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Abstract Adipose tissue not only functions as the major
energy-storing tissue, but also functions as an endocrine
organ that regulates systemic metabolism by releasing
various hormones called adipokines. Macrophages play a
critical role in maintaining adipocyte health in a lean state
and in remodeling during the progression of obesity. Large
numbers of classically activated (M1) macrophages accu-
mulate in adipose tissue as adipocytes become larger
because of excessive energy conditions, and they adversely
affect insulin resistance by triggering local and systemic
inflammation. In contrast, alternatively activated (M2)
macrophages seem to maintain the health of adipose tissues
in a lean state. In addition, they play a role in adapting to
excess energy states, because M2 macrophage dysfunction
caused by genetic disruption of the M2 gene results in
metabolic disorders under high-fat-fed conditions that are
probably attributable to their anti-inflammatory functions.
Nonetheless, how M2 macrophages contribute to main-
taining the health of adipose tissue and therefore to insulin
sensitivity is largely unknown. In this article, we review the
literature on the role of M1 and M2 macrophages in
metabolism, with a special focus on the role of M2 mac-
rophages in adipose tissue. Likewise, we raise topics of M2
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macrophages in non-adipose tissues to expand our under-
standing of macrophage heterogeneity.

Keywords Macrophage - Adipose tissue - Insulin
resistance - Obesity - Beiging

Introduction

Various pathological conditions such as metabolic syn-
drome, atherosclerosis, and arthritis are associated with
low-grade inflammation. Since inflammation is one of the
characteristics of the innate immune response, much
attention has been devoted to the cells that control the
innate immune responses. Macrophages play a major role
in the pathophysiology of low-grade inflammation. Onto-
genically, the progenitors of rodent macrophages are
derived from at least three sites. The first site is the yolk
sac, which produces progenitors that populate all tissues
that start developing at embryonic day 8. The second site is
the fetal liver, which is initially seeded by hematopoietic
progenitors from the yolk sac, and the fetal liver is thought
to be the source of most of the circulating monocytes
during the embryonic stage. The major tissue resident
macrophages in the brain, epidermis, lung, spleen, pan-
creas, and liver are derived from the yolk sac. Langerhans
cells have a mixed origin from York sac and fetal liver [1].
The third site is the bone marrow. As the bone marrow
grows after birth, hematopoiesis in the fetal liver declines
and is replaced by hematopoiesis in the bone marrow [2].
Schulz et al. have shown that Myb-dependent bone marrow
progenitors continuously replace classical dendritic cells
and F4/80 low macrophages, in particular in the kidney and
lung [3]. Despite the numerous studies conducted on adi-
pose tissue macrophages (ATMs) in the development of
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metabolic diseases, the origin of ATMs is still incompletely
understood.

Macrophages are highly heterogeneous cells. Generally,
macrophages can be broadly classified into at least two
major populations by their diversity and plasticity: Ml
macrophages, which are classically activated macrophages,
and M2 macrophages, which are alternatively activated
macrophages [4]. This classification is generated primarily
by in vitro experiments. M1 macrophages are mainly
induced by Thl signaling, e.g., by lipopolysaccharide
(LPS) and interferon gamma (IFNy). They are pro-in-
flammatory, expressing high levels of inflammatory
cytokines, including tumor necrosis factor alpha (TNFa),
interleukin (IL)-6, and IL-1f, and play a crucial role in host
defense against bacterial and viral infections [5, 6]. M1
macrophages play a causal role in inflammatory diseases,
including rheumatoid arthritis, atherosclerosis, and
inflammatory bowel disease. M2 macrophages, on the other
hand, are induced by Th2 stimuli, e.g., by IL-4 and IL-13,
and are associated with responses to anti-inflammatory
reactions, helminth infections, wound healing, tissue
remodeling, and tumor progression [7]. Recent studies have
revealed that macrophage diversity correlates with various
pathological conditions. Here, we will review the key
properties of macrophage polarization, especially the key
properties of M2 macrophage polarization in metabolic
diseases.

Macrophages and adipose tissue physiology:
a phenotypic switch model

Interpretation of the phenotypic switch in ATMs during the
progression of obesity is important to understand metabolic
diseases [8, 9]. ATMs also consist of two subclasses: M1
ATMs and M2 ATMs. M1 ATMs highly express genes
related to pro-inflammatory cytokines or oxidative stress,
including genes related to TNFa, IL-6, MCP-1, and iNOS,
whereas M2 ATMs highly express other genes that encode
arginase-1, Mrc1(CD206), Yml, and IL-10, an anti-in-
flammatory cytokine (Fig. 1).

Ly6c+ inflammatory monocytes recruited into the adi-
pose tissue of obese mice [10] differentiated into Ml
ATMs and cluster around necrotic adipocytes to form
characteristic structures, called crown-like structures
(CLSs) [11], where they promote a low-grade inflamma-
tory milieu and insulin resistance. M2 ATMs, on the other
hand, are distributed evenly in the white adipose tissue
(WAT) of lean mice.

There are standard markers to distinguish M1 and M2
macrophages. In a mouse model, CD11c is widely used as
an M1 marker; CD206, CD209, CD163, Argl, Mgl2, and
IL-10 are used as M2 markers [12]. However, the markers

and characters of M1/M2 ATMs are different between
species. Not only CD206, CD163, and CD 209, but also
CD14 are highly expressed in human M2 ATMs. It has
been reported that human M2 ATM has a potential to
express M1 markers [13].

Under lean conditions, more than 90% of ATMs are the
M2 phenotype, while only around 1% of ATMs are the M1
phenotype, and the rest exhibit a mixed M1-M2 phenotype.
Although the number of both M1 and M2 ATMs is
markedly increased in the adipose tissue of obese mice, M1
ATM recruitment is more striking (Fig. 1) [14, 15], and the
proportion of M1 ATMs increases to more than 50% as
obesity progresses. Interestingly, when obesity in mice
improves as a result of a restricted caloric intake or when
the mice are treated with thiazolidinediones, which are an
anti-insulin resistance drug, the number of M1 ATMs
decreases. Moreover, even when large numbers of M1
ATMs are recruited to epididymal adipose tissue, only a
few M1 ATMs are observed in subcutaneous adipose tissue
(subQ) [16].

The marked increase in M1 ATMs in obesity is medi-
ated by the monocyte chemotactic protein-1 (MCP-1)/C-C
chemokine receptor type2 (CCR2) system. MCP-1 is rec-
ognized by Ly6C-positive monocytes, promotes the
migration of Ly6C+ inflammatory monocytes into adipose
tissue, and differentiates into M1 ATMs. The number of
the ATMs decreases and insulin resistance improves in
MCP-1- or CCR2-knockout mice [10, 17], whereas when
MCP-1 is overexpressed in the adipocytes of mice, the
number of ATMs increases, and the mice become insulin-
resistant [17, 18]. Suganami et al. have reported the exis-
tence of a paracrine loop formed by adipocytes and mac-
rophages mediated by saturated free fatty acids and the
TLR4 receptor system, respectively, in the process of M1
ATM polarization [19].

We recently reported that a hypoxia signal also partic-
ipates in the polarization of M1 ATMs to the adipose tissue
of obese mice. CLSs are the most hypoxic sites in the
adipose tissue of obese mice, and the hypoxia accelerates
further polarization of macrophages to proinflammatory
ML state. Strong uptake of the hypoxia probe pimonidazole
has been observed in CLSs. In addition, a macrophage-
specific HIF-1a deletion decreased the number of ATMs
recruited into the adipose tissue of high-fat diet-fed mice
[16], suggesting that adipose tissue hypoxia participates in
the recruitment of M1 ATMs through activation of the
macrophage HIF-1a signal.

In 2008, Patsouris et al. clearly reported that M1 ATMs
that express CD11c, an M1 marker, play important roles in
the pathogenesis of obesity-associated insulin resistance.
To study the effects of depletion of CD11c-positive cells,
they generated a mouse model by using a conditional cell
ablation system based on transgenic expression of the
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Fig. 1 The heterogeneity of macrophages in the development of
adipose tissue inflammation. In the lean state, M2 ATMs predomi-
nate. As obesity progresses, monocytes accumulate in adipose tissue
and differentiate into inflammatory M1 or anti-inflammatory M2
macrophages. Since the number of M1 ATMs increases dramatically,
whereas there is only a modest increase in the number of M2 ATMs,
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Fig. 2 Functional differences between M1 ATMs and M2 ATMs. In
the lean state, the major ATMs are the M2 phenotype, and they play
roles in maintaining tissue homeostasis. During cold stimulation and
caloric restriction, M2 ATMs are involved in the browning of subQ.
As obesity progresses both M1 and M2 ATMs become involved in
tissue remodeling. M1 ATMs accumulate around necrotic adipocytes

diphtheria toxin receptor under the control of the CDI11c
promoter, and the results showed rapid normalization of
insulin sensitivity and a marked decrease in inflammatory
markers in the adipose tissue of obese mice [20]. M2
ATMs, on the other hand, are thought to play roles in the
maintenance or improvement of insulin sensitivity. The
details about the roles are described in “Roles of M2
macrophages in adipose tissue” (Fig. 2).
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M1 ATMs predominate in obese adipose tissue. M1 ATMs produce
inflammatory cytokines and promote insulin resistance. M2 ATMs, on
the other hand, secrete anti-inflammatory cytokines, including IL-10
and TGF-p, and suppress inflammation, suggesting that M2 ATMs are
associated with insulin sensitivity
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and form crown-like structures (CLSs), which further contribute to
polarization into the M1 phenotype by activating HIF-1a. By contrast,
M2 ATMs somehow prevent the development of the lipodystrophic
phenotype, and they may play a role in suppressing inflammatory
responses induced by M1 ATMs. In some situations, M2 ATMs
induce fibrosis, thereby aggravating insulin resistance

Metabolic regulation of M1 and M2 phenotypes

M1 and M2 macrophages have different metabolic profiles:
M1 macrophages obtain energy mainly by glycolysis,
whereas M2 macrophages utilize aerobic metabolism. The
difference in the metabolic regulations plays an important
role in the induction of M1 and M2 macrophages to their
respective polarities. For example, when oxidative
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metabolism in M1 macrophages is artificially increased,
M2 polarity is induced [21], and when oxidative metabo-
lism is inhibited, M1 macrophage polarity is induced [22].
Some metabolic characteristics of M1 ATMs are in close
relation to an acquisition of inflammatory M1 polarity. For
example, glucose uptake by M1 macrophages is greater
than by M2 macrophages. Pyruvate dehydrogenase kinase-
1 (PDK1) changes the lipid-dependent cell metabolism in
M1 macrophages to glucose-dependent metabolism by
suppressing oxidative respiration in the mitochondria. In
M1 ATMs, the liver form of 6-phosphofructose-2-kinase/
fructose-2,6-bisphosphatase (L-PFK2) is switched to the
more activate ubiquitous form of PFK2 (u-PFK2), and
anaerobic glycolysis is increased [21]. When the glycolytic
flow is led to the pentose phosphate pathway with down-
regulation of carbohydrate kinase-like protein (CARKL)
expression, the respiratory chain is attenuated and reactive
oxygen species (ROS) production is promoted [23]. When
succinate accumulates in the TCA cycle, production of IL-
1P increases as a result of stabilization of HIF-1a [24].
Moreover, when an arginosuccinate shunt is formed, nitric
oxide (NO) and IL-6 as well as fumarate and malate are
produced [25]. The gene that encodes GLUT1, a glucose
transporter, is one of the target genes of HIF-1o.. When
GLUTI is artificially overexpressed in macrophages, pro-
duction of several inflammatory cytokines increases [26].

On the other hand, the energy requirements of M2
macrophages are met by high rates of oxidative glucose
metabolism and fatty acid oxidation (FAO) [27, 28]. For
example, in the downstream of STAT6, PGC-1f is
involved in the M2 switch [22], and PPARYy and PPARS
are involved in maintaining the M2 phenotype. M2 mac-
rophages take triglycerides with CD36 and hydrolyze them
into fatty acids by lysosomal lipolysis, and the fatty acids
are used as their energy source [29]. When oxidative
phosphorylation is impaired in M2 macrophages by delet-
ing CD36 or liposomal acid lipase (LAL), M2 marker
expression is suppressed [29]. Thus, there is a close causal
relationship between the intracellular metabolism of mac-
rophages and their acquisition of M2 polarity as well as M1
polarity.

Roles of M2 macrophages in adipose tissue
Tissue remodeling

M2 polarized macrophages have been implicated in the
tissue remodeling that occurs during development, in
response to injury, and in the general regulation of tissue
homeostasis [7]. Macrophages in the M2 configuration
typically upregulate arginase-1 and downregulate inducible
NOS (iNOS) while expressing inflammation-suppressive

factors (e.g., IL-10) and matrix metalloproteinases
(MMPs). Scherer’s group reported that induction of adi-
pocyte apoptosis in a lean state resulted in a large flux of
M2 ATMs, and they described the influx as a healthy
process that contributes to normal tissue homeostasis
without causing a pro-inflammatory response [30]. Of note,
it is notabe that they did not find any CLSs when they
induced apoptosis of adipocytes in the lean state. Their
report indicated that adipocyte apoptosis is a strong inducer
of M2 ATMs.

Anti-inflammatory role

Although the mechanism of M2 macrophage regulation in
obesity is not fully understood, various studies have shown
a potential correlation between M2 ATMs and insulin
sensitivity through the anti-inflammatory effects. Most
ATMs in lean mice are M2-like. Using a mouse model
(Adb1GATA mice), Wu et al. demonstrated that eosino-
phils are the major IL-4-expressing cells in the WAT of
mice and that M2 ATMs are greatly attenuated in the
absence of eosinophils, resulting in obesity-insulin resis-
tance and glucose intolerance when fed on a high-fat diet
[31]. Adipose tissue-derived IL-4 and IL-13 activate
STAT6 through the IRF/STAT pathway in M2 macro-
phages [32-34]. STAT6 induces expression of transcrip-
tional regulators, including peroxisome proliferator-
activated receptor-y (PPAR-y). PPAR-y promotes oxida-
tive metabolism and M2 gene expression. Another member
of the PPAR family, PPARPB/S appears to differentially
influence macrophage activation, along with IL-4 and IL-
13, and they promote an alternative M2 macrophage phe-
notype. When PPARY in myeloid cells is deleted or
PPARS—/— bone marrow is adoptively transferred into
irradiated wild-type mice to generate mice whose
hematopoietic cells lack PPARY, M2 polarization is
impaired. Such mice exhibit elevated inflammation,
increased weight gain, and reduced insulin sensitivity on a
high-fat diet, suggesting the existence of a correlation
between M2 activation and insulin  sensitivity
[32, 33, 35, 36].

M2 macrophages also strongly express another tran-
scriptional factor, PPARy-coactivator 1B (PGC-1p).
PGC-1p activates mitochondrial respiration and biogen-
esis, and their activation drives the metabolic switch of
macrophages from the M1 phenotype to the M2 pheno-
type. Inhibition of PGC-1B results in impaired M2
metabolism and functions [22, 28]. When PGC-1p is
activated downstream of STAT6, PGC-1f reinforces the
activation of STATS6 itself or PPARy and PPARS, which
leads to the increased gene expression related to the M2
property such as anti-inflammation and fatty acid
oxidation.
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Browning

Several pieces of evidence have suggested that the
browning of WAT is a key factor in combating obesity and
insulin resistance. M2 macrophages play a key role in
shifting WAT into the beiging phenotype via activation of
type 2 cytokine production during cold exposure and
caloric restriction via B3 adrenergic receptor (ADRB3)
activation [37-39]. This role correlates with better meta-
bolic profile.

In response to cold stimulation, M2 macrophages release
various cytokines in WAT and brown adipose tissue (BAT)
that are crucially important to energy expenditure and to
the regulation of fatty acid metabolism. During prolonged
cold stress, WAT is able to maintain a positive energy
balance by upregulation of M2 macrophages. Qiu et al.
have shown that genetic disruption of IL-4/13 signaling or
tyrosine hydroxylase (Th) prevents the cold-induced bio-
genesis of beige fat and that this effect in thermoneutral
obese mice was reversed by IL-4 treatment [39]. There
have been several reports that M2 macrophage polarization
regulates thermogenesis and browning of WAT by
increasing expression of UCPI, PGC-la, and other
browning genes [39-41]. Chronic cold exposure also
increases the percentage of M2 macrophages in WAT as
well as EAU uptake [40], suggesting that cold stimulation
modulates M2 macrophages within WAT and promotes the
browning of WAT.

Some studies have reported that activation of ADRB3,
which upregulates the M2 macrophage phenotype, plays key
roles in remodeling of WAT as well as the browning phe-
nomenon [37,42]. Lee et al. reported that induction of brown
adipogenesis by (ADRB3) activation involves the death of
white adipocytes and their removal by M2-polarized mac-
rophages [37]. ADRB3 remodeling of WAT is associated
with tissue restoration, upregulation of ALOXI15 in M2
macrophages that correlate with phagocytosis of dead adi-
pocytes and recruitment of these macrophages [41].

Group 2 innate lymphoid cells (ILC2s) have recently
reported to promote browning of the WAT [43, 44]. ILC2s
present in lymphoid and nonlymphoid tissues, promote
type 2 inflammation [44, 45]. These cells were originally
identified in fat-associated lymphoid clusters [46], and they
have been shown to be key players in the recruitment and
maintenance of eosinophils in WAT [43]. Recent studies
[44, 47] have reported that ILC2s are capable of regulating
the beiging of WAT. ILC2s produce the type 2 cytokines
IL-5 and IL-13. ILC2-derived IL-5 stimulates eosinophils
to produce IL-4, and eosinophil-derived IL-4 stimulates
M2 macrophages to produce norepinephrine, which pro-
motes beiging of WAT [39, 48]. Lee et al. demonstrated
that eosinophil-derived IL-4 and ILC2-derived IL-13
stimulate signaling via the IL-4Ra in adipocyte progenitors
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and thereby promote their differentiation into beige adi-
pocytes [44]. Brestoff et al. found that ILC2-derived
methionine-enkephalin (MetEnk) directly binds to the 61
opioid receptor expressed on WAT and promotes its
beiging [47]. IL-33 secreted by epithelial cells acts on
ILC2s to produce IL-5, IL-1 IL-5, IL-13 and MetEnk
[44, 47]. It might be possible to use the ILC2/M2 ATM/
beiging pathway (Fig. 3) as a new target for the treatment
of obesity.

Prevention of the lipodystrophic phenotype

Several other proteins have been reported to control M2
polarity. Satoh et al. demonstrated that Tribl, an adaptor
protein involved in protein degradation, is critical to the
differentiation of M2 macrophages and eosinophils. They
reported that disruption of this gene resulted in a lipodys-
trophic phenotype on a high-fat diet with hyperglycemia
and insulin resistance in mice. Supplementation of M2-like
macrophages rescued the pathophysiology [49]. These data
suggested that M2 macrophages and eosinophils may be
involved in the maintenance of adipose tissue homeostasis.

Fibrosis

Other studies have shown that M2 macrophages are asso-
ciated with insulin resistance. Spencer et al. showed that
M2 ATMs induce collagen VI synthesis and play an
important role in adipose tissue fibrosis in obese subjects,
which is associated with the development of insulin resis-
tance [50]. The adipose tissue of insulin-resistant humans is
characterized by the appearance of increased fibrosis, M2
macrophage abundance, and TGF-J activity. Broad areas
of fibrosis were found in the adipose tissue of obese sub-
jects, and they contained many macrophages, most of
which were alternatively activated and expressed high
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levels of transforming growth factor beta (TGF-), which
promotes fibrosis [50]. TGF-B1 expressed by subcutaneous
ATMs may contribute to fibrosis by inducing the differ-
entiation of progenitor cells into myofibroblast-like cells
[51]. Thus, human subQ progenitors have been identified as
target cells for subQ ATM-derived TGF-B and as a
potential source of fibrosis through their induction of
myofibroblast-like cells.

Pro-inflammatory role of an M2 macrophage
marker

Westcott et al. demonstrated the role of Mgl1, a marker of M2
macrophages, and showed that Mgl1—/— mice are protected
from glucose intolerance, insulin resistance, and steatosis,
despite having more adipose tissue. These effects are associ-
ated with a smaller number of inflammatory M1 ATMs,
suggesting that M2 macrophages are involved in the differ-
entiation of M1 ATMs [52]. There have been conflicting
reports regarding M2 macrophage functions in WAT in rela-
tion to insulin resistance, and the role of M2 macrophages in
the regulation of metabolism remains to be elucidated.

Role of M2 macrophages in the liver

The resident macrophages in the liver are called Kupffer
cells, and they constitute one of the largest resident popula-
tions of macrophages. Kupffer cells are located in the liver
sinusoids, and they clear microbes and apoptotic cells from
the portal circulation [53]. Kupffer cells consist of primary
yolk sac-derived monocytes and fetal liver monocytes, and
they develop independent from hematopoietic stem cells
[3, 54, 55]. Recently, it has been reported that circulating
monocytes can differentiate into Kupffer cells if the niche is
available to them [56]. In hepatic steatosis, activated M1
Kupffer cells increase lipid storage in hepatocytes and trig-
ger the recruitment of monocyte-derived macrophages into
the liver [57], thereby inducing non-alcoholic steatohepatitis
(NASH), a more severe type of non-alcoholic fatty liver
disease (NAFLD). In general, alternatively activated M2
macrophages are involved in tissue remodeling through the
production of TGF-B1, but in the liver, inflammatory
monocyte-derived macrophages express a higher level of
TGF-B1, which activates hepatic stellate cells and promotes
fibrosis [58]. A protective role of alternatively activated M2
macrophages/Kupffer cells against alcoholic fatty liver and
NAFLD, including NASH, by promoting caspase-3-depen-
dent apoptosis of M1 macrophages/Kupffer cells has
recently been reported [59]. Furthermore, alternatively
activated M2 macrophages/Kupffer cells limit hepatocyte
apoptosis and steatosis in alcohol-induced liver injury by
secreting IL-6 [60].

Roles of M2 macrophages in muscle

Macrophages play an important role in regulating glucose
metabolism. It has been well documented that M2 macro-
phages are pivotal in regulating normal insulin sensitivity in
metabolic tissues including WAT, liver tissue, and skeletal
muscle tissue, and depletion of M2 macrophages abrogate
these effects [8, 14, 15, 35,61, 62]. Various M2 macrophages
are present in normal skeletal muscle, mainly outside the
basal lamina [63]. Skeletal muscles are known to be highly
adaptable to external stimuli or damage. Since exercise
increases insulin sensitivity in skeletal muscle and upregu-
lates M2 macrophages [62], M2 macrophages maintain the
muscle environment in balance so that muscles are able to
adapt to external stimuli. Both in vivo and in vitro studies
have demonstrated that M1 macrophages are more abundant
in skeletal muscle tissue in the early stage of an injury and
that M2 macrophages are more abundant in the late stage
[64]. It is noteworthy that M2 macrophages increase in
skeletal muscle after exercise and muscle injury, after which
they are thought to be involved in increasing insulin sensi-
tivity and in resolution of inflammation or the healing pro-
cess, respectively. There is evidence that muscle has strong
regenerative capacity after acute injury and that it maintains
its internal environment by recruiting various cytokines and
macrophages to the site of injury, where they resolve the
inflammation and complete the healing process. Several
groups of researchers have reported observing increased
numbers of M2 macrophages in muscle tissue 3—4 days after
an injury [63, 65-67].

Diabetic mice showed impaired muscle regeneration with
fatty accumulation in conjugation with M2 macrophage
[68, 69]. Diabetes may cause sarcopenia by mediating fibro-/
adipogenic progenitor (FAP) cell differentiation [66]. How
M2 macrophages regulate FAP activity in injuries remains
unknown. Fatty degeneration and toxin injury are both
thought to increase M2 macrophages in muscle. M2 mac-
rophages stimulate myogenesis and adipogenesis after a
muscle injury [67, 69-71]. It has been hypothesized that
these macrophages regulate or potentiate muscle resident
cells/satellite cells or myoblasts to inhibit differentiation into
myofibers. It is important to know that what kind of M2
macrophages help to maintain the muscle environment and
promote the regeneration process.

Roles of M2 macrophages in the kidney

The same as in other organs, the phenotypic switch of
macrophages in the kidney is determined by the microen-
vironment during the course of kidney injury, inflamma-
tion, fibrosis, and repair [72]. Pro-inflammatory M1
macrophages are dominant in the early phase of kidney
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injury [72, 73], and regulatory T cells are then recruited
into the injured kidney [72]. Apoptotic cells and regulatory
T cell-derived anti-inflammatory cytokines, including IL-
10 and TGF-p, drive macrophage polarization toward M2
macrophages [72]. M2 macrophages suppress kidney
inflammation by secreting IL-10 and TGF-B. TGF-f has
profibrotic functions as well as anti-inflammatory func-
tions. Recent studies have shown that M2 macrophage-
derived TGF- promotes epithelial-mesenchymal transition
(EMT) and subsequent kidney fibrosis [74]. Moreover, M2
macrophages produce trophic factors such as Wnt7b,
heme-oxygenase-1 (HO-1), and chitinase-like protein BRP-
39, which promote kidney repair [70, 72, 75, 76]. However,
since the M2 macrophages in kidney diseases exhibit
phenotypic heterogeneity [77], the role of M2 macrophages
in kidney diseases is still a matter of controversy.

Roles of M2 macrophages in tumor cell
metabolism

The communication between tumor cells and M2 tumor-
associated macrophages (TAMs) remains poorly under-
stood. M2 TAMs express arginase-1, which catalyzes the
conversion of L-arginine to L-ornithine. L-Ornithine is a
precursor of polyamines, which promote M2 polarization,
and is capable of upregulating tumor cell proliferation
[78-80]. M2 macrophage-derived arginase-1 impairs the
anti-tumor immunity of T cells through L-arginase deple-
tion, which inhibits expression of the CD3( chain after
internalization in response to antigen stimulation and TCR
signaling [81-83]. In contrast, M1 TAMs express iNOS,
which converts L-arginine to NO, which is cytotoxic to
tumor cells [78, 79]. Colegio et al. demonstrated that
tumor-cell-derived lactic acid induces the expression of
vascular endothelial growth factor (VEGF), arginase-1, and
other M2-associated genes in macrophages [84, 85]. These
lactic acid-induced M2 TAMs, which are the source of
arginase-1, play a pivotal role in tumor cell proliferation.

Conclusion

Recent data have suggested that the role of M2 ATMs in
metabolism is not limited to an anti-inflammatory function
during the development of obesity, and they seem to be
involved in clearance of apoptotic cells, browning of sub-
cutaneous white adipose tissue, and the prevention of the
lipodystrophic phenotype. They are also involved in pro-
moting fibrosis, which is related to insulin resistance. M2
macrophages express other various functional molecules,
which may have many other unknown functions that
maintain homeostasis in adipose tissue and the whole body.
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Further research will clarify the novel roles of M2
macrophages and their molecular mechanisms.
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