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Abstract
Adipose tissue-resident macrophages (ATMs) are reported to be important for maintaining adipose tissue remodeling and 
homeostasis. ATMs were classified for the first time in 2007 into the M1 and M2 types. This theory suggests that in the non-
obese adipose tissue, the anti-inflammatory, alternatively activated macrophages (AAMs) predominate, and regulate tissue 
homeostasis, remodeling, and insulin sensitivity. On the other hand, classically activated M1-type macrophages increase 
rapidly in obesity, secrete inflammatory cytokines, such as TNFα and IL-6, and induce insulin resistance. In recent years, 
experimental findings that cannot be explained by this theory have been clarified one after another and the theory is being 
reconsidered. In this review, based on recent findings, we summarize reports on the novel metabolic regulatory functions of 
ATMs beyond the M1/M2 paradigm.
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What is the M1/M2‑type macrophage 
theory?

Macrophages are present throughout the body and play inte-
gral roles in homeostasis and metabolic adaptation. Fifteen 
years have elapsed since Lumeng et al. proposed the “pheno-
typic switching theory” [1]. They categorized macrophages 
into the M1 and M2 types according to their surface mark-
ers. In the lean state, the majority of macrophages in the 
adipose tissue are of the anti-inflammatory M2-type (Fig. 1), 
while in the obese state, the majority of macrophages in 
the adipose tissue are of the proinflammatory M1-type 

macrophages (Fig. 2). M2-type macrophages are important 
for maintaining tissue homeostasis and remodeling (Fig. 1). 
M2-type macrophages are also involved in communication 
and crosstalk with other cells in the adipose tissue, including 
endothelial cells, preadipocytes, adipocyte progenitors, and 
eosinophils [2–5]. M2-type macrophages are also known to 
secrete Tgf-β and collagen-producing factors, thereby pro-
moting fibrosis (Fig. 1d) [6]. Phenotypic transition of the 
M2-type to M1-type macrophages in the obese state con-
tributes to insulin resistance through increased secretion of 
inflammatory cytokines such as TNFα and IL-6 (Fig. 2). 
Consistent with the above theory, other studies have shown 
that not only in the adipose tissue but also in other tissues, 
macrophages can be classified into the M1 and M2 types 
[7, 8]. In recent years, experimental findings that cannot 
be explained by this theory have been reported one after 
another, and the theory is being reconsidered.

Do M2‑ATMs play anti‑inflammatory roles?

Do all M2-ATMs, as good ATMs, exert anti-inflammatory 
functions? No; for example, in a transgenic mouse model of 
conditional depletion of M2-ATMs, no significant altera-
tions in the expressions of inflammatory cytokines were 
observed in the adipose tissue of lean mice, while in obese 
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Fig. 1   M2 macrophages in lean adipose tissues. M2-ATMs inhibit 
adipocyte progenitor proliferation/differentiation through Tgf-β (a), 
take up circulating macromolecules (b), secrete anti-inflammatory 

cytokines, including IL-10 (c), and promote fibrosis (d). M2-ATMs 
are also reported to be associated with beiging and browning of white 
adipocytes (e), but their mechanisms are a matter of controversy

Fig. 2   M2 macrophages in 
obese adipose tissues. Obesity 
induces the recruitment of 
circulating Ly6c + monocytes 
to adipose tissue, and they dif-
ferentiate into macrophages that 
regulate metabolism and lyso-
somal biogenesis. Adipocyte 
cell death that occurs in obese 
adipose tissue may result in the 
release of damage-associated 
molecular patterns (DAMPs) 
that induce proinflammatory 
responses in immune cells, and 
these ATMs that are present 
around dead adipocytes form 
crown-like structures (CLSs). 
Lipid-associated macrophages 
(LAMs) are also a major 
constituent of ATMs that are 
involved in disposing lipids 
released by dead adipocytes
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mice, inflammation was attenuated [4]. Contrary to the find-
ings reported by others, we and Lumeng group showed that 
depletion of M2-ATMs results in improved insulin sensitiv-
ity [4, 9]. At the same time, we also found that depletion 
of M2-ATMs results in increased proliferation of preadipo-
cytes (Adipocyte Progenitors: APs) and increased numbers 
of small adipocytes (Fig. 3a, b). Furthermore, these effects 
were considered as being attributable to M2-ATM-derived 

Tgf-β1, as shown in CD206-CreERT2; Tgf-β1 floxed mice, 
suggesting that M2-ATMs provide a microenvironment for 
preadipocytes/APs and regulate their number and quality via 
TGF-β signaling. Another report also showed that mice lack-
ing in the IL-10 gene are less prone to obesity, and in fact, 
showed improved glucose tolerance under the high-fat diet 
(HFD) condition (Fig. 1c) [10]. These IL10−/− mice showed 
enhanced energy expenditure and thermogenesis, indicating 

•
•
•
•

•
•
•
•
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Fig. 3   M2 macrophages serve as a niche for preadipocytes that 
contributes to maintaining adipose tissue homeostasis. a On a nor-
mal chow diet, M2 macrophages form a niche with preadipocytes 
via TGFβ thus keeping preadipocytes in a quiescent state, avoid-
ing unnecessary division and preventing cell senescence and their 
exhaustion to maintain their pool. b Depletion of M2 macrophages 
release their inhibitory effect of proliferation and differentiation of 
preadipocytes. As preadipocytes are constantly receiving growth and 
differentiation signals from blood circulation, they begin to proliferate 
and differentiate to generate small matured adipocytes, thus inducing 
insulin sensitivity. c When animals are put on a high-fat diet, signals 
of free fatty acids from the blood circulation might stimulate PPARγ 
in the preadipocytes and reduce the expression of molecules involved 
in M2 macrophage-preadipocyte interaction and the niche structure is 
disrupted. As a result, preadipocytes are released from the niche and 
begin to proliferate and differentiate to generate matured adipocytes 
and exacerbation of insulin resistance is at least in part alleviated. d 
The following explanation is based on the assumption that the num-

ber of M2 macrophages and that of preadipocytes are almost parallel. 
When the number of M2 macrophages is large, there may be more 
preadipocytes, and more adipocytes are generated even under high-
fat diet, making it less likely to become insulin resistant (hyperpla-
sia: healthy expansion). e On the other hand, when the number of 
M2 macrophages is not enough, there are less preadipocytes and less 
matured adipocytes generated under a high-fat diet, then existing adi-
pocytes become larger, leading to inflammation and insulin resistance 
(hypertrophy:  pathological expansion). Similarly, when the function 
of M2 macrophages is impaired, or  the number of preadipocytes 
regulated by M2 macrophages is decreased, these  result in reduced 
adipogenesis and insulin resistance under a high-fat diet. f The reason 
why Trib1-deficient mice lacking M2 macrophages in adipose tissue 
exhibit a lipodystrophic diabetes phenotype is that there may be only 
a small number of preadipocytes recruited in this mouse adipose tis-
sue because of the lack of M2 macrophages, resulting in little adipo-
genesis occurred [28]
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that M2-ATM-derived IL-10 suppresses the expressions of 
genes related to thermogenesis in mature adipocytes via adi-
pocyte IL-10 receptor α, exacerbating obesity and glucose 
tolerance.

In contrast, alternatively activated macrophages/
M2-ATMs, reported as a major source of catecholamine 
or norepinephrine (NE), contribute to non-shivering ther-
mogenesis and to the browning of white adipose tissue 
(Fig. 1e) [11, 12]. In contrast, another report indicated that 
M2-ATMs do not produce sufficient NE and do not promote 
the browning of white adipose tissue [13]; rather, depletion 
of M2-ATMs promotes the browning of white adipose tis-
sue [3, 4]. Pirzgalska et al. found a subset of ATMs that was 
closely associated with sympathetic neurons, which contain 
catecholamine, not by biosynthesis but via uptake. They 
called this subset of ATMs “sympathetic neuron-associated 
macrophages (SAMs)” (Fig. 1e) [14]. They and others also 
showed that the SAMs are involved in the functions of brown 
adipose tissue or in the beiging of white adipocytes [14–17]. 
ATMs are required for the metabolic adaptation of adipose 
tissue, which occurs in a complex manner, and greater cau-
tion is needed in defining the functions of macrophages 
under different stimuli or in different experimental settings. 
These reports raise the question of whether to revisit this 
classification or the “Phenotypic switch theory'' of mac-
rophages in the adipose tissue.

What are the types of ATMs that exist in lean 
adipose tissue?

Adipose tissue of lean mice contains a large population 
of macrophages (MΦs) called M2-ATMs that express 
genes encoding CD206, Lyve1, Mgl1, IL-10, CD163, etc. 
Recent reports have referred to this population as vascular-
associated macrophages (VAMs) [18], and perivascular 
macrophages (PVM) (Fig. 1b) [19]. Silva et al. catego-
rized ATMs into four subtypes according to the expres-
sion of CD206, namely, VAM1, VAM2, PreVAMs, and 
CD11c+CD64+ double-positive (DP) ATMs [18]. They 
called the CD206hi subpopulation as VAM, because this 
population was found to surround blood vessels. VAM was 
further classified into VAM1 (MHCIIhiTim4int) and VAM2 
(Tim4hiMHCIIint) according to the expression of the gene 
encoding Tim4 (T cell immunoglobulin- and mucin-domain 
containing molecule-4). Tim4+ macrophages correspond 
to previously known long-lived embryonic macrophages 
[20]. VAM, especially VAM2, shows abundant expres-
sions of genes involved in anti-inflammatory functions and 
pathways related to insulin sensitivity. They also express 
genes involved in tissue repair, detoxifying functions, endo-
cytosis, and micropinocytosis. In fact, they have a rapid 
endocytic capacity of diverse macromolecules present in 

the bloodstream. VAM, especially VAM2, do not originate 
from the bone marrow (BM), but rather represents self-
renewed non-bone marrow, embryonically derived mac-
rophages in the adipose tissue. On the other hand, subtypes 
with intermediate/low CD206 expression levels are classi-
fied into CD64+CD11c− preVAM and CD11c+CD64+ DP 
macrophages. RNA-seq analyses further revealed that the 
VAM1, VAM2, and preVAM clusters are located near each 
other and share several transcriptional factors. On the other 
hand, the CD11c+CD64+ DP macrophages share transcrip-
tional factors with monocytes.

Ontogeny

For a long time, macrophages were thought to be derived 
from circulating monocytes [21]. Recent studies have 
revealed that resident macrophages in most tissues are not 
derived from circulating monocytes, but are of embry-
onic origin and are maintained by self-renewal [22–25]. 
In some tissues, blood monocytes are recruited and dif-
ferentiate into macrophages as the tissue grows after birth. 
As in other tissues, adipose tissue also contains a mixed 
population of macrophages, namely, both embryonically-
derived and BM-derived macrophages. In adipose tissue, 
Félix et al. used single-cell proteomics to show that the 
ATMs gradually transition from fetal-derived macrophages 
to monocyte-derived macrophages after birth [26]. At 
5  weeks of age, CD206+Tim4+ cells are predominant, 
while at 23 weeks of age, this subpopulation is significantly 
decreased and instead, the population of monocyte-derived 
CD206+ Tim4− cells is increased. On the other hand, 
CD206−CD11c+ macrophages, which are only seen in small 
numbers at 5 weeks of age, increase in number by 23 weeks 
of age. To confirm the proliferation of F4/80hiTim4+ ATMs 
in the eWAT of obese mice, the results of a proliferation 
assay showed that F4/80hiTim4+ ATMs had higher prolif-
erating potential than F4/80hiTim4+ ATMs from lean mice, 
suggesting that obesity induces the proliferation of resident 
ATMs.

Single-cell RNA-sequencing (scRNA-seq) analyses of 
white adipose tissue allowed further characterization of 
ATMs into different clusters based on the expression of 
Tim4 [27]. Both F4/80hiTim4+ and F4/80hiTim4− popula-
tions show high expression levels of CD206. The former was 
considered as being embryonically derived ATMs that sur-
vived by self-renewal, and the latter are thought to represent 
a subpopulation derived from circulating monocytes, and 
differentiated into M2-ATMs. HFD stimulation significantly 
increases the number and proliferation of F4/80hiTim4+ pop-
ulations, indicating that these ATMs undergo self-renewal 
in the obese state.
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Role of M2‑ATMs in maintaining insulin 
sensitivity in the lean and obese states

Decrease in the number of M2-ATMs through deletion of 
the Trib1 gene whose product is involved in proteolysis, 
causes lipodystrophic diabetes with increased lipolysis 
[28]. In these mice, M2-ATMs were markedly decreased 
in the adipose tissue. This report suggests that M2-ATMs 
somehow regulate adipocyte differentiation and lipogen-
esis pathways. We recently reported that M2-ATMs in 
the lean state provide a niche for adipocyte progenitors 
in a Tgf-β-dependent way, which helps to maintain the 
stemness of the progenitors by avoiding unnecessary divi-
sion and cell senescence, and preventing exhaustion of 
adipocyte progenitors (Fig. 1a, and Fig. 3a) [4, 29]. From 
these two reports, we presumed that M2-ATMs may be 
involved in the recruitment of adipocyte progenitors and/
or maintenance of their pool in a healthy state. This might 
be the reason for lipodystrophic phenotype in Trib1 gene-
deficient mice lacking in M2-ATMs. Thus, the population 
size of M2-ATMs is closely associated with the size of 
the adipocyte progenitor pool, which might be the reason 
why a larger number and higher quality of M2-ATMs are 
essential for the maintenance of adipose tissue health even 
under the HFD condition.

How do M2‑ATMs maintain insulin 
sensitivity under the HFD condition?

Several reports show that the M2-ATMs found in adi-
pose tissue are necessary for maintaining the health of 
the adipose tissue and also for maintaining insulin sen-
sitivity (Figs. 1 and 3) [30–32]. In fact, mice lacking in 
transcriptional factors, signaling molecules that are neces-
sary for differentiation of M2-ATMs, including PPARγ, 
PPARδ, KLF4, Irs2, and IL-4, are prone to obesity and 
insulin resistance under the HFD condition [2, 31–37]. 
These reports also support our notion that M2-ATMs are 
involved in the healthy expansion of adipose tissue under 
an energy excess state by recruiting adipocyte progeni-
tors and maintaining their pool enough to counteract the 
energy excess to keep adipocyte smaller and less inflam-
matory, thus making the body insulin sensitive. Lack of 
eosinophils, the predominant IL-4-secreting cells in the 
WAT, is associated with reduced differentiation of ATMs 
into M2-ATMs and promotion of obesity-induced insu-
lin resistance [2, 33]. Cox et al. highlighted the impor-
tance of embryonically-derived macrophages in protect-
ing against obesity [38]. When they deleted the PDGFcc 
gene in macrophage progenitors in the embryonic stage 

in mice, they found that the mice had less brown adipose 
tissue thermogenesis and were more prone to obesity and 
insulin resistance. These data are consistent with our data 
that M2-ATMs provide a niche not only for white adipo-
cyte progenitors but also for beige adipocyte progenitors 
(Fig. 1e).

How are ATMs remodeled in obesity?

Obesity induces a dramatic increase in the proportion of 
ATMs, which reaches around 40%-50% of stromal cells in 
both mice [39] and humans [40]. Although this increase is 
mainly attributable to monocyte-derived ATMs, local pro-
liferation of tissue-resident M2-ATMs is also reported to 
contribute, at least in part, to this increase in the popula-
tion of ATMs. Recent scRNA-seq studies further revealed 
that these ATMs are remodeled toward lipid-associated 
macrophages (LAMs) [41], rather than converting to classi-
cally activated M1 macrophages as originally proposed by 
Lumeng et al. [1]. Kratz et al., used the terminology meta-
bolically activated macrophages (MMe), where they stimu-
lated macrophages in vitro with insulin, glucose, and pal-
mitate and found that these stimulated macrophages express 
PPARγ, ABCA1, CD36, and PLIN, but not M1 markers nor 
M2-markers (Fig. 2). They called these unique type mac-
rophage population as MMe. These phenotypes of mac-
rophage were mediated by two independent mechanisms: 
(1) palmitate binding to cell surface TLRs that drives pro-
inflammatory cytokine production and (2) palmitate inter-
nalization by activating p62 and PPARγ, thereby promoting 
lipid metabolism and reducing inflammation. Metabolic 
stimuli (palmitate) promote inflammation independent of 
type I interferon response and this approach can be useful 
for disease-specific conditions to define diagnostic surface 
markers. Remodeling of macrophages by fatty acid/palmi-
tate simulation plays an important role in obesity and other 
metabolic disorders. Their report provides evidence that the 
metabolic adaptation of macrophages to FFA uptake can be 
affected by factors that influences FFA amounts including 
WAT mass, adipocyte size, adipocyte progenitors, and insu-
lin-resistant adipocytes, altogether contributing to metabolic 
dysfunction in patients with type 2 diabetes. Remodeling 
of ATMs towards LAM-like cells in obesity is essentially 
similar to the MMe [42] or lysosome-related lipid handling 
macrophages [43], as described previously, suggesting that 
LAMs have lipid handling properties distinct from conven-
tional M1 or M2 macrophages.

In 2010, a subset of CD11c+CD206+ DP cells was identi-
fied in the subcutaneous adipose tissue of obese women [44]. 
This subset of macrophages was rich in intracellular lipids 
and resided around crown-like structures (CLS). They also 
reported the existence of a correlation between the ratio of 
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CD11c+CD206+ and CD11c− ATMs and insulin resistance. 
They further demonstrated that the CD11c+CD206+ DP 
subset of macrophages has both pro- and anti-inflammatory 
properties as well as high mitochondrial numbers. Shaul 
et al. reported that CLS-associated macrophages express-
ing MGL1 and CD11c constituted the majority of CD11c+ 
macrophages in obese mice [45]. Consistent with this, Silva 
et al., also showed that the CD206int/loCD11c+CD64+ DP 
population of macrophages was markedly increased in mice 
with diet-induced obesity (DIO) [18]. CD11c+CD206+ DP 
has been considered to be a macrophage subpopulation 
corresponding to the inflammatory CD11c+ macrophages 
reported so far [1, 46]. CD11c+CD206+ DP macrophages 
are derived from circulating monocytes, unlike VAM2 and 
VAM1. The CD11c+CD206+ DP macrophage population 
is a mixed phenotype that shows high expressions of genes 
encoding anti-inflammatory cytokine markers, including 
CD206, IL-10, TGF-β1, and IL-1 receptor antagonist, as 
well as of genes encoding pro-inflammatory cytokines, 
including Tnf, Cxcl1, and IL-6. Sárvári et al. reported that 
in obesity, the relative numbers of LAMs are increased and 
also, the expressions of genes involved in lipid handling 
(e.g., Ppaργ, Lpl, and Dpep2) are induced [19]. These LAMs 
have been demonstrated to be involved in the clearance of 
dead adipocytes and lipids [41, 43, 47, 48]. These data sug-
gest that HFD-induced obesity leads to decreased expres-
sions of canonical and subpopulation-specific macrophage 
genes and increased expressions of genes involved in lipid 
storage. These findings are consistent with the MMe theory 
[42], and do not support the notion that obesity induces the 
phenotypic transition of macrophages from the M2-type to 
M1-type macrophages. scRNA-seq recently identified at 
least three subsets of macrophages, including LAMs, in the 
adipose tissue in obesity [41, 47, 49–53] (Fig. 2). Hildreth 
et al. [51] analyzed the human adipose tissue and found 
that the macrophages in the tissue could be separated into 
three subsets: One subset was very similar to the LAMs, 
showing high expression levels of genes encoding TREM2, 
CD9, and LPL. Another subset was PVM, which showed 
high expression levels of genes encoding C1Q, LYVE1, 
and SELENOP. The last subset was IM, which showed high 
expression levels of genes encoding CCL3L1, TNF, and 
CXCL3. Both the LAMs and IM showed markedly elevated 
expressions of genes encoding IL-1β and TNF in proportion 
to the BMI. On the other hand, the PVM showed no expres-
sion of genes encoding IL-1β or TNF. Obesity was associ-
ated with increases in the populations of LAMs and IM, 
and a decrease in the population of PVM. Consistent with 
this, another study also identified three subsets of ATMs in 
human adipose tissue [53]. Hill et al. [46] also identified 
three macrophage populations such as Ly6c+, Ly6c−CD9+, 
and Ly6c−CD9−, by flow cytometry and scRNA-seq in 
the eWAT of obese mice. Ly6c−CD9+ population was 

characterized by high expression levels of genes involved 
in lipid metabolism (Cd9, Lpl and Plin2), vesicle functions 
(Vamp4), lysosomal functions (Cd63, Cts6, Ctss, Lamp1, 
and Lamp2), and inflammation (Ccl2, IL-1a, IL-18, and 
TNF). On the other hand, Ly6c−CD9− population showed 
high expressions of genes encoding typical M2 macrophage 
markers, such as Mrc1 and Mgl2. Furthermore, they showed 
that the Ly6c−CD9+ ATMs were present in the CLS and 
stored lipids, and secreted exosomal vesicles.

Jaitin et al., also identified 3 subsets (Mac1, Mac2, Mac3) 
of ATMs by scRNA-seq analysis of eWAT in the lean and 
obese state [41] (Fig. 2). Mac1, the dominant subset of 
ATMs in the lean state, expressed Retnla, Lyve1, Cd209f, 
Cd163, etc., and are considered as the M2-ATMs. Obesity 
was associated with a dramatic increase in the populations 
of the Mac2 and Mac3 subsets of ATMs. The Mac3 subset, 
which they termed as LAMs, showed transcriptional signa-
tures of Trem2, Lgal3, Cd9, and Cd36, which are known to 
be involved in lipid metabolism and phagocytosis. This sub-
set of cells showed abundant expressions of genes involved 
in a pathway initiated by phago- and endocytosis, coupled 
with lipid metabolism and oxidative phosphorylation. 
The LAMs shared several properties with the previously 
described CD11c+CD206+ macrophages [44, 45], MMe 
[42], lysosomal-related lipid handling macrophages [43], 
and Ly6c−CD9+ ATMs[47] (Fig. 3).

Altogether, the LAMs or ATMs play critical roles in adi-
pose tissue metabolism in both health and disease. However, 
careful attention needs to be paid to the molecular signatures 
of subsets of ATMs under different stimuli or in states of 
health and disease. If we look ATMs beyond the M1/M2 
paradigm, they are central players not only in maintaining or 
preserving metabolic processes in the adipose tissue but are 
also essential for various cellular and molecular processes 
in other tissues [3–5, 29, 46, 53, 54]. As macrophages are 
present in all tissues, their functions or kinetics should be 
clearly defined. Macrophages or ATMs could serve as thera-
peutic targets for various diseases, and future research is 
warranted to clarify their local and systemic balance.

Macrophage‑derived extracellular vesicles 
(sEV)/exosomes

ATMs play important roles in the regulation of adipose tis-
sue metabolism in various ways. As discussed above, ATM-
derived cytokines/transcriptional factors are essential for the 
maintenance of adipose tissue homeostasis, remodeling, 
tissue integrity, cellular metabolism, and systemic insulin 
sensitivity. Apart from the M1/M2 paradigm, recent reports 
show that ATMs also secrete sEV/exosomes and that these 
exosomes carry miRNAs that are also essential for adiposity 
and glucose metabolism [55–58]. These reports showed that 
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ATM-derived miR-155 and M2-ATM-derived miR-690 reg-
ulate inflammation and insulin sensitivity in the obese state. 
M2-ATMs communicate with other cells in adipose tissue 
or other tissues by secreting exosomes/miRNA, transcrip-
tional factors, metabolites, cytokines, chemokines, and other 
mediators. Considering all facts, ATMs are important cells 
within adipose tissue that maintain adiposity, adipose tissue 
homeostasis, remodeling, and obesity-induced inflammation.

Summary

ATMs are a highly heterogeneous population in adipose 
tissue. While they are integral to maintaining the health 
of adipose tissue, they also play a major role in inducing 
metabolic stress or disease (Figs. 1, 2, 3). They can sense 
danger/stress and enable adipose tissue to adapt to changes 
in the environment and help in maintaining adipose tissue 
homeostasis through the secretion of cytokines, growth fac-
tors, transcriptional factors, sEV/exosomes, and miRNA, as 
shown in Fig. 4. They are also important for organ cross 
talk and play roles in regulating metabolism in other tissues, 
including the liver, muscle, etc. In addition, they acquire 
tissue-specific signals and their gene expression profiles 
show rich heterogeneity. Since this review does not focus 
on inflammatory aspects of M1 macrophages, please see 
the other excellent reviews on this topic [59, 60]. In our 
opinion, further research is warranted to clarify the roles of 
ATMs in the development of metabolic disorders and also 

for simplifying the classification of these cells into various 
types and subtypes. A stronger consensus is required to sim-
plify the classification of ATMs. 
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