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Macrophages are widely distributed in various metabolic tissues/organs and play an essential role in the immune reg-
ulation of metabolic homeostasis. Macrophages have two major functions: adaptive defenses against invading patho-
gens by triggering inflammatory cytokine release and eliminating damaged/dead cells via phagocytosis to constrain 
inflammation. The pro-inflammatory role of macrophages in insulin resistance and related metabolic diseases is well 
established, but much less is known about the phagocytotic function of macrophages in metabolism. In this review, we 
review our current understanding of the ontogeny, tissue distribution, and polarization of macrophages in the context 
of metabolism. We also discuss the Yin-Yang functions of macrophages in the regulation of energy homeostasis. Third, 
we summarize the crosstalk between macrophages and gut microbiota. Lastly, we raise several important but remain 
to be addressed questions with respect to the mechanisms by which macrophages are involved in immune regulation 
of metabolism.

Introduction

An organism needs to cope with its environment to function and 
survival. It is now well established that the dynamic and con-
stant crosstalks between the immune and metabolic systems 
play a critical role in the maintenance of organisms’ homeosta-
sis. Immune cells, which are able to respond to environmental 
signals and assume a wide variety of distinct defense functions, 
are found in key metabolic tissues such as adipose tissue, the 
liver, and the muscle. Under pathophysiological conditions, 
these tissue-resident immune cells secrete various cytokines 
which may promote inflammation and thus lead to metabolic 
dysregulation. Indeed, both overactivation and loss of function 
of these cells are associated with various metabolic diseases 
such as insulin resistance, type 2 diabetes (T2D), nonalcoholic 
fatty liver diseases (NAFLD), and muscle impairment [1–3], 
demonstrating a critical role of the immune system in the regu-
lation of metabolism.

The immune system consists of a complex network of 
specialized cells, tissues, organs proteins, and chemicals 
that provides defense against infections. Immune cells can be 

categorized as lymphocytes (T cells, B cells, and NK cells), neu-
trophils, monocytes, and/or macrophages, as well as all types 
of white blood cells. In the current review, we focus only on the 
roles of macrophages in the development and pathogenesis 
of metabolic diseases. We discuss the ontogeny, tissue distri-
bution, and polarization of macrophages in response to meta-
bolic alterations. We also summarize recent development in our 
understanding of the pro- and anti-inflammatory functions of 
macrophages with an emphasis on several metabolic diseases 
such as obesity, insulin resistance, T2D, and NASH, focusing 
on the Yin-Yang regulation of macrophages in disease progres-
sion and pathogenesis. Lastly, we discuss knowledge gaps in 
the communication between macrophages and gut microbiota 
and put forward several important questions with respect to the 
mechanisms by which macrophages are involved in the immune 
regulation of metabolism.

Macrophage ontogeny and tissue distribution

Macrophages, which are evolutionary conserved phagocytes 
evolved >500 million years ago [4, 5], were first recognized by 
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the Russian scientist Elia Metchnikoff in 1882 as cells capa-
ble of phagocytosing foreign particles (for this contribution Elia 
Metchnikoff received the Noble prize in Physiology and Medicine 
in 1908) [6]. Macrophages are distributed in various tissues 
throughout our body, patrolling for and eliminating pathogens 
and dead cells. In addition to sensing and responding to infec-
tious challenge and physiologic microenvironmental changes, 
macrophages have a broad spectrum of immune- and nonim-
mune-related activities such as regulation of tissue development, 
remodeling, and homeostasis during development and postna-
tally [7].

Immune cells such as macrophages undergo metabolic 
adaptation in different tissues to regulate tissue homeostasis and 
the balance between organ health and disease [8, 9]. Tissue-
resident macrophages were historically considered to originate 
and renew from hematopoietic stem cells (HSCs)-derived circu-
lating blood monocytes [10]. This view has now been challenged 
with the finding that most adult tissue-resident macrophages are 
independent of replenishment by monocytes in the steady state, 

as evidenced by the finding that the Myb-deficient mice, which 
lack the bone marrow HSC compartment, still develop tissue-res-
ident macrophage populations including Kupffer cells (KCs), 
microglia, Langerhans cells, lung alveolar, splenic red pulp, and 
peritoneal macrophages, indicating the possibilities of other orig-
ination sources of resident macrophages [11–15]. In fact, these 
later investigations reveal that there are two lineages of macro-
phages in mice, one derives from the yolk sac, the major origin 
for tissue-resident macrophages, and another from the HSC prog-
eny, responsible for replenishing macrophages pools [8, 9, 11, 13].

It is now recognized that tissue-resident macrophages can 
derive from yolk sac macrophages, fetal liver monocytes, or adult 
bone-marrow monocytes [16] (Fig. 1). In metabolic organs such 
as liver, while the yolk-sac-derived tissue-resident macrophages 
such as KCs are long lived, self-maintaining and only marginally 
replaced by HSC-derived cells under the steady state conditions 
[11], there is some evidence showing that KCs could be com-
plemented by recruited monocytes under inflammatory condi-
tions [15, 17]. Consistent with these findings, KC homeostasis is 

Figure 1. General derivation and distribution of macrophages in the body.
Macrophages are derived from two main fetal organs: the fetal liver and yolk sac. Tissue-resident macrophages such as 
microglia in the central nervous system, Langerhans cells in epidermal tissue, and Kupffer cells in the liver have prenatal 
origins from the yolk sac and are capable of self-renewal. Hematopoietic stem cells originate from the fetal liver can develop 
into monocytes and finally be recruited and differentiate into tissue-resident macrophages at inflammatory sites in response to 
immune and/or metabolic signals. Macrophages resident in adipose tissue and skeletal muscle could be derived from both the 
yolk sac and the bone marrow.
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impaired during NASH [18] and the NASH diet induces a partial 
loss of KC identity and cell death in mice, which could be com-
pensated by gain of adjacent monocyte-derived macrophages 
[19]. Monocytes could also become self-renewing tissue-resident 
macrophages in the liver when liver-resident KCs are depleted 
[20]. It is also interesting to notice that under homeostatic condi-
tions, adipose tissues contain a pool of both yolk-sac-derived and 
bone-marrow-derived monocytes/macrophages, which coexist 
and form the “hard wired” heterogenous macrophage population 
[21, 22]. Skeletal muscle-resident macrophages are also derived 
from both embryonic hematopoietic progenitors located within the 
yolk sac and fetal liver as well as definitive HSCs located within 
the bone marrow of adult mice [23]. In addition to liver, fat, and 
muscle, high levels of macrophages are also found in the lamina 
propria of intestine which are specialized to be hyperresponsive 
to the gut microbiota. The macrophage composition in the intes-
tinal is highly dynamic and there is some evidence showing that 
the yolk-sac-derived intestinal macrophages are present in the 
neonatal intestine and do not persist in adult colon, although they 
are diluted out by HSC-derived macrophages after weaning, a 
process that continuous throughout adulthood [24]. However, this 
view was challenged by a fate mapping approach study showing 
that gut-resident macrophages are populated by both embryonic 
and monocyte-derived macrophages and the yolk-sac-derived 
cells persist and self-renew in the specialized intestinal niches in 
adult [25, 26]. In addition, the subpopulation Tim-4 + CD4 + macro-
phages are also found to be locally maintained but it is unlikely to 
be of yolk sac origin [27]. It is interesting to notice that a specific 
tissue, such as the liver and intestine, may have both embryon-
ically derived- and monocyte-derived macrophages, indicating 
substantial heterogeneity of the cells which display distinct mor-
phology, specific capability recognizing pathogen, and produce 
specific inflammatory cytokines. However, it remains to be fur-
ther clarified as to whether the yolk-sac- and HSC-derived mac-
rophages have similar or different functions and whether these 
distinct macrophage populations have specialized, organ-specific 
functions in different tissues. In this review, we only discuss the 
distribution of macrophages in tissues known to play important 
roles in metabolism, including fat, liver, muscle, intestine, and 
brain. Dysregulation of macrophages in other tissues may also 
contribute to metabolic disorders under certain pathophysiologi-
cal conditions.

The pro- and anti-inflammatory functions of 
macrophages

Macrophage polarization

Macrophages are functionally plastic cells and sense changes 
in the surrounding microenvironment. Activation of macrophages 
by damage- or pathogen-associated molecular patterns (DAMP/
PAMPs) in the microenvironment triggers different polarization of 
the cells to adapt distinct functional phenotypes. Macrophages 

are originally classified as two distinct subsets, the classically 
activated (M1) and alternatively activated (M2) macrophages [28]. 
Macrophage polarization to the M1 phenotype is induced by lipo-
polysaccharide (LPS), Th1 pro-inflammatory cytokines such as 
interferon-γ, tumor necrosis factor alpha (TNF-α), and interleu-
kin-1β (IL-1β), and/or small molecules produced during glucose 
metabolism such as ATP, reactive oxygen species, nitric oxide, 
and NADPH, whereas M2 phenotype is triggered by Th2 cyto-
kines such as IL-4 and IL-13 as well as anti-inflammatory cyto-
kines such as IL-10 and transforming growth factor beta (TGF-β), 
or glucocorticoids [29]. M1 macrophages enhance inflammation 
by secreting pro-inflammatory cytokines such as IL-1β, IL-6, IL-12, 
IL-23, and TNF-α [30]. M2 macrophages, on the other hand, help 
control inflammation by producing anti-inflammatory cytokines 
such as IL-10 and TGF-β [30, 31]. M2 macrophages also suppress 
inflammation and enhance tissue repair by promoting the differen-
tiation of Th2 cells and Treg cells while reducing pro-inflammatory 
cytokine release from Th1 cells [32]. However, many recent stud-
ies show that the M1/M2 paradigm is not sufficient to embrace all 
states of macrophage activation. M1 or M2 polarization activation 
markers can coexist in tissue macrophages [33, 34], which may 
be expressed simultaneously [35]. Thus, the complex in vivo phe-
notypes and functions of macrophages are likely be determined 
by distinct upstream signaling stimuli and by specific tissue micro-
environments. It should also be pointed out that macrophage 
polarization is largely established using ex vivo modeling systems 
(such as murine bone-marrow- or human monocyte-derived mac-
rophages) and in response to known polarizing agents, the bioen-
ergetic adaptations of tissue-resident macrophages in responses 
to various metabolic stimuli and the complex microenvironment in 
vivo remain to be addressed.

The pro- and anti-inflammatory functions of macrophages in 
metabolic diseases

As mentioned above, macrophages have two major functions: 
adaptive defenses by releasing inflammatory cytokines and reduc-
ing inflammation by engulfing damaged/dead cells via phagocyto-
sis. In response to specific tissue environmental changes, distinct 
subsets, and specific polarization states of the macrophages 
may enhance or resolve inflammation to maintain homeostasis. 
Interestingly, there is some evidence showing that anti-inflamma-
tory macrophages have higher phagocytic capability [36], which 
is known to play a central role in innate immunity by eliminating 
pathogenic bacteria, fungi, and dead or damaged cells. Therefore, 
activation of macrophages may promote or reduce inflammation, 
depending on both the state of the macrophages and the nature 
of the diseases. For example, low-grade chronical inflammation, 
which could be induced by obesity or other environmental factors, 
has been found to be a major trigger for metabolic diseases such 
as insulin resistance, nonalcoholic fatty liver (NAFL), and T2D 
[37]. For some other disorders such as nonalcoholic steatohep-
atitis (NASH), cell injury/apoptosis-induced inflammation appears 
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to play a major role in the progression of these diseases [38]. 
Thus, while suppressing the pro-inflammatory function of mac-
rophages is beneficial for improving insulin resistance, fatty liver, 
and T2D, suppressing the phagocytic capability of macrophages 
may be detrimental to cell damage/death-related diseases such 
as NASH. Further evidence will be needed to verify this possibility.

Regulation of macrophage functions by metabolites

It is well known that macrophages modulate tissue microenvi-
ronment and maintain tissue homeostasis by coordinating other 
immune cell functions via cytokine signaling [39, 40]. Recent 
studies show that macrophage metabolites are also key elements 
to mediate and regulate macrophage functions [39, 41]. Several 
metabolites have recently been identified in macrophages and 
one of them is itaconic acid (ITA), an antimicrobial compound 
that is not generally classified as a mammalian metabolite. Using 
NMR-based metabolomics and 13C-labeling, Strelko et al. [42] 
found that ITA is synthesized from the citric acid cycle intermedi-
ate cis-aconitic acid during macrophage activation. Activation of 
macrophages by LPS and IFN-γ markedly increased ITA produc-
tion and secretion, which in turn suppresses LPS-induced gene 
expression in macrophages [43] and alleviates lung and liver 
injury in mice [43]. Very recently, two naturally occurring isomers 
of ITA, mesaconate [44], and citraconate [44], have also been 
identified. All three isomers profoundly alter amino acid metabo-
lism, modulate cytokine/chemokine release, decrease interferon 
signaling, and reduce oxidative stress [45]. However, these iso-
forms show some difference in their target specificities. Unlike 
ITA, which represses tricarboxylic acid cycle activity and cellular 
respiration by inhibiting Tet methylcytosine dioxygenase 2 and 
succinate dehydrogenase, mesaconate inhibits only the glycolytic 
activity [44]. While neither mesaconate nor ITA treatment impairs 
inflammasome activation [44], citraconate reduces interferon 
responses and oxidative stress, and modulates inflammation and 
cell metabolism [45]. Of the three isomers, only citraconate inhib-
its catalysis of itaconate by the mitochondrial metabolic enzyme 
cis-aconitate decarboxylase [45]. These studies reveal previously 
unidentified biosynthetic pathways in cell metabolism and iden-
tify novel metabolites that likely play roles in macrophage-based 
immune response and metabolic regulation.

The roles of adipose tissue macrophages in the 
regulation of energy homeostasis

Obesity, which is associated with various metabolic and car-
diovascular diseases as well as certain types of cancer, has 
become one of the most serious public health crises worldwide 
[46]. Obesity greatly induces macrophage accumulation in mouse 
adipose tissue, which is increased from ~5% in lean subjects to 
~50% of all adipose tissue cells in obese mice [47–49]. A similar 
obesity-induced increase in adipose tissue macrophage (ATM) 
population is also observed in humans. The drastic increase in 

ATMs in adipose tissue suggests a critical role of macrophages 
in overnutrition-induced dysregulation of energy homeostasis and 
metabolism.

Obesity is caused by imbalanced nutrient input and energy 
expenditure, which leads to the storage of the excess nutrients 
as lipids in adipose tissues and ectopically other metabolically 
important tissues such as liver and skeletal muscle, leading to 
various medical consequences such as insulin resistance, coro-
nary heart disease, and T2D [50]. Adipose tissue can be classified 
into three types: white, brown, and beige adipose tissues, which 
differ in their structure, location, and functions. The major role of 
white adipose tissue (wAT) is energy storage while the brown 
(BAT) and beige adipose tissues are adaptive thermogenic fat 
which dissipate energy in the form of heat and offers a therapeu-
tic potential to counteract obesity and metabolic disorders. The 
classic view of BAT thermogenesis is that a centrally processed 
cold-sensation triggers the release of norepinephrine (NE) from 
its sympathetic nerve terminals, stimulating β3-adrenoceptor sig-
naling in BAT that upregulate uncoupling protein 1 (UCP1) [51]. 
However, various evidence indicates that macrophages also play 
a noncanonical role in modulating the thermogenic function of 
adipose tissues to regulate systemic energy homeostasis [52–54].

Inhibition of thermogenesis by macrophages

Macrophages are accumulated in thermogenic adipose tissues in 
the state of obesity [55]. Infiltration of classically activated macro-
phages, which is known to induce inflammation, has been found 
to suppress UCP1 expression in adipose tissues of HFD-fed 
C57BL/6 mice, while depletion of macrophages using clodronate 
liposomes eliminated the suppressive effect [55]. M1 macro-
phages also inhibit UCP1 expression in adjacent adipocytes via 
integrin α4 and its counter-receptor VCAM-1-mediated adhesive 
interaction with adipocytes [56] (Fig. 2). Consistent with an inhib-
itory role of macrophages in thermogenesis, deficient p38 acti-
vation in myeloid cells increases macrophage IL-12 production, 
leading to inhibition of hepatic FGF21 and reduction of thermo-
genesis in the brown fat [57]. These findings suggest that infiltra-
tion of classically activated (M1) macrophages could cause not 
only insulin resistance but also reduction of energy expenditure 
in adipose tissues.

Promotion of thermogenesis and energy expenditure by 
alterative-activated macrophages

Unlike the classically activated macrophages, accumulating evi-
dence suggests alternatively activated macrophages promote 
thermogenesis [53]. Meteorin-like (Metrnl) is a circulating factor 
that is induced in muscle after exercise and in adipose tissue upon 
cold exposure. Metrnl promotes alternative activation of ATMs and 
blocking Metrnl actions significantly attenuates chronic cold expo-
sure-induced alternative macrophage activation and thermogenic 
gene responses in vivo [58] (Fig. 2). A single-cell transcriptomic 
analysis of stromal cells from inguinal wAT (iwAT) of mice revealed 
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an association between increased M2 macrophages and elevated 
thermogenesis, and depletion of M2 macrophages abrogated iwAT 
beiging [59]. The mechanisms by which M2 macrophages enhance 
thermogenesis remain elusive, but several studies suggest that 
M2 macrophages could produce and secrete catecholamines that 
stimulate beige fat thermogenesis [60, 61]. However, a later study 
from a collaboration of six laboratories showed that alternatively 
activated macrophages do not synthesize relevant amounts of cat-
echolamines [62]. In addition, hematopoietic deletion of tyrosine 
hydroxylase (TH), an enzyme required for synthesis of catechol-
amines such as NE, had no effect on cold thermogenesis in adult 
mice [62], suggesting the presence of alternative mechanism(s) 
that promotes beige fat thermogenesis. Consistent with this notion, 
IL-33 induces UCP1 expression in wAT and the induction is inde-
pendent of the adaptive immune system, eosinophils, or IL-4 recep-
tor signaling but dependent of Group 2 innate lymphoid cells, which 
regulate beige fat thermogenesis in part via production of enkeph-
alin peptides [63]. However, alternatively activated macrophages 

have been found to regulate thermogenesis by secreting Slit 
guidance ligand 3 (SLIT3) under cold exposure conditions, which 
induces sympathetic innervation and TH activation by binding to 
sympathetic neurons, thereby promoting NE synthesis and beige 
fat development [64]. Increased beige adipocyte thermogenesis 
is also stimulated by the nicotinic acetylcholine receptor (nAChR) 
signaling pathway, which is activated by acetylcholine locally pro-
duced from M2 macrophages [65]. The mechanism triggering 
acetylcholine production in macrophages was unknown, but a 
later study showed that the production and secretion of FGF21 in 
adipocytes, which is mediated by miR-182-5p, plays a key role in 
cold exposure-induced acetylcholine production in macrophages, 
uncovering the miR-182-5p/FGF21/acetylcholine/nAChR axis that 
mediates the crosstalk between adipocytes and macrophages to 
promote beige fat thermogenesis [66] (Fig. 2). The involvement of 
M2 macrophages in regulating thermogenesis is also supported 
by the finding that adipocyte-specific inducible deletion of the gene 
encoding cannabinoid receptor type-1, which is associated with 

Figure 2. ATM-mediated adaptive thermogenesis.
Sympathetic neurons activate brown and beige fat by releasing NEs, which promotes thermogenic gene expression in brown and 
beige adipocytes by activating β3-AR-mediated signaling pathway. Macrophage subpopulations within thermogenic adipose 
tissues, including brown and subcutaneous white fat, have distinct roles in regulating energy homeostasis. M1 macrophages 
inhibit thermogenic gene expression in adjacent adipocytes via integrin α4 and its receptor VCAM-1 (green arrows). Alternatively 
activated M2 ATMs secrete SLIT3 that promotes sympathetic innervation and TH activation, leading to increased thermogenic 
gene expression via the β3-AR in brown and beige adipocytes (purple arrows). Alternatively activated macrophages also 
produce acetylcholine to activate thermogenic responses in brown or beige adipocytes through paracrine mechanisms in a 
cold environment (blue arrows). SAMs subset may suppress thermogenesis via Slc6a2-mediated import/degradation of NEs 
(golden arrows). AR, adrenergic receptor; ChAT, choline acetyltransferase; CHRNA2, neuronal acetylcholine receptor subunit 
alpha 2;SLC6a2, solute carrier family 6 member 2; VCAM1, vascular cell adhesion molecule-1.
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an increase in M2 macrophages concomitant with enhanced sym-
pathetic tone in adipose tissue, protects mice from diet-induced 
obesity and alleviates obesity-induced metabolic phenotypes 
[67]. M2 macrophage polarization is also induced by IL-25, which 
increases outgrowth of sympathetic nerves in subcutaneous wAT, 
contributing to adaptive thermogenesis [68]. However, while these 
findings suggest that M2 macrophages contribute to adaptive ther-
mogenesis in certain physiological settings, it is well known that 
macrophages are heterogeneous, and their phenotype and func-
tions are regulated by the surrounding microenvironment. Thus, it 
is unsurprising that some tissue-resident macrophages may exert 
a repressive role in regulating energy expenditure. Consistent with 
this view, Pirzgalska et al. [69] show that the sympathetic neu-
ron-associated macrophages (SAMs), which are found in both 
mice and human and show different neural- and adrenergic-re-
lated gene expression profiles compared to other macrophage 
populations, play a key role in the clearance of intracellular NE. 
SAMs uptake intracellular NE and degrade it via an NE transporter 
(Slc6a2) and a degradation enzyme (monoamine oxidase; MAOa) 
(Fig. 2). These results demonstrate that SAMs promote obesity 
through noradrenaline clearance, suggesting that SAMs and their 
molecular machinery are potential therapeutic targets for obesity.

The role of macrophages in low-grade inflammation, 
insulin resistance, and T2D

Various studies have clearly demonstrated a role of macrophage 
dysregulation in excessive inflammation and metabolic diseases 
[70]. Inflammation is a normal physiological defense response 
of the body to foreign pathogen invasion. However, excessive 
inflammatory response may lead to serious metabolic diseases 
such as insulin resistance and T2D. T2D is now well recognized 
as a chronic, low-grade inflammatory disease characterized by 
impaired insulin secretion, insulin resistance, glucose intolerance, 
and hyperglycemia. The first report on a link between inflamma-
tion and insulin resistance back to 1993 when Hotamisligil et al. 
[71] found that obesity increased the expression of pro-inflamma-
tory cytokine TNF-α in adipose tissue. Furthermore, they showed 
that neutralizing TNF-α significantly increased insulin stimulated 
glucose uptake in obese rats. To date, numerous studies have 
consistently shown that reducing inflammation is metabolically 
protective, which alleviates the development of insulin resistance 
and T2D [72].

Chronic inflammation in adipose tissue is considered as a 
crucial risk factor for the development of insulin resistance and 
T2D in obese individuals. The major source of inflammation in 
adipose tissue remains to be defined, but adipose tissue is well 
known to comprise multiple immune cells such as monocytes, 
macrophages, neutrophils, and T cells, in addition to adipocytes 
[73]. During chronic inflammation, immune cells such as lympho-
cytes and macrophages accumulate and infiltrate into metabolic 
tissues including adipose tissue. In adipose tissue of healthy/lean  

subjects, alternatively activated M2 macrophages secrete pre-
dominately anti-inflammatory cytokines. In contrast, obesity 
induces macrophage polarization and an M1 phenotypic switch 
in adipose tissue, leading to increased production of pro-in-
flammatory cytokines such as TNF-α, IL-6, and IL-1β as well as 
chemokines MCP-1, CCR2, and CCR5. The increased levels of 
pro-inflammatory cytokines initiate the recruitment of monocytes 
and M1 macrophages in adipose tissue, leading to the activation 
of pro-inflammatory signaling pathways such as JNK, ERK, p38, 
IκB, and IKKβ that inhibit insulin signaling [73–75]. In addition 
to these signaling pathways, the mammalian target of rapamycin 
complex 1 (mTORC1) signaling pathway has also been shown 
to play a key role in obesity-induced macrophage polarization 
and insulin resistance. In obesity, nutrient sensing by mTORC1 
switches ATMs from M2 to M1 [76]. Consistently, activation of 
the mTORC1 signaling pathway by deleting TSC1 in macro-
phages intensifies the M1 [77] but suppresses M2 polarization 
[78]. In agreement with these results, depletion of mTORC1 in 
macrophages protects mice against HFD-induced adipose tis-
sue inflammation and insulin resistance [79]. Another important 
regulator of macrophage polarity is the ER stress protein CHOP. 
CHOP expression is upregulated in adipocytes of HFD-fed mice 
and CHOP deficiency promotes M2 macrophage polarization, 
concurrently with alleviated insulin resistance and glucose intoler-
ance [80]. Bone marrow transplantation experiments showed the 
polarity of ATMs is mainly determined by CHOP [80]. Consistent 
with the view that ER stress plays a key role in regulating macro-
phage polarization in adipose tissue, myeloid-specific abrogation 
of inositol-requiring enzyme 1α promotes M2 macrophage polar-
ization in wAT, greatly increased brown and beige fat development 
and energy expenditure, and blocked HFD-induced metabolic 
disorders [81]. These results reveal novel molecular mechanisms 
regulating macrophage polarization and a link between obesity, 
macrophage polarization, and metabolic diseases such as insulin 
resistance.

In addition to triggering insulin resistance in adipose tissues, 
macrophage polarization has also been found to modulate the 
function of β cells [82], the cells in the pancreas that produce 
and release insulin in response to elevated blood glucose levels. 
Macrophages are in close contact with both β cells and vascu-
lature in mice [83] and may directly provoke or enhance insulin 
secretion through production of factors such as retinoic acid [84]. 
Although there are some data suggesting that islet macrophages 
do not follow the M2 protection vs. M1 deterioration polarization 
paradigm [85], Yin et al. [86] found that infusion of human umbil-
ical cord-derived mesenchymal stem cells, which are known to 
protect islet function in T2D individuals, promotes macrophage 
polarization toward an anti-inflammatory M2-like state, correlat-
ing with a significant increase in islets recovery in type 2 dia-
betic mice. Macrophages have also been found to regulate the 
adaptation of β cells to early weight gain by licensing β cell mass 
expansion and the required angiogenesis during the early weeks 
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of high-fat diet feeding [87]. Indeed, depleting islet macrophages 
reduced VEGF-A secretion in both human and mouse islets ex 
vivo, leading to a significant and consistent compromised islet 
remodeling in terms of size, vascular density, and insulin secre-
tion capacity [87].

The Yin-Yang function of macrophages in NASH 
progression

NAFLD, which includes NAFL and the more severe NASH and 
cirrhosis, has now become the leading cause of end-stage liver 
failure worldwide [88, 89]. Both resident (KCs) and recruited mac-
rophages have been recognized as key contributors to the devel-
opment and pathogenesis of NAFLD [90].

NAFL is defined as hepatic steatosis with no evidence of 
hepatocellular injury and fibrosis. NASH, on the other hand, is 
characterized by toxic accumulation of fat in the liver (steato-
sis) that induces inflammation, hepatocellular injury, and varying 
degrees of fibrosis [38]. The transition from the largely benign 
hepatic steatosis to NASH is of great clinical importance, given 
that the latter can progress to end-stage liver diseases such 
as cirrhosis, liver failure, or hepatocellular carcinoma [38] and 
affects <100 million people worldwide [91]. Unfortunately, no 
NASH drug has been approved by any leading regulatory agen-
cies as of today, highlighting the need for better understanding 
the biological basis and drug targets of NASH. While numerous 
studies have demonstrated a strong association between NASH 
and obesity, dyslipidemia, and T2D [38], key pathogenic drivers 
of NASH initiation and progression remain to be characterized. 
Liver is a heterogenous tissue composed of multiple cells includ-
ing hepatocytes and non-parenchymal cells such as liver endo-
thelial cells, hepatic stellate cells, biliary cells, and immune cells 
such as lymphocytes (T cells and B cells) and macrophages. 
Accumulating evidence suggests that immune cell activation 
could be one of the major triggers of NASH instigation and 
development [92].

Among immune cells, macrophage is emerging-studied in 
the regulation of NASH pathogenesis in recent years. Liver mac-
rophages mainly consist of liver-resident phagocytes (KCs) and 
bone-marrow-derived recruited monocytes. Both resident and 
recruited macrophages predominate some common functional 
abilities such as phagocytosis, recognition of danger signals, 
cytokine release, and antigen processing, as well as orchestrat-
ing immune responses. However, these cells also display some 
preferences in terms of regulation of tissue homeostasis and 
responses to acute or chronic injury [93]. In the healthy liver, KCs 
exist within the hepatic sinusoids where they scavenge bacteria 
and microbial products from the intestine while mature mono-
cytes show a patrolling behavior. Under the pathophysiological 
condition, liver macrophages are activated by various factors 
such as gut-derived endotoxins, lipids and lipid metabolites, and 
damage-associated molecular patterns (DAMPs), and activation 

of liver macrophages are associated with enhanced inflamma-
tion [90]. Extensive experimental and clinical data suggest that 
KCs and recruited macrophages are found to be critical in initiat-
ing liver damage thus the progression of NASH [90, 94]. A widely 
accepted view on NASH development is that overaccumulated 
lipid toxicity causes hepatocyte injury, which release DAMPs 
that stimulate KCs in the liver. The activated resident KCs then 
release pro-inflammatory cytokines and chemokines, leading to 
the consecutive recruitment of inflammatory monocyte-derived 
macrophages and elevated inflammation that accelerates the 
progression of NAFL to NASH and cirrhosis [95] (Fig. 3). In line 
with the view that KCs play a key role in obesity-induced met-
abolic abnormalities, depletion of liver KCs by administration of 
gadolinium chloride in mice prevents diet-induced hepatic ste-
atosis and insulin resistance [96] as well as the development of 
NASH [94].

Interestingly, some recent studies reveal that in addition to 
sustained hepatic inflammation from immune cells, increased cell 
damage or death, which derives the production of endogenous 
danger signals such as alarmins and DAMPs, play key contribut-
ing roles in the transition from NAFL to NASH [97–100] (Fig. 3). 
Consistent with a critical role of cell death in NASH pathogene-
sis, enhanced hepatocyte apoptosis contributes to early signal-
ing event in diet-induced NASH in mice [101, 102]. Cell death 
may be accidental or regulated, and regulated cell death (RCD) 
may either be programmed (occur in the absence of any exoge-
nous environmental perturbation) or may originate from intense 
or prolonged perturbations of the intracellular or extracellular 
microenvironment [103]. Beside apoptosis, several types of the 
RCD such as necroptosis [104], pyroptosis [105], and ferroptosis 
[106–108] have also been implicated in animal models of NASH 
and in liver biopsies of patients with NASH [109, 110]. Knockout 
of the receptor for TNF-related apoptosis-inducing ligand protects 
mice from HFD-induced macrophage inflammatory responses 
and high fat, high fructose, and high cholesterol diet-induced 
hepatocyte apoptosis and NASH, revealing a link between death 
receptor-induced inflammation and NASH [101]. Since enhanced 
cell death contributes to early signaling event in NASH patho-
genesis, the clearance of damaged or dead cells might be criti-
cal to counteract NASH progression. Indeed, selective depletion 
of phagocytic macrophage in mice displays accumulated dead 
cells in liver and are more suspectable to NASH [97]. These 
findings demonstrate that efficient efferocytosis of dead cells 
by liver macrophages is essential for protecting against NASH 
[97, 111]. Thus, macrophages may act as a double-edged sword 
in NASH progression given that they may promote inflamma-
tion if overactivated but may suppress inflammation by rapidly 
removing damaged and dead cells via phagocytosis [112, 113]. 
However, how these innate immune responses are initiated and 
coordinately regulated in response to nutritional and local envi-
ronmental cues-induced NASH development remain to be further 
elucidated.
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The roles of macrophages in dysbiosis-induced 
metabolic diseases

Gut microbiota is an integral part of the human body and dis-
rupting microbiota homeostasis (dysbiosis) has been implicated 
in inducing low-grade inflammation that activates tissue-resident 
macrophages, contributing to a variety of metabolic diseases 
such as diabetes, obesity, and metabolic syndrome [23, 29]. The 
precise mechanisms by which gut microbiota dysbiosis induces 
metabolic diseases remain to be further elucidated, but numerous 
studies suggests that macrophages are one of the key players 
in mediating the interaction between gut microbiota and host tis-
sues. For example, treating specific pathogen-free mice with the 
antibiotic vancomycin led to a significant increase in body weight, 
cecum weight, and the gastrointestinal transit time, concurrently 
with a significant increase in M1 and a significant decrease in M2 
macrophages in the mucosal and muscular layers of the colon of 
the mice [114]. Early and frequent uncontrolled use of antibiotics 
have also shown to disrupt the microbiome and increase the risk 
of overweight or obesity in both childhood and adults [115, 116]. 
Inhibition of butyrate production by antibiotics promotes the pro-in-
flammatory polarization of the intestinal macrophages, leading to 
a global dysfunction of the immune response [117]. Interestingly, 
a recent study shows that unhealthy lifestyle habits such as low 
vegetable intake, high processed meat consumption, and seden-
tary lifestyle trigger accumulation of pro-inflammatory intestinal 

macrophages, potentially via recruited blood monocytes, in the 
stomach, duodenum, and colon of obese human individuals [118]. 
M1 macrophage polarization in the intestine has been shown 
to inhibit gastrointestinal motility [114] and compromise barrier 
function, which consequently causes the leakage of gut micro-
biota-derived microbial factors or LPS, triggering inflammasome 
in colonic macrophages to induce sustain intestinal inflammation 
[119, 120]. Consistent with the view that dysregulation of intestinal 
macrophages contributes to metabolic dysfunction, there is strong 
evidence that the innate and adaptive responses in the gut affect 
the maintenance of the intestinal barrier, systemic inflammation, 
and glucose metabolism, whose dysregulation contributes to the 
pathophysiology of obesity and T2D [121, 122].

In addition to be regulated by signals from the host, a large 
amount of evidence showing that the polarization of macrophages 
could also be regulated by metabolites produced from microbiota. 
Under healthy conditions, gut microbiota produces various metab-
olites such as short-chain fatty acids (SCFAs), butyrate, bile acids, 
and tryptophan metabolites that are essential for glycolysis, the 
Krebs cycle, oxidative phosphorylation, and amino acid and fatty 
acid metabolism of the host cells including metabolic relevant cells 
such as adipocytes, hepatocytes, β cells as well as immune cells 
such as macrophages [29, 123, 124]. Transferring the microbiota 
from healthy donors has been found to improve the body weight 
and glycemia in both mouse [125] and human [126] obese and 

Figure 3. The Yin-Yang functions of macrophages in the development of NASH.
Obesity, dysbiosis, and parenchymal injury lead to increased lipotoxicity, endotoxin, and oxidative stress, which induce 
steatosis, fibrosis, and cell injury/death in the liver. Damaged and deceased cells promote the release of DAMPs, which in turn 
enhances inflammation in NASH. Increased phagocytosis of macrophages is critical to remove the injured/deceased cells and 
thus reduces inflammation in NASH.
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diabetic receivers. In addition, targeting gut microbiota dysbiosis 
by a variety of approaches such as the treatment with probiotics 
and prebiotics, and the utilization of microbiota-derived SCFAs and 
butyrate all show beneficial effects on metabolic disorders, includ-
ing reprogramming macrophage metabolism toward an anti-inflam-
matory M2 phenotype [29, 117] and enhancing the phagocytic and 
antimicrobial activities [127]. Besides SCFAs and butyrate, a recent 
study shows that upregulating microbiota-derived polyamines such 
as putrescine and spermidine, increases the abundance of M2 
macrophages in the colon and promotes longevity in mice [128]. 
Interestingly, helminth parasite infection-induced M2 macrophage 
polarization alleviates HFD-induced obesity in mice [129]. Adoptive 
transfer of macrophages from helminth-infected wT mice conferred 
protection against HFD-induced obesity in the recipients [129]. 
The precise underlying mechanism remains to be established but 
Heligmosomoides polygyrus infection has been shown to induce a 
significant change in the composition of the gut microbiota in mice 
[130, 131], suggesting that a potential link between gut microbiota 
and intestinal function in regulating energy homeostasis.

Dysregulation of macrophage function has also been found to 
be associated with maternal obesity-induced metabolic disorders. 
Maternal obesity is associated with increased risk for offspring 
obesity and NAFLD [132–135], but the causal drivers of this asso-
ciation are unclear. By comparing germ-free mice colonized with 
stool microbes from 2-week-old infants born to obese (Inf-Ob) or 
normal-weight (Inf-Nw) mothers, Soderborg et al. [136] showed 
that the germ-free mice colonized with stool microbes from 

Inf-Ob mice displayed increased endoplasmic reticulum stress 
and innate immunity together with histological signs of pediatric 
cases of NAFLD compared to mice colonized with stool microbes 
from Inf-Nw mice. Treating the germ-free mice with stool microbes 
from the Inf-Ob mice also show increased intestinal permeabil-
ity, reduced macrophage phagocytosis, and dampened cytokine 
production suggestive of impaired macrophage function. These 
results highlight a critical role of macrophages in maternal obe-
sity-associated infant dysbiosis in childhood obesity and NAFLD. 
Taken together, these findings demonstrate an important role of 
macrophages in dysbiosis-induced metabolic diseases.

Another beneficial function of macrophages is to alleviate 
inflammation and insulin resistance by clearing microbiota-derived 
products from the bloodstream in the context of obesity. Under 
obesity conditions, gut microbial DNA-containing extracellular 
vesicles (mEVs), which serve as vehicles to transport a variety of 
molecules such as RNA, DNA, lipids, and proteins between the 
neighbor or distant cells [137], can reach metabolic tissues where 
they induce inflammation and insulin resistance [138]. Depletion of 
DRIg (complement receptor of the immunoglobulin superfamily) in 
macrophages results in the spread of mEVs into distant metabolic 
tissues, subsequently exacerbating tissue inflammation and met-
abolic disorders [139]. The initiation of tissue inflammation is likely 
mediated by microbial DNA-induced activation of the cGAS/STING 
pathway, a key DNA sensor that plays a critical role in regulating 
metabolic homeostasis [140, 141], given that depletion of micro-
bial DNA blunts the pathogenic effects of mEVs and deletion of 

Figure 4. Macrophages dysregulation mediates gut microbiota dysbiosis-induced metabolic diseases.
Under healthy conditions, gut microbiota produces various metabolites such as SCFAs, butyrate, and other metabolites that 
are essential for the host cell metabolism (left). Under obesity conditions, gut microbial DNA-containing mEVs transport a 
variety of molecules such as RNA, DNA, lipids, and proteins to metabolic tissues where they activate macrophages and the 
cGAS/STING signaling pathway, triggering inflammation, and insulin resistance.
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cGAS prevented the suppressive effect of obese mEVs on insulin 
action [139] (Fig. 4). These results demonstrate that macrophage 
deficiency may contribute to the development of obesity-associ-
ated tissue inflammation and metabolic diseases, revealing again 
a Yin-Yang function of macrophages in inflammation and metabolic 
disorders. Thus, a better mechanistic understanding of the roles of 
macrophages in the content of metabolic disease stages, tissue 
microenvironment, and their communication partners would be of 
great importance in developing appropriate therapeutic approaches 
for the prevention and treatment of metabolic diseases.

Perspectives and future directions

In this review, we summarize current understanding of the roles 
of macrophages in the regulation of metabolism. Macrophages 
are functionally plastic cells, distributed into various tissues, and 
are highly sensitive to changes in their surrounding microenvi-
ronment. The two major functions of macrophages are inflam-
matory responses against pathogen invasion and phagocytosis 
to remove damaged/diseased cells to constrict inflammation in a 
timely manner. However, while the immunomodulation feature of 
macrophages is well recognized as a key player in various met-
abolic diseases such as insulin resistance and T2D, the role of 
the phagocytotic function of macrophages in the development 
and pathogenesis of metabolic disorders remains to be further 
defined. Several important questions with respect to the effect of 
macrophage dysregulation in metabolic diseases and their mech-
anisms of action remain to be addressed. First, it remains unclear 
as to under what conditions the pro- or anti-inflammatory function 
of a macrophage comes into play to promote or alleviate a meta-
bolic disease. An answer to this question is important given that 
the immunomodulation and phagocytic functions of macrophages 
could have opposite effects on the development and pathogen-
esis of a disease. Second, whether the Yin or Yang function of 
macrophages is specifically induced by a unique signal, by the 
disease microenvironment orchestrated by multisignals, or by the 
nature and/or the stages of a disease? Third, what are the key 
signaling pathways regulating the phagocytic capability to rap-
idly remove damaged/deceased cells to alleviate the inflamma-
tory phenotypes of a metabolic disease-induced mainly by cell 
injury/death? Fourth, how do macrophages communicate with 
other resident cell populations in a metabolic tissue to promote 
or reduce inflammation? Specifically, do these communications 
involve the active secretion of molecules from macrophages that 
impact adjacent cell populations, or regulated by signals from the 
neighboring cells that induce the Yin or Yang function of a mac-
rophage? In addition to their potential involvement in metabolic 
disorders, macrophages have also been found to be an excel-
lent target for nanomedicine. Nanoparticles (NPs) have now been 
widely used for drug delivery in disease treatment due to their 
stability, biocompatibility, blood circulation, immunogenicity, and 
capability to control drug release [142, 143]. Due to the phagocytic 

nature, monocytes, and macrophages are well recognized as 
nanomedicinal targets for NP-mediated drug delivery [144, 145]. 
A better mechanistic understanding of macrophages’ function 
and regulation of macrophages should provide new insights into 
the challenges and opportunities for developing/optimizing novel 
therapeutic diagnosis or treatment of metabolic diseases such as 
obesity, T2D and NASH and other diseases as well.
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