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Macrophages polarized into distinct phenotypes play vital roles in inflammatory diseases by clearing pathogens, promoting tissue repair, and maintaining homeostasis. Metabolism serves as a fundamental driver in regulating macrophage polarization, and understanding the interplay between macrophage metabolism and polarization is crucial for unraveling the mechanisms underlying inflammatory diseases. The intricate network of cellular signaling pathway plays a pivotal role in modulating macrophage metabolism, and growing evidence indicates that the Hippo pathway emerges as a central player in network of cellular metabolism signaling. This review aims to explore the impact of macrophage metabolism on polarization and summarize the cell signaling pathways that regulate macrophage metabolism in diseases. Specifically, we highlight the pivotal role of the Hippo pathway as a key regulator of cellular metabolism and reveal its potential relationship with metabolism in macrophage polarization.
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1 Introduction

Macrophages are critical components of innate immunity and play a vital role in homeostasis, tissue repair, and defense against bacterial, viral, and neoplastic threats. These cells are highly plastic and can be polarized into distinct phenotypes. The M1 phenotype produces proinflammatory cytokines and free radicals for antibacterial, antiviral, and antineoplastic responses. In contrast, the M2 phenotype secretes anti-inflammatory cytokines that are involved in antiparasitic, proangiogenic, and prowound healing responses (1, 2) (Figures 1, 2). Recent studies have highlighted the importance of cellular metabolism in regulating macrophage polarization and controlling inflammatory responses. Metabolism, such as glycolysis, pentose phosphate pathway (PPP), tricarboxylic acid cycle (TCA cycle), and fatty acid synthesis (FAS), influence the M1 polarization (Figure 3A), which is associated with bacterial infection, obesity, diabetes, fatty liver, and atherosclerosis (Figure 2). Conversely, the intact TCA cycle, fatty acid oxidation (FAO), and FAS affect the M2 polarization (Figure 3B), which is related to parasite infection, tumors, and fibrosis (2, 3) (Figure 2). Furthermore, various signaling pathways, including mammalian target of rapamycin (mTOR)-phosphoinositide 3-kinase (PI3K)-AKT, peroxisome proliferator-activated receptor (PPAR) γ, adenosine 5’-monophosphate (AMP)-activated protein kinase (AMPK), mitogen-activated extracellular signal-regulated kinase (MEK)/extracellular regulated protein kinase (ERK), and Notch, have been implicated in regulating macrophage metabolism (Figure 4). However, these studies are scattered and lack a comprehensive overview. By summarizing the literature, we found that the Hippo pathway is a central player in the cellular metabolic signaling network. It has the potential to intertwine with these pathways to form a metabolic regulatory network that affects macrophage metabolism (4–6) (Figure 5).




Figure 1 | Characteristics of polarized macrophages. M0 macrophages polarize into M1 macrophages with IFN-γ, TNF, DAMPs (e.g., ATP), and PAMPs (e.g., LPS) stimuli. M1 macrophages secrete pro-inflammatory cytokines (e.g., TNF, IL-1β, IL-6) and free radicals (NO, ROS) to perform pro-inflammatory, bactericidal, viricidal, and antineoplastic activities. In M1 macrophages, glycolysis, PPP, and de novo FAS are upregulated, and OXPHOS and the intact TCA cycle are downregulated. M0 macrophages polarize into M2 macrophages with IL-4, IL-10, IL-13, and TGF-β treatment. M2 macrophages secrete anti-inflammatory cytokines (e.g., IL-10, IL-1RII, IL-1RA) and growth factors (e.g., TGF-β1, PDGF) to perform anti-inflammatory, matrix-producing, pro-angiogenesis, and pro-wound healing functions. In M2 macrophages, FAO, OXPHOS, and the TCA cycle are upregulated. In special cases, M1 can be polarized toward M2. However, whether M2 can be polarized to M1 is still debated. M0 macrophages, unactivated macrophages; M1 macrophages, classically activated macrophages; M2 macrophages, alternatively activated macrophages; IFN, interferon; TNF, tumor necrosis factor; DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; PPP, pentose phosphate pathway; OXPHOS, oxidative phosphorylation; FAS, fatty acid synthesis; FAO, fatty acid oxidation; TCA, tricarboxylic acid cycle; IL, interleukin; NO, nitric oxide; ROS, reactive oxygen species; TGF, transforming growth factor; PDGF, platelet-derived growth factor.






Figure 2 | Macrophage polarization in different diseases. (A) Macrophages recognize lipopeptides, LPS, flagellin, and the low-methylated DNA sugar backbone of bacteria through TLR2/4/5/9 and recognize CpG dsRNA, ssRNA, and unmethylated DNA of viruses through TLR3/7/9 to activate M1 macrophages. Activated M1 macrophages secrete proinflammatory cytokines and upregulate MHC-II, CD86, CD80, and CD40. Macrophages recognize lipoprotein, CpG DNA, and ssRNA and profilin of parasites through TLR2/7/9/11 to polarize into M2 macrophages. M2 macrophages produce Arg-1, TGF-β, VEGF, YM1, and IGF-1. (B) In RA, SLE, glomerulonephritis, obesity, diabetes, and atherosclerosis, macrophages are overactivated to upregulate the transcription of proinflammatory cytokines such as IL-1β, TNF, and CCL2 and downregulate the transcription of anti-inflammatory cytokines such as IL-10, Ym-1, and Arg-1. In fibrosis and tumors, M2 macrophages are overactivated to upregulate anti-inflammatory cytokines such as IL-10, TGF-β, and Wnt-1. TLR, toll-like receptor; MHC, major histocompatibility complex; CD, cluster of differentiation; VEGF, vascular endothelial growth factor; IGF, insulin-like growth factor; CCL, chemokine cc-motif ligand; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.






Figure 3 | The metabolism of regulated polarization. (A) Under LPS, IFN-γ, or TNF treatment, glycolysis, PPP, and FAS are upregulated to increase M1 polarization. The TCA cycle and amino acid metabolism are changed. The changes promote intermediate products of TCA and NO production of large quantities to enhance pro-inflammation and kill bacteria. Glucose uptake is increased and further produces pyruvate. Pyruvate enters mitochondria and promotes citrate, itaconate, and succinate accumulation. Citrate enters the cytoplasm to produce acetyl-CoA, which participates in histone acetylation and FAS. Succinate enters the cytoplasm to maintain the stabilization of HIF-1α. HIF-1α translocates into the nucleus to transcribe glycolysis enzymes and proinflammatory cytokines. In addition, IDO is downregulated to inhibit kynurenine production to increase M1 polarization. Ribulose-5-phosphate and CARKL are decreased to inhibit M1 polarization. Glutamine plays a negative role in pro-inflammatory cytokine production. (B) Response to IL-4, TCA cycle, FAO, and OXPHOS is upregulated for M2 polarization. Amino acid metabolism is changed to enhance anti-inflammatory cytokine production. The intermediate products of TCA and FAO are involved in OXPHOS. In response to IL-4 and lactate, M2 markers such as Arg-1 are transcribed. Arg-1 promotes arginine catabolism and further enhances TCA and OXPHOS. In addition, IDO is upregulated to increase kynurenine production. Ribulose-5-phosphate and CARKL are increased. These changes enhance M2 polarization. Glutamine plays a positive role in M2 polarization. PK, pyruvate kinase; PGD, phosphogluconate dehydrogenase; PDH, pyruvate dehydrogenase complex hyperacetylation; CS, citrate synthase; ACOD, aconitase decarboxylase; SDH, succinate dehydrogenase; IDH, isocitrate dehydrogenase; iNOS, inducible nitric oxide synthase; IDO, indoleamine 2,3-dioxygenase; HIF, hypoxia-inducible factor; NAD, nicotinamide adenine dinucleotide; ATP, adenosine 5’-triphosphate.






Figure 4 | Pathways of regulatoy metabolism. (A) In M1 polarization, PI3K-AKT-mTOR, MEK/ERK, and NF-κB are activated to enhance glycolysis through HIF-1α. In addition, PI3K-AKT-mTOR and NF-κB also directly regulate glycolysis. JAK/STAT increases arginine metabolism by iNOS. NO that is produced by the enzymolysis of iNOS participates in the TCA cycle. JAK/STAT and NF-κB regulate the TCA cycle through IRG1. Notch affects the TCA cycle via PDP1. CD40-AMPK enhances FAO by regulating the conversion of glutamine and lactate. (B) In M2 polarization, PPARγ enhances FAO by increasing CD36 expression. AMPK/PPARα promotes FAO. PI3K-AKT-mTORC2 increases the level of FAO via IRF4. STAT6 boosts FAO, FAS, and arginine metabolism via IRF4, SREBP1, and Arg-1, respectively. AMPK-mTORC1 increases FAS by ACLY. PI3K, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor kappa-B; MEK, mitogen-activated extracellular signal-regulated kinase; ERK, extracellular regulated protein kinase; JAK, Janus kinase; STAT, signal transducer and activator of transcription; AMPK, adenosine 5’-monophosphate (AMP)-activated protein kinase; PPAR, peroxisome proliferator-activated receptor.






Figure 5 | Crosstalk with Hippo and other pathways. Hippo engages in crosstalk with NF-κB, HIF-1α, MEK/ERK, and PI3K-AKT-mTOR to affect glycolysis. Hippo engages in crosstalk with PI3K-AKT-mTOR, PPARγ, and AMPK to affect FAO. Hippo engages in crosstalk with Notch to affect arginine metabolism. Hippo engages in crosstalk with Notch and NF-κB to affect the TCA cycle.



Understanding the mechanisms underlying metabolic regulation is critical for preventing and treating inflammatory diseases. The Hippo pathway could represent a novel target for modulating the metabolic polarization of macrophages and holds promise for therapeutic interventions in inflammatory diseases. This comprehensive review aims to explore the role of the Hippo pathway-mediated cellular metabolism and reveals the potential regulatory relationship of Hippo signaling with cellular metabolism in macrophage polarization.




2 Macrophage polarization-related diseases

Macrophages are important immune cells that exhibit remarkable plasticity and can switch two main phenotypes: M1 and M2. M1 macrophages are activated by damage-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs) and combat bacterial, viral, and neoplastic threats (Figures 1, 2). M2 macrophages are activated by cytokines such as IL-4, IL-10, IL-13, and transforming growth factor-β (TGF-β) and promote anti-inflammatory responses, tissue repair, and angiogenesis (Figures 1, 2). The balance and switch between M1 and M2 macrophages are crucial for maintaining homeostasis and controlling disease processes.



2.1 Infectious diseases

Normally, microbial infection triggers macrophage polarization and the inflammatory response by recognizing PAMPs. Common infectious diseases are caused by bacterial, viral, and parasitic infections.

During bacterial infection, pattern recognition receptors (PRRs) are anchored on the surface of macrophages to recognize PAMPs of bacteria, such as toll-like receptor (TLR) 2, TLR4, TLR5, and TLR9, which are specific for lipopeptides, lipopolysaccharide (LPS), flagellin, and the low-methylated DNA sugar backbone, respectively (7, 8) (Figure 2A). PAMPs induce macrophages to express high-level costimulatory molecules, such as cluster of differentiation (CD) 40, CD80, CD86, and major histocompatibility complex-II (MHC-II), to perform antigen presentation (2) (Figure 2A). These activated macrophages also produce and secrete proinflammatory cytokines to promote the Th1 immune response (2) (Figure 2A). Some bacteria could decrease the level of M1 polarization for bacterial survival. Mycobacterium tuberculosis (M. tuberculosis) inhibits pro-inflammation and induces M2 polarization (9). In addition, we found that Mobile colistin resistance (mcr)-1/3 resistance enzyme-modified LPS decreases NF-κB activation and induces weaker macrophage response than native LPS in vitro. mcr-1/3 positive bacteria induce lower level macrophage inflammation and M1 polarization, further causing higher mortality in mice (10). Wu reported that promoting M2 polarization and decreasing M1 polarization ameliorate bacterium-induced acute lung injury (11).

Viral infection triggers a pro-inflammatory response that is similar to bacterial infection. TLR 3, 7, and 9 identify CpG motifs-dsRNA, ssRNA, and unmethylated DNA of viruses, respectively (12) (Figure 2A). Jiang found that simian immunodeficiency virus (SIV) induces M2 macrophage polarization (13). Hepatitis B virus (HBV) decreases the levels of IL-1β and IL-6 secretion by M1 macrophages, and increases the IL-10 secretion by M2 macrophages (14).

Parasite infection causes M2 polarization. TLR2, 7, 9, and 11 identify lipoprotein, CpG DNA, ssRNA, and profilin of parasites (15) (Figure 2A). Helminth infection induces a Th2 immune response to produce high levels of Arg-1, TGF-β, vascular endothelial growth factor (VEGF), YM1, and insulin-like growth factor-1 (IGF-1) to inhibit parasitic confinement and clearance (16) (Figure 2A). Protozoans induce anti-inflammatory responses to antagonize macrophages for protozoan survival (17).

Therefore, enhancing the proinflammatory response in the microenvironment can enhance bacterial and viral clearance, although this may cause more severe tissue damage. M2 anti-inflammation increases parasitic clearance. Those evidences suggest that regulating the balance of M1 and M2 activation in infectious disease could be a potential therapeutic intervention. It is of great significance to explore the molecular mechanism of the polarization balance between M1 and M2 macrophages to control microbial infection.




2.2 Noninfectious diseases

Abnormal macrophage polarization also affects noninfectious diseases. Aberrant M1 activation induces autoimmune disease and chronic inflammatory diseases. M2 overactivation is involved in fibrosis and tumors.



2.2.1 M1 activation-related disease

Autoimmune diseases feature a macrophage-mediated uncontrolled and overinflammatory immune response, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and glomerulonephritis (Figure 2B). In these diseases, a large number of proinflammatory factors are mainly secreted by M1 macrophages (Figure 2B). Obesity, diabetes, and atherosclerosis are chronic inflammatory diseases (4). In obesity, adipocytes secrete proinflammatory cytokines and free fatty acids (FFAs) that induce the recruitment of monocytes to polarize M1 macrophages. M1 macrophage-mediated proinflammatory cytokine production amplifies the proinflammatory circuit and leads to insulin resistance (18). In atherosclerosis, macrophages uptake oxidized lipids to develop into foam cells and further release proinflammatory cytokines, which induce low-level inflammation in the arterial wall (19).

Therefore, reducing the level of M1 polarization and enhancing M2 polarization are essential strategies for treating autoimmune diseases and chronic inflammatory diseases.




2.2.2 M2 activation-related disease

M2 macrophages can suppress the proinflammatory response, release anti-inflammatory cytokines, promote tissue repair, and secrete extracellular matrix (ECM) for wound healing. However, persistent stimuli can lead to dysregulation of this process, resulting in excessive ECM deposition, upregulation of myofibroblast activity, and a chronic inflammatory environment with infiltration of M2 macrophages and other immune cells (2) (Figure 2B). M2 macrophages not only play critical roles in tissue repair and fibrosis but also promote the occurrence and development of tumors. Tumor-associated macrophages (TAMs) generally display the M2 phenotype and secrete anti-inflammatory cytokines and growth factors to promote the proliferation, invasion, and metastasis of tumor cells and inhibit the antitumor immune response (20, 21) (Figure 2B).

Therefore, the regulation of macrophage polarization level is of great significance for controlling ECM accumulation and tumor cell proliferation and metastasis.






3 Cellular metabolism-mediated macrophage polarization

Previously, we have summarized the important role of macrophage polarization in disease. We will further discuss the factors that regulate macrophage polarization. Many studies have shown that metabolic pathways can regulate macrophage polarization. Reprogramming the functions of macrophages by changing metabolism has become a consensus for regulating macrophage polarization diseases. Next, we will summarize how metabolism affects polarization.



3.1 Glycolysis

Glycolysis metabolizes glucose to produce pyruvate, lactate, and ATP (4). Although glycolysis only produces a small amount of ATP, it proceeds rapidly to provide energy for requiring rapid production of physiological activities (4). In response to LPS or PAMPs, the metabolism of macrophages switches toward anaerobic glycolysis, but IL-4 almost does not affect glycolysis (22). Hypoxia-inducible factor-1α (HIF-1α) is a transcription factor. In response to LPS stimulation, HIF-1α is upregulated and promotes glycolytic enzyme and proinflammatory cytokine expression (23, 24) (Figure 3A). Inhibition of macrophage glycolysis can reduce M1 polarization by facilitating the proteasome degradation of HIF-1α (25, 26). Pyruvate kinase (PK) is the rate-limiting enzyme of glycolysis. Enhancing glycolysis by increasing PKM2 phosphorylation or decreasing PKM2 ubiquitination can promote polarization of M1 macrophages, following an increased proinflammatory response to aggravate liver fibrosis (27) (Figure 3A). Annexin A5 promotes hepatic macrophage shifting from M1 to M2 by inhibiting PKM2 phosphorylation (28). Lactate (a product of anaerobic glycolysis and glutaminolysis)-derived acetylation in histone lysine residues directly induces transcription of M2-like genes such as Arg-1 at the late phase of M1 polarization with bacterial infection (29) (Figure 3B). Lactate inhibits the levels of M1 markers and the proportion of M1 macrophages in breast cancer tissues (30).

These results show that enhancing glycolysis can promote M1 polarization. Notably, HIF-1α and the rate-limiting enzymes are crucial in increasing M1 macrophage polarization (Figure 3A). Meanwhile, lactate inhibits the M1 marker and promotes M2 polarization (Figure 3B). This suggests that glycolysis is a target to regulate macrophage polarization.




3.2 PPP

As a branch of glycolysis, the PPP is a major source of NADPH and is required for ribonucleotide synthesis (31). The PPP is significantly upregulated in M1 macrophages, suggesting that the PPP plays an important role in proinflammatory polarization (3, 32, 33). Glucose-6-phosphate (G6P, an intermediate product of glycolysis) is oxidized to produce NADPH, which is the foundation of macrophage-killing activity and is involved in fatty acid biosynthesis and antioxidant defense mechanisms (34). Inhibiting PPP by the knockdown of 6-phosphogluconate dehydrogenase (PGD) can decrease macrophage-producing pro-inflammatory cytokines with LPS treatment (35) (Figure 3A). In addition, the carbohydrate kinase-like protein CARKL, which catalyzes an orphan reaction in PPP, can reprogram M1- and M2- polarization metabolism (36) (Figures 3A, B). CARKL reduces the production of proinflammatory cytokines (M1 phenotype) (36). CARKL gene overexpression in macrophages significantly inhibits intracellular ROS production and is more sensitive to M2 stimulation (37).

Those evidences suggest that the PPP is also involved in increasing proinflammatory cytokine production and M1 macrophage polarization.




3.3 The TCA cycle

Pyruvate in the cytoplasm is transported to the mitochondria and then used in the TCA cycle (also known as the Krebs cycle) (4). (Figure 3A). In M1 macrophages, isocitrate dehydrogenase (IDH, which catalyzes the conversion of isocitrate to α-ketoglutarate) breaks the TCA cycle (38), resulting in the accumulation of the intermediate products citrate, itaconate, and succinate, which participate in pro-inflammation (34, 38–44). HBV decreases the incomplete TCA cycle and drives M2 polarization (45). After DCA (an agonist of TCA) treatment, enhancing incomplete TCA can significantly reduce M2 marker expression (45). Inhibition of citrate synthase (CS)/pyruvate dehydrogenase complex hyperacetylation (PDH) in macrophages increases M2-like polarization (45). (Figure 3A). Citrate is exported from mitochondria and catabolized to produce acetyl-CoA to enhance glycolytic gene transcription by histone acetylation, which drives M1 activation (39) and inflammatory cytokine, nitric oxide (NO) and reactive oxygen species (ROS) production (40) (Figure 3A). Inhibition of the citrate carrier (CIC, which exports citrate from mitochondria) ensures oxidative metabolic flux in the TCA cycle (39). CIC inhibition decreases IL-1β and Nos 2 gene (M1 marker) expression, increases IL-10 and Arg-1 gene (M2 marker) expression, and promotes the switch from M1 to M2 (39). The accumulation of itaconate has been recognized as characteristic of inflammation and the killing activity of M1 macrophages (41). In M1 macrophages, itaconate is produced in mitochondria through aconitase decarboxylase 1 (ACOD1) (42) (Figure 3A). It has been shown that itaconate enhances innate antibacterial immunity (43). In addition, itaconate decreases IL-1β, IL-6, IL-12, and IL-18 levels by inhibiting succinate dehydrogenase-mediated oxidation of succinate after LPS treatment (44). Succinate has been reported to be involved in M1 activation after LPS stimuli (40). Succinate can stabilize HIF-1α and drive IL-1β secretion by promoting glycolysis (23) (Figure 3A).

Therefore, intact TCA can completely metabolize pyruvate, enhance oxidative phosphorylation, and promote macrophages to polarize into M2. Interrupted TCA can increase the pro-inflammatory response. These results suggest that the polarization and biological activity of macrophages can be regulated by affecting the integrity of the TCA cycle.




3.4 Fatty acid metabolism

Nonlipid precursors (e.g., glucose-derived citrate) are transported to the cytosol and synthesized as Ac-CoA (the raw material for fatty acid synthesis) (46). When fatty acids are broken down, they produce Ac-CoA, FADH2, and NADH in the mitochondrial matrix (46). Fatty acid metabolism also provides energy for supporting the macrophage inflammatory response and polarization (47). FAS plays a vital role in energy source and prostaglandin biosynthesis in M1 macrophages (48), and malonyl-CoA promotes the pro-inflammatory response (49, 50) (Figure 3A). FAO (also known as β oxidation) in M2 macrophages can drive mitochondrial oxidative phosphorylation (OXPHOS) to produce energy. Inhibition of FAO prevents M2 polarization (51) (Figure 3B). However, other studies have shown that FAO is not necessary for M2 polarization upon IL-4 stimulation, and FAO may play a role in M1 activity (52–54), suggesting that the regulation of macrophage polarization by fatty acid metabolism may be more complicated than previously thought. Other functions of FAO are receiving increasing attention. Chandra reported that when FAO is inhibited in macrophages, the bacteria cannot survive, and the tissue bacterial load of mice decreases (55). Enhancing FAO exacerbates LPS-induced sepsis (56).

Consequently, fatty acid metabolism affects macrophage polarization. However, there are many contradictions in the literature. How fatty acid metabolism regulates polarization still needs to be further explored.




3.5 Amino acid metabolism

Amino acid metabolism usually refers to the synthesis of amino acids and their decomposition (4). Amino acid and their metabolic producers are important for the immune response (34). A deficiency of amino acid may affect the migration, division, and maturation of immune cells (34). Deficiency of glutamine increases M1-specific marker genes and decreases M2-specific markers (38) (Figures 3A, B). α-Ketoglutarate (α-KG) produced by glutamate decomposition promotes M2 polarization but inhibits M1 polarization (57) (Figure 3B). The limiting enzyme of tryptophan metabolism is indoleamine 2,3-dioxygenase (IDO) (34). Macrophages polarize into M2 with overexpression of IDO, and silencing IDO macrophages polarize into M1 (58) (Figures 3A, B). Two L-arginine catalytic enzymes, inducible nitric oxide synthase (iNOS) and Arg-1, are M1 and M2 macrophage markers, respectively. Arginine metabolism plays an essential role in macrophage inflammatory function (59). In response to proinflammatory stimuli (e.g., LPS, IFN-γ, and TNF), iNOS catabolizes arginine to produce NO. NO promotes M1 polarization and prevents M1 to M2 polarization (60, 61) (Figure 3A). In M2 macrophages, Arg-1 catabolizes arginine to produce ornithine and urea, and ornithine is catalyzed to produce spermidine. Furthermore, TCA and OXPHOS are promoted, which induces macrophage polarization to M2 (62) (Figure 3B). However, the two catabolic pathways of arginine are not independent of each other. In tumors, arginine is catabolized by both iNOS and Arg-1, which suggests that targeting arginine is a new strategy to regulate macrophage polarization (63).

These results indicate that amino acids, related enzymes, and their production can change the polarization of macrophages. Therefore, they can be used as targets to explore the mechanism of macrophage polarization.





4 The regulation of macrophage metabolism

According to the above summary, macrophage metabolism is an important way to regulate macrophage polarization. These metabolic pathways are affected by different cellular signals. Here, we will summarize the specific signaling pathways involved in regulating macrophage metabolism, aiming to identify the potential mechanisms regulating macrophage metabolism.



4.1 The regulatory mechanisms of M1 metabolism

As we have shown before, glycolysis, amino acid metabolism, the TCA cycle, and FAO regulate M1 polarization. Therefore, we focused on these metabolic pathways to explore the signaling pathways affecting M1 metabolism.

In glycolysis, there is a critical transcription factor, HIF-1α, which transcribes the key glycolysis kinases hexokinase 1/2 (HK1/2), glucose transporters 1/3 (GLUT1/3), lactate dehydrogenase (LDHA) and PKM (64). Therefore, controlling the expression and activation of HIF-1α is a strategy for affecting glycolysis. In breast cancer cells, responses to ROS, PI3K and AKT are activated and further promote HIF-1α transcription of HK2, thereby enhancing macrophage glycolysis and enhancing tumor survival (65). A similar process also exists in macrophages. In macrophages of mice with E. coli-induced sepsis, triggering receptors expressed on myeloid cells-1 (TREM-1), PI3K, AKT, and mTOR are activated in a cascade (66). Then, HIF-1α translocates into the nucleus and initiates the transcription of GLUT1, HK2, and LDHA to enhance glycolysis, control the activation of NOD-like receptor thermal protein domain associated protein 3, and affect the secretion of inflammatory factors in macrophages (66) (Figure 4A). In addition, the PI3K-AKT-mTOR pathway is also activated to regulate HIF-1α by growth factors (64). MEK/ERK, downstream of growth factors and LPS, can also restrict glycolysis through HIF-1α (67, 68) (Figure 4A). With LPS induction, another classical inflammatory pathway, nuclear factor kappa-B (NF-κB), is also involved in regulating the upregulation of glycolysis (69). In macrophages, inhibition of NF-κB activation damages glycolysis activity (Figure 4A). As a transcriptional regulator, NF-κB can participate in the transcriptional regulation of HK2 in CD8+ T cells, which is also a way for NF-κB to inhibit glycolysis (70). This suggests that PI3K-AKT-mTOR, MEK/ERK, and NF-κB promote M1 polarization by enhancing glycolysis.

In macrophages, signal transducer and activator of transcription (STAT) regulates L-arginine metabolism. Under IFN-γ treatment, Janus kinase (JAK)/STAT1 is phosphorylated to transcript Nos2 mRNA and express iNOS for L-arginine metabolism (71, 72) (Figure 4A). Furthermore, in the gastric cancer microenvironment, the SLC2A3-STAT3-SLC2A3 feedback loop promotes macrophage phenotype transition by phosphorylating downstream glycolytic targeting genes (73). This suggests that the STAT family plays an important role in the macrophage metabolism regulatory mechanism. When bacteria infect macrophages, immune-responsive gene 1 (IRG1), which is needed for the decarboxylation of cis-aconitate to form itaconate in the TCA cycle, is upregulated, therefore inducing itaconate accumulation to damage microbes (74, 75) (Figure 4A). However, prolonged excessive accumulation of itaconate leads to decreased sensitivity of M1 macrophages (75). In addition, IRG1 encodes an emerging IFN regulatory protein (IRP) with antimicrobial activity (74), and both JAK/STAT and NF-κB are upstream of IRG1 (Figure 4A). In a zebrafish bacterial infection model, the glucocorticoid receptors and JAK/STAT signaling pathways cooperatively regulate IRG1 expression (76). Therefore, IRG may be used as new targets to explore new antibacterial mechanisms and develop new antibacterial drugs in macrophages. Those evidences indicate JAK/STAT, which is related to the TCA cycle, increases M1 polarization. NF-κB affects the TCA cycle to promote M1 polarization.

In response to LPS stimuli, the Notch pathway is activated to initiate transcription of the Nos2 and pyruvate dehydrogenase phosphatase 1 (Pdp1) genes to induce concurrent glucose flux to the TCA cycle for M1 activation (77) (Figure 4A). In M1, a large amount of NO damages the mitochondrial respiratory chain (78). In cells lacking NO, citrate is significantly decreased, and itaconate and succinate are increased (78). These results indicate that NO is involved in regulating metabolic processes such as the TCA cycle in M1 cells and may participate in proinflammatory and antibacterial processes through metabolism (Figure 4A).

Different from LPS, CD40 signaling can regulate the conversion of glutamine and lactate to affect the NAD/NADH ratio by AMPK, thereby reprogramming the FAO-induced proinflammatory response and antitumorigenic activation (79) (Figure 4A).

Therefore, PI3K-AKT-mTOR, MEK/ERK, and NF-κB promote M1 polarization by enhancing glycolysis. JAK/STAT regulates arginine metabolism by iNOS expression to increase M1 polarization. NF-κB plays a proinflammatory role in the TCA cycle. Notch increases M1 polarization by the TCA cycle. CD40-AMPK reprograms the FAO-induced proinflammatory response. In summary, PI3K-AKT-mTOR, MEK/ERK, NF-κB, JAK/STAT, Notch, CD40-AMPK, and NO-related pathways are involved in the metabolic regulation of macrophage M1 polarization (Figure 4A).




4.2 The regulatory mechanisms of M2 metabolism

After reviewing the literature, we found that FAS, FAO, and arginine metabolism play central roles in regulating M2 polarization. Therefore, we focused on exploring the signaling pathways that affect M2 metabolism.

PPARγ, a hallmark of M2 macrophages, is involved in lipid metabolism by upregulating CD36 (fatty acid transporter) to promote fatty acid uptake and FAO (80) (Figure 4B). PPARα is also involved in regulating macrophage metabolism. Li reported that in DSS-induced ulcerative colitis (UC), activation of AMPK-PPARα can promote β-oxidation, decrease de novo lipogenesis, and promote M2 polarization of macrophages (81) (Figure 4B). However, this study did not clearly show that AMPK-PPARα changes occurred in macrophages. However, based on previous reports that AMPK, PPARα, and FAO are upregulated under the induction of IL-4+IL-13 (51, 81), we speculated that a similar process would occur in macrophages. With IL-4 or MCSF induction, IRF4 is transcribed to promote FAO and OXPHOS by inducing glucose metabolism. The study also reported that STAT6 and mTORC2 are the pathways regulated upstream of IRF4 (82) (Figure 4B). In summary, PPARγ, AMPK-PPARα, and PI3K-AKT-mTORC2 increase M2 polarization by enhancing FAO.

STAT6 also regulates FAS. In response to IL-4, the anabolic transcription factor sterol regulatory element binding protein 1 (SREBP1) is activated by STAT6 to trigger de novo FAS and then promotes macrophage M2 activation (83) (Figure 4B). A study established that AKT-mTORC1 is also involved in FAS by activating ATP citratelyase (ACLY, catalyze citrate to produce acetyl-CoA) to promote acetyl-CoA derived acetylation of histone and M2 gene transcription (84) (Figure 4B). Under IL-4 stimuli, STAT6 is activated to produce Arg-1 for L-arginine metabolism (71) (Figure 4B). In summary, STAT6 and AKT-mTORC1 promote M2 polarization by FAS, and STAT6 also affects arginine metabolism for M2 polarization.

PPARγ, AMPK-PPARα, and PI3K-AKT-mTORC2 increase M2 polarization by regulating FAO. STAT6 promotes M2 polarization through FAO and arginine metabolism. AKT-mTORC1 increases M2 polarization by FAS. This suggests that these pathways are targets to control M2 macrophage polarization by affecting metabolism (Figure 4B).

It is worth noting that these metabolic and cell signaling pathways always crosstalk each other. Therefore, we speculated that there might be a pathway that could bring these complex regulatory mechanisms together.





5 The potential relationship of Hippo pathway with the regulatory pathway of metabolism

The cellular signaling pathways that influence macrophage metabolism are relatively dispersed. There is a lack of center pathways to crosstalk those pathways into a network. Through reviewing the literature, we found that the Hippo pathway engages in crosstalk with multiple cellular signaling pathways. The signaling network will help us better explore the potential relationship of Hippo signaling with the regulatory pathway of metabolism in macrophages.

The Hippo pathway is widespread and cross-interacts with a large number of pathways to perform different functions. The Hippo pathway was first identified in Drosophila, and it controls organ size by regulating cell proliferation and apoptosis. The Hippo pathway consists of a series of kinases, mainly including mammalian Sterile 20-like kinases 1/2 (MST1/2), SAV1, large tumor suppressor (LATS1/2), MOB1, Yes-associated protein (YAP), transcriptional coactivator with PDZ-binding motif (TAZ), and TEAD1-4. In response to a variety of stimuli, the Hippo pathway is activated or inhibited. When the Hippo pathway is activated, MST1/2 (its critical kinase of Hippo) undergoes heterodimerization with SAV (Figure 5). MST1/2 is activated and phosphorylated, followed by stepwise phosphorylation of SAV1, LATS1/2, and MOB1 (Figure 5). Phosphorylated YAP/TAZ (YAP and TAZ are homologous analogs), the downstream effectors of Hippo, bind to 14-3-3 proteins and are retained in the cytoplasm or are polyubiquitinated and degraded in the cytoplasm. When the Hippo pathway is off, YAP/TAZ in the cytoplasm translocate into the nucleus and bind to transcription factors or TEADs to initiate the transcription of downstream factors (Figure 5). YAP/TAZ regulates cell proliferation, differentiation, apoptosis, and other biological processes (85). In the Hippo pathway, MST1/2 is a key regulatory kinase, and YAP is a downstream effector molecule. Thus, most studies have focused on MST1/2 and YAP.

The Hippo pathway plays an important role in cell proliferation and differentiation. YAP aggravates inflammatory bowel disease (IBD) by balancing M1/M2 polarization (86). With LPS or IL-4+IL-13 stimuli, transcription regulatory YAP is activated (86). Activated YAP increases IL-6 expression to promote M1 polarization and decreases p53 expression to disrupt M2 polarization (86). In myocardial infarction, it has also been reported that YAP promotes pro-inflammation by secreting IL-6 and impairs the reparative response by decreasing Arg-1 expression (87). During acute liver injury and acute lung injury, inhibition of YAP promotes M2 macrophage polarization to decrease proinflammatory cytokine production and impair tissue injury (88–90). This evidence shows that YAP promotes M1 polarization and decreases M2 polarization to affect inflammatory diseases. In bacterial infection mice, deficiency of MST1/2 in macrophages increases inflammatory damage in the lung and promotes proinflammatory cytokine secretion (91). We highlight above that Hippo is an important pathway in regulating macrophage polarization.

These evidences show the Hippo pathway is an important controller in macrophage polarization (86, 91). Metabolism is also an important factor in regulating macrophage polarization (4, 92). But, at present, no study directly evidences that Hippo can affect macrophage polarization by regulating metabolism. This part of the research is still a gap. Therefore, exploring whether the Hippo pathway regulates macrophage polarization by affecting metabolism is a new and meaningful research direction. According to the reports, Hippo can regulate cellular metabolism in tumors, hepatocytes, cardiomyocytes, and chondrocytes (93–97). And the AKT-mTOR, PPARγ, MEK/ERK, AMPK, NF-κB, HIF-1α, and Notch pathways play important roles in macrophage metabolism (64–69, 77, 80, 81). Meanwhile, we also found that the Hippo pathway is in crosstalk with these regulatory pathways in macrophages or other cells (74, 90, 96, 98–105). Therefore, we comprehensively reviewed the literature to summarize the crosstalk between Hippo and metabolic regulatory pathways in different kinds of cells. Then, we further speculated on the potential relationship of the Hippo pathway with the regulatory pathway of metabolism in macrophages. As a transcription regulator, YAP itself can mediate the transcription of key metabolic kinases. Therefore, we speculate the Hippo pathway may regulate cellular metabolism either directly or through crosstalk with these pathways.



5.1 The potential relationship of Hippo pathway with the regulatory pathway of glycolysis

The Hippo pathway and glycolysis regulate M1 polarization (22, 86–90). However, no literature directly suggests that Hippo regulates macrophage polarization by glycolysis. These studies have reported that MST1 and YAP affect glycolysis in tumors, hepatocytes, cardiomyocytes, and chondrocytes (93–96). Activation of MST1 inhibits glycolysis by reducing the expression of GLUT1 and C-MYC in tumors, while YAP has a positive correlation with C-MYC, GLUT3, HK2, and PFKB3 to increase glycolysis in hepatocytes (93, 94). In cardiomyocytes, YAP promotes glycolysis by upregulating GLUT1 (95). In chondrocytes, YAP also plays a positive role in glycolysis (96). Therefore, YAP and MST1/2 may play roles in glycolysis to regulate macrophage polarization. But that needs to be further proven using experimental proof.

That reports that HIF-1α, MEK/ERK, PI3K-AKT-mTOR, and NF-κB regulate M1 polarization by glycolysis (64–70). Many studies show the Hippo pathway is in crosstalk with these pathways (96, 98–100). Therefore, Hippo, which is in crosstalk with these pathways, may be involved in the regulation of macrophage glycolysis. Next, we will describe specifically how Hippo interacts with these pathways in other cells and macrophages.

First, we summarized the crosstalk between Hippo and these pathways in cells other than macrophages. An important molecule is HIF-1α in glycolysis. It has already been mentioned in many studies that MST1 and YAP are involved in the regulation of HIF-1α in granulocyte progenitor cells, chondrocytes, and hepatocellular carcinoma cells (96, 98, 99). In granulocyte progenitor cells, deficient of MST1 increases glycolysis by enhancing mTOR and HIF-1α (98). During chondrogenesis, YAP binds to HIF-1α to form a complex that promotes glycolysis and chondrogenic differentiation (96). In hepatocellular carcinoma cells, in response to hypoxia, nuclear YAP binds to HIF-1α to maintain the stability of HIF-1α and promote the transcription of glycolytic genes (99). In addition, MEK/ERK also regulates glycolysis (68, 69). YAP inhibits the MEK/ERK pathway in initial segment epithelial cells. MST1/2 at least partially regulates initial segment differentiation by repressing YAP (106). In Jurkat T cells, MEK/ERK can activate MST1, caspase-3/7, and caspase-8 to enhance MST1 proteolytic cleavage (107). In tumor cells, the AKT pathway directly inhibits MST2 activity by promoting MST2/Raf-1 interaction (108). In HEK293 cells, AKT can block MST1 activation by phosphorylating MST1 at S387 (109). Cinar reported that MST1 is cleaved by caspase, and mature MST1 and cleavage products are inhibited by AKT in human prostate cancer cells (110). In idiopathic pulmonary fibrosis, YAP and PI3K-AKT-mTOR interact with each other to regulate the proliferation, migration, and polarity of abnormal cells (111). Therefore, AKT inhibits the activation of MST1/2, and YAP interacts with PI3K-AKT-mTOR. In addition, deficiency of MST1 in granulocyte progenitor cells upregulates glycolysis and downregulates OXPHOS by mTOR and HIF-1α for cell proliferation and differentiation (98). Therefore, according to these evidences, we speculate that Hippo may play a role through crosstalk with HIF-1α and MEK/ERK, and PI3K-AKT-mTOR in promoting glycolysis and the inflammatory response of macrophages.

Next, we summarized the crosstalk between Hippo and these pathways in macrophages. Only a small amount of literature has shown that YAP interacts with NF-κB (100). In M1-type macrophages, YAP enhances the proinflammatory response by binding to NF-κB p65 and increasing the accumulation of p65 in the nucleus (100). Meanwhile, NF-κB plays a role in glycolysis (69). Therefore, we suggest that YAP crosstalk with NF-κB may play a role in glycolysis in macrophages. And it still needs further verification.

Therefore, it can be speculated that YAP affects glycolysis and M1 polarization by p65, HIF-1α, and PI3K-AKT-mTOR (Figure 5). MST1 may regulate polarization by glycolysis, which is regulated by AKT (Figure 5). However, MEK/ERK function is inconsistent with expectations in glycolysis and M1 polarization as an unknown mechanism. It is worth noting that the above is only our conjecture. However, the role of Hippo in the regulation of glycolysis in macrophages deserves further study.




5.2 The potential relationship of Hippo pathway with the regulatory pathway of fatty acid metabolism

The Hippo pathway and fatty acid metabolism regulate M2 polarization (49–54, 86–90). Deletion of YAP/TAZ in brown adipose tissue decreases the oxygen consumption rate and increases body fat content, suggesting that YAP/TAZ plays a role in lipid metabolism (97). They report that PPARγ and AMPK regulate M2 polarization by fatty acid metabolism (80, 81). But no study directly suggests that Hippo is crosstalk with PPARγ and AMPK in macrophages. Most of these literatures focused on epithelial stem cells, adipocytes, and tumor cells (101–104).

To be specific, activation of PPARγ inhibits WB-F344 (rat liver epithelial stem cell) proliferation. It induces cell cycle arrest by regulating the Hippo pathway (including promoting phosphorylation of MST1 and LATS2 and inhibiting nuclear translocation of YAP) (101). In turn, in adipocytes, YAP1 deficiency significantly increases the expression of PPARγ to affect the proliferation and differentiation of ovine preadipocytes (102). AMPK also modulates the activity of the Hippo pathway for energy homeostasis. During glucose starvation, AMPK is activated to phosphorylate YAP in tumor cells (103). Mo also found the same effect in response to energy stress (104). On the one hand, AMPK can phosphorylate LATS1/2 to inhibit YAP. On the other hand, AMPK can directly phosphorylate YAP Ser 94 to inhibit the binding of YAP to TEADs (104). Both PPARγ (a marker for M2) and AMPK-PPARα promote FAO. Therefore, we can speculate that, in the FAO-mediated M2 polarization, Hippo plays a role through crosstalk with PPARγ and AMPK (Figure 5).

YAP is inhibited by the PI3K-AKT/β-catenin pathway with IL-4+IL-13 treatment in macrophages (86), and AKT is related to fatty acid metabolism in M2 macrophages (112). Unfortunately, we did not find more evidence about the regulation of fatty acid metabolism by Hippo crosstalk with AKT. The regulation of fatty acid metabolism by Hippo in macrophage polarization is only speculated by us based on the study of other cells, and whether there is such an association still needs to be further verified.




5.3 The potential relationship of Hippo pathway with the regulatory pathway of TCA and arginine metabolism in macrophages

The Hippo pathway, TCA, and arginine metabolism regulate macrophage polarization (45, 59–63, 86–91). The Notch pathway promotes the accumulation of TCA intermediates and iNOS (74, 75), and an incomplete TCA cycle and iNOS promote macrophage polarization into M1 macrophages (77). In Kupffer cells, the Notch pathway increases Yap gene expression, and YAP can upregulate Notch ligand gene expression involved in macrophage polarization (90). Based on a previous summary, we found that YAP can also promote the TCA cycle through NF-κB in macrophages (74, 100) (Figure 5). In addition, in hepatocellular carcinoma, there also is a positive feedback loop between YAP and the Notch pathway (105). These studies suggest that YAP may play a role in M1 polarization by the Notch pathway-mediated accumulation of TCA intermediates and iNOS (Figure 5).

In summary, we can make the following assumptions: YAP promotes M1 polarization by glycolysis, incomplete TCA cycle, and arginine metabolism. The involved pathways may be NF-κB, HIF-1α, PI3K-AKT-mTOR, and Notch (Figure 5). YAP inhibits M2 polarization by FAO, and the involved pathways may be the PPARγ-, AMPK-, and PI3K-AKT-related pathways (Figure 5). In addition, MST1/2 plays a role in macrophage polarization by glycolysis and FAO, which may be regulated by AKT and PPARγ, respectively (Figure 5).

Based on the above evidence, there is obvious crosstalk between the Hippo pathway and other pathways that regulate macrophage metabolism, which suggests that the Hippo pathway is a potential target for exploring the mechanism of macrophage metabolism and polarization.





6 Discuss: the Hippo pathway and metabolism in macrophage polarization-related diseases

Metabolism can endow macrophages with different functions (92). It is a new treatment idea for diseases to target macrophage polarization by regulating macrophage metabolism (1). Therefore, it is necessary to explore the intrinsic metabolic mechanism in the process of macrophage polarization, especially in the state of diseases. Most studies on metabolic regulation have mainly focused on the PI3K-AKT-mTOR, PPARγ, AMPK, Notch, MEK/ERK, and NF-κB pathways (64–69, 77, 80, 81). However, according to the literature, we found that the Hippo pathway can crosstalk with these metabolic regulatory pathways (74, 90, 96, 98–105). Meanwhile, they reported that regulating the Hippo pathway drives changes in metabolism (93–97). Therefore, we have summarized how the Hippo pathway is in crosstalk with metabolic regulatory pathways. This will facilitate further exploration of the regulatory mechanism of metabolism by the Hippo pathway, which will help us to control the process of metabolic diseases in macrophages. The Hippo pathway is a new potential target that affects macrophage polarization by regulating metabolic pathways and metabolism in macrophages. It is worthy of in-depth exploration.





Author contributions

YA: Conceptualization, Data curation, Formal analysis, Writing – original draft, Writing – review & editing. ST: Conceptualization, Data curation, Formal analysis, Writing – review & editing. JY: Conceptualization, Data curation, Formal analysis, Writing – review & editing. TG: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. YD: Conceptualization, Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Key Research and Development Program of China No. 2022YFD1800400.




Acknowledgments

Figdraw provided the schematics presented in Figure 2.





Conflict of interest

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





References

1. Liu, Y-C, Zou, X-B, Chai, Y-F, and Yao, Y-M. Macrophage polarization in inflammatory diseases. Int J Biol Sci (2014) 10(5):520–9. doi: 10.7150/ijbs.8879

2. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol (2018) 233(9):6425–40. doi: 10.1002/jcp.26429

3. Saha, S, Shalova, IN, and Biswas, SK. Metabolic regulation of macrophage phenotype and function. Immunol Rev (2017) 280(1):102–11. doi: 10.1111/imr.12603

4. Biswas Subhra, K, and Mantovani, A. Orchestration of metabolism by macrophages. Cell Metab (2012) 15(4):432–7. doi: 10.1016/j.cmet.2011.11.013

5. Linke, M, Fritsch, SD, Sukhbaatar, N, Hengstschläger, M, and Weichhart, T. Mtorc1 and mtorc2 as regulators of cell metabolism in immunity. FEBS Lett (2017) 591(19):3089–103. doi: 10.1002/1873-3468.12711

6. Yamashita, AS, Belchior, T, Lira, FS, Bishop, NC, Wessner, B, Rosa, JC, et al. Regulation of metabolic disease-associated inflammation by nutrient sensors. Mediators Inflammation (2018) 2018:1–18. doi: 10.1155/2018/8261432

7. Watson, RO, Manzanillo, PS, and Cox, JS. Extracellular M. Tuberculosis DNA targets bacteria for autophagy by activating the host DNA-sensing pathway. Cell (2012) 150(4):803–15. doi: 10.1016/j.cell.2012.06.040

8. Sun, L, Wu, J, Du, F, Chen, X, and Chen, ZJ. Cyclic gmp-amp synthase is a cytosolic DNA sensor that activates the type I interferon pathway. Science (2013) 339(6121):786–91. doi: 10.1126/science.1232458

9. Divangahi, M, King, I, and Pernet, E. Alveolar macrophages and type I ifn in airway homeostasis and immunity. Trends Immunol (2015) 36(5):307–14. doi: 10.1016/j.it.2015.03.005

10. Yin, W, Ling, Z, Dong, Y, Qiao, L, Shen, Y, Liu, Z, et al. Mobile colistin resistance enzyme mcr-3 facilitates bacterial evasion of host phagocytosis. Advanced Sci (2021) 8(18):e2101336. doi: 10.1002/advs.202101336

11. Wu, Y-X, Jiang, F-J, Liu, G, Wang, Y-Y, Gao, Z-Q, Jin, S-H, et al. Dehydrocostus lactone attenuates methicillin-resistant staphylococcus aureus-induced inflammation and acute lung injury via modulating macrophage polarization. Int J Mol Sci (2021) 22(18). doi: 10.3390/ijms22189754

12. Kawai, T, and Akira, S. Innate immune recognition of viral infection. Nat Immunol (2006) 7(2):131–7. doi: 10.1038/ni1303

13. Jiang, S, Chan, CN, Rovira-Clavé, X, Chen, H, Bai, Y, Zhu, B, et al. Combined protein and nucleic acid imaging reveals virus-dependent B cell and macrophage immunosuppression of tissue microenvironments. Immunity (2022) 55(6):1118–34.e8. doi: 10.1016/j.immuni.2022.03.020

14. Faure-Dupuy, S, Delphin, M, Aillot, L, Dimier, L, Lebossé, F, Fresquet, J, et al. Hepatitis B virus-induced modulation of liver macrophage function promotes hepatocyte infection. J Hepatol (2019) 71(6):1086–98. doi: 10.1016/j.jhep.2019.06.032

15. Fitzgerald, KA, and Kagan, JC. Toll-like receptors and the control of immunity. Cell (2020) 180(6):1044–66. doi: 10.1016/j.cell.2020.02.041

16. Beschin, A, De Baetselier, P, and Van Ginderachter, JA. Contribution of myeloid cell subsets to liver fibrosis in parasite infection. J Pathol (2013) 229(2):186–97. doi: 10.1002/path.4112

17. Tomiotto-Pellissier, F, Bortoleti, B, Assolini, JP, Gonçalves, MD, Carloto, ACM, Miranda-Sapla, MM, et al. Macrophage polarization in leishmaniasis: broadening horizons. Front Immunol (2018) 9:2529. doi: 10.3389/fimmu.2018.02529

18. Olefsky, JM, and Glass, CK. Macrophages, inflammation, and insulin resistance. Annu Rev Physiol (2010) 72:219–46. doi: 10.1146/annurev-physiol-021909-135846

19. Moore, KJ, and Tabas, I. Macrophages in the pathogenesis of atherosclerosis. Cell (2011) 145(3):341–55. doi: 10.1016/j.cell.2011.04.005

20. Belgiovine, C, D'Incalci, M, Allavena, P, and Frapolli, R. Tumor-associated macrophages and anti-tumor therapies: complex links. Cell Mol Life Sci (2016) 73(13):2411–24. doi: 10.1007/s00018-016-2166-5

21. Chittezhath, M, Dhillon, MK, Lim, JY, Laoui, D, Shalova, IN, Teo, YL, et al. Molecular profiling reveals a tumor-promoting phenotype of monocytes and macrophages in human cancer progression. Immunity (2014) 41(5):815–29. doi: 10.1016/j.immuni.2014.09.014

22. Rodríguez-Prados, J-C, Través, PG, Cuenca, J, Rico, D, Aragonés, J, Martín-Sanz, P, et al. Substrate fate in activated macrophages: A comparison between innate, classic, and alternative activation. J Immunol (2010) 185(1):605–14. doi: 10.4049/jimmunol.0901698

23. Tannahill, GM, Curtis, AM, Adamik, J, Palsson-McDermott, EM, McGettrick, AF, Goel, G, et al. Succinate is an inflammatory signal that induces il-1β through hif-1α. Nature (2013) 496(7444):238–42. doi: 10.1038/nature11986

24. Cheng, S-C, Quintin, J, Cramer, RA, Shepardson, KM, Saeed, S, Kumar, V, et al. Mtor- and hif-1α-mediated aerobic glycolysis as metabolic basis for trained immunity. Science (2014) 345(6204):1250684. doi: 10.1126/science.1250684

25. Zhuang, H, Lv, Q, Zhong, C, Cui, Y, He, L, Zhang, C, et al. Tiliroside ameliorates ulcerative colitis by restoring the M1/M2 macrophage balance via the hif-1α/glycolysis pathway. Front Immunol (2021) 12:649463. doi: 10.3389/fimmu.2021.649463

26. Dang, CP, and Leelahavanichkul, A. Over-expression of mir-223 induces M2 macrophage through glycolysis alteration and attenuates lps-induced sepsis mouse model, the cell-based therapy in sepsis. PloS One (2020) 15(7):e0236038. doi: 10.1371/journal.pone.0236038

27. Rao, J, Wang, H, Ni, M, Wang, Z, Wang, Z, Wei, S, et al. Fstl1 promotes liver fibrosis by reprogramming macrophage function through modulating the intracellular function of pkm2. Gut (2022) 71(12):2539–50. doi: 10.1136/gutjnl-2021-325150

28. Xu, F, Guo, M, Huang, W, Feng, L, Zhu, J, Luo, K, et al. Annexin A5 regulates hepatic macrophage polarization via directly targeting pkm2 and ameliorates nash. Redox Biol (2020) 36:101634. doi: 10.1016/j.redox.2020.101634

29. Zhang, D, Tang, Z, Huang, H, Zhou, G, Cui, C, Weng, Y, et al. Metabolic regulation of gene expression by histone lactylation. Nature (2019) 574(7779):575–80. doi: 10.1038/s41586-019-1678-1

30. Wang, C, Xue, L, Zhu, W, Liu, L, Zhang, S, and Luo, D. Lactate from glycolysis regulates inflammatory macrophage polarization in breast cancer. Cancer Immunol Immunother (2023) 72(6):1917–32. doi: 10.1007/s00262-023-03382-x

31. Patra, KC, and Hay, N. The pentose phosphate pathway and cancer. Trends Biochem Sci (2014) 39(8):347–54. doi: 10.1016/j.tibs.2014.06.005

32. He, L, Jhong, J-H, Chen, Q, Huang, K-Y, Strittmatter, K, Kreuzer, J, et al. Global characterization of macrophage polarization mechanisms and identification of M2-type polarization inhibitors. Cell Rep (2021) 37(5):109955. doi: 10.1016/j.celrep.2021.109955

33. Ma, J, Wei, K, Liu, J, Tang, K, Zhang, H, Zhu, L, et al. Glycogen metabolism regulates macrophage-mediated acute inflammatory responses. Nat Commun (2020) 11(1):1769. doi: 10.1038/s41467-020-15636-8

34. Viola, A, Munari, F, Sánchez-Rodríguez, R, Scolaro, T, and Castegna, A. The metabolic signature of macrophage responses. Front Immunol (2019) 10:1462. doi: 10.3389/fimmu.2019.01462

35. Baardman, J, Verberk, SGS, Prange, KHM, van Weeghel, M, van der Velden, S, Ryan, DG, et al. A defective pentose phosphate pathway reduces inflammatory macrophage responses during hypercholesterolemia. Cell Rep (2018) 25(8):2044–52.e5. doi: 10.1016/j.celrep.2018.10.092

36. Haschemi, A, Kosma, P, Gille, L, Evans, CR, Burant, CF, Starkl, P, et al. The sedoheptulose kinase carkl directs macrophage polarization through control of glucose metabolism. Cell Metab (2012) 15(6):813–26. doi: 10.1016/j.cmet.2012.04.023

37. Sun, L, Zhou, F, Shao, Y, Lv, Z, and Li, C. Sedoheptulose kinase bridges the pentose phosphate pathway and immune responses in pathogen-challenged sea cucumber apostichopus japonicus. Dev Comp Immunol (2020) 109:103694. doi: 10.1016/j.dci.2020.103694

38. Jha, AK, Huang, SC-C, Sergushichev, A, Lampropoulou, V, Ivanova, Y, Loginicheva, E, et al. Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization. Immunity (2015) 42(3):419–30. doi: 10.1016/j.immuni.2015.02.005

39. Li, Y, Li, Y-C, Liu, X-T, Zhang, L, Chen, Y-H, Zhao, Q, et al. Blockage of citrate export prevents tca cycle fragmentation via irg1 inactivation. Cell Rep (2022) 38(7):110391. doi: 10.1016/j.celrep.2022.110391

40. Kelly, B, and O'Neill, LAJ. Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell Res (2015) 25(7):771–84. doi: 10.1038/cr.2015.68

41. Michelucci, A, Cordes, T, Ghelfi, J, Pailot, A, Reiling, N, Goldmann, O, et al. Immune-responsive gene 1 protein links metabolism to immunity by catalyzing itaconic acid production. Proc Natl Acad Sci U.S.A. (2013) 110(19):7820–5. doi: 10.1073/pnas.1218599110

42. Heinz, A, Nonnenmacher, Y, Henne, A, Khalil, M-A, Bejkollari, K, Dostert, C, et al. Itaconate controls its own synthesis via feedback-inhibition of reverse tca cycle activity at idh2. Biochim Biophys Acta Mol Basis Dis (2022) 1868(12):166530. doi: 10.1016/j.bbadis.2022.166530

43. Zhang, Z, Chen, C, Yang, F, Zeng, Y-X, Sun, P, Liu, P, et al. Itaconate is a lysosomal inducer that promotes antibacterial innate immunity. Mol Cell (2022) 82(15):2844–57.e10. doi: 10.1016/j.molcel.2022.05.009

44. Lampropoulou, V, Sergushichev, A, Bambouskova, M, Nair, S, Vincent, EE, Loginicheva, E, et al. Itaconate links inhibition of succinate dehydrogenase with macrophage metabolic remodeling and regulation of inflammation. Cell Metab (2016) 24(1):158–66. doi: 10.1016/j.cmet.2016.06.004

45. Bei, J, Chen, Y, Zhang, Q, Wang, X, Lin, L, Huang, J, et al. Hbv suppresses macrophage immune responses by impairing the tca cycle through the induction of cs/pdhc hyperacetylation. Hepatol Commun (2023) 7(11). doi: 10.1097/HC9.0000000000000294

46. Yan, J, and Horng, T. Lipid metabolism in regulation of macrophage functions. Trends Cell Biol (2020) 30(12):979–89. doi: 10.1016/j.tcb.2020.09.006

47. Ren, Z, Zhang, X, Ding, T, Zhong, Z, Hu, H, Xu, Z, et al. Mitochondrial dynamics imbalance: A strategy for promoting viral infection. Front Microbiol (2020) 11:1992. doi: 10.3389/fmicb.2020.01992

48. Ménégaut, L, Thomas, C, Lagrost, L, and Masson, D. Fatty acid metabolism in macrophages: A target in cardio-metabolic diseases. Curr Opin Lipidol (2017) 28(1):19–26. doi: 10.1097/MOL.0000000000000370

49. Galván-Peña, S, Carroll, RG, Newman, C, Hinchy, EC, Palsson-McDermott, E, Robinson, EK, et al. Malonylation of gapdh is an inflammatory signal in macrophages. Nat Commun (2019) 10(1):338. doi: 10.1038/s41467-018-08187-6

50. Samokhvalov, V, Ussher, JR, Fillmore, N, Armstrong, IKG, Keung, W, Moroz, D, et al. Inhibition of malonyl-coa decarboxylase reduces the inflammatory response associated with insulin resistance. Am J Physiol Endocrinol Metab (2012) 303(12):E1459–E68. doi: 10.1152/ajpendo.00018.2012

51. Vats, D, Mukundan, L, Odegaard, JI, Zhang, L, Smith, KL, Morel, CR, et al. Oxidative metabolism and pgc-1beta attenuate macrophage-mediated inflammation. Cell Metab (2006) 4(1):13–24. doi: 10.1016/j.cmet.2006.05.011

52. Nomura, M, Liu, J, Rovira, II, Gonzalez-Hurtado, E, Lee, J, Wolfgang, MJ, et al. Fatty acid oxidation in macrophage polarization. Nat Immunol (2016) 17(3):216–7. doi: 10.1038/ni.3366

53. Gonzalez-Hurtado, E, Lee, J, Choi, J, Selen Alpergin, ES, Collins, SL, Horton, MR, et al. Loss of macrophage fatty acid oxidation does not potentiate systemic metabolic dysfunction. Am J Physiol Endocrinol Metab (2017) 312(5):E381–E93. doi: 10.1152/ajpendo.00408.2016

54. Namgaladze, D, and Brüne, B. Fatty acid oxidation is dispensable for human macrophage il-4-induced polarization. Biochim Biophys Acta (2014) 1841(9):1329–35. doi: 10.1016/j.bbalip.2014.06.007

55. Chandra, P, He, L, Zimmerman, M, Yang, G, Köster, S, Ouimet, M, et al. Inhibition of fatty acid oxidation promotes macrophage control of mycobacterium tuberculosis. mBio (2020) 11(4). doi: 10.1128/mBio.01139-20

56. Li, R, Li, X, Zhao, J, Meng, F, Yao, C, Bao, E, et al. Mitochondrial stat3 exacerbates lps-induced sepsis by driving cpt1a-mediated fatty acid oxidation. Theranostics (2022) 12(2):976–98. doi: 10.7150/thno.63751

57. Liu, P-S, Wang, H, Li, X, Chao, T, Teav, T, Christen, S, et al. α-ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming. Nat Immunol (2017) 18(9):985–94. doi: 10.1038/ni.3796

58. Wang, X-F, Wang, H-S, Wang, H, Zhang, F, Wang, K-F, Guo, Q, et al. The role of indoleamine 2,3-dioxygenase (Ido) in immune tolerance: focus on macrophage polarization of thp-1 cells. Cell Immunol (2014) 289(1-2):42–8. doi: 10.1016/j.cellimm.2014.02.005

59. Kieler, M, Hofmann, M, and Schabbauer, G. More than just protein building blocks: how amino acids and related metabolic pathways fuel macrophage polarization. FEBS J (2021) 288(12):3694–714. doi: 10.1111/febs.15715

60. Schairer, DO, Chouake, JS, Nosanchuk, JD, and Friedman, AJ. The potential of nitric oxide releasing therapies as antimicrobial agents. Virulence (2012) 3(3):271–9. doi: 10.4161/viru.20328

61. Van den Bossche, J, Baardman, J, Otto, NA, van der Velden, S, Neele, AE, van den Berg, SM, et al. Mitochondrial dysfunction prevents repolarization of inflammatory macrophages. Cell Rep (2016) 17(3):684–96. doi: 10.1016/j.celrep.2016.09.008

62. Puleston, DJ, Buck, MD, Klein Geltink, RI, Kyle, RL, Caputa, G, O’Sullivan, D, et al. Polyamines and eif5a hypusination modulate mitochondrial respiration and macrophage activation. Cell Metab (2019) 30(2):352–63.e8. doi: 10.1016/j.cmet.2019.05.003

63. Viola, A, and Bronte, V. Metabolic mechanisms of cancer-induced inhibition of immune responses. Semin Cancer Biol (2007) 17(4):309–16. doi: 10.1016/j.semcancer.2007.06.005

64. Masoud, GN, and Li, W. Hif-1α Pathway: role, regulation and intervention for cancer therapy. Acta Pharm Sin B (2015) 5(5):378–89. doi: 10.1016/j.apsb.2015.05.007

65. Zhang, T, Zhu, X, Wu, H, Jiang, K, Zhao, G, Shaukat, A, et al. Targeting the ros/pi3k/akt/hif-1α/hk2 axis of breast cancer cells: combined administration of polydatin and 2-deoxy-D-glucose. J Cell Mol Med (2019) 23(5):3711–23. doi: 10.1111/jcmm.14276

66. Zhong, W-J, Liu, T, Yang, H-H, Duan, J-X, Yang, J-T, Guan, X-X, et al. Trem-1 governs nlrp3 inflammasome activation of macrophages by firing up glycolysis in acute lung injury. Int J Biol Sci (2023) 19(1):242–57. doi: 10.7150/ijbs.77304

67. Li, P, Wu, Y, Li, M, Qiu, X, Bai, X, and Zhao, X. As-703026 inhibits lps-induced tnfα Production through mek/erk dependent and independent mechanisms. PloS One (2015) 10(9):e0137107. doi: 10.1371/journal.pone.0137107

68. Richard, DE, Berra, E, Gothié, E, Roux, D, and Pouysségur, J. P42/P44 mitogen-activated protein kinases phosphorylate hypoxia-inducible factor 1alpha (Hif-1alpha) and enhance the transcriptional activity of hif-1. J Biol Chem (1999) 274(46):32631–7. doi: 10.1074/jbc.274.46.32631

69. Xu, J, Gao, C, He, Y, Fang, X, Sun, D, Peng, Z, et al. Nlrc3 expression in macrophage impairs glycolysis and host immune defense by modulating the nf-κb-nfat5 complex during septic immunosuppression. Mol Ther (2023) 31(1):154–73. doi: 10.1016/j.ymthe.2022.08.023

70. Gu, M, Zhou, X, Sohn, JH, Zhu, L, Jie, Z, Yang, J-Y, et al. Nf-κb-inducing kinase maintains T cell metabolic fitness in antitumor immunity. Nat Immunol (2021) 22(2):193–204. doi: 10.1038/s41590-020-00829-6

71. Ji, L, Zhao, X, Zhang, B, Kang, L, Song, W, Zhao, B, et al. Slc6a8-mediated creatine uptake and accumulation reprogram macrophage polarization via regulating cytokine responses. Immunity (2019) 51(2):272–84.e7. doi: 10.1016/j.immuni.2019.06.007

72. Wang, F, Zhang, S, Jeon, R, Vuckovic, I, Jiang, X, Lerman, A, et al. Interferon gamma induces reversible metabolic reprogramming of M1 macrophages to sustain cell viability and pro-inflammatory activity. EBioMedicine (2018) 30:303–16. doi: 10.1016/j.ebiom.2018.02.009

73. Yao, X, He, Z, Qin, C, Deng, X, Bai, L, Li, G, et al. Slc2a3 promotes macrophage infiltration by glycolysis reprogramming in gastric cancer. Cancer Cell Int (2020) 20:503. doi: 10.1186/s12935-020-01599-9

74. Naujoks, J, Tabeling, C, Dill, BD, Hoffmann, C, Brown, AS, Kunze, M, et al. Ifns modify the proteome of legionella-containing vacuoles and restrict infection via irg1-derived itaconic acid. PloS Pathog (2016) 12(2):e1005408. doi: 10.1371/journal.ppat.1005408

75. Domínguez-Andrés, J, Novakovic, B, Li, Y, Scicluna, BP, Gresnigt, MS, Arts, RJW, et al. The itaconate pathway is a central regulatory node linking innate immune tolerance and trained immunity. Cell Metab (2019) 29(1):211–20.e5. doi: 10.1016/j.cmet.2018.09.003

76. Hall, CJ, Boyle, RH, Astin, JW, Flores, MV, Oehlers, SH, Sanderson, LE, et al. Immunoresponsive gene 1 augments bactericidal activity of macrophage-lineage cells by regulating β-oxidation-dependent mitochondrial ros production. Cell Metab (2013) 18(2):265–78. doi: 10.1016/j.cmet.2013.06.018

77. Xu, J, Chi, F, Guo, T, Punj, V, Lee, WNP, French, SW, et al. Notch reprograms mitochondrial metabolism for proinflammatory macrophage activation. J Clin Invest (2015) 125(4):1579–90. doi: 10.1172/JCI76468

78. Bailey, JD, Diotallevi, M, Nicol, T, McNeill, E, Shaw, A, Chuaiphichai, S, et al. Nitric oxide modulates metabolic remodeling in inflammatory macrophages through tca cycle regulation and itaconate accumulation. Cell Rep (2019) 28(1):218–30.e7. doi: 10.1016/j.celrep.2019.06.018

79. Liu, P-S, Chen, Y-T, Li, X, Hsueh, P-C, Tzeng, S-F, Chen, H, et al. Cd40 signal rewires fatty acid and glutamine metabolism for stimulating macrophage anti-tumorigenic functions. Nat Immunol (2023) 24(3):452–62. doi: 10.1038/s41590-023-01430-3

80. Liu, S, Zhang, H, Li, Y, Zhang, Y, Bian, Y, Zeng, Y, et al. S100a4 enhances protumor macrophage polarization by control of ppar-γ-dependent induction of fatty acid oxidation. J Immunother Cancer (2021) 9(6). doi: 10.1136/jitc-2021-002548

81. Li, M-Y, Wu, Y-Z, Qiu, J-G, Lei, J-X, Li, M-X, Xu, N, et al. Huangqin decoction ameliorates ulcerative colitis by regulating fatty acid metabolism to mediate macrophage polarization via activating ffar4-ampk-pparα Pathway. J Ethnopharmacol (2023) 311:116430. doi: 10.1016/j.jep.2023.116430

82. Huang, SC-C, Smith, AM, Everts, B, Colonna, M, Pearce, EL, Schilling, JD, et al. Metabolic reprogramming mediated by the mtorc2-irf4 signaling axis is essential for macrophage alternative activation. Immunity (2016) 45(4):817–30. doi: 10.1016/j.immuni.2016.09.016

83. Bidault, G, Virtue, S, Petkevicius, K, Jolin, HE, Dugourd, A, Guénantin, A-C, et al. Srebp1-induced fatty acid synthesis depletes macrophages antioxidant defences to promote their alternative activation. Nat Metab (2021) 3(9):1150–62. doi: 10.1038/s42255-021-00440-5

84. Covarrubias, AJ, Aksoylar, HI, Yu, J, Snyder, NW, Worth, AJ, Iyer, SS, et al. Akt-mtorc1 signaling regulates acly to integrate metabolic input to control of macrophage activation. Elife (2016) 5. doi: 10.7554/eLife.11612

85. Ma, S, Meng, Z, Chen, R, and Guan, K-L. The hippo pathway: biology and pathophysiology. Annu Rev Biochem (2019) 88(1):577–604. doi: 10.1146/annurev-biochem-013118-111829

86. Zhou, X, Li, W, Wang, S, Zhang, P, Wang, Q, Xiao, J, et al. Yap aggravates inflammatory bowel disease by regulating M1/M2 macrophage polarization and gut microbial homeostasis. Cell Rep (2019) 27(4):1176–89.e5. doi: 10.1016/j.celrep.2019.03.028

87. Mia, MM, Cibi, DM, Abdul Ghani, SAB, Song, W, Tee, N, Ghosh, S, et al. Yap/taz deficiency reprograms macrophage phenotype and improves infarct healing and cardiac function after myocardial infarction. PloS Biol (2020) 18(12):e3000941. doi: 10.1371/journal.pbio.3000941

88. Luo, Q, Luo, J, and Wang, Y. Yap deficiency attenuates pulmonary injury following mechanical ventilation through the regulation of M1/M2 macrophage polarization. J Inflammation Res (2020) 13:1279–90. doi: 10.2147/JIR.S288244

89. Liang, L, Xu, W, Shen, A, Fu, X, Cen, H, Wang, S, et al. Inhibition of yap1 activity ameliorates acute lung injury through promotion of M2 macrophage polarization. MedComm (2020) (2023) 4(3):e293. doi: 10.1002/mco2.293

90. Yang, Y, Ni, M, Zong, R, Yu, M, Sun, Y, Li, J, et al. Targeting notch1-yap circuit reprograms macrophage polarization and alleviates acute liver injury in mice. Cell Mol Gastroenterol Hepatol (2023) 15(5):1085–104. doi: 10.1016/j.jcmgh.2023.01.002

91. Geng, J, Sun, X, Wang, P, Zhang, S, Wang, X, Wu, H, et al. Kinases mst1 and mst2 positively regulate phagocytic induction of reactive oxygen species and bactericidal activity. Nat Immunol (2015) 16(11):1142–52. doi: 10.1038/ni.3268

92. Natoli, G, Pileri, F, Gualdrini, F, and Ghisletti, S. Integration of transcriptional and metabolic control in macrophage activation. EMBO Rep (2021) 22(9):e53251. doi: 10.15252/embr.202153251

93. Koo, JH, and Guan, K-L. Interplay between yap/taz and metabolism. Cell Metab (2018) 28(2):196–206. doi: 10.1016/j.cmet.2018.07.010

94. Vališ, K, Talacko, P, Grobárová, V, Černý, J, and Novák, P. Shikonin regulates C-myc and glut1 expression through the mst1-yap1-tead1 axis. Exp Cell Res (2016) 349(2):273–81. doi: 10.1016/j.yexcr.2016.10.018

95. Kashihara, T, Mukai, R, Oka, S-I, Zhai, P, Nakada, Y, Yang, Z, et al. Yap mediates compensatory cardiac hypertrophy through aerobic glycolysis in response to pressure overload. J Clin Invest (2022) 132(6). doi: 10.1172/JCI150595

96. Li, M, Ning, J, Wang, J, Yan, Q, Zhao, K, and Jia, X. Setd7 regulates chondrocyte differentiation and glycolysis via the hippo signaling pathway and hif−1α. Int J Mol Med (2021) 48(6). doi: 10.3892/ijmm.2021.5043

97. Tharp, KM, Kang, MS, Timblin, GA, Dempersmier, J, Dempsey, GE, Zushin, P-JH, et al. Actomyosin-mediated tension orchestrates uncoupled respiration in adipose tissues. Cell Metab (2018) 27(3):602–15.e4. doi: 10.1016/j.cmet.2018.02.005

98. Jia, A, Wang, Y, Yang, Q, Wang, Y, Huang, Y, Bi, Y, et al. Hippo kinase mst1-mediated cell metabolism reprograms the homeostasis and differentiation of granulocyte progenitor cells. J Immunol (2023) 211(1):91–102. doi: 10.4049/jimmunol.2200615

99. Zhang, X, Li, Y, Ma, Y, Yang, L, Wang, T, Meng, X, et al. Yes-associated protein (Yap) binds to hif-1α and sustains hif-1α Protein stability to promote hepatocellular carcinoma cell glycolysis under hypoxic stress. J Exp Clin Cancer Res (2018) 37(1):216. doi: 10.1186/s13046-018-0892-2

100. Yang, K, Xu, J, Fan, M, Tu, F, Wang, X, Ha, T, et al. Lactate suppresses macrophage pro-inflammatory response to lps stimulation by inhibition of yap and nf-κb activation via gpr81-mediated signaling. Front Immunol (2020) 11:587913. doi: 10.3389/fimmu.2020.587913

101. He, Y, Li, H, He, Y, Lu, C, Zhu, P, Li, M, et al. Troglitazone inhibits hepatic oval cell proliferation by inducing cell cycle arrest through hippo/yap pathway regulation. Dig Liver Dis (2022) 54(6):791–9. doi: 10.1016/j.dld.2021.08.018

102. Deng, K, Ren, C, Fan, Y, Pang, J, Zhang, G, Zhang, Y, et al. Yap1 regulates pparg and rxr alpha expression to affect the proliferation and differentiation of ovine preadipocyte. J Cell Biochem (2019) 120(12):19578–89. doi: 10.1002/jcb.29265

103. Wang, W, Xiao, Z-D, Li, X, Aziz, KE, Gan, B, Johnson, RL, et al. Ampk modulates hippo pathway activity to regulate energy homeostasis. Nat Cell Biol (2015) 17(4):490–9. doi: 10.1038/ncb3113

104. Mo, J-S, Meng, Z, Kim, YC, Park, HW, Hansen, CG, Kim, S, et al. Cellular energy stress induces ampk-mediated regulation of yap and the hippo pathway. Nat Cell Biol (2015) 17(4):500–10. doi: 10.1038/ncb3111

105. Kim, W, Khan, SK, Gvozdenovic-Jeremic, J, Kim, Y, Dahlman, J, Kim, H, et al. Hippo signaling interactions with wnt/β-catenin and notch signaling repress liver tumorigenesis. J Clin Invest (2017) 127(1):137–52. doi: 10.1172/JCI88486

106. Meng, C, Tian, G, Xu, C, Li, X, Zhang, Y, Wang, Y, et al. Hippo kinases mst1 and mst2 control the differentiation of the epididymal initial segment via the mek-erk pathway. Cell Death Differ (2020) 27(10):2797–809. doi: 10.1038/s41418-020-0544-x

107. Nováková, J, Talacko, P, Novák, P, and Vališ, K. The mek-erk-mst1 axis potentiates the activation of the extrinsic apoptotic pathway during gdc-0941 treatment in jurkat T cells. Cells (2019) 8(2). doi: 10.3390/cells8020191

108. Romano, D, Matallanas, D, Weitsman, G, Preisinger, C, Ng, T, and Kolch, W. Proapoptotic kinase mst2 coordinates signaling crosstalk between rassf1a, raf-1, and akt. Cancer Res (2010) 70(3):1195–203. doi: 10.1158/0008-5472.CAN-09-3147

109. Jang, S-W, Yang, S-J, Srinivasan, S, and Ye, K. Akt phosphorylates msti and prevents its proteolytic activation, blocking foxo3 phosphorylation and nuclear translocation. J Biol Chem (2007) 282(42):30836–44. doi: 10.1074/jbc.M704542200

110. Cinar, B, Fang, P-K, Lutchman, M, Di Vizio, D, Adam, RM, Pavlova, N, et al. The pro-apoptotic kinase mst1 and its caspase cleavage products are direct inhibitors of akt1. EMBO J (2007) 26(21):4523–34. doi: 10.1038/sj.emboj.7601872

111. Gokey, JJ, Sridharan, A, Xu, Y, Green, J, Carraro, G, Stripp, BR, et al. Active epithelial hippo signaling in idiopathic pulmonary fibrosis. JCI Insight (2018) 3(6). doi: 10.1172/jci.insight.98738

112. McGuire, VA, Gray, A, Monk, CE, Santos, SG, Lee, K, Aubareda, A, et al. Cross talk between the akt and P38α Pathways in macrophages downstream of toll-like receptor signaling. Mol Cell Biol (2013) 33(21):4152–65. doi: 10.1128/MCB.01691-12




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

Copyright © 2024 An, Tan, Yang, Gao and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1344697-g002.jpg
B
Wipoppidn L,
fies ~d
e D86,
v g DA
Ty \ wiea ™ TN
W 86,
A\ 2
TLRZASY 3 ArELTGERVEGE,
< T s

R )
B

B il <
AV V'

Ny T S——

»
@omiy 5 vise Y vt





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The potential role of Hippo pathway regulates cellular metabolism via signaling crosstalk in disease-induced macrophage polarization

      

        		

          1 Introduction

        



        		

          2 Macrophage polarization-related diseases

        

          		

            2.1 Infectious diseases

          



          		

            2.2 Noninfectious diseases

          

            		

              2.2.1 M1 activation-related disease

            



            		

              2.2.2 M2 activation-related disease

            



          



          



        



        



        		

          3 Cellular metabolism-mediated macrophage polarization

        

          		

            3.1 Glycolysis

          



          		

            3.2 PPP

          



          		

            3.3 The TCA cycle

          



          		

            3.4 Fatty acid metabolism

          



          		

            3.5 Amino acid metabolism

          



        



        



        		

          4 The regulation of macrophage metabolism

        

          		

            4.1 The regulatory mechanisms of M1 metabolism

          



          		

            4.2 The regulatory mechanisms of M2 metabolism

          



        



        



        		

          5 The potential relationship of Hippo pathway with the regulatory pathway of metabolism

        

          		

            5.1 The potential relationship of Hippo pathway with the regulatory pathway of glycolysis

          



          		

            5.2 The potential relationship of Hippo pathway with the regulatory pathway of fatty acid metabolism

          



          		

            5.3 The potential relationship of Hippo pathway with the regulatory pathway of TCA and arginine metabolism in macrophages

          



        



        



        		

          6 Discuss: the Hippo pathway and metabolism in macrophage polarization-related diseases

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1344697-g004.jpg
M1 macrophage

° °
Growth factors
P F
Notch l e
PBK-AKTmTOR | MEKERK  JAKISTAT AMPK

N
Giyealysis Arginine metabalism  TCAcyle
Faty acid oxidaion Fatty acid synithesis
1 Argioine
mctabolvn

7 M2 macrophage






OEBPS/Images/fimmu.2023.1344697_cover.jpg
& frontiers | Frontiers in Immunology

The potential role of Hippo pathway
regulates cellular metabolism via signaling
crosstalk in disease-induced macrophage

polarization





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1344697-g001.jpg
MO
IFN-y, TNF, DAMP (¢.8., Alternative activation:

m»,ﬂ"mm cyiokines Antinflammatory ytokines
(e TNE,IL-1f, IL-6) (e 1L-10, IL-IRIL IL-1RA)
Free adicals Growih factors
N0, ROS) (¢ TGF-p1, PDGF)

1. glycolysis ¢
2.PPP

3.de novo FAS!
4. OXPHOS .

LEAO !
2 OXPHOS | )

3 imact TCA cyele]






OEBPS/Images/fimmu-14-1344697-g003.jpg
L (RIS






OEBPS/Images/fimmu-14-1344697-g005.jpg
BVAPTAD

VAPTAZ

A
Qy Note,

Arginine
Metaholist™





