of notch receptor-1 (Notch-1) signaling, deletion of the immediate early response gene X-1 (IEX-1), and activation of adenosine 5’-monophosphate-activated protein kinase (AMPK) and p38 mitogen-activated protein kinase (p38 MAPK) signaling, all promoted WAT browning (38–40). These signaling pathways have been reported to be linked to immunological responses and macrophage polarization, and offer prospective targets for the treatment of metabolic illnesses, such as obesity.




2.2 Beige adipose tissue’s function in maintaining energy homeostasis

Beige adipocytes can be formed through progenitor cell differentiation as well as through the transformation of mature white adipocytes through the activation (or reactivation) of thermogenic processes and the proliferation of mature beige adipocytes (7, 41, 42).

Beige adipocytes can be distinguished from white adipocytes due to their expression of uncoupling protein 1 (UCP1) and low mitochondrial count. UCP1, as an inner mitochondrial membrane transporter protein, is able to reduce the pH gradient formed by oxidative phosphorylation so that ATP synthesis is uncoupled from oxidative phosphorylation and energy is released as heat (43). WAT will turn beige and increase energy expenditure in the presence of a cold or increased energy demand, hence delaying the onset of metabolic illness and obesity (6). Without UCP1, beige fat uses glucose more efficiently by increasing the activity of pyruvate dehydrogenase, glycolysis, and tricarboxylic acid metabolism. This leads to ATP-dependent thermogenesis through the Sarco/endoplasmic reticulum (ER) Ca 2+ -ATPase 2b (SERCA2b) pathway (44).




2.3 BAT contributes to energy metabolism

The crucial and unique role that brown adipocytes play in energy metabolism is determined by their structural differences from white adipocytes. The inner mitochondrial membrane of brown adipocytes contains the BAT-specific protein UCP1, along with a profusion of mitochondria and a few tiny lipid droplets. BAT uses UCP1 to react to cold stimuli, which also causes it to boost the oxidation of glucose and free fatty acids, maintain high levels of mitochondrial and uncoupled respiration, control non-trembling thermogenesis, and regulate systemic energy balance (38). BAT is mainly found in small mammals and newborns, while it is less distributed in adults (40, 45). Generally, brown adipocytes use the β-adrenergic receptor (β-AR)-dependent signaling pathway and mitochondrial UCP1 to convert energy into heat. If UCP1 is not present, the triglyceride/fatty acid cycle plays a significant role in the heat production of brown adipocytes (46) (47). Considering these two thermogenic pathways, this section will explain how BAT controls energy metabolism, homeostasis, and consumption of energy.



2.3.1 UCP1 controls non-trembling thermogenesis

BAT plays a key role in energy expenditure through UCP1-mediated thermogenesis. Hence, a crucial element in brown fat thermogenesis is UCP1 expression and the downstream signals it generates. When peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) is expressed, it increases the expression of fibronectin type III domain-containing 5 (FNDC5), which in turn promotes UCP1 expression and brown adipose-like growth. This improves glucose homeostasis and obesity by increasing energy expenditure (48). Additionally, the energy metabolism sensing pathway’s AMPK/SIRT1 axis activation raises the deacetylation level of peroxisome proliferator-activated receptor gamma (PPARγ), which encourages the remodeling of adipose tissue, and increases the expression of the thermogenic protein UCP1, which encourages the remodeling of adipose tissue and thermogenesis (49, 50). Further, when long-chain fatty acids (LCFAs) are activated, UCP1 increases the conductance of the inner mitochondrial membrane (IMM), which produces heat in BAT mitochondria (51) (Figure 2).




Figure 2 | Brown adipocytes’ browning of white fat and UCP1 activation. External PGC1α In order to activate PPARα, FNDC5 expression must be boosted. Similarly, the AMPK-SIRT1 axis must activate PPARγ in order to induce WAT browning, elevated UCP1 expression, and thermogenesis.



The regulation of BAT and energy balance is significantly impacted by the succinylation of UCP1 and other mitochondrial proteins. UCP1 is succinylated and malonylated much more when BAT is specifically lacking in sirtiun 5 (mitochondrial desuccinase and desmalonylase). As a result, energy homeostasis is disturbed, and UCP1’s stability and activity are significantly decreased (52). On the other hand, when expressed in inguinal subcutaneous fat (SC) and epididymal fat (EP), mitochondrial heat shock protein 60 (Hsp60) promotes thermogenesis and triggers UCP1 production (53). The UCP1 transcriptional regulator enzyme influences BAT thermogenesis in a manner akin to that of mitochondrial proteins. A substantial decrease in UCP1 transcript expression results from a BAT-specific deletion of mettl3, which impacts BAT development, inhibits adaptive thermogenesis, and exacerbates obesity and systemic insulin resistance linked to a high-fat diet (54). Reactive oxygen species produced by thermogenic succinate dehydrogenase-mediated succinate oxidation have been demonstrated in several investigations to improve brown adipose tissue respiration in vivo, hence inducing UCP1-dependent thermogenesis and systemic energy expenditure (55, 56).

Activation of carbohydrate response element binding protein β (ChREBP-β) promotes the AKT2-ChREBP pathway in BAT and accelerates de novo lipogenesis (DNL) in adipocytes, thereby optimizing energy storage and calorie production (57). In addition, ChREBP BAT-specific knockout mice exhibits an evident decrease in the de novo adipogenic activity, and reduced expression of UCP1 after acute cold exposure but not chronic cold stimulation (58). This implies that the duration of cold stimulation is differential for ChREBP-mediated increases in UCP1, and further studies are needed to fully understand the effects of ChREBP and its isozymes on BAT-mediated thermogenesis. In addition, with the adrenergic stimulation, the mitochondrial calcium transporter (MCU) has been found to recruits UCP1 to form a thermoporter to enhance thermogenesis (59). Thus, the MCU would be a significant energy source for UCP1’s thermogenic process, which would be advantageous for the management of metabolic illnesses like obesity.

Unexpectedly, thermogenesis in brown fat also seems to be tightly correlated with inflammatory variables. By inhibiting the excessive recruitment of inflammatory cells into the WAT and promoting the BAT’s thermogenic activity, adipocyte C-X-C motif chemokine receptor 4 (CXCR4) prevents the development of obesity (60). In cold-stimulated mice, ablation of IL18r1 sustains body temperature by promoting fat browning with the ubiquitous expression of thermogenic genes and enhanced macrophage alternative activation (61). Lack of IL-6 improves glucose homeostasis and respiratory exchange rate, which in turn promotes BAT thermogenesis (13).




2.3.2 Thermogenic activity mediated by fatty acid oxidation

Triglycerides in lipid droplets are broken down by cold stimulation into free fatty acids, which are oxidized by beta oxidation and the products enter the tricarboxylic acid cycle to produce ATP to maintain energy balance (62–65). Angiopoietin-like 4 (ANGPTL4) regulates lipoprotein lipase (LPL) activity, affects triglyceride and fatty acid hydrolysis, and regulates thermogenesis (66).

Weight reduction and improved insulin sensitivity are the outcomes of the lactate receptor carboxylic acid receptor 1 (HCAR1) expressed in BAT, which enhances glucose uptake, improves glucose homeostasis, and decreases lipolysis (67). In brown adipocytes, lipolysis, fatty acid oxidation, oxidative metabolism, and thermogenesis are significantly boosted by transcriptional regulators interacting with PHD zinc finger and/or bromodomain 2 (TRIP-Br2) deletion. One possible strategy to counteract obesity-induced BAT dysfunction is to inhibit TRIP-Br2 (68).

In conclusion, signaling pathways, including AMPK, p38 MAPK, etc., control the browning and thermogenesis of adipose tissue. The expression and activation of UCP1 and its downstream signaling are crucial to thermogenesis. It is noteworthy that the amount of inflammatory chemicals and the activation of macrophage replacement had an indirect effect on browning and thermogenesis in adipose tissue.






3 Macrophages indirectly regulate energy homeostasis



3.1 Macrophage polarization and function in metabolism

Immune cell function is largely influenced by their metabolic activity, so immune cells need to acquire specific metabolic adaptations to support their diverse immunological functions. Nobel laureate Elie Metchnikoff first hypothesized and highlighted macrophages as a crucial component of innate immunity at the end of the 19th century (69). Admittedly, Hematopoietic stem cells produce monocytes. As the precursor for macrophages, they can mature into circulatory monocytes when entering the peripheral circulation. After that, these monocytes leave the circulation and settle into the tissue, where they mature into tissue-specific macrophages. Different tissues refer to resident macrophages by different names: adipose tissue macrophages, kupffer cells in the liver, and microglial cells in the central nervous system (13).

Macrophage function is strictly regulated by metabolites and metabolic pathways (70). For instance, when macrophages are activated in response to inflammatory signals, glycolytic metabolism is enhanced while Mitochondrial oxidative phosphorylation is attenuated (71, 72). The purpose of this metabolic reprogramming of inflammatory macrophages is to promote the rapid production of ATP, obtaining the energy and biosynthetic precursors necessary to fulfill their roles in the immune response, including phagocytosis and the production of inflammatory mediators (70).




3.2 Macrophages’ control over metabolism in adipose tissue

Different metabolic intermediates will drive adipose tissue macrophages, exhibiting polarization bias. In hypoxic environments, a significant amount of lactic acid will be generated during glycolysis, promoting macrophage replacement polarization (73–75). Adipose tissue macrophages that experience disruptions in lipid metabolism generate lipid droplets by encouraging the production of lysosomes, which exacerbates the inflammation inside the adipose tissue (76, 77). Adipokines are disrupted in an obese body, as demonstrated by increased expression of leptin and regulatory proteins, decreased secretion of lipocalin, which controls chemokine expression, and mast cell signaling, which controls glucose metabolism, polarization of macrophages to the M1 type, and pro-inflammatory effects (78, 79). On the other hand, adiponectin reduces inflammation by boosting M2-type macrophage polarization and suppressing TNF-α and IL-6 production (80). In conclusion, energy metabolism and lipid metabolism will control adipose tissue macrophages, influencing their own polarization and ultimately controlling the onset and progression of inflammation.

Additionally, it has been discovered that mitochondria, the hub of cellular metabolism, control the activity of immune cells. Simultaneously, the effects of mitochondrial dynamics on immune cell function have been extensively studied (81). Lipopolysaccharide (LPS)-stimulated macrophages exhibit deficient glucose metabolism, which lowers intracellular ATP levels, activates signaling pathways linked to the energy sensor AMPK, and encourages autophagy (82). While studies have demonstrated that mitochondrial autophagy differs from general autophagy in its regulation of adipose tissue and whole-body energy metabolism, mitochondrial-nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain- containing 3 is a distinct route that results in BAT dysfunction (83). To put it briefly, the inflammatory response is influenced by LPS-stimulated modifications in macrophage metabolism, which are linked to adipose tissue energy metabolism and mitochondrial autophagy.

Apart from mitochondria, there has been a recent focus on the role of macrophage polarization in maintaining metabolic homeostasis, which is governed by calcium homeostasis. Adipose tissue-accumulating M1 macrophages are a primary source of proinflammatory cytokines that obstruct insulin signaling. Conversely, anti-inflammatory cytokines that increase insulin sensitivity are produced by M2 macrophages (84). Inflammation and compromised mitochondrial function result from dysregulation of mitochondrial Ca2+ homeostasis. Through its interaction with the MCU, Connexin 43 reduces the amount of succinate dehydrogenase (SDH) oxidation caused by Palmitic acid. Consequently, pro-inflammatory M1 macrophages become more polarized (85).

Nrf2 increases glucose absorption and mTOR signaling in M1 macrophages by suppressing IL-10 gene expression and secretion (86). Intrarenal adipose tissue mass is markedly influenced by macrophage-derived insulin-like growth factor-1 (IGF1) during thermogenic stress, and adipocyte differentiation and lipid storage capacity are tissue-specifically regulated by IGF1 in vitro (87). Furthermore, Glucose transporter type 1 (GLUT1) translocation and glycolytic enzyme gene expression are regulated by IL-10, which suppresses glycolytic flux (88).The principal ligand for the mineralocorticoid receptor (MR) is aldosterone. Improper activation of the MR can cause abnormal adipokine secretion, increased expression of inflammatory factors like TNF-α and IL-6, decreased adiponectin, recruitment of macrophages, and up-regulation of leptin (89, 90). Heme lysine demethylase 6a (Kdm6a)-specific knockout of histone lysine demethylase 2a (Kdm2a) mice leads to a considerable increase in energy expenditure, BAT activity, and macrophage M2 polarization (91, 92). Overall, pro-inflammatory macrophage polarization is controlled by macrophage metabolic reprogramming, which is linked to inflammatory factor expression, mitochondrial calcium homeostasis, and the regulation of adipocyte malfunction and obesity.





4 Macrophages regulate adipocyte energy metabolism

Chronic low-level innate immune system activation, which arises from an imbalance between energy intake and consumption, increased macrophage accumulation in adipose tissue, and dysfunction of adipose tissue, including decreased lipid storage capacity and lipogenesis, adipocyte necrosis, inflammation, insulin resistance, and fibrosis, are the hallmarks of obesity (93, 94). This demonstrates the fundamental role of macrophage-induced metabolic inflammation and the interaction between adipocytes and macrophages in obesity, and that understanding the pathophysiology of obesity is crucial for managing and preventing chronic metabolic disorders associated with obesity.

In order to eventually induce obesity-related metabolic diseases, hypertrophic adipocytes generate a lot of chemokines, attract immune cells, particularly macrophages, and create chronic low-grade inflammation and insulin resistance. They also release a lot of free fatty acids into the bloodstream (95).

Research indicates that the regulation of adipose tissue function in obesity is linked to innate immune cells (96). The earliest and most significant immune cells to be found in the adipose tissue of obese people are macrophages (97, 98). Macrophage infiltration is a primary cause of metabolic diseases associated with obesity and has a significant effect on the function of adipose tissue. Therefore, the prevention and treatment of obesity and other related metabolic illnesses depend on an understanding of the molecular mechanisms governing macrophage-adipocyte interactions in adipose tissue.



4.1 Macrophages regulate thermogenesis by modulating sympathetic neurochemicals

Thermogenesis is a mechanism used by all thermostatic organisms to keep their body temperature stable so that physiological functions and regular cell function can persist in cold environments. According to well-known thermogenic models, norepinephrine is released in brown and white adipose tissue when the hypothalamus detects hypothermia. This norepinephrine acts through β3-adrenergic receptors, promoting the expression of thermogenic genes and causing lipolysis in white adipocytes (99, 100).



4.1.1 Macrophage modulates adipose tissue thermogenesis through influencing norepinephrine secretion

Reduced sympathetic innervation and local titers of norepinephrine are linked to BAT dysfunction in obese mice with macrophage mutations, which leads to a decrease in the production of thermogenic factors in adipocytes. Norepinephrine secretion and energy balance are regulated by signaling molecules such as Plexin4, TyrH, GCN2, and Slit3, which are expressed in macrophages (Table 1). The overexpression of PlexinA4 and the signaling receptor in the BAT-resident subset of Cx3Cr1 macrophages has been observed to result in the phenotypic rejection of sympathetic axons that express the transmembrane signaling protein Sema6A, hence hindering homeostatic thermogenesis (101).


Table 1 | Signaling molecules that regulate NE release and affect homeostasis.



Low temperatures quickly promote alternative macrophage activation in mouse adipose tissue. Following this, catecholamines are released by macrophages, which cause lipolysis in white adipose tissue and the expression of thermogenic genes in brown adipose tissue. Tyrosine hydroxylase is the enzyme that limits the pace at which catecholamines are produced, according to reports. Overexpression of constitutively active Ca2+/calmodulin-dependent protein kinase II (CaMKII) in macrophages increases in vivo adipose UCP1 expression and basal phosphorylation of TyrH. Additionally, CaMKII signaling enhances the production of catecholamines mediated by the cytokines IL-4 and IL-13 (102). In the inguinal WAT (iWAT) of mice exposed to cold, M2-like macrophages secrete a cytokine called Slit3, which binds to ROBO1 receptors on sympathetic neurons. This stimulation of CaMKII signaling and norepinephrine release increases adipocyte thermogenesis (103) (Figure 3).




Figure 3 | IL-4 stimulates norepinephrine-mediated thermogenesis and encourages macrophage alternative activation. IL-4 stimulated M2-like polarization of macrophages in WAT and BAT in response to cold stimulation. Then, norepinephrine secreted by M2-like macrophages activated β-AR-mediated lipolysis, upregulated UCP1 expression, and promoted thermogenesis, which was aided by elevated Ca2+/calmodulin-dependent protein kinase II expression.



It’s fascinating to note that bone marrow-derived macrophages do not release norepinephrine (NE) in response to IL-4 stimulation and that the conditioned media of IL-4-stimulated macrophages does not trigger expression of the thermogenic gene UCP1 in adipocytes cultivated with IL-4 (104). It’s debatable whether or not alternatively activated macrophages generate catecholamines and encourage adaptive thermogenesis in adipose tissue; this may have to do with the tissue selectivity of macrophages.

General control non-norepinephrine 2 kinase (GCN2) activation reduces the expression of monoamine oxidase A (MAOA), resulting in increased NE secretion by macrophages into adipocytes, subsequently enhancing WAT browning and lipolysis (105). Brown adipocytes exposed to norepinephrine, can express an inducible form of NOS similar to the iNOS from macrophage, and the induced NOS can promote NO generation and eventually improve vasodilation of the BAT microcirculation as well as thermogenesis (106).

It has been demonstrated that neuron-associated macrophages (SAM) also prevent adipose tissue browning and thermogenesis, in addition to adipose tissue macrophages. The deletion of the NE transporter solute carrier family 6 member 2 (SLC6A2) in mice results in an increase in brown adipose tissue (BAT), which browns white fat and increases thermogenesis. These two effects mitigate the symptoms associated with obesity in mice (107). In summary, reduced MAOA and SLC6A2 expression in macrophages stimulates NE production, which raises the browning and thermogenesis of adipose tissue.

Commonly expressed in adipose tissue among other tissues, adrenalomedullin 2 (ADM2) stimulates thermogenesis by raising AMPK and peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α) phosphorylation. This, in turn, stimulates the expression of UCP1 and ultimately thermogenesis in brown adipocytes (108). Furthermore, by inducing alternative M2 polarization in macrophages and activating the calcitonin receptor-like receptor (CRLR) RAMP1-cAMP/PKA and p38 MAPK pathways in white adipocytes, ADM2 directly stimulates subcutaneous fat metabolism (109). The alternative activation of macrophages attracted to cold-stressed subcutaneous white adipose tissue (scWAT) results in the induction of catecholamine production and tyrosine hydroxylase expression, both of which are necessary for scWAT browning (110). In summary, the AMPK, p38 MAPK signaling pathway, a crucial factor in WAT metabolism or browning, regulates macrophage alternative activation. This, in turn, stimulates adipose tissue thermogenesis and energy expenditure.




4.1.2 Secretion of acetylcholine to promote thermogenesis

The primary players involved in controlling the activation of subcutaneous adipose thermogenesis are macrophages. Following an acute cold exposure, the number of cholinergic adipose macrophages (ChAM) was markedly elevated, and the cold-induced thermogenesis in mice was hindered by the deletion of choline acetyltransferase (ChAT), an enzyme involved in acetylcholine biosynthesis, from macrophages. Targeting metabolic disorders may benefit from the utilization of macrophages, which are a significant source of acetylcholine that controls adaptive thermogenesis in adipose tissue (111, 112). Overexpression of miR-182-5p in adipose tissue stimulates protein kinase A signaling, which in turn promotes the expression of thermogenic genes, enhances energy homeostasis, and increases adiposity, thermogenesis, and beige. It also induces FGF5 expression and acetylcholine secretion in adipocytes and activates nicotinic acetylcholine receptors in adipocytes (108). Overall, acetylcholine is a crucial mediator for macrophages to control adipose tissue thermogenesis, in addition to norepinephrine.





4.2 Macrophages regulate lipolysis and thermogenesis through inflammatory factors

Inflammatory factors and their mediators are thought to play a major part in the progression of metabolic disorders. For example, IL-25, IL-4, IL-13, IL-17, IL-10, and IL-1β are known to regulate the lipid deposition or breakdown of adipocytes, the browning of WAT, and the heat production of BAT, among other indirect regulatory effects (Table 2).


Table 2 | Immune factors that regulate fat energy expenditure.



IL-25 specifically induces M2 macrophage polarization, which enhances mitochondrial respiration and macrophage oxygen consumption rate by lowering fatty acid synthase, encouraging the expression of ATGL and HSL, and facilitating the expression of lipolytic, monoacylglycerol lipase (MAGL), and other adiponectin and β-oxidative enzymes. This results in increased NAD/NADH and ATP production, which in turn decreases weight gain and lipid accumulation (113). Furthermore, by releasing IL-4 and IL-13 and encouraging alternate macrophage activation, IL-25 causes beige adipose tissue accumulation in WAT (111). In perspective, IL-4, IL-13, and IL-25 can simply lower the expression of adipose synthase, increase lipolysis and adipocyte growth, and promote macrophage M2 polarization (Figure 4).




Figure 4 | IL-4, IL-13, and IL-25 increase adipocytosis and militarization while also promoting M2-like macrophage polarization. In order to facilitate lipolysis, IL-25 causes macrophage M2-like polarization and upregulates the expression of lipases such as HSL, ATGL, and MAGL. In order to encourage adipocytosis, IL-25 also upregulates the expression of lipases, such as HSL, ATGL, and MAGL. Furthermore, IL-25 promotes M2-like macrophage-mediated adipocyte beiging and upregulates the production of IL-4 and IL-13.



Moreover, by blocking the lipogenic gene PPARγ, the IL-17 subfamily of IL-25 inhibits adipogenesis and controls adipose differentiation. Conversely, elevated ILC2 or IL-33 translocation stimulates browning in vivo, while ILC2 upregulates UCP1 expression in vitro (114). It is unclear, therefore, if IL-17 has any effect on the control of adipogenesis and differentiation, which has an additional impact on thermogenesis and fat browning. Vascular endothelial growth factor indirectly affects M2 macrophage polarization, and the browning of WAT controls thermogenic activity, which raises energy expenditure, improves insulin sensitivity, and ultimately enhances systemic metabolism (115–117). To sum up, cold stimulation increases the expression of adipose-vascular endothelial growth factor, which controls M2 macrophage polarization and hence enhances browning of the adipose tissue.

Unexpectedly, more research has revealed that total macrophages (MΦs) stimulated by IL10/TGFβ express low amounts of CD40 and high levels of CD163, and they also release chemicals that stop white adipocytes’ ATP-related respiration. Adipocytes with low CD163 expression and high CD40 expression had increased mitochondrial activity due to chemicals generated by LPS/IFNγ-activated MΦs (118). This suggests that whereas M2 macrophages block mitochondrial respiration, M1 macrophages behave in a counteractive manner. In conclusion, it appears that resident macrophages control energy metabolism in human adipocytes through an activation-dependent paracrine mechanism. Nevertheless, the precise variations in resident macrophage regulation of energy metabolism in various tissues require additional research.

NLRP3 activation in macrophages decreases mitochondrial respiration and UCP1 induction in primary adipocyte cultures (119). Other research indicates that fat-sensing macrophages send this signal to obese hepatocytes, which then release FGF21 to promote BAT thermogenesis. On the other hand, in the absence of p38 activation, there is an increase in IL-12 release in macrophages, which suppresses FGF21 and lowers BAT thermogenesis (120). This suggests that proinflammatory factors and components associated with macrophages will be expressed more frequently, and then adipocyte browning and thermogenesis will be suppressed.




4.3 Macrophage crosstalk affects mitochondrial function to regulate energy homeostasis

In response to external stimuli, macrophages polarize into distinct metabolic forms that alter, generating various intermediate products, impacting mitochondrial biogenesis, mitochondrial transfer, browning of white fat, and ultimately thermogenesis and energy homeostasis.

Mitochondrial failure has been reported to be associated with a decrease in the insulin receptor substrate 1 (IRS1) gene due to a decrease in the number of M2 macrophages and an increase in adipogenic genes such as acetyl coenzyme A carboxylase α (ACACA), fatty acid synthase (FASN), and thyroid hormone responsiveness (THRSP) (121). Adipocytes’ mitochondrial bioenergetics were markedly changed following exposure to TNF-α, exhibiting increased proton leakage, increased basal respiration, and decreased ATP conversion. Furthermore, a decline in cytochrome c oxidase IV (COX IV) and cytochrome complex (CytC) expression coincided with the reduction in peroxisome prolilerators-activated receptor γ coactivator lalpha (PGC-1α) mRNA expression. Reduced mitochondrial activity and adipocyte reprogramming were the outcomes of TNF-α (122). Additionally, it was discovered that deleting TLR4 specifically in hematopoietic cells improved homeostasis in perivascular adipose tissue, which decreased TNF-α release triggered by macrophages and increased mitochondrial biogenesis in brown adipocytes (123). To sum up, elevated production of TNF-α by macrophages suppresses thermogenesis via impeding mitochondrial biogenesis (Figure 5).




Figure 5 | The elevated production of TNF-a released by macrophages disrupts energy expenditure, enhances mitochondrial fragmentation in brown adipocytes, and affects mitochondrial function. Increased TNF-α secreted by macrophages caused brown adipocytes to produce less ATP and less PGC-1α, the transcription factor that synthesizes mitochondrial biosynthesis. This, in turn, caused brown adipocytes to produce less mitochondrial biosynthesis, impaired mitochondrial function, and increased mitochondrial disruption.



It was shown that mitochondrial absorption requires the heparan sulfate (HS) biosynthesis pathway, which is crucial in preserving lipid and glucose homeostasis in humans and animals. Ext1 (the gene responsible for HS biosynthesis) deletion causes an increase in WAT mass, a decrease in energy expenditure, a reduction in the transfer of mitochondria from adipocytes to macrophages within cells, and an aggravation of in vivo obesity brought on by a high-fat diet (124). In addition, macrophage polarization has a major impact on macrophage migration in adipose tissue. M1-type macrophage polarization in obese patients limits mitochondrial uptake, whereas M2-type macrophage polarization promotes mitochondrial transfer to macrophages in adipose tissue (33, 125). The information above also implies that high expression of HS and macrophage alternative activation enhance macrophage mitochondrial uptake and increase energy expenditure. In addition to directly phagocytosing extracellular matrix (EVs) containing mitochondrial pieces, macrophages also phagocytose EVs to prevent the thermogenic effects of BAT. Brown adipocyte macrophages extract EVs that contain pieces of mitochondria. By preventing the drop in mitochondrial protein UCP1 and peroxisome proliferator-activated receptor γ signaling caused by brown adipocytes reabsorbing EVs, this prevents the thermogenesis process from failing (126) (Figure 6).




Figure 6 | Energy homeostasis is preserved, and homeostatic energy expenditure is increased when macrophages receive mitochondrial transfer from adipocytes. (A) Shrinkage of adipocytes and increased organismal energy expenditure are facilitated by high HS-expressing Ext1+ macrophages in adipocytes, which promote mitochondrial translocation to macrophages. In contrast, reduced HS expression with M1-type macrophages slows mitochondrial translocation and reduces organismal energy expenditure in mice on a high-fat diet. (B) Macrophage phagocytosis of exosomes containing mitochondrial debris prevents reabsorption of brown adipocytes, which in turn decreases mitochondrial UCP levels.



This suggests that adipocytes and macrophages depend on intercellular mitochondrial transfer as a mechanism of immune metabolic crosstalk to regulate metabolic disorders in obesity, but the mechanism of mitochondrial transfer is unclear and needs to be further studied. In addition, macrophages participate in the mitochondrial quality control (MQC) system by removing extracellular mitochondrial debris to maintain the thermogenic function of BAT (127).

Moreover, in order to preserve BAT’s thermogenic activity, macrophages remove extracellular mitochondrial debris as part of the MQC system (127). The mechanism of intercellular mitochondrial transfer is unclear and requires more research; however, these data indicate that there is an immune metabolic crosstalk between adipocytes and macrophages to regulate metabolic abnormalities in obesity.




4.4 Macrophage regulates fatty acid oxidation

Ablation of adipocyte fatty acid-binding protein (FABP4/aP2) in macrophages leads to increased expression of uncoupling proteins 2 and Sirt3, increased oxygen production, lipopolysaccharide-induced mitochondrial dysfunction, and fatty acid oxidation, leading to an anti-inflammatory state in situ and in vivo (128). FABP4/aP2 regulates macrophage redox signaling and inflammosome activation by controlling UCP2 expression (129). Peanut sprouts (PS) inhibit triglyceride accumulation in adipocytes through fatty acid oxidation, whereas PSE extracts (PSEs) in macrophages and adipocytes impede LPS-mediated inflammation induction. PSE also prevents LPS-induced inhibition of adipocyte browning and activates mitochondria in Bt-cAMP-treated adipocytes (130).

Co-culture of adipocytes and macrophages stimulates endogenous fatty acid released from adipocytes via β3 adrenergic stimulation, leading to activation of NF-κB, a major regulator of the inflammatory response in both cell types. Pharmacological inhibition of NF-κB significantly inhibits co-culture-induced production of pro-inflammatory factors and adipocyte lipolysis (131). Short-chain fatty acids (SCFA) activate free fatty acid receptor 2 (Ffar2), also called G protein-coupled receptor (GPR43), which is found in the gut, adipocytes, and immune cells. It is involved in the regulation of lipids and the immune system. Knockout of Ffar2 in the HFD-treated mice can enhance thermogenesis and energy expenditure and reduce macrophage concentration in the WAT (132). In summary, elevated fatty acid oxidation in macrophages prevents adipocyte thermogenesis and causes mitochondrial dysfunction.




4.5 Macrophage regulates glycolysis to influence thermogenesis

Since M1 macrophages rely heavily on fatty acid oxidation, glycolysis is the main source of energy for them (133, 134). PPARγ and STAT6 have been demonstrated to be regulated by pyruvate kinase isoform M2 (PKM2), which also stimulates M2-type differentiation and macrophage activation. These events ultimately trigger a metabolic transition from glycolysis to fatty acid oxidation (135–137). When the macrophages are metabolically activated, they will exhibit higher oxidative phosphorylation (OXPHOS) and glycolysis. Co-culturing macrophages with adipocytes also induces increased cytokine production in macrophages and overexpression of glycolysis-related proteins (138). Adipocyte-produced soluble factor adiponectin inhibits naïve T cells from developing into Th1 and Th17 cells and reduces CD4 T cells positive for IL-17 and IFN-γ in HFD-treated mice. Adiponectin suppresses glycolysis and reduces Th17 cell development in an adenosine 5’-monophosphate-activated protein kinase-dependent manner (139). Triggering receptor expressed on myeloid cells 2 (Trem2) expression in macrophages prevents the progression of metabolic disorders by promoting the formation of coronary structures around lipid-rich and cell-dead adipocytes, restricting fat cell hypertrophy, and decreasing cholesterol levels in mice fed a high-fat diet (140).

Following lipolysis in obese mice, macrophages profoundly infiltrate adipocytes (97). In palmitate-treated macrophages, hypoxia stimulates JNK and p38 MAPK expression (141). Palmitate not only facilitates macrophages to express more HIF-1α but also promotes the polarization of macrophages to M1-type macrophages, as well as the increased level of IL-1β and genes involved in the palmitate-induced glycolysis pathway. This enhancement of glycolysis causes an increase in lactic acid secretion and succinate, a TCA product (142, 143). The buildup of succinate results in an inflammatory signal through HIF-1α that increases the production of IL-1β (144). The upregulated mRNA level of IL-1β in WAT and macrophages from obese mice can inhibit the activation of extracellular signal-regulated kinase (ERK) in adipocytes and block the UCP1 production stimulated by the β-adrenergic receptor (145). In summary, palmitate promotes macrophage M1 polarization, expresses more HIF-1α as well as IL-1β, and promotes glycolysis (Figure 7).




Figure 7 | Macrophages release HIF-1α and IL-1β, which slows thermogenesis and lowers the expression of UCP1 in brown adipocytes. When PA interacts with macrophages, it causes them to polarize into the M1 type, which is followed by increased HIF-1α expression, improved TCA, and enhanced glycolysis. Simultaneously, it boosted IL-1β expression, triggered ERK, and subsequently suppressed β-AR-mediated UCP1 production, hence diminishing BAT’s thermogenesis and energy expenditure.







5 Adipocytes regulate energy homeostasis by adipokines crosstalk macrophages

In addition to lipid molecules, adipocytes release peptides known as adipokines, such as leptin, adiponectin, retinol binding protein4 (RBP4), fatty acid binding protein 4 (FABP4), and tumor necrosis factor. These elements can regulate metabolism by acting either locally (paracrine) on nearby cells or remotely (endocrine) on cells in different organs (37). Colony-stimulating factor 1 receptor (CSF1R) inhibition and germline deletion by altering macrophage function, it has been reported that Trib1, Slc6a2, Csf1r, Ccr2, or Trem2 may play direct or indirect roles in the control of energy storage (140, 146–148). The cytokine globular adiponectin, which originates from adipocytes, induces macrophage mitochondria to produce reactive oxygen species, which in turn sets off an apoptotic cascade (149).

In addition, by promoting lipolysis, easing insulin resistance and hypertriglyceridemia, promoting M2-type differentiation of adipose tissue-resident macrophages, and lowering the expression of pro-inflammatory markers, Trib1 preserves metabolic homeostasis (146). The study found that circNrxn2 enhances M2-type macrophage polarization, inhibits the activity of miR-103, and lessens its regulation of fibroblast growth factor 10 (FGF10) production by regulating the PPARγ signaling pathway and improving adipose browning (150). Brown adipokine growth and differentiation factor 15 (GDF15) targets macrophages and suppresses the production of pro-inflammatory genes, hence enhancing thermogenesis during thermal activity (151) (Figure 8). Adiponectin, a plentiful adipogen, binds to T-adhesins on the surface of M2 macrophages to attract them. Adiponectin stimulates beige cells and promotes cell proliferation by activating Akt (152). Brown adipocytes release CXCL14, which draws surrogate-activated (M2) macrophages. These macrophages then activate BAT and white adipocytes, hence advancing adaptive thermogenesis (153).




Figure 8 | Adipokine production from adipocytes encourages lipolysis and browning. Brown adipocyte-secreted CXCL14 and white adipocyte-produced CircNrxn2 mediate PPARγ to induce M2-like macrophage polarization. Additionally, trib1 promotes alternative macrophage activation, which enhances energy expenditure and browning and lipolysis of adipocytes.






6 Conclusion

Recent studies have shown that immunocytes play an important role in metabolic homeostasis, and the accompanying immune metabolism is becoming a focus of interest. Macrophages, with their enormous plasticity, functional diversity, and tissue specificity in immunity and energy homeostasis, have become another interesting object of study within the immune cell population. Several studies have shown that lipid metabolism affects macrophage activity; however, macrophages inversely regulate lipid metabolism. Therefore, it is necessary to study how adipocytes and macrophages interact to maintain energy homeostasis in metabolic diseases such as obesity.

According to this article, macrophages influence the β-AR-mediated thermogenesis of fat cells, control the release of norepinephrine and acetylcholine, and collaborate with the central nervous system. Inflammatory factors such as IL-4, IL-13, IL-1β, and IL-25 indirectly interfere with macrophages, which in turn affects fat remodeling and thermogenesis. The majority of this interference is accomplished by altering macrophage polarization. Some research indicates that M2-like macrophage polarization enhances energy expenditure. Thus, controlling macrophage M2-like polarization is undoubtedly helpful in preserving energy homeostasis in metabolic disorders like obesity (Figure 9). Reversely, by secreting adipokines such as Trib1, GDF15, and CXCL14, adipocytes can suppress the expression of macrophage inflammatory factors. Additionally, they can stimulate M2-like macrophage polarization, which intensifies adipocyte browning and heat production. At the same time, macrophage polarization alters metabolic rhythms, affects thermogenesis mediated by the central nervous system, and indirectly controls lipolysis and adipocyte browning. Through physical phagocytosis, macrophages also influence adipocyte uptake of mitochondria, thereby altering the regulation of cellular thermogenesis and ultimately reducing the risk of metabolic diseases such as obesity. The complexity and variability of the immune microenvironment has led to complications in studying the interactions between immune and parenchymal cells. However, macrophages are critical in metabolic diseases, and so this paper describes the molecular mechanisms of adipocyte-macrophage interactions, which informs the search for new strategies and therapeutic targets to maintain energy homeostasis.




Figure 9 | Adipose tissue metabolism is impacted by macrophage polarization bias, which also controls energy homeostasis. Macrophages exposed to IL-4, IL-13, and IL-15 polarized to the M2 type. Furthermore, NE is secreted by M2-like macrophages to enhance browning and elevate UCP1 expression, which in turn increases thermogenesis. These macrophages also support lipolysis and WAT metabolism. High-HS-expressing macrophages increase energy expenditure and mitochondrial translocation of WAT. M1-like macrophages, on the other hand, prevent these outcomes.
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