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Abstract: 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. Importantly, molecular
networks governing the multifaceted actions of macrophages are directly altered by environmental
cues and subsequently contribute to metabolic reprogramming, resulting in meta-inflammation in
obesity or inflammaging in aging. In this review, we will summarize how meta-inflammation and
inflammaging affect macrophages and the molecular mechanisms involved in these processes.
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1. Introduction

With the advancement of medical technology, the average life span worldwide has
increased significantly, especially in developed countries. Based on the report from World
Population Ageing 2017 Highlights, the number of people aged 60 years and older will
reach 2.1 billion by 2050 [1]. This population shift will be accompanied by increased strain
on health care systems due to the physiological and pathological conditions associated
with aging. 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 [2]. 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 [3]. 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) [4], cardiovascular disease, stroke, and cancers [5–8]. Studies revealed that
higher BMI during young adulthood and middle age significantly increases the chance
of hospitalization and mortality after 65 years of age [9]. 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 [9–11].
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
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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 [12]. Obese and elderly individuals both have higher levels of circulating
inflammatory markers, indicating chronic inflammation [13]. Macrophages, as primary
mediators of inflammation in the circulation and tissues, act as a “bridge” to connect obesity
and aging. In this review, we will summarize current understandings of macrophage actions
in response to meta-inflammation and inflammaging and provide information for future
exploration in the field to guide mitigating strategy development to improve the quality of
life for obese and elderly populations.

2. Meta-Inflammation and Its Link to Inflammaging

Meta-inflammation describes the systemic chronic low-degree inflammation incurred
during weight gain and perpetuated during obesity. Whereas inflammaging refers to
the increased basal immune activation, juxtaposed with declining immune response in
aged individuals. Clinical manifestations of meta-inflammation and inflammaging share
many similar phenotypes: both feature elevated levels of inflammatory markers, including
C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). Their
etiologies are also characterized with metabolic dysfunction, inherent to both obesity and
aging. The chronic, systemic inflammation entailed by meta-inflammation in youth and
middle-aged adults accelerates the onset of declining immune function in inflammaging.
To better understand the link between meta-inflammation and inflammaging, it is necessary
to understand their unique and common molecular features and functional impacts.

2.1. Meta-Inflammation

Several compelling factors have been posited for the development of obesity-induced
inflammation; however, these factors are not comprehensive, and elaboration is needed.
Fat accumulation is the direct result from imbalanced energy uptake and consumption,
including caloric intake exceeding calorie expenditure, attributed to diet, lack of physical
activity, and/or endocrine changes that disturb nutrient utilization and hinder metabolic
rate. Expanded fat tissues experience hypoxia-associated cellular stress increase, leading to
exhausted adipocyte cell death, which, in turn, upregulate chemokine pro-inflammatory
molecule production, as well as dysregulated adipokines. As fat is amassed, adipocytes
in the trunk and visceral adipose tissue (VAT) become hypertrophied with an increased
turnover rate. This tumultuous, pro-inflammatory tissue environment activates local im-
mune cells, including macrophages, and increases the recruitment of monocytes and other
leukocytes into the VAT [14,15]. Obesity is also marked by an accumulation of circulating
danger-associated molecular patterns (DAMPs), such as free fatty acids, cholesterol crys-
tals, and extracellular nucleic acids from dying cells and increased intestinal permeability,
exposing the body to increased pathogen-associated molecular patterns (PAMPs), such
as lipopolysaccharide (LPS) [16,17]. These DAMPs and PAMPs can activate immune re-
sponses through Toll-like receptors (TLR) and NLR family receptors on/in immune and
non-immune cells. Immune cell activation and infiltration into VAT contribute further to
the high levels of inflammatory markers observed in meta-inflammation, both perpetuating
inflammation and directly impacting cellular metabolism [17].

Obesity typically incurs an unhealthy increase in plasma glucose levels due to insulin
resistance (IR). Insulin resistance affects insulin-sensitive tissues (skeletal muscle, liver, and
adipose tissue), evoking less responsiveness to insulin action, and resulting in impaired
glucose uptake, glycogen synthesis, and glucose utilization for energy production. Meta-
inflammation-associated cytokines can independently trigger IR through activation of the
JNK and NF-κB pathways in myeloid and insulin-targeted cells. JNK activation directly
hinders insulin signaling through the inhibition of insulin receptor substrate-1 (IRS-1), a
mediator of insulin’s functions towards stimulating glucose uptake, glycogen synthesis,
and inhibiting hepatic gluconeogenesis [18–20].
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In parallel to skeletal muscle, liver, and adipose tissue IR, impaired glucose metabolism
in the brain is observed during meta-inflammation [21]. Reduced glucose metabolism
severely disrupts cognitive capacity and is observed in the most common neurodegener-
ative diseases. In aged individuals, neurons have a reduced capacity to uptake glucose,
exhibit inherent dysfunction in neuronal activities (such as less capacity to transmit signals
and energy production through glycolysis and OXPHOS), and show a lack of glial help.
This is likely due to both a decrease in neuronal insulin sensitivity and basal activation
of microglia due to systemic inflammation incurring suboptimal glucose availability to
neurons [22–25]. It is important to note that when glucose metabolism and peripheral
insulin resistance are studied between young and elderly adults, the differences observed
become insignificant when adjusting for increased visceral fat in elderly cohorts [24].
Many meta-inflammation-associated cytokines, independent of other stimuli, cause el-
evated basal microglia activation similar to what is seen in the aged brain. Microglial
cells are macrophage-like innate immune cell residents in the central nervous system.
Activated microglia within aged brains have severely reduced ability to protect against age-
associated neurodegenerative diseases such as Alzheimer’s, Parkinson’s, dementia, and
others, demonstrating the capacity of meta-inflammation to potentiate disease incidence as
we age [22].

2.2. Inflammaging

There is likely no single incident common to every individual that initiates inflam-
maging, but rather genetic, lifestyle, and environmental factors compounding over time.
During the aging process, hematopoietic stem cells are skewed to produce more myeloid
cells and the remaining lymphoid cells have decreased functionality and an increased
propensity to undergo replicative senescence [26]. Such age-related clonal expansion of
hematopoietic progenitor cells not only gives rise to disruptive and recurrent genetic vari-
ants but is also directly associated with the age-related development of inflammation [27].
Reduced functionality of immune cells is a key feature of inflammaging. Lymphocytes (B
and T cells) are the best-studied group due to their significant dysfunction. Their inability
to provide protection yields elevated infection rates and reduced responsiveness to vacci-
nation in the elderly [28]. Lymphocytes phenotypically have a reduced ability to respond
to new antigens, but memory recall appears less impacted. It has been proposed that the
higher immune cell turnover rates that occur in obesity may accelerate this immune cell
dysfunction, but further validation is needed [29].

3. Macrophage, Meta-Inflammation, and Inflammaging
3.1. Origin and Distribution of Macrophages

Macrophages are crucial players in innate immunity and the most widespread im-
mune 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 [6]. Dis-
ruption of these populations results in growth retardation or mortality [30]. 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 [30–32]. In adulthood, macrophages evolve from BM-derived progeni-
tors 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.
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Figure 1. Macrophages differentiation. Embryo-derived macrophages differentiate into different
tissue-resident macrophages, responding to acute or chronic demands from tissues in adulthood.

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 [33]. 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 [7,34].

3.2. 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.

We discuss the features of macrophage share in meta-inflammation and inflammaging
activation in the following section.

3.2.1. 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 ac-
tivated (M2) macrophages [35]. 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 [12,34,36]. However, no currently available model allows for com-
prehensive annotation of complex macrophage features under different conditions [34,37].
Our group recently created a high-resolution macrophage annotation program termed
MacSpectrum [12]. 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 [38]. For instance, macrophages will detect
and respond to these pro-inflammatory mediators in both aging and obese tissues. In-
creased chemokine and cytokine levels were reported in the elderly and obese blood with
overlapping patterns [9]. Supporting this theory, the adipose tissue macrophage (ATM)
compartment in old mice is drastically different from that in young mice, with a higher per-
centage of M1-like, pro-inflammatory macrophages than their young counterparts, without
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an increase in overall macrophage number (unlike in obesity) [39]. 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 sys-
temic 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 [9]. Moreover, the proportion
of inflammation status of ATMs were drastically increased, resulting in higher levels of
proinflammatory cytokine production, and systemic low-degree inflammation [40].

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 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 [41–43]. 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 [22]. 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 sup-
pressing pro-inflammatory macrophage activation and promoting alternative (M2) acti-
vation [44,45]. 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 [46]. 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 osteo-
porosis and likely through increasing macrophage-dependent recruitment of T cells to the
joints [47].

3.2.2. 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 [48]. In parallel, under inflammaging conditions
such as Rheumatoid arthritis (RA), macrophages can directly regulate T cells recruitment,
differentiation, and activation into RA synovium [49]. In the RA mouse model, increased
infiltration of macrophages in RA synovium further attracted CXCR6+ T to the site to
improve synovial inflammation [49,50]. 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 [51,52]. Moreover, macrophages can polarize CD4+ T or Th17
cells through secretion of IL-12, IL-1β, or IL-6 in RA [50,53]. 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.
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3.2.3. 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 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.
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Figure 2. Macrophage metabolism changes under different states. Classically activated.

Macrophages show increased glycolysis, ROS, G6PD, and the TCA intermediate succi-
nate. 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 po-
larization 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.

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 [48]. 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 [54,55]. On
the other side, HIF2-α activation primarily occurs in alternatively activated macrophages
and promotes the expression of Arginase1 and suppresses NO production [51]. 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
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glycolysis and caspase-1 activity, possibly inhibiting M1 polarization [56]. Additionally,
suppressed mTORC1 can inhibit M1 polarization during the aging process [3–6].

Fatty Acid Metabolism

In macrophages, lipoprotein particles, the primary source of fatty acids, are crucial
for polarized macrophage activation [53–55]. 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 [57]. Saturated fatty acids activate
NLRP3 in primed macrophages, while unsaturated fatty acids suppress inflammasome
activation [53–55]. 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 [56].

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 [58,59]. Additionally, alternative activation of macrophages
is characterized by highly expressed ARG1 that promotes polyamine generation, which is
essential for collagen synthesis and cell proliferation [60,61].

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-mediated diseases such as T2D [62].
Vitamin A regulates the differentiation and function of macrophages and enhances their
phagocytic capacity in mouse studies [61]. 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 [63].

4. Macrophages and Meta-Inflammation or Inflammaging-Related Diseases

Obesity and aging are risk factors for a plethora of diseases in humans. The combi-
nation of these two conditions could further exacerbate health risks for certain diseases,
including ischemic stroke, rheumatoid arthritis (RA), osteoarthropathies (OA), and others.

4.1. Ischemic Stroke

Strokes rank as the third leading cause of morbidity and the second for mortality
worldwide [64]. Incidence increases with aging, regardless of gender. Moreover, strokes
result from the stenosis of arteries, primarily caused by atherosclerosis, which is a chronic
inflammatory disease [65]. Inflammaging is believed to be a major risk factor for stroke.
Clinical studies have shown that brain microglial activation can be detected as early as
24–48 h after a stroke [66]. Microglia are quickly recruited to brain lesions to clear dead
neurons, mitigate local inflammation, and assist in neuron functional restoration [23,66,67].
Foam cells, as a key player in atherosclerosis, not only accumulate as fatty streaks but also
release pro-inflammatory cytokines and orchestrate pathological tissue remodeling [68].
These foam cells and other specific macrophage phenotypes can impact the stability of
atherosclerotic plaques in various ways [69]. However, many studies fall short in depicting
a comprehensive landscape that captures the intertwined inflammation and lipid handling
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aspects that are unique to macrophage-derived foam cells. A lack of understanding of
the complexities of atherogenesis has hindered the predictability of symptomatic and
asymptomatic outcomes in patients. Future studies to define the molecular mechanisms
connecting lipid metabolism and macrophage activation will facilitate the development of
next-generation atherosclerosis therapeutic strategies.

4.2. RA and OA

RA is an autoimmune disease characterized by persistent synovitis, systemic inflamma-
tion, cachexia, and the destruction of joints [70]. Cachexia describes a “wasting” state where
patients experience extreme loss of adipose tissue and muscle. In aged individuals, muscle
deterioration and loss of muscle function are typical; coupled with obesity, muscle wasting
is known as “sarcopenic obesity” and contributes significantly to the disability and mortality
of elderly individuals [71,72]. Obesity not only increases the risk of developing RA but also
reduces the efficacy of RA treatment [73]. So, both meta-inflammation and inflammaging
promote the development of RA. Macrophages can recruit T cells to sabotage the structure
of joints. Joint destruction advances with the infiltration of synovial macrophages. In RA
mouse models, removal of all macrophages reduced inflammation and joint destruction,
which suppressed the progression of RA [74]. Similar to RA, osteoarthropathies (OAs) are
characterized by joint destruction caused by immune microenvironment malfunction and
are tightly associated with aging and obesity. Synovial play pivotal roles in the early stage
of OA. Inflammatory macrophages can interfere with matrix production by increasing the
generation of proteolytic enzymes, such as matrix metalloproteinase and cyclooxygenase,
damaging cartilage, and promoting OA [75,76]. It is believed that alternatively activated
macrophages, which are known to be disfavored in meta-inflammation and inflammaging,
are crucial for the repair of tissues such as articular cartilage during OA treatment [77].

4.3. Sarcopenia

Sarcopenia is defined as skeletal muscle disorder, characterized by loss of muscle mass
and function, which occurs in older people for the imbalance of muscle protein anabolic
and catabolic following aging [78]. It was reported that inflammation can promote the
development of sarcopenia [79]. Moreover, sarcopenia can be worsened by obese conditions,
termed as sarcopenic obesity (SOB). Recently investigation in a co-culture system using
mouse cells revealed that M1 macrophages could promote the proliferation of myogenic
precursor cells (MPC), whereas M2 macrophages could promote the differentiation of
MPCs, suggesting a potential SOB mitigation strategy by targeting macrophage activation
status [80]. Macrophages can also affect the remodeling of muscle through secretion of
different cytokines, such as IL6, and IL10. IL10 was reported to promote the phenotypic
transition of macrophages to increase muscle fiber repair [81], and IL6 favors muscle
regeneration in mice [82]. Furthermore, extracellular matrix components are necessary in
efficient muscle repair, which can be promoted by macrophages through the secretion of
MMP-14 in mice [83].

5. Summary

The average life expectancy is rising and the impact of obesity on the health care
system has become a worldwide concern. In addition, changes in socioeconomics, food
availability, climate, and lifestyle habits have conferred unprecedented levels of overweight
and obese individuals in most countries. Aging and obesity are independently becoming
forceful destroyers of human health and quality of life. Moreover, comorbid obesity and
advanced age are an even greater threat to public health. Both conditions strongly promote
inflammation, which makes immune cells promising therapeutic targets. Macrophages, in
particular, are of great interest in both aging- and obesity-associated health risks. Dynamic
activation states of macrophages empower them to be central to innate immunity against
pathogens and essential for normal tissue function homeostasis. Plasticity, a crucial fea-
ture of macrophage activation, is achieved by tightly orchestrated intracellular molecular
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networks and dynamically adjusted communications to other cells and the extracellular
matrix. It is necessary to consider diverse factors that are significantly altered under obese
and aging conditions to understand the action of macrophages, and harness their potent
functions to mitigate meta-inflammation, inflammaging, and their associated health risks.

The factors that affect macrophages’ plasticity are complicated. These factors can be
studied at both the macroscopical and microcosmic levels. The macroscopical factors refer to
stimuli from the macrophages’ surrounding environment, including other cells (cytokines,
etc.), extrinsic factors (DAMPs, PAMPs, etc.), and metabolites. Microcosmic factors include
intracellular metabolism of glucose, proteins, fatty acids, and others. The regulation of
macrophages is subtle and complicated. In this review, we focused on activation states
and their connections to various obesity- and aging-associated diseases. More efforts into
understanding the etiology and pathology of each disease are needed to discover effective
treatments, exemplified by the nuanced functions of macrophages in each case. With the
advancement of systems approaches, such as single cell RNA sequencing (scRNA-seq),
cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq), and assay for
transposase-accessible chromatin using sequencing (ATAC-seq), we are able to resolve
mysteries about macrophages and their roles in diseases. For example, the MacSpectrum
program that was generated by our lab based on scRNA-seq data allows for the capture of
dynamic macrophage states in vitro and in vivo, providing unique genomic information
about macrophages [12]. The generation of MacSpectrum and other programs alike will
help us grow into a new era of understanding macrophages [84]. Stimulation-specific gene
sets should be cross-analyzed with different disease and tissue contexts, so in the future,
we can use the MacSpectrum roadmap to depict macrophages’ features under complex
conditions, like aging and obesity. More research like MacSpectrum will provide a better
understanding of the nuances of macrophages and will expel the confounding role of
macrophages in disease.
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