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Macrophages are highly plastic cells, and the polarization-activating actions that represent their functional focus are closely related to metabolic reprogramming. The metabolic reprogramming of macrophages manifests itself as a bias toward energy utilization, transforming their inflammatory phenotype by changing how they use energy. Metabolic reprogramming effects crosstalk with the biological processes of inflammatory action and are key to the inflammatory function of macrophages. In ischemic heart disease, phenotypic polarization and metabolic shifts in circulating recruitment and tissue-resident macrophages can influence the balance of inflammatory effects in the heart and determine disease regression and prognosis. In this review, we present the intrinsic link between macrophage polarization and metabolic reprogramming, discussing the factors that regulate macrophages in the inflammatory effects of ischemic heart disease. Our aim is to estabilsh reliable regulatory pathways that will allow us to better target the macrophage metabolic reprogramming process and improve the symptoms of ischemic heart disease.
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Introduction

The concept of metabolic reprogramming was first introduced in the last century, and this metabolic pathway was first discovered by Otto Warburg in his studies of tumor cells. Cells absorb glucose under oxygen, and ATP is quickly generated in glycolysis, resulting in lactic acid accumulation, accompanied by a weakened process of oxidative phosphorylation (OXPHOS) reaction (1). This process is also known as the “Warburg effect”. In subsequent studies (2–4), macrophages were also observed to produce similar Warburg effects, and in the 1970s, Hard et al. first identified differences in the metabolic function of M1 macrophages; since then, this area of research has been explored in depth. In this review, we will systematically discuss the metabolic changes associated with macrophages, the related influencing factors, and the importance of macrophage metabolism in the development of ischemic heart disease.

Macrophages are immune-related cells that exist as the “forerunners” of pathogen removal in the body. They play an essential role in immune response, coordination of tissue internal environmental balance, and repair of local tissue loss (5, 6). In addition, the process of macrophage metabolic reprogramming is inextricably linked to the adjustment of its functional activities. i.e., the metabolites and enzymatic reactions generated the reprogramming; this will feed back to the changes in the internal environment that macrophages are located in, ultimately bringing the functional activities of macrophages into balance.



Metabolism of Unactivated Macrophages

Like most cells, the metabolic pathway of unactivated macrophages is primarily based on glucose and fatty acid uptake. Aerobic oxidation of glucose and β-oxidation of fatty acids, with a well-developed intracellular tricarboxylic acid (TCA) cycle and mitochondrial OXPHOS, continuously produces ATP for energy supply. Meanwhile, with altered homeostasis in vivo and infiltration of associated pathological products as well as exogenous substances, macrophages can activate metabolic patterns associated with them to adapt to such changes. This shift in environmentally adaptive metabolic patterns is known as metabolic reprogramming of macrophages.



Differences in Macrophage Phenotypes Associated With Metabolic Reprogramming

Macrophages are highly plastic cells derived from bone marrow monocytes. Depending on their transformation into macrophages with different functional focuses, which is derived from their high degree of internal environmental adaptability. Different organs are in relatively independent internal environmental balance, which is responsible for the varying functions of macrophages in various sites. Macrophages in the resting state are called inactive “M0” type and are in unpolarized state. As of the present study, macrophages are broadly divided into M1 and M2 forms based on structural and functional differences, whereas M2 type is divided into four subtypes—M2a, M2b, M2c, and M2d, due to differences in activation conditions (7–9). Macrophage plasticity depends on signals from the cell’s external environment, and different species of macrophage subtypes will reflect metabolic reprogramming with their own focuses (10).

In terms of activation, macrophages named M1 in the classical activation mode are generally induced by microbial or aseptic pro-inflammatory stimuli. It usually includes exogenous lipopolysaccharide (LPS) or cytokine interferon-γ (IFN-γ) secreted by TH-1 lymphocytes, viruses, and exogenous DNA stimulation (11, 12), or the macrophage responses are caused by various types of endogenous organism of damage-related molecular patterns (DAMPs), including various types of tissue injury debris and other stress effector proteins (13). At this time, macrophages will tend toward inflammatory activation in several ways, including energy metabolic utilization, metabolite production, and protein secretion. However, the resulting secretion of pro-inflammatory cytokines alters extracellular homeostasis and intracellular transcription, and this reciprocal network effect feeds back into the persistent M1 polarization until energy metabolic process reaches a dynamic balance with the regulation of cellular functions (14), such as by the regulation of macrophage inflammatory regressive mediators, or is transformed into resolution (15). Similarly, M2 macrophages, i.e., substitution-activated type, perform functions that promote phagocytosis, secrete anti-inflammatory mediators, and accelerate tissue injury repair. Similar to the M1 macrophage activation pathway. The M2 polarization of macrophages can be induced by IL-4 or IL-13 secreted by innate and adaptive immune cells (10, 16). Recent studies have further divided M2 macrophages into more detailed subtypes. Stimulants include glucocorticoids, TLR ligands/IL-1Ra, prostaglandin E2 (PGE2), and immune complexes. Although there are many different types, the overall cellular function is to promote the regression of inflammation.

The polarization activation process of macrophages generates reprogramming action of energy utilization, and macrophages can exhibit diverse polarization functional properties by altering their energy metabolic characteristics.



Differences in Metabolic Reprogramming Macrophages

Overall, macrophage metabolic reprogramming is a reflection of a shift in their functional activity, and the balance of their phenotypic transition can explain this process. This phenomenon is marked by alterations in multiple metabolic pathways: 1) glycolysis, 2) OXPHOS, 3) TCA cycle, and 4) fatty acid oxidation (FAO) (17). Such metabolic variability is particularly evident in macrophages classified by the M1/M2 approach.

Differences in the metabolism of M1 and M2 macrophages are the consensus reached so far on their metabolism. To discuss the adaptation of macrophage metabolism, we must first start with the adaptation of their functions in vivo. The metabolic reprogramming effect accompanying macrophage polarization is essentially a functional adjustment action exhibited after adaptation to the internal and external environment in which they live. Macrophages are immune cells, and metabolic reprogramming is an adaptation of the immune regulation of macrophages focusing on the most direct impact on the intake and utilization of energy substrates.

As we mentioned above, in the resting state, macrophages produce ATP for energy supply mainly through the TCA and OXPHOS (18, 19). In contrast, at least in vitro (LPS or LPS + IFN-γ stimulation), different metabolic changes were observed in macrophages. The rate of ATP production is increased by the preferential proceeding of glycolysis (18, 20, 21). In this case, macrophages are induced into the M1 type, when glucose, which has been taken up at an increased rate, enters the cell and undergoes the glycolytic pathway to generate pyruvate. As the production of isocitrate dehydrogenase (IDH) and succinate dehydrogenase (SDH) is inhibited (22), the TCA cycle is interrupted, citric and succinic acid start to accumulate, and so pyruvate is directly converted to lactate instead of acetyl coenzyme A to participate in the TCA cycle. Moreover, the reduction of nicotinamide adenine dinucleotide caused by the inhibition of TCA eventually weakens the OXPHOS process. Meanwhile, during pyruvate production from M1 macrophage glycolysis, the pentose phosphate pathway is promoted to produce equivalents of NADPH, which will participate in fatty acid synthesis together with the accumulated citric acid (23). The latter is used to produce inflammatory mediators such as prostaglandins and leukotrienes and for membrane remodeling processes in cells, which involve intracellular inflammatory signaling. This section will be discussed in detail later in this review.

The energy metabolism of macrophages after M1 polarization has such a key point: With significant inhibition of mitochondrial respiration, ATP synthesis is drastically reduced, and macrophages are in an inflammatory state of activation. Although its production of ATP synthesis is lower than that of TCA, it still requires a basic supply of ATP. One theory is that, unlike tumor cells, aerobic glycolysis in macrophages is reversible. To maintain ATP levels for the cell survival response, aerobic glycolysis “makes up” for the decrease in ATP production (2, 20). It has also been suggested that the ATP produced by glycolysis is a key factor used to maintain the membrane potential and integrity of mitochondria. Because mitochondrial integrity is a prerequisite for the accumulation of succinate and isocitrate when the TCA process is inhibited, rather than a complete disruption of mitochondrial function (2, 24, 25). At the same time, aerobic glycolysis generates ATP and lactate—metabolites that accumulate when the TCA cycle is weakened, which will meet its inflammatory metabolic requirements.

In contrast, M2 macrophages do not undergo aerobic glycolytic processes, and recent studies have indicated that it is controversial whether glycolytic processes are inhibited in M2 macrophages (26, 27). However, it is clear that the TCA in M2 macrophages is not affected, whereas FAO and OXPHOS are enhanced to generate ATP, and energy production remains constant.

Meanwhile, M2 macrophages metabolize lipids differently, undergoing OXPHOS and providing energy for cellular functions through the uptake of fatty acids. It has been suggested that the difference in lipid metabolism between the two phenotypes is due to their different functions. M2 macrophages are involved in the resolution, activated during the repair phase of functional activity of tissue injury, through OXPHOS and FAO as the main functional pathways (28). There is also evidence that FAO induces M2 phenotypic transformation, although whether this process is sufficient for M2 polarization has not been fully elucidated (29), inhibiting fatty acid transporter proteins promotes their M1 phenotype (30). Therefore, we are not yet able to determine the causal relationship between reprogramming of FAO energy utilization and M2 polarization behavior.



Macrophage Metabolic Reprogramming-Mediated Regulation of Inflammatory Function

Because metabolic reprogramming is adapted to the inflammatory immune function of macrophages, intermediate and end products generated by energy metabolic reactions are involved in the inflammatory response of cells. The regulatory pathways are multifaceted, including membrane receptor–ligand activation during the initiation phase of metabolic reprogramming, activation of inflammation-associated nuclear transcription factors, secretion of inflammatory factor proteins, and production of inflammatory mediators (Figure 1).




Figure 1 | Metabolic and inflammatory characteristics of macrophages. M1 macrophages possess pro-inflammatory properties, disrupt the TCA, inhibit OXPHOS, undergo aerobic glycolytic processes, and activate multiple pro-inflammatory genes. M2 macrophages have pro-inflammatory properties; possess an intact tricarboxylic acid cycle, enhanced oxidative phosphorylation, and fatty acid oxidation processes; and secrete SPMs to promote inflammation resolution. Acetyl-CoA, acetyl-coenzyme A; ADP, adenosine diphosphate; ATP, adenosine triphosphate; FAO, fatty acid oxidation; G6P, glucose 6-phosphate; IDH, isocitrate dehydrogenase; NADH, nicotinamide adenine dinucleotide; OXPHOS, oxidative phosphorylation; PPP, pentose phosphate pathway; SDH, succinate dehydrogenase; SPMs, specialized pro-resolving mediators; TCA, tricarboxylic acid.



The high sensitivity of macrophages to the tissue environment derives from their diverse signaling sensing system, where different receptors can mediate different downstream effects, starting from macrophages sensing inflammatory signals, the most classical is the M1 polarization response pathway of toll-like receptor TLR4 and its ligand LPS or IFN-γ. We mentioned earlier that M1 macrophage polarization involves inflammation-related metabolic reprogramming effects. The key feature of inflammatory macrophages is the acceleration of glucose transport uptake for aerobic glycolysis through upregulation of the glucose uptake transporter protein glucose transporter 1 (GULT1) to meet the process of rapid ATP production.

The accumulation of pyruvate-generated lactate, the inhibition of the TCA cycle, and the massive accumulation of citric and succinic acids directly mediated the upregulation of intracellular NO, ROS, and PGE2 levels (31). The upregulation of ROS is due to the inhibition of mitochondrial complex I by succinate overload (2), whereas the production of ROS stabilizes the hypoxia-inducible factor 1α (HIF-1α), which can further translocate to the nucleus to bind to hypoxia-responsive genes to enhance the glycolytic response, again with positive feedback on GULT1-mediated glucose uptake (32). The increase in lactate due to aerobic glycolysis is essentially HIF-1α, elevating the expression of lactate dehydrogenase. HIF-1α could be a linking target for energy metabolism and inflammatory response. HIF-1α is influenced by the integrity of the TCA, and its own stability promotes inflammatory responses. In LPS/IFN-γ–activated macrophages, HIF-1α can directly trigger IL-1β expression (33). Recently, it has also been proposed that stabilization of HIF-1α occurs late in the polarization of inflammatory macrophages and that early glycolytic production of lactate is not regulated by HIF-1α (34).

In addition, intracellular reactive ROS can also enhance the DNA binding capacity of p65 NF-κB to activate this pathway and enhance the transcription of pro-inflammatory genes. The expression of related inflammatory factors IL-1β, IL-6, and IL-12 further accelerates the M1 polarization process (35). As for the metabolism of substitution-activated M2 macrophages, the remarkable feature is the enhancement of the FAO process. Generally, exogenous IL-4 can induce M2 polarization. It is well known that the activation of the PPAR-γ/PGC-1β pathway promotes FAO and mitochondrial function, and the nuclear transcription factor STAT6 plays a certain role in it (36, 37). PPAR-γ, PGC-1β, and STAT6 can act as marker proteins and effectors of metabolic changes in M2 type. M2 macrophages are usually associated with enhanced phagocytosis, tissue repair, and anti-inflammatory effects. The polarization process from M1 to M2 is mostly also influenced by the microenvironment inside and outside the cell, such as the production of lactate, the release of adenosine nucleosides, and the concentration of α-ketoglutarate in the TCA cycle (38).

In addition, from the level of the immune regulation process, macrophage metabolism is endowed with phagocytosis of foreign substances, killing antigens and presenting antigens to T cells for subsequent immune responses of the body. At this time, macrophages will change the expression and secretion of inflammatory factors and related cellular mediators at multiple levels. As markers of M1 macrophage polarization, they will express cell membrane marker proteins CD80, CD86, and the major histocompatibility complex class II, corresponding to its bactericidal, antitumor, and Th1 cell responses (39, 40); in contrast, M2 macrophages express a variety of surface markers, including CD206, CD36, IL1Ra, and CD163, and release cytokines, such as IL-10, VEGF, and TGF-β (41).

Recent studies have proposed the concept of macrophage specialized pro-resolving mediators (42, 43). Such inflammatory mediators take arachidonic acid, docosahexaenoic acid, and eicosapentaenoic acids as substrates through exogenous uptake of ω-6, ω-3 unsaturated fatty acids, and fatty acid synthesis. Then, it is synergistically regulated by cyclooxygenases, lipoxygenases, and cytochrome P450 metabolic enzymes. Four classes of these mediators have been identified—resolvins, lipoxins, protectins, and maresins—with their representative resolution effects. Autocrine and paracrine secretion of this class of cellular mediators also positively affects the tissue environment in which macrophages reside. They can bind ALX/FPR2, GPR18, chemerine, and other macrophage surface membrane receptors (44), enhance macrophage cytokinesis, promote M2 phenotype transformation, and reduce the release of pro-inflammatory factors (45).



Therapeutic Potential of Targeted Macrophage Metabolic Reprogramming in The Regulation of Inflammation in Ischemic Heart Disease

The role of macrophages in ischemic heart disease has been noted in recent years (46). Although immune cells account for only 10% of the entire cardiac tissue (47), circulating recruited and tissue-resident macrophages are able to modulate inflammatory effects through cell polarization and metabolic reprogramming, which then further influence tissue damage in the acute phase of heart failure as well as functional remodeling in the repair phase.

To discuss the effect of macrophage metabolic reprogramming on inflammation in ischemic heart disease, it is first necessary to clarify the temporal impact of macrophages in the occurrence and development of heart failure. Essentially, it is an inflammatory balancing effect exhibited by the functional focus of M1 and M2 cells in the acute and repair phases. Inflammatory activation in acute ischemic heart disease is caused by the DAMPs, and then, macrophages undergo metabolic reprogramming to the M1 phenotype to adapt to the pro-inflammatory profile at this time (48, 49). This type is usually induced by Ly6Chigh monocytes recruited from peripheral circulation (50). In addition, it also secretes chemokines to recruit more macrophages from the spleen and circulating blood to participate in the regulation of inflammation in the heart (48), and this process occurs approximately 24 h to 7 days after myocardial ischemia (51). The key to the metabolic reprogramming of macrophages lies in a complex crosstalk environment in the context of ischemic injury to cardiac tissue (52). Different from the inflammatory activation conditions of macrophages in in vitro experiments, due to the local ischemia of the injured tissue, macrophages are in a hypoxic internal environment, and the HIF-1α is activated. It directly enhances glycolysis in macrophages, interrupting the TCA and the OXPHOS process, accompanied by increased citric acid and succinic acid production and lactic acid accumulation, thus stimulating a burst of downstream inflammatory factors, such as ROS (33, 53), activation of NF-κB pathway, and upregulation of IL-1β, IL-6, IL-18, and TNF-α (54–58). In turn, the secretion of various inflammatory factors will further promote M1-type polarization, leading to HIF-1α stabilization, resulting in the vicious cycle. Although this innate anti-inflammatory effect is necessary for the defense against bacterial infection, it may still cause excessive inflammatory injury to the myocardial tissue, whereas the inflammatory stimulus promotes excessive fibroblast activation, causing excessive myocardial fibrosis and affecting the left ventricular systolic-diastolic function (48, 56). This introduces the reparative effect of M2 macrophages during the repair phase, which, unlike M1 macrophages, promote inflammatory regression, enhance fragment phagocytosis, and promote the powerful effect of revascularization in myocardial ischemic injury (59). Activation of M2 macrophages in the heart overlaps in time with M1, typically at 4 to 14 days, produced by Ly6Clow monocytes (60). However, it has also been suggested that M2 is directly transformed by M1 macrophages generated by Ly6Chigh, and this part of the process is still controversial. Nonetheless, it is indisputable that M2 can promote local myocardial revascularization through the secretion of IL-10 to suppress inflammation and the release of the VEGF, thereby accelerating tissue repair (48, 61); this process continues until 14 days after the onset of ischemia.



Concluding Remarks

Thus, the M1/M2 inflammatory behavior of macrophages and their metabolic reprogramming actions are crosstalk, enhanced cellular glycolysis, inhibition of the TCA, and weakened OXPHOS processes, leading to the production of inflammatory factor precursors, stabilization of HIF-1α structures, further production of potent bactericidal substances such as NO and ROS, and, ultimately, positive feedback on the activation of M1 macrophages. In contrast, the glycolysis-independent cell phenotype, through enhanced FAO and OXPHOS, was able to promote local wound healing and inflammatory regression of the tissue. Overall, on the basis of the conditions required for metabolic processes, enhancing FAO and OXPHOS in the local group of the heart, restoring local energy supply, and reducing progressive inflammatory effects triggered by M1-aerobic glycolytic may be the key points of stabilizing the inflammatory balance, as well as the metabolic balance, in ischemic heart disease.



Author Contributions

XS wrote the article and made the figure. YL, QD, YH, and JD proofread the manuscript. WW, YW, and CL reviewed the article. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Nos. 82174215 and 82174364), Major New Drug Creation of Ministry of Science and Technology (No. 2019ZX09201004–001-011), the Fundamental Research Funds for the Central Universities (Distinguished project), and Excellent Young Scientist Foundation of BUCM (BUCM-2019-JCRC005).



References

1. Warburg, O, Wind, F, and Negelein, E. The Metabolism of tumors in the body. J Gen Physiol (1927) 8(6):519–30. doi: 10.1085/jgp.8.6.519

2. El Kasmi, KC, and Stenmark, KR. Contribution of Metabolic Reprogramming to Macrophage Plasticity and Function. Semin Immunol (2015) 27(4):267–75. doi: 10.1016/j.smim.2015.09.001

3. Guo, C, Islam, R, Zhang, S, and Fang, J. Metabolic Reprogramming of Macrophages and Ìts Involvement in Inflammatory Diseases. Excli J (2021) 20:628–41. doi: 10.17179/excli2020-3053

4. Russo, S, Kwiatkowski, M, Govorukhina, N, Bischoff, R, and Melgert, BN. Meta-Inflammation and Metabolic Reprogramming of Macrophages in Diabetes and Obesity: The Importance of Metabolites. Front Immunol (2021) 12:746151. doi: 10.3389/fimmu.2021.746151

5. Wynn, TA, and Vannella, KM. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity (2016) 44(3):450–62. doi: 10.1016/j.immuni.2016.02.015

6. Arora, S, Dev, K, Agarwal, B, Das, P, and Syed, MA. Macrophages: Their Role, Activation and Polarization in Pulmonary Diseases. Immunobiology (2018) 223(4-5):383–96. doi: 10.1016/j.imbio.2017.11.001

7. Mills, CD, Kincaid, K, Alt, JM, Heilman, MJ, and Hill, AM. M-1/M-2 Macrophages and the Th1/Th2 Paradigm. J Immunol (2000) 164(12):6166–73. doi: 10.4049/jimmunol.164.12.6166

8. Mantovani, A, Sica, A, Sozzani, S, Allavena, P, Vecchi, A, and Locati, M. The Chemokine System in Diverse Forms of Macrophage Activation and Polarization. Trends Immunol (2004) 25(12):677–86. doi: 10.1016/j.it.2004.09.015

9. Rőszer, T. Understanding the Mysterious M2 Macrophage Through Activation Markers and Effector Mechanisms. Mediators Inflammation (2015) 2015:816460. doi: 10.1155/2015/816460

10. Malyshev, I, and Malyshev, Y. Current Concept and Update of the Macrophage Plasticity Concept: Intracellular Mechanisms of Reprogramming and M3 Macrophage "Switch" Phenotype. BioMed Res Int (2015) 2015:341308. doi: 10.1155/2015/341308

11. Nathan, CF, Murray, HW, Wiebe, ME, and Rubin, BY. Identification of Interferon-Gamma as the Lymphokine That Activates Human Macrophage Oxidative Metabolism and Antimicrobial Activity. J Exp Med (1983) 158(3):670–89. doi: 10.1084/jem.158.3.670

12. Orecchioni, M, Ghosheh, Y, Pramod, AB, and Ley, K. Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front Immunol (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

13. Janeway, CA Jr., and Medzhitov, R. Innate Immune Recognition. Annu Rev Immunol (2002) 20:197–216. doi: 10.1146/annurev.immunol.20.083001.084359

14. Lin, P, Ji, HH, Li, YJ, and Guo, SD. Macrophage Plasticity and Atherosclerosis Therapy. Front Mol Biosci (2021) 8:679797. doi: 10.3389/fmolb.2021.679797

15. Dalli, J, Zhu, M, Vlasenko, NA, Deng, B, Haeggström, JZ, Petasis, NA, et al. The Novel 13S,14S-Epoxy-Maresin Is Converted by Human Macrophages to Maresin 1 (MaR1), Inhibits Leukotriene A4 Hydrolase (LTA4H), and Shifts Macrophage Phenotype. FASEB J (2013) 27(7):2573–83. doi: 10.1096/fj.13-227728

16. Stein, M, Keshav, S, Harris, N, and Gordon, S. Interleukin 4 Potently Enhances Murine Macrophage Mannose Receptor Activity: A Marker of Alternative Immunologic Macrophage Activation. J Exp Med (1992) 176(1):287–92. doi: 10.1084/jem.176.1.287

17. Koelwyn, GJ, Corr, EM, Erbay, E, and Moore, KJ. Regulation of Macrophage Immunometabolism in Atherosclerosis. Nat Immunol (2018) 19(6):526–37. doi: 10.1038/s41590-018-0113-3

18. Mcgettrick, AF, and O’neill, LA. How Metabolism Generates Signals During Innate Immunity and Inflammation. J Biol Chem (2013) 288(32):22893–8. doi: 10.1074/jbc.R113.486464

19. Kelly, B, and O’neill, LA. Metabolic Reprogramming in Macrophages and Dendritic Cells in Innate Immunity. Cell Res (2015) 25(7):771–84. doi: 10.1038/cr.2015.68

20. Vazquez, A, Liu, J, Zhou, Y, and Oltvai, ZN. Catabolic Efficiency of Aerobic Glycolysis: The Warburg Effect Revisited. BMC Syst Biol (2010) 4:58. doi: 10.1186/1752-0509-4-58

21. Palsson-Mcdermott, EM, and O’neill, LA. The Warburg Effect Then and Now: From Cancer to Inflammatory Diseases. Bioessays (2013) 35(11):965–73. doi: 10.1002/bies.201300084

22. Jha, AK, Huang, SC, 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

23. Forrester, JV, Kuffova, L, and Delibegovic, M. The Role of Inflammation in Diabetic Retinopathy. Front Immunol (2020) 11:583687. doi: 10.3389/fimmu.2020.583687

24. Beltrán, B, Mathur, A, Duchen, MR, Erusalimsky, JD, and Moncada, S. The Effect of Nitric Oxide on Cell Respiration: A Key to Understanding Its Role in Cell Survival or Death. Proc Natl Acad Sci USA (2000) 97(26):14602–7. doi: 10.1073/pnas.97.26.14602

25. Chinopoulos, C, and Adam-Vizi, V. Mitochondria as ATP Consumers in Cellular Pathology. Biochim Biophys Acta (2010) 1802(1):221–7. doi: 10.1016/j.bbadis.2009.08.008

26. Malandrino, MI, Fucho, R, Weber, M, Calderon-Dominguez, M, Mir, JF, Valcarcel, L, et al. Enhanced Fatty Acid Oxidation in Adipocytes and Macrophages Reduces Lipid-Induced Triglyceride Accumulation and Inflammation. Am J Physiol Endocrinol Metab (2015) 308(9):E756–769. doi: 10.1152/ajpendo.00362.2014

27. Huang, SC, 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

28. Van Den Bossche, J, O’neill, LA, and Menon, D. Macrophage Immunometabolism: Where Are We (Going)? Trends Immunol (2017) 38(6):395–406. doi: 10.1016/j.it.2017.03.001

29. Rosa Neto, JC, Calder, PC, Curi, R, Newsholme, P, Sethi, JK, and Silveira, LS. The Immunometabolic Roles of Various Fatty Acids in Macrophages and Lymphocytes. Int J Mol Sci (2021) 22(16):8460. doi: 10.3390/ijms22168460

30. Johnson, AR, Qin, Y, Cozzo, AJ, Freemerman, AJ, Huang, MJ, Zhao, L, et al. Metabolic Reprogramming Through Fatty Acid Transport Protein 1 (FATP1) Regulates Macrophage Inflammatory Potential and Adipose Inflammation. Mol Metab (2016) 5(7):506–26. doi: 10.1016/j.molmet.2016.04.005

31. Freemerman, AJ, Johnson, AR, Sacks, GN, Milner, JJ, Kirk, EL, Troester, MA, et al. Metabolic Reprogramming of Macrophages: Glucose Transporter 1 (GLUT1)-Mediated Glucose Metabolism Drives a Proinflammatory Phenotype. J Biol Chem (2014) 289(11):7884–96. doi: 10.1074/jbc.M113.522037

32. Wang, T, Liu, H, Lian, G, Zhang, SY, Wang, X, and Jiang, C. Hif1α-Induced Glycolysis Metabolism Is Essential to the Activation of Inflammatory Macrophages. Mediators Inflammation (2017) 2017:9029327. doi: 10.1155/2017/9029327

33. 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

34. Bae, S, Park, PSU, Lee, Y, Mun, SH, Giannopoulou, E, Fujii, T, et al. MYC-Mediated Early Glycolysis Negatively Regulates Proinflammatory Responses by Controlling IRF4 in Inflammatory Macrophages. Cell Rep (2021) 35(11):109264. doi: 10.1016/j.celrep.2021.109264

35. Genard, G, Lucas, S, and Michiels, C. Reprogramming of Tumor-Associated Macrophages With Anticancer Therapies: Radiotherapy Versus Chemo- and Immunotherapies. Front Immunol (2017) 8:828. doi: 10.3389/fimmu.2017.00828

36. 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

37. Odegaard, JI, Ricardo-Gonzalez, RR, Goforth, MH, Morel, CR, Subramanian, V, Mukundan, L, et al. Macrophage-Specific PPARgamma Controls Alternative Activation and Improves Insulin Resistance. Nature (2007) 447(7148):1116–20. doi: 10.1038/nature05894

38. Mehla, K, and Singh, PK. Metabolic Regulation of Macrophage Polarization in Cancer. Trends Cancer (2019) 5(12):822–34. doi: 10.1016/j.trecan.2019.10.007

39. Murray, PJ, and Wynn, TA. Protective and Pathogenic Functions of Macrophage Subsets. Nat Rev Immunol (2011) 11(11):723–37. doi: 10.1038/nri3073

40. Kang, S, and Kumanogoh, A. The Spectrum of Macrophage Activation by Immunometabolism. Int Immunol (2020) 32(7):467–73. doi: 10.1093/intimm/dxaa017

41. 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

42. Serhan, CN, Dalli, J, Colas, RA, Winkler, JW, and Chiang, N. Protectins and Maresins: New Pro-Resolving Families of Mediators in Acute Inflammation and Resolution Bioactive Metabolome. Biochim Biophys Acta (2015) 1851(4):397–413. doi: 10.1016/j.bbalip.2014.08.006

43. Serhan, CN, and Levy, BD. Resolvins in Inflammation: Emergence of the Pro-Resolving Superfamily of Mediators. J Clin Invest (2018) 128(7):2657–69. doi: 10.1172/JCI97943

44. Chiang, N, and Serhan, CN. Structural Elucidation and Physiologic Functions of Specialized Pro-Resolving Mediators and Their Receptors. Mol Aspects Med (2017) 58:114–29. doi: 10.1016/j.mam.2017.03.005

45. Serhan, CN. Pro-Resolving Lipid Mediators are Leads for Resolution Physiology. Nature (2014) 510(7503):92–101. doi: 10.1038/nature13479

46. Zhang, Z, Tang, J, Cui, X, Qin, B, Zhang, J, Zhang, L, et al. New Insights and Novel Therapeutic Potentials for Macrophages in Myocardial Infarction. Inflammation (2021) 44(5):1696–712. doi: 10.1007/s10753-021-01467-2

47. Litviňuková, M, Talavera-López, C, Maatz, H, Reichart, D, Worth, CL, Lindberg, EL, et al. Cells of the Adult Human Heart. Nature (2020) 588(7838):466–72. doi: 10.1038/s41586-020-2797-4

48. Lu, W, Wang, Q, Sun, X, He, H, Wang, Q, Wu, Y, et al. Qishen Granule Improved Cardiac Remodeling via Balancing M1 and M2 Macrophages. Front Pharmacol (2019) 10:1399. doi: 10.3389/fphar.2019.01399

49. Gong, T, Liu, L, Jiang, W, and Zhou, R. DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat Rev Immunol (2020) 20(2):95–112. doi: 10.1038/s41577-019-0215-7

50. Yap, J, Cabrera-Fuentes, HA, Irei, J, Hausenloy, DJ, and Boisvert, WA. Role of Macrophages in Cardioprotection. Int J Mol Sci (2019) 20(10):2474. doi: 10.3390/ijms20102474

51. Halade, GV, Norris, PC, Kain, V, Serhan, CN, and Ingle, KA. Splenic Leukocytes Define the Resolution of Inflammation in Heart Failure. Sci Signal (2018) 11(520):1–18. doi: 10.1126/scisignal.aao1818

52. Gibb, AA, and Hill, BG. Metabolic Coordination of Physiological and Pathological Cardiac Remodeling. Circ Res (2018) 123(1):107–28. doi: 10.1161/CIRCRESAHA.118.312017

53. 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):2044–2052.e2045. doi: 10.1016/j.celrep.2018.10.092

54. Mishra, PK, Ying, W, Nandi, SS, Bandyopadhyay, GK, Patel, KK, and Mahata, SK. Diabetic Cardiomyopathy: An Immunometabolic Perspective. Front Endocrinol (Lausanne) (2017) 8:72. doi: 10.3389/fendo.2017.00072

55. Watanabe, R, Hilhorst, M, Zhang, H, Zeisbrich, M, Berry, GJ, Wallis, BB, et al. Glucose Metabolism Controls Disease-Specific Signatures of Macrophage Effector Functions. JCI Insight (2018) 3(20):e123047. doi: 10.1172/jci.insight.123047

56. Zeng, Z, Wang, Q, Yang, X, Ren, Y, Jiao, S, Zhu, Q, et al. Qishen Granule Attenuates Cardiac Fibrosis by Regulating TGF-β /Smad3 and GSK-3β Pathway. Phytomedicine (2019) 62:152949. doi: 10.1016/j.phymed.2019.152949

57. Mouton, AJ, Li, X, Hall, ME, and Hall, JE. Obesity, Hypertension, and Cardiac Dysfunction: Novel Roles of Immunometabolism in Macrophage Activation and Inflammation. Circ Res (2020) 126(6):789–806. doi: 10.1161/CIRCRESAHA.119.312321

58. Roberti, A, Chaffey, LE, and Greaves, DR. NF-κb Signaling and Inflammation-Drug Repurposing to Treat Inflammatory Disorders? Biol (Basel) (2022) 11(3):372. doi: 10.3390/biology11030372

59. Lu, X, Yao, J, Li, C, Cui, L, Liu, Y, Liu, X, et al. Shexiang Tongxin Dropping Pills Promote Macrophage Polarization-Induced Angiogenesis Against Coronary Microvascular Dysfunction via PI3K/Akt/mTORC1 Pathway. Front Pharmacol (2022) 13:840521. doi: 10.3389/fphar.2022.840521

60. Liao, X, Shen, Y, Zhang, R, Sugi, K, Vasudevan, NT, Alaiti, MA, et al. Distinct Roles of Resident and Nonresident Macrophages in Nonischemic Cardiomyopathy. Proc Natl Acad Sci USA (2018) 115(20):E4661–e4669. doi: 10.1073/pnas.1720065115

61. Li, Y, Li, X, Chen, X, Sun, X, Liu, X, Wang, G, et al. Qishen Granule (QSG) Inhibits Monocytes Released From the Spleen and Protect Myocardial Function via the TLR4-MyD88-NF-κb P65 Pathway in Heart Failure Mice. Front Pharmacol (2022) 13:850187. doi: 10.3389/fphar.2022.850187




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.


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 © 2022 Sun, Li, Deng, Hu, Dong, Wang, Wang and Li. 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/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.934040_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Macrophage Polarization, Metabolic
Reprogramming, and Inflammatory
Effects in Ischemic Heart Disease





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Macrophage Polarization, Metabolic Reprogramming, and Inflammatory Effects in Ischemic Heart Disease

      

        		

          Introduction

        



        		

          Metabolism of Unactivated Macrophages

        



        		

          Differences in Macrophage Phenotypes Associated With Metabolic Reprogramming

        



        		

          Differences in Metabolic Reprogramming Macrophages

        



        		

          Macrophage Metabolic Reprogramming-Mediated Regulation of Inflammatory Function

        



        		

          Therapeutic Potential of Targeted Macrophage Metabolic Reprogramming in The Regulation of Inflammation in Ischemic Heart Disease

        



        		

          Concluding Remarks

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-934040-g001.jpg
M1 / Pro-inflammation M2 / Resolution

Citrate 1/

IDH ¥ P
§ ( ) 4=+ OXPI i l






