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Macrophages are central players in systemic inflammation associated with obesity and aging, termed meta-

inflammation and inflammaging. Activities of macrophages elicited by the two chronic conditions display shared and

distinct patterns mechanistically, resulting in multifaceted actions for their pathogenic roles. Drastically expanded

tissue macrophage populations under obesity and aging stress attribute to both enhanced recruitment and local

expansion.
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1. Introduction

Aging is a progressive, multifactorial process, characterized by functional deterioration at the organ, tissue, cellular,

and molecular levels. A state of chronic, low-grade systemic inflammation during aging is termed inflammaging,

and is associated with aging-induced health risk . During the last few decades, mounting evidence suggests a

central role for macrophage malfunction in inflammaging development.

In addition to the expanding elderly population, the prevalence of obesity is rising. Obesity is the fifth leading cause

of death worldwide and by 2030, 57.8% of the global adult population is projected to be overweight or obese .

Obesity-driven metabolic dysfunction and chronic inflammation, termed meta-inflammation, can progress toward

serious conditions such as type II diabetes mellitus (T2D), non-alcoholic fatty liver disease (NAFLD) ,

cardiovascular disease, stroke, and cancers . Studies revealed that higher BMI during young adulthood and

middle age significantly increases the chance of hospitalization and mortality after 65 years of age . Fat

accumulation in the trunk and visceral areas, which is common in elderly adults, displays a greater health hazard

than on hips and limbs, attributed to enhanced inflammatory features associated with these fat depots and

phenotypically resemble cellular signatures revealed in obesity . Further investigation into the association

between meta-inflammation and inflammaging is necessary to improve mitigation strategies for age- and obesity-

related health risks.

Macrophages are the most common immune population in almost all tissues and act as major players to ensure

the homeostatic function of their host tissues under normal physiological conditions. Meanwhile, the plasticity of

macrophages also allows them to respond to acute or chronic cues with swift, fine-tuned, and diverse responses,

executing crucial functions during pathogen invasion or modulating chronic stress, such as in obesity and aging

. Obese and elderly individuals both have higher levels of circulating inflammatory markers, indicating chronic
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inflammation . Macrophages, as primary mediators of inflammation in the circulation and tissues, act as a

“bridge” to connect obesity and aging.

2. Macrophage, Meta-Inflammation, and Inflammaging

2.1. Origin and Distribution of Macrophages

Macrophages are crucial players in innate immunity and the most widespread immune lineage in almost all tissues.

They derive from either embryonic precursors or bone marrow (BM) hematopoietic stem/progenitor cells. Embryo-

derived macrophages are crucial for proper tissue development and remodeling during fetal development .

Disruption of these populations results in growth retardation or mortality . Tissue-resident macrophages,

including liver Kupffer cells, skin Langerhans cells, brain microglia, lung alveolar macrophages, and others, were

revealed to be of embryonic origin through elegant studies employing gate-mapping strategies in genetic mouse

models. Embryo-derived macrophage populations maintain their populations in a self-sustaining manner under

normal conditions . In adulthood, macrophages evolve from BM-derived progenitors to maintain circulating

monocyte/macrophage populations and respond to acute or chronic demands from tissues. Upon injury, infection,

or sterile inflammation, monocytes are recruited and terminally differentiate into macrophages, as shown in Figure

1.

Figure 1. Macrophages differentiation. Embryo-derived macrophages differentiate into different tissue-resident

macrophages, responding to acute or chronic demands from tissues in adulthood.
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Both BM-derived and embryo-derived macrophages commonly coexist in the same tissues and work together to

accomplish their functions. Various types of macrophages with unique functions and phenotypes are assembled in

the gut in order to deal with the normal gut flora and oral-derived antigens . Secondary lymphoid organs are also

populated by various types of macrophages, such as marginal zone macrophages and sub-capsular sinus

macrophages. Unique macrophages accumulate in the immune-privileged tissues of the brain, eye, and testes to

perform pivotal roles in tissue remodeling and homeostasis .

2.2. Pathogenic Changes of Macrophages during Meta-Inflammation or
Inflammaging and Related Molecular Mechanism

Depending on the stimuli or signals from the microenvironment, macrophages can quickly employ highly

orchestrated signaling networks to mount appropriate responses.

2.2.1. The Plasticity of Macrophage Activation and Relevant Molecular Mechanism

Macrophages are highly plastic to allow fast phenotypic switches for rapid responses to complex and diverse

microenvironmental cues. Several models have been proposed to depict macrophage-activation features. The

most popular model, macrophage polarization, characterizes macrophages into two classes: classically activated

(M1) and alternatively activated (M2) macrophages . This model is based on ex vivo observations of

macrophage responses to T helper 1 (Th1) or Th2 stimuli and has become antiquated. Modifications to this model

have sought to capture macrophages’ sophisticated actions in various tissues and physiological contexts .

However, no currently available model allows for comprehensive annotation of complex macrophage features

under different conditions . Researchers created a high-resolution macrophage annotation program termed

MacSpectrum . MacSpectrum annotates macrophages based on their differentiation and polarization states,

using two indices to capture dynamic transitions of macrophage actions under both in vitro and in vivo conditions.

Pro-inflammatory markers are highly expressed in many elderly or obese adults, even in the absence of clinically

active disease . For instance, macrophages will detect and respond to these pro-inflammatory mediators in both

aging and obese tissues. Increased chemokine and cytokine levels were reported in the elderly and obese blood

with overlapping patterns . Supporting this theory, the adipose tissue macrophage (ATM) compartment in old

mice is drastically different from that in young mice, with a higher percentage of M1-like, pro-inflammatory

macrophages than their young counterparts, without an increase in overall macrophage number (unlike in obesity)

. Of note, studies using aging mice or humans are confounded by inherent visceral adipose tissue accumulation,

as humans, mice, and rats advance with age. Similarly, visceral adipose tissue and systemic inflammation are

hallmarks of obesity in both mouse models and human studies, characterized by increased number of

macrophages, and other immune cells attribute to residential macrophage expansion and increased recruitment .

Moreover, the proportion of inflammation status of ATMs were drastically increased, resulting in higher levels of

proinflammatory cytokine production, and systemic low-degree inflammation .

The mechanisms underlying macrophage polarized activation under meta-inflammation or inflammaging have been

extensively investigated. Under the stress of obesity or aging, adipose tissue (AT) secretes certain
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adipokines/chemokines, which drive the recruitment of circulating immune cells. In addition, anti-inflammatory AT-

derived adipokine/cytokine production is reduced, further exacerbating the overall AT inflammatory profile. One

such anti-inflammatory adipokine is adiponectin, which is reduced in obese AT and plasma. In culture, human

monocytes treated with recombinant adiponectin differentiate to an anti-inflammatory, M2-like phenotype .

Other than adipokine dysfunction, DAMPs and PAMPs, including LPS, interferon-γ (IFN-γ), and other TLR

activators, are elevated in obese or aging individuals. These stimuli promote the M1 polarization of macrophages

and activate downstream adapter proteins (e.g., MyD88), which induce the expression of pro-inflammatory genes,

such as IL-1β, IL-18, and TNF-α . In addition, epigenetic modifications exert an additional layer of impact on

macrophage activation heterogeneity. Inhibition of histone deacetylases (HDACs) in obesity-induced diabetes

models decreased body weight and blood glucose, and increased insulin sensitivity, in part, through suppressing

pro-inflammatory macrophage activation and promoting alternative (M2) activation . Furthermore, obese

adults with T2D have higher levels of plasma IFN-γ, which can selectively silence the anti-inflammatory pathways

by recruiting EZH2 and H3K27me3 to anti-inflammatory cytokine gene loci . Interestingly, in a mouse model of

aging-induced osteoporosis, similar molecular pattern shift was also observed. It was reported that increased EZH2

and decreased HDAC9 could promote age-associated osteoporosis and likely through increasing macrophage-

dependent recruitment of T cells to the joints .

2.2.2. Interplays of Macrophages with Other Immune Cells in Meta-Inflammation or
Inflammaging

Macrophages, as pivotal to immune response, can interplay with other immune cells during inflammation,

especially T cells. One primary aspect of macrophage function is interaction with adaptive immune cells, such as T

cells, as antigen-presenting cells (APCs) to engaging adaptive immunity obesity or aging. In obese mice,

macrophages with a deficiency of MHC II reduced the accumulation of effector/memory phenotype CD4+ T cells in

white adipose tissue (WAT), which indicated the significance of MHCII-dependent signals from adipose tissue

macrophages (ATM) in regulating T cell activation and maturation in meta-information . In parallel, under

inflammaging conditions such as Rheumatoid arthritis (RA), macrophages can directly regulate T cells recruitment,

differentiation, and activation into RA synovium . In the RA mouse model, increased infiltration of macrophages

in RA synovium further attracted CXCR6+ T to the site to improve synovial inflammation . Besides

recruitment, macrophages can also promote CD4 T helper cells to differentiate to be T helper cells in RA mouse

models, which was confirmed in human studies . Moreover, macrophages can polarize CD4+ T or Th17 cells

through secretion of IL-12, IL-1β, or IL-6 in RA . It is necessary to further mechanistically investigate the

interplays of macrophage and adaptive immune cells and their pathological impact on health risks associated with

obesity and aging.

2.2.3. Cellular Metabolism Reprogramming and Associated Mechanism

Metabolic reprogramming of macrophages is vital to developing and maintaining their functional phenotypes. Under

meta-inflammation and inflammaging conditions, macrophages preferentially polarize towards a pro-inflammatory
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state (M1-like). M2-like macrophages are more abundant in young, lean individuals. Accordingly, macrophage

intracellular metabolism is also reprogrammed to support such activation demands, as shown in Figure 2.

Figure 2. Macrophage metabolism changes under different states. Classically activated.

Macrophages show increased glycolysis, ROS, G6PD, and the TCA intermediate succinate. PHD expression is

inhibited, and HIF1-α is activated, which further promotes the production of NO. In alternatively activated

macrophages, HIF2-α is activated through ARG1 to suppress NO production. Saturated fatty acids can facilitate

the polarization of classically activated macrophages, while unsaturated fatty acids can promote the polarization of

alternatively activated macrophages. IL-4-induced 12/15-lipoxygenase can foster alternative macrophage activation

via the generation of PPARγ ligands such as 13-hydroxyoctadecadienoic acid and 15-hydroxyeicosatetraenoic

acid.
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Glucose Metabolism

The rapid activation of macrophages demands a fast energy supply, evidenced by increased rates of glycolysis and

mitochondrial oxidative phosphorylation (OXPHOS), a shared metabolic character in both aging and obesity. It

should be noted that as the the OXPHOS rate increases, its by-product reactive oxygen species (ROS) increases,

a major cell stressor . Hexokinase activity, glucose-6-phosphate dehydrogenase (G6PD), and TCA intermediate

succinate are increased in M1-polarized macrophages, which, in turn, inhibit the expression of prolyl hydroxylases

(PHDs) and stabilize hypoxia-inducible factor 1-α (HIF1-α) via hydroxylation, resulting in IL-1β production in

macrophages . On the other side, HIF2-α activation primarily occurs in alternatively activated macrophages

and promotes the expression of Arginase1 and suppresses NO production . Further, the mechanistic target of

rapamycin complex 1 (mTORC1) modulation impacts metabolic dysfunction. mTORC1 is an integral part of insulin,

glucose, leptin, and growth factor signaling cascades to regulate metabolism. Defects in macrophage mTORC1

expression protect against obesity-induced AT inflammation and IR, likely due to a suppressed rate of glycolysis

and caspase-1 activity, possibly inhibiting M1 polarization . Additionally, suppressed mTORC1 can inhibit M1

polarization during the aging process .

Fatty Acid Metabolism

In macrophages, lipoprotein particles, the primary source of fatty acids, are crucial for polarized macrophage

activation . M1 macrophages have reduced uptake of fatty acids compared to M2 macrophages. In

obesity, PPARγ ligands, such as 13-hydroxyoctadecadienoic acid and 15-hydroxyeicosatetraenoic acid, can be

generated by the IL-4 inducible 12/15-lipoxygenase to foster alternative macrophage activation. In healthy adults

aged over 50 years, the fatty acid profile changes following aging sabotage the switch from M1 to M2 through

suppressing PPARγ activity . Saturated fatty acids activate NLRP3 in primed macrophages, while unsaturated

fatty acids suppress inflammasome activation . Lastly, triglycerides taken up by macrophages can undergo

lipolysis to generate fatty acids to support M2 activation, which is an example of cell-intrinsic lysosomal lipolysis

supporting macrophage alternative function .

Amino Acid Metabolism

The role of some amino acids, including glutamine and arginine, in macrophage polarization has been extensively

investigated; L-arginine metabolism is strictly controlled in macrophages through iNOS and ARG1. L-arginine can

be broken down to NO and L-citrulline by iNOS or to ornithine and urea by ARG1. The expression of iNOS and the

production of NO are important features of inflammatory activation of macrophages in both mouse and human

studies . Additionally, alternative activation of macrophages is characterized by highly expressed ARG1 that

promotes polyamine generation, which is essential for collagen synthesis and cell proliferation .

Other Metabolic Changes

In addition to glucose, fatty acids, and amino acid metabolism, macrophage vitamins and iron metabolism are also

altered in elderly obese individuals. Vitamin D shortage can trigger inflammation and has been linked to immune-
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mediated diseases such as T2D . Vitamin A regulates the differentiation and function of macrophages and

enhances their phagocytic capacity in mouse studies . For iron metabolism reported in mouse models,

inflammatory macrophages employ an iron retention program and display increased Ferritin and decreased

Ferroportin phenotype; in contrast, anti-inflammatory macrophages are marked with the opposite phenotype and

favor an iron-export mode .
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