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ABSTRACT 

Macrophages play an essential role not only in mediating the first line of defense but also in 

maintaining tissue homeostasis. In response to extrinsic factors derived from a given tissue, 

macrophages activate different functional programs to produce polarized macrophage 

populations responsible for inducing inflammation against microbes, removing cellular 

debris, and tissue repair. However, accumulating evidence has revealed that macrophage 

polarization is pivotal in the pathophysiology of metabolic syndromes and cancer, as well as 

in infectious and autoimmune diseases. Recent advances in transcriptomic and metabolomic 

studies have highlighted the link between metabolic rewiring of macrophages and their 

functional plasticity. These findings imply that metabolic adaption to their surrounding 

microenvironment instructs activation of macrophages with functionally distinct phenotypes, 

which in turn probably leads to the pathogenesis of a wide spectrum of diseases. In this 

review, we have introduced emerging concepts in immunometabolism with focus on the 

impact on functional activation of macrophages. Furthermore, we have discussed the 

implication of macrophage plasticity on the pathogenesis of metabolic syndromes and cancer, 

and how the disease microenvironment manipulates macrophage metabolism with regard to 

the pathophysiology. 
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INTRODUCTION 

Since the discovery of “phagocytes” in the larvae of starfish by a Russian zoologist, 

Metchnikoff, macrophages have been regarded as the key players in mediating the first line of 

defense. Study on macrophages as scavenger cells of the innate immune system was 

considerably progressed by a cell biologist, Zanvil Cohn who observed that macrophages 

engulf and digest invading microbes, as well as toxins and dead cells (1). Beyond phagocytosis, 

Cohn and his colleagues stated other vital function that macrophages are not just eaters but they 

also secrete a wide spectrum of bioactive substances into their surrounding environment, 

thereby affecting the activity of other cells (2). This provision was supported by the discovery 

of pattern recognition receptors such as Toll-like receptors (TLRs) by Beutler, Akira, and 

others: TLRs sense microbial and other defined ligands in response to infection and elicit a 

response pathway to alter gene expression and cytokine production (3-5). This link between 

microbial recognition and programming of activated macrophages culminates in shaping an 

immune microenvironment to collaborate with other innate and adaptive immune populations.  

 

Apart from sentinel and proinflammatory functions, macrophages play a role in aseptic 

conditions. Tissue-resident macrophages are highly adapted to their tissue-specific purpose in 

order to maintain tissue homeostasis: microglia removes apoptotic neurons to support the 

neuronal network (6), and osteoclasts are essential for the continuous bone resorption process 

(7). Lung alveolar macrophages are responsible for the uptake of surfactant and removal of 

particles from the alveoli (8), and Kupffer cells are important for the uptake of dying red blood 

cells from the circulation and iron recycling (9). Macrophages also perform a trophic function 

in wound healing and muscle regeneration. After removal of damaged tissues, macrophages 

produce a number of soluble factors followed by extracellular matrix remodeling, angiogenesis, 

and tissue growth (10-13). This functional diversity and tissue specialization reflect FO
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“heterogeneity” in the macrophage compartment, and raises the question on the generation of 

functionally distinct macrophage populations. Recent advance in animal models and lineage 

tracing techniques have provided an explanation on the ontogeny of macrophage populations. 

For example, microglia in the adult brains is reported to arise predominantly from Yolk sac 

progenitors (14), and Kupffer cells and alveolar macrophages are populated from fetal liver 

progenitors (15-17). While tissue-resident macrophages are maintained independently of bone 

marrow (BM) hematopoiesis, adoptively transferred BM progenitors or monocytes could 

replenish tissue macrophage populations in response to injury such as irradiation (18, 19). 

Nonetheless, it remains unanswered what decides the fate of macrophages and how they are 

functionally adapted to the tissue community where they reside.  

 

The demand for activation of immune cells in response to cytokine milieu in infected or 

damaged tissues is widely appreciated, but emerging evidence indicates that metabolic demand 

also contributes to the functional commitment of leukocytes. For example, limited glucose 

availability due to the competition with tumor cells attenuates Interferon- (IFN-) production 

in tumor-infiltrating T cells (20), while hypoxia and the resulting HIF-1 induction leads to 

increased IL-10 production by upregulation of Treg cells (21, 22). Importantly, advances in the 

field of immunometabolism have established the concept that metabolic regulation shapes T 

cell responses, and activation of naïve T cells is wired with metabolic reprogramming to 

generate functionally distinct effector T cell subsets or memory cells (23). This implies that 

immune cells are inherently capable of metabolically adapting to a given tissue 

microenvironment to become engaged in the immune response. With regards to T cells, 

immunometabolism of macrophages is receiving considerable attention, in view of its 

implication in activation and function of macrophages in a given tissue microenvironment. In 

this review, we have provided a general but comprehensive overview of metabolic regulation FO
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in shaping the identity of macrophages with regards to the functional activation. Also, we have 

discussed recent studies on the interplay between multiple aspects of macrophage polarization 

in relation to several disease conditions. 

 

Functional diversity of macrophages 

Macrophages are present in all the tissues and exhibit a wide range of functional diversity, and 

their heterogeneity is closely involved in health and diseases. “Activation” of macrophages was 

proposed by Mackaness who observed the enhanced antibacterial activity of phagocytes against 

Listeria in response to secondary infection (24). This classically activated (“M1”) macrophages 

can be induced in a culture dish by treating monocytes with lipopolysaccharide (LPS) or IFN-

γ, and are characterized by secretion of proinflammatory cytokines including tumor necrosis 

factor-alpha (TNF-α), Interleukin-1β (IL-1β), IL-6, IL-12, and IL-18 (25) (Figure 1). These 

cytokines facilitate type 1 T cell response of antigen-activated T cells, and as a result, support 

immune responses against intracellular pathogens and neoplastic growth. M1 macrophages 

also enhance antimicrobial activity by upregulation of superoxide burst (ROS), generation of 

reactive nitrogen intermediates (NO), and increased production of antimicrobial peptides (26).  

 

In the late 1990s, it was found that IL-4 upregulated the mannose receptor and reduced 

proinflammatory cytokines in human and mouse macrophages, which was apparently different 

from those activated with LPS or IFN- (27). This alternatively activated (“M2”) macrophages 

produce anti-inflammatory substances such as IL-10, TGF-β, IL-1RA, and glucocorticoid, and 

are linked to the process of resolving inflammation and maintaining the immune tolerance 

(Figure 1) (28). M2 macrophages are frequently associated with the generation of vascular 

endothelial growth factor (VEGF), epidermal growth factor (EGF), and platelet-derived growth 

and factor (PDGF), which contribute to the trophic function in the damaged tissues (29). FO
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Another important feature of M2 macrophages is a distinct arginine metabolism; induction of 

nitric oxide synthase 2 (NOS2) in M1 macrophages metabolizes arginine to produce NO and 

upregulation of arginase activity in M2 macrophages alternatively processes arginine into 

ornithine which is used to produce polyamines (30). Thus, the competition between NOS and 

arginase for the available arginine may provide a molecular rheostat in regulating macrophage 

polarization.  

 

The concept of classically (M1) and alternatively (M2) activated macrophages was originally 

proposed by Mills (31), which states that macrophages activated in mouse strains with Th1 

(e.g., C57BL/6) and Th2 (e.g., BALB/c) backgrounds differ qualitatively in their ability to 

influence inflammatory reactions. Although the M1 and M2 paradigm has been providing a 

useful guide for studying macrophage polarization and function, it is now considered as an 

oversimplification. The current knowledge of M1 and M2 concept is derived from extremely 

polarized macrophages generated in culture with a defined set of factors (32). This 

classification does not consider the source and tissue microenvironmental factors. Moreover, 

it does not fit into in vivo situation because macrophages in tissues exist as a “spectrum” of 

macrophage populations according to the magnitudes of its functional properties (33). 

Although further grouping and nomenclature of macrophage populations based on stimuli and 

gene expression profiles were recently suggested by Mantovani and others (34, 35), they still 

have a limitation.  

  

Immunometabolism of macrophages 

A growing body of evidence emphasizes the importance of metabolism in fate decision of 

immune populations. When placed under a stress condition, cells should adjust to catabolic and 

anabolic activities to meet the energy demand and support the production of biomolecules FO
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necessary for their growth and function. Metabolic shifts during T cell activation and 

differentiation have been well studied. Antigen-experienced T cells promote aerobic glycolysis, 

fatty acid synthesis, and amino acid metabolism to support their clonal expansion and cytokine 

production (36, 37). On the other hand, naïve and memory T cells predominantly utilize lipid 

oxidation and oxidative phosphorylation to survive in a quiescent state (38). However, it is still 

unclear how metabolic divergence supports the differentiation of T cells into their different 

functional effector subsets (e.g., Th1, Th2, and Th17 CD4 T cells), although several reports 

suggest that metabolic programming of helper T cells depends on the microenvironment in 

their anatomical location (39). Immunometabolism of macrophages is also a growing field in 

immunology, especially in the context of its impact on functional activation of macrophages: 

 

Classically activated (M1) macrophages  

Integrated transcriptomic and metabolomic analyses indicate that IFN- and LPS rapidly 

induce activation of the glycolytic pathway in macrophages (Figure 2). The increased 

glycolytic activity is largely dependent on the stabilization of HIF-1, a transcription factor 

responsible for the expression of hexokinase (HK) 1, HK2, glucose transporter (GLUT) 1, 

GLUT3, lactate dehydrogenase A, and pyruvate kinase M2 (40). For example, overexpression 

of GLUT-1 in RAW 264.7 cells confer an inflammatory phenotype as shown by increased 

expression of proinflammatory cytokines such as G-CSF and TNF-, and production of ROS 

(41). Similarly, an abnormal increase in the uptake and utilization of glucose induces excessive 

and prolonged secretion of IL-6 and IL-1β, resulting in chronic inflammatory conditions such 

as atherosclerotic artery disease (42). Conversely, in the study conducted by Semba et al., 

inhibition of glucose metabolism by a chemical inhibitor of pyruvate dehydrogenase kinase 

suppressed the expression of inflammatory cytokine such as IL-1β in a sepsis model, and 

impaired migration of macrophages into the hypoxic tumor microenvironment in mice 
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transplanted with a lung carcinoma cell line (43). These data suggest that metabolic adaptation 

to glucose availability in a given tissue is important for the polarization of macrophages into 

an inflammatory phenotype. 

 

As for the Warburg effect, truncated TCA cycle and mitochondrial dysfunction were generally 

considered as a metabolic feature of M1 macrophages (44). While the TCA cycle is a major 

metabolic pathway and highly efficient to generate ATP in most of the quiescent cells, it also 

provides intermediates necessary for biosynthetic reactions in actively proliferating tumor cells. 

Likewise, the TCA cycle in M1 macrophages is typically broken in the two reactions catalyzed 

by isocitrate dehydrogenase and succinate dehydrogenase, leading to the accumulation of 

citrate and succinate (Figure 2) (45).  The accumulated citrate can be utilized for the production 

of fatty acid, which is essential for membrane biogenesis and granule formation (46). 

Excessively produced citrate is also involved directly or indirectly in the generation of 

inflammatory effector molecules such as NO and prostaglandin (47). The resulting production 

of NO is reported to negatively modulate mitochondrial activity by disrupting electron 

transport chain in macrophages and dendritic cells (48, 49). Itaconic acid converted from citrate 

by the enzyme immunoresponsive gene 1 (IRG1), has an antimicrobial effect on Salmonella 

enterica and Mycobacterium tuberculosis through the inhibition of the glyoxylate shunt which 

is essential for the growth of some fungi and bacteria (50). Moreover, itaconate can inhibit 

succinate dehydrogenase, which is responsible for the increase in succinate level (51, 52). 

Succinate is another metabolite accumulated from the broken TCA cycle and associated with 

the proinflammatory function of M1 macrophages. Tannahill et al. have shown that increased 

level of succinate in LPS-treated macrophages enhanced IL-1β production by stabilizing HIF-

1 (53).  
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The primary outcomes of the pentose phosphate pathway (PPP) include conversion of 

glycolytic intermediates to precursors of nucleotides and amino acids, and generation of 

reducing power in the form of NADPH, which is required for reductive anabolism (54). 

NADPH is actively utilized by activating macrophages for lipid biosynthesis to support the ER 

and cytokine secretion (55). It is also required for other inflammatory functions of macrophages. 

For example, inflammatory macrophages use NADPH as a reducing agent in the production of 

ROS and NO by NADPH oxidase and iNOS enzyme, respectively (56). The importance of PPP 

in M1 macrophages is highlighted in the work conducted by Haschemi et al. (57). The 

researchers stated that LPS-induced activation of macrophages is characterized by increased 

glycolytic and PPP flux, which is balanced by sedoheptulose kinase and carbohydrate kinase-

like protein (CARKL). Overexpression of CARKL in RAW264.7 cells limited PPP flux and 

resulted in substantially impaired inflammatory responses, while CARKL loss was sufficient 

to amplify M1 polarization. A recent study by Baardman J et al. further supports the obligation 

of PPP in M1 macrophages, by revealing that suppression of PPP in macrophages attenuated 

LPS-induction of oxidative stress responses and inflammatory cytokines in a 

hypercholesterolemic mouse model (58). 

 

Mitochondrial oxidative phosphorylation (OXPHOS), coupled with TCA cycle, is slower but 

produces a greater amount of ATP through the electron transport chain (ETC). Even with the 

increased glycolytic rate, OXPHOS in M1 macrophages is largely impaired (Figure 2), which 

is in sharp contrast to the induction of OXPHOS in the M2 macrophages (59).  As described 

above, NO is not only an antimicrobial agent but also plays a role in the metabolic modulation 

of M1 macrophages. NO modifies ETC complex I with S-nitrosylation and inhibits 

mitochondrial respiration (60). Intriguingly, Van den Bossche et al. recently showed that 

inhibition of iNOS using a chemical inhibitor or genetic ablation markedly improved FO
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mitochondrial function in M1 macrophages, which promoted IL-4-induced repolarization of 

M1 into M2 (49) . On the contrary, macrophages lacking PPAR, an orphan nuclear receptor 

regulating mitochondrial function attenuated respiration rate and produced elevated levels of 

TNF- even in the absence of inflammatory stimuli (61). These results imply that a metabolic 

shift towards glycolysis and OXPHOS instruct differentiation of macrophages into different 

functional subsets.  

 

While mitochondrial fatty acid oxidation (FAO) and OXPHOS are essential for maintaining 

quiescent “resting” cells such as naïve T cells, lipid biosynthesis is a prerequisite for 

proinflammatory responses of macrophages. Lipogenesis is predominantly regulated by the 

sterol regulatory element binding proteins (SREBPs) which are key transcription factors 

responsible for the biosynthesis of fatty acids and cholesterol (62, 63). SREBP1 activity in 

macrophages can be induced by LPS and inflammatory cytokines, leading to the production of 

mature IL-1 and IL-18 by supporting NLRP3 inflammasome. Conversely, SREBP1c-

deficient macrophages mice produce less IL-1 in response to LPS, which confers resistance 

to LPS-induced septic shock in mice (64). In addition, foam cells, a hallmark of atherosclerotic 

lesions, accumulate triglycerides and cholesterol esters by increasing de novo synthesis of fatty 

acids, resulting in the pathogenesis of chronic inflammatory diseases by secreting 

proinflammatory cytokines and chemokines (65). As commented above, glycolysis-derived 

glycerol, PPP-derived NADPH, and an excess amount of citrate due to the broken TCA cycle 

in M1 macrophages are utilized for lipid biosynthesis and lead to an intensification of the 

metabolic programming responsible for proinflammatory responses. 

 

Alternatively activated (M2) macrophages FO
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The key metabolic signature of alternatively activated macrophages is the consumption of fatty 

acid and increase in the mitochondrial respiratory capacity, while M1 macrophages 

preferentially derive ATP from glycolysis (Figure 2). In 2006, Vats and colleagues found that 

IL-4 potently enhanced fatty acid uptake and induced the genetic program for oxidative 

metabolism in macrophages (66).  The researchers suggested that IL-4 induction of genes 

involved in FAO and mitochondrial biogenesis are mediated by signal transducer and activator 

of transcription 6 (STAT6), and PPAR-coactivator-1 (PGC-1) in a feedforward fashion. 

Later, the importance of lipolysis in M2 macrophages was emphasized by revisiting the roles 

of the lysosomal acid lipase (LAL) and scavenger receptor CD36 (67). IL-4 treatment induced 

lipolysis of triacylglycerols in macrophages as shown by increased extracellular glycerol and 

ablation of genes encoding LAL led to substantial attenuation of the expression of M2 markers 

CD206 (mannose receptor), CD301 (C-type lectin) and programmed cell death 1 ligand 2 (PD-

L2). Furthermore, they revealed that CD36 serves a role in the increased fatty acid oxidation 

in M2 macrophages by facilitating the uptake of triacylglycerols. The lipid metabolism 

mediated by LAL and CD36 was closely associated with functional responses of M2 

macrophages to helminthic infection. Etomoxir, a chemical inhibitor of the mitochondrial 

enzyme carnitine palmitoyltransferase 1 (CTP-1), has been broadly used to block fatty acid 

oxidation and was reported to be effective in suppression of IL-4-induced activation of M2 

macrophages. In line with this result, enforced expression of constitutively-active CTP-1 in 

RAW264.7 cells blunted induction of proinflammatory cytokines and ROS damage in 

RAW264.7 cells incubated with palmitate (68).  

 

On the contrary, recent studies argue the requirement for fatty acid oxidation in M2 

macrophages. Macrophage-specific deletion of CTP-2 did not affect the expression of CD206, 

CD301, and arginase 1 in IL-4-activated macrophages, although the macrophages lacked the FO
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capacity for FAO (69). Further works have provided evidence that human macrophages may 

not depend on fatty acid oxidation as etomoxir did not inhibit M2 polarization of human 

monocyte-derived macrophages in contrast to mouse bone marrow-derived macrophages (70). 

Indeed, IL-4 treatment induced only moderate changes in mitochondrial metabolism and FAO, 

without marked shifting of glycolysis towards OXPHOS in human macrophages.  Therefore, 

the impact of fatty acid utilization in the polarization and function of M2 macrophages remains 

a debatable topic.  

 

Initially, it was believed that alternatively activated macrophages rely solely on fatty acid 

oxidation and are independent of glucose metabolism processed by glycolysis (Figure 2). 

However, recent studies have claimed that glycolysis is also critical for the polarization of M2 

macrophages. Pretreatment of mouse BMDM with 2-deoxyglucose diminished IL-4-induced 

expression of M2 markers including PD-L2 and RELM, even in the presence of TGs and fatty 

acids (71). Further,  metabolomic analysis revealed that IL-4 upregulated glycolysis, glycolytic 

shunts in macrophages, and the altered metabolic flux are mediated by Akt-mTOR signaling 

(72). Thus, inhibition of glucose uptake using 2-deoxyglucose and Akt inhibitor could suppress 

the IL-4-induced expression of M2 marker genes without affecting -oxidation rate. However, 

Wang and colleagues showed that depletion of glucose or substitution of glucose with galactose 

had no effect on IL-4-induced polarization of M2 macrophages (73). In contrast to treatment 

with 2-deoxyglucose, glucose depletion or substitution with galactose did not impair OXPHOS 

while suppression of glycolysis was observed, as OXPHOS was connected normally with the 

TCA cycle being powered by glutamine in the experimental setting. Hence, it is likely that M2 

macrophages seem to flexibly adapt to their bioenergetics programs, which depends on nutrient 

availability.  
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Glutamine is a versatile amino acid and glutamine metabolism is critical for many cellular 

functions. For example, glutamate that is generated by glutaminase is preferentially used as an 

anaplerotic precursor to maintain the TCA cycling in the highly proliferative cancer cells (74).  

Glutamine can also be utilized for the biosynthesis of amino acids and nucleotides by 

participating in nitrogen-donating reactions, and acetyl-CoA production via reductive 

carboxylation of 2-ketoglutarate. Glutamine depletion in human and mouse macrophage 

culture affects the production of inflammatory cytokines such as TNF- and IL-8, in parallel 

with attenuated oxygen consumption rate (75). Glutamine metabolism is also associated with 

NO production, as arginine is catalyzed by iNOS to generate NO and intracellular arginine is 

supplied mainly by conversion of glutamine (76). Interestingly, Palmieri et al. provided 

evidence that glutamine synthetase (GS) is upregulated in the alternatively activated 

macrophages, and that it modulates macrophage polarization towards M2 phenotype (77). 

Indeed, chemical inhibition of GS and genetic depletion of GS blocked IL-10-induced 

expression of M2 markers such as CD206, while promoted induction of proinflammatory 

mediators including TNF- and iNOS through the stabilization of HIF-1. This data indicates 

that conversion of glutamate to glutamine is relevant for the immunomodulatory function of 

M2 macrophages, reinforcing the impact of glutamine metabolism on the polarization of 

macrophages.  

 

Arginine metabolism is a key modulator in the regulation of innate and adaptive immune 

responses. In macrophages, iNOS is transcriptionally upregulated upon LPS or IFN- 

stimulation, and metabolizes arginine to generate NO, which is associated with M1 phenotype 

(78). On the other hand, arginine can be alternatively metabolized by arginase to generate 

ornithine and urea. Ornithine is utilized for the production of polyamine and proline which are 

essential for cell growth and collagen synthesis (30). Thus, arginine catabolism mediated by 
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arginase 1 contributes towards wound healing process and trophic function of macrophages. 

iNOS and arginase compete for the available intracellular arginine, thus proving that relative 

expression of iNOS and arginase 1 is pivotal for distinct functional activation of macrophages 

via the production of different metabolites. 

 

Metabolic diseases and macrophages 

Functional activation of macrophages is important for the maintenance of tissue homeostasis 

and dealing with pathologic conditions such as infection and neoplastic growth. In the early 

phase of infection caused by pathogenic bacteria and fungus, macrophages with M1-like 

phenotype are predominantly activated, and then M2-like macrophages repopulate in the 

infected area (79), supporting the protective mechanism to counteract overwhelming 

inflammation. During the progression of many cancers, chronic non-resolving inflammation in 

tumor microenvironment coaxes macrophages to repopulate with M2-like phenotypes, which 

exert a role in tumorigenesis (80). These imply that the surrounding microenvironment instructs 

activation of macrophages with functionally distinct phenotypes, which in turn probably leads 

to pathology. Further, we will discuss the implication of macrophage plasticity on the 

pathogenesis of metabolic syndromes such as obesity and atherosclerosis, and cancer with 

regard to metabolic regulation of macrophages. 

 

Obesity 

It has been becoming evident that inflammation within adipose tissue is strongly associated 

with the pathogenesis of metabolic syndromes. For example, TNF- is overexpressed in 

adipose tissue of obese humans and mice, and inhibition of TNF- results was reported to 

improve insulin sensitivity and glucose tolerance in a mouse model (81, 82). Anti-TNF- 

treatment of rheumatoid arthritis was reported to have a secondary effect on insulin sensitivity 
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although it was uncertain whether TNF- neutralization alone is beneficial for obesity (83). 

Adipose tissues contain innate immune cells including macrophages that contribute towards 

the maintenance of tissue homeostasis via their immunomodulatory functions in lean 

individuals (84). On the other hand, in obese tissues, increased numbers and size of adipocytes, 

and higher levels of free fatty acid and hypoxia within the adipose tissues lead to recruitment 

and activation of some immune cell subsets, eventually causing chronic inflammation and 

metabolic disorders such as insulin resistance and type 2 diabetes (85). Thus, changes in 

adipose tissue microenvironment during the progression of obesity seems to exploit the 

quantity and quality of inflammatory responses.  

 

Macrophages in adipose tissue consists of two major populations, tissue-resistant and bone 

marrow-derived “recruited” macrophages. Comparison of the number of macrophages within 

the visceral adipose tissues of lean and obese mice revealed a dramatic increase in the number 

of macrophages  (40~50% of adipose tissue) in severe obesity mainly due to the recruitment of 

monocytes and expansion of the recruited macrophages (86). Moreover, a translational study 

showed a correlation between drastic weight loss in obese individuals and a decrease in the 

number of macrophages in white adipose tissues, remaining macrophage subsets that produce 

IL-10 (87). Adipose tissue macrophages in obese individuals are predominantly with M1 

phenotype expressing TNF-, IL-1, and IL-6, which are involved in metabolic disorders. In 

obese tissues, increased levels of free fatty acid promote proinflammatory responses of 

macrophages, mediated by NLRP3 inflammasome pathway and via the proteolytic maturation 

of IL-1 and IL-18 (88). Elevated plasma levels of IL-1 and IL-1 receptor antagonist (IL-

1RA) are strongly associated with human obesity (89, 90), and blockade of IL-1 by the 

administration of IL-1RA in obese mice led to an improvement in glucose tolerance and 

hyperglycemia (91). Conversely, tissue-resident macrophages in lean tissues are largely 
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regarded to produce anti-inflammatory cytokines such as IL-10, which blunt inflammation 

responses (92). Roberto et al. reported that administration of M2-polarizing cytokine IL-4 to 

obese mice attenuated adipose tissue inflammation, reduced weight gain, and improved insulin 

sensitivity (93). They showed that IL-4-induced activation of STAT6 represses catabolic 

metabolism driven by PPAR, suggesting a link between metabolic respiration and 

inflammatory phenotype of macrophages. Similarly, CD14+ CD16- CD163+ macrophages in 

adipose tissues of lean individuals were found to be of M2 phenotypes and negatively 

correlated with body mass index (BMI); however, it remains unclear if the population is tissue-

resident or derived from monocytes (94). 

 

A recent transcriptome study combined with extracellular flux analysis provided insight on the 

metabolic signature of macrophages in obesity (95). Adipose tissue macrophages in obese mice 

are characterized by increased activation of both glycolysis and OXPHOS, which is distinct 

from LPS-induced M1 macrophages but resembles human visceral adipose macrophages of 

obese individuals with type 2 diabetes. Based on the use of chemical inhibitors, interfering with 

the metabolic routes, it was demonstrated that glycolysis is predominantly involved in the 

secretion of proinflammatory cytokines such as IL-6 in obese tissue, thus raising a possibility 

that activation of OXPHOS in obesity might not be responsible for the inflammatory phenotype. 

Despite the importance of prevention of lipotoxicity, the removal of extracellular lipid and 

uptake of free fatty acids contribute to the inflammatory responses of macrophages (96). Lipid-

laden macrophages accumulate as adiposity increases and promote M1-like activation (97), 

whereas omega-3 polyunsaturated fatty acid exerts an anti-inflammatory effect by antagonizing 

TLR4 signaling (98). Intriguingly, Xu et al. proposed that lipid accumulation in adipose tissue 

macrophages induces lysosome biogenesis and enhances lipid catabolism, independently from 

activation of inflammatory responses (99). Apparently, adipose tissue macrophages undergo FO
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lipid catabolism during the progression of obesity, and a failure to adapt to the sustained 

metabolic stress likely leads to inflammation and adipocyte dysfunction. 

 

Adipocyte-derived hormones such as leptin and adiponectin are implicated in inflammation 

and macrophage plasticity. Leptin has been extensively studied because of its essential role in 

energy metabolism. In addition to the neuroendocrine effect, leptin was shown to modulate 

immunity as both leptin- and leptin receptor-deficient mice are not only obese but also have 

altered immune phenotypes including thymic atrophy and impaired T cell responses (100). 

Moreover, administration of leptin reversed the immunosuppressive effect induced by 

starvation, suggesting leptin as a proinflammatory factor. Monocytes and macrophages also 

express leptin receptor (OB-R) and in response to leptin, proliferate and produce 

proinflammatory molecules such as TNF-, IL-6, and CXCL10 (101). Thus, beyond a fasting 

signal, leptin mediates local and systemic inflammation which contributes to metabolic 

syndrome-associated pathology. Adiponectin regulates a number of metabolic processes 

including glucose uptake and fatty acid oxidation, and decreased adiponectin secretion is 

associated with hypertension and type 2 diabetes (102). Unlike leptin, adiponectin was reported 

to suppress NF-B-dependent expression of proinflammatory cytokines (103) and promote 

macrophage polarization towards M2-like phenotype possibly through the regulation of AMPK 

and PPAR (104). However, other studies argue that adiponectin augments expression of 

proinflammatory cytokines including TNF-, IL-6, and IL-12 without affecting M2 

polarization of macrophages (105). Whether adiponectin is proinflammatory or anti-

inflammatory in macrophages remains to be determined.   

 

Atherosclerosis FO
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Atherosclerosis can be initiated by cholesterol deposition but the progression requires 

activation of myeloid cells and chronic inflammation. Atherosclerotic lesion recruits 

circulating monocytes into an atherosclerotic lesion of the artery wall, where they differentiate 

into macrophages, remove lipoproteins and cell debris and finally transform into cholesterol-

rich foam cells (106). The atherosclerotic milieu is rich in cholesterol crystals, oxidized lipids 

and DAMP ligands released by dead cells, which shapes distinct microenvironment for 

macrophages in the plaque. Increased glucose metabolism is apparent in human and mouse 

atherosclerosis (107). In particular, elevated glucose uptake increased expression of GLUT-1 

and PKM2, and accumulated lactate production contribute to the inflammatory phenotype of 

macrophages (108). Bone marrow transplantation experiments using ApoE-deficient mice 

demonstrated that Glut1 deficiency in monocyte/macrophages reduced glycolytic flux and 

delayed the progression of atherosclerosis (109).  Effect of the metabolic alterations in 

atherosclerotic plaque on human macrophages was well defined by Shirai and colleagues (42). 

In response to LPS and IFN-, monocytes isolated from atherosclerotic patients produced more 

IL-6, IL-1, and ROS compared to healthy individuals, and this hyperinflammatory phenotype 

was dependent on glycolytic flux, proposing the concept of “monocyte priming” in relation to 

cellular metabolism. 

 

Marked upregulation of glucose metabolism in atherosclerosis raised a question that to what 

extent glucose-rich condition such as diabetes affects the inflammatory phenotype of 

macrophages. Both type 1 and type 2 diabetes mellitus are independent risk factors for 

atherosclerosis, but hyperglycemia associated with diabetes strongly predisposes to 

atherosclerosis (110). Hyperglycemia and increased glucose availability contribute to enhanced 

glucose metabolism and inflammatory activation of macrophages. Type 1 diabetes-associated 

hyperglycemia promotes myelopoiesis and impairs the resolution of atherosclerotic plaques FO
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(111). Conversely, treatment of hyperglycemia was shown to reduce monocyte recruitment into 

the plaques and ameliorate atherosclerosis in a mouse model (112). Intriguingly, Nishizawa et 

al. reported that overexpression of GLUT1 in macrophages upregulated glycolysis and PPP, 

but did not aggravate atherosclerosis in LDL receptor (Ldlr)-deficient mice (113). Along with 

the effect of GLUT1 depletion (109), these results imply that increased glycolysis is necessary 

but not sufficient for inflammatory activation of macrophages in atherosclerosis.  

 

Oxidative stress and mitochondrial dysfunction are involved in inflammatory responses, 

thereby promoting atherosclerosis. By clearing the accumulated oxidized LDL and 

phospholipid in atherosclerotic plaques, macrophages generate an excessive amount of ROS 

through the mitochondrial oxidative metabolism and cause mitochondrial damage (114). 

Subsequently, mitochondrial dysfunction blocks OXPHOS, resulting in attenuated activation 

of M2-like macrophages. Suppression of oxidative stress by ectopic expression of catalase was 

shown to reduce aortic lesion in Ldlr KO mice, in parallel with decreased inflammatory 

macrophages (115). In support of this, other study reported that upregulating mitochondrial 

oxidative metabolism in the plaque macrophages by IL-13 administration mitigated 

atherosclerosis in Ldlr KO mice (116). The limited supply of oxygen in atherosclerotic lesion 

also contributes to inflammatory responses of macrophages. Under the hypoxic condition, 

macrophages suppress fatty acid oxidation and increase biosynthesis of lipids and cholesterol, 

which are subsequently accumulated in the form of cytosolic lipid droplets in macrophages 

(117). In advanced human atherosclerosis, hypoxia-induced expression of HIF-1 and VEGF 

was observed especially within the macrophage-rich region of the lesions (118), whereas HIF-

1 depletion in myeloid cells mitigated atherosclerosis in Ldlr KO mice (119). Therefore, 

bioenergetic of macrophage might be an efficient therapeutic target to treat atherosclerosis.  
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Cancer 

The macrophage is one of the most prominent populations in the tumor stroma, and abundance 

of tumor-associated macrophages (TAMs) was correlated with clinical outcomes in many 

cancers (120). During tumorigenesis, circulating monocytes are recruited at tumor sites by 

tumor-derived chemoattractants including CCL2 (MCP-1), CCL3 (MIP-1), CXCL12 (SDF-1), 

and CSF-1, and differentiate into TAMs (121). In addition to monocyte-derived macrophages, 

tissue-resident macrophages consist of TAMs, but it is still unclear whether these two 

populations have different roles in tumor growth. TAMs in mouse and human cancers largely 

expresses M2-like phenotypes that include arginase, IL-10, and PDGF-BB, which induces 

immunosuppression and fibrosis within the tumor microenvironment (122). Macrophage 

depletion studies have emphasized the pro-tumoral potential of TAMs. For example, genetic 

deletion of CSF-1 in a mammary carcinoma model delayed development of invasive metastatic 

carcinoma, while transgenic expression of CSF-1 accelerated pulmonary metastasis (123).  

Nonetheless, TAMs are heterogeneous with respect to their plasticity. In fact, the prevalence 

of macrophages with M1-like phenotypes expressing IL-12, TNF-, and iNOS has been 

reported to correlate with favorable clinical outcomes in many human cancers (124).  

 

Tumor cells evolutionally adapt metabolism to respond to high energy demand required for 

their growth and proliferation. The altered energy metabolism of cancer cells is called the 

“Warburg effect” and is characterized by preferential upregulation of glycolysis even in the 

aerobic condition (125). Since tumor cells and TAMs share nutrients and metabolites present 

in their microenvironment, their metabolisms inevitably affect each other. Extracellular 

accumulation of lactate from tumor cells is sufficient to upregulate the expression of arginase 

and VEGF in macrophages, which in turn suppresses antitumoral immune responses and 

induces angiogenesis (126). An in vitro study showed that human monocytes gained abilities FO
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to induce angiogenesis and epithelial-mesenchymal transition upon culturing with conditioned 

media from a pancreatic ductal adenocarcinoma cell line (127). Interestingly, the tumor-

conditioned macrophages exhibited elevated glycolytic features and inhibition of glycolytic 

activity using 2-deoxyglucose and hexokinase II inhibitor blunted the pro-metastatic phenotype. 

This study claimed that glycolytic metabolism is important for pro-tumoral M2-like phenotype 

of TAMs, which is in sharp contrast to the metabolic shift of M2 macrophages toward oxidative 

mitochondrial metabolism. On the other hand, Wenes et al. revealed a link between TAM 

metabolism and tumor vasculature in the hypoxic tumor microenvironment (128). The 

researchers observed increased expression of REDD1, a negative regulator of mTOR in TAMs 

within the hypoxic regions of several tumors and that genetic ablation of REDD1 in TAMs 

prevented abnormal angiogenesis and metastasis. Mechanistically, REDD1-deficient TAMs 

induced mTOR-dependent upregulation of glucose uptake and glycolysis, leading to 

outcompete endothelial cells for glucose. Further study is needed to determine whether 

upregulation of glucose metabolism via mTOR activation is sufficient to repolarize TAMs 

toward anti-tumoral M1-like phenotype.  

 

In addition to M2-like macrophages, TAMs are comprised of macrophages with M1-like 

phenotype. However, M1-like macrophages are reported to be limited to the normoxic region 

while M2-like TAMs are accumulated in the hypoxic region of the tumor (129). A recent study 

has revealed that exosomes released from hypoxic tumor region but not from normoxic region 

promote M2-like macrophage polarization (130). The finding that M1-like TAMs possessing 

anti-tumoral activity stay within the tumor has suggested a novel therapeutic approach to hijack 

TAMs against cancer. Pyonteck and colleagues demonstrated that inhibition of the CSF-1 

receptor to target TAMs in a glioblastoma model suppressed the expression of M2 markers 

without depleting TAMs, and regressed established tumors (131). Similarly, Casazza et al. FO
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showed that depletion of neuropilin-1, a chemotactic receptor impeded Semaphorin 3A-

mediated migration of TAMs into a hypoxic niche within the tumor (132). Instead, it led to the 

accumulation of TAMs in the normoxic region and reprogramming of M1-like macrophages, 

eventually causing inhibition of tumor growth and metastasis. 

 

Concluding remarks 

Development and progression of various diseases including cancers and autoimmune disorders 

involve inappropriate activation of macrophages. The growing body of knowledge on 

immunometabolism, particularly of macrophages, has presented metabolic reprogramming as 

an attractive therapeutic target for disease conditions (Table 1). For example, targeting 

microRNA (miR-33) regulating FAO has demonstrated a protective effect on atherosclerosis 

by promoting M2-like macrophages (133). CpG oligonucleotide, agonist TLR-9 ligand has the 

potential to orchestrate immunity towards type 1 immune responses. Treatment with CpG 

oligonucleotides enhanced the anti-tumoral capacity of TAMs through the upregulation of 

glycolytic flux and OXPHOS, hence causing suppression of tumor growth in pancreatic cancer 

models (134).  These findings shed light on the importance of metabolic modulation of 

macrophages for broadening the therapeutic options to treat metabolic syndromes, cancers, and 

autoimmune disorders. Furthermore, considering low response rates and high cost of current 

cancer immunotherapeutics, targeting macrophage metabolism could emerge as a promising 

option to synergize with immune checkpoint inhibitors. The major hurdle of this approach 

would be specific targeting of metabolic inhibitors to macrophages while sparing other cells. 

In addition, it should be considered that macrophages are very plastic within the tissue 

microenvironment unlike the in vitro derived macrophages. Though many questions remain 

regarding the metabolic feature of tissue-specific macrophages, an exciting venue has opened FO
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for the development of novel therapeutic strategies for metabolic reprogramming of 

macrophages. 
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FIGURE LEGENDS 

 

Figure 1. Functional plasticity of macrophages. Monocytes can be activated in vitro by 

cytokines and microbial factors, and differentiate into either classically activated (M1) or 

alternatively activated macrophages (M2). Importantly, in vivo, macrophages exhibit 

phenotypic heterogeneity and plasticity during homeostasis and pathogenesis.  

 

Figure 2. Metabolic regulation of macrophages. Metabolic features of M1 and M2 

macrophages are indicated. OXPHOS, oxidative phosphorylation; TCA cycle, tricarboxylic 

acid cycle; PPP, pentose monophosphate pathway; FAO, fatty acid oxidation; ETC, electron 

transport chain.  
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 Table 1. Therapeutic targeting of macrophage metabolism for obesity and atherosclerosis 

 Treatment Metabolic change Preclinical outcomes Ref 

Obesity 

IL-4 
Upregulates FAO and 
OXPHOS Improved insulin sensitivity (93) 

IL-33 Increases mitochondrial 
biogenesis 

Prevention of HFD-induced 
insulin resistance 

(135) 

-3 fatty acid 
Fatty acid re-
esterification and 
enhanced FAO 

Improved diabetes and hepatic 
steatosis (136) 

NADPH 
oxidase 
inhibitor  

Reduces ROS and 
prevents OXPHOS 
dysfunction 

Improved glucose and insulin 
tolerance 

(137) 

Notch inhibitor 
(DAPT) 

Impairs glucose 
oxidation and ROS 
generation 

Notch1 deficiency mitigates 
steatohepatitis 

(138) 

mTOR inhibitor 
Torin but not rapamycin 
suppresses glucose 
uptake 

Resveratrol prevents glucose 
tolerance 

(71, 
139) 

Atherosclerosis 

IL-13 Increases mitochondrial 
biogenesis and activity 

Reduced macrophages in 
atherosclerotic plaques 

(116) 

LXR agonist 
(desmosterol) 

Alters fatty acid and 
cholesterol metabolism 

Deactivated foam cells with 
reduced inflammation (140) 

PKM2 inhibitor 
PKM2 deficiency 
reduces glycolysis   

Mitigated atherosclerotic lesion 
formation (141) 

AMPK activator 
(anti-miR-33) 

Increases OXPHOS and 
reduces glycolysis 

Regressed atherosclerotic 
plaques 

(133) 

Autophagy 
Suppresses glucose 
consumption 

ATG5 deficiency enhanced 
atherosclerotic plaque formation (142) 
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