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Abstract: The safe removal of apoptotic debris by macrophages—often referred to as efferocytosis—is
crucial for maintaining tissue integrity and preventing self-immunity or tissue damaging inflam-
mation. Macrophages clear tissues of hazardous materials from dying cells and ultimately adopt a
pro-resolving activation state. However, adipocyte apoptosis is an inflammation-generating process,
and the removal of apoptotic adipocytes by so-called adipose tissue macrophages triggers a sequence
of events that lead to meta-inflammation and obesity-associated metabolic diseases. Signals that
allow apoptotic cells to control macrophage immune functions are complex and involve metabolites
released by the apoptotic cells and also metabolites produced by the macrophages during the diges-
tion of apoptotic cell contents. This review provides a concise summary of the adipocyte-derived
metabolites that potentially control adipose tissue macrophage immune functions and, hence, may
induce or alleviate adipose tissue inflammation.

Keywords: apoptosis; obesity; meta-inflammation; immunometabolism; macrophage; M2 macrophage;
efferocytosis; phagocytosis

1. Introduction: The Impact of Apoptotic Cell Clearance in Fat Depots

Apoptosis is an inevitable process in tissue development, and is a key component of the
necessary physiological tissue turnover for proper tissue healing (reviewed in [1]). During this
process, however, apoptotic cells pollute their surroundings with damage-associated molecu-
lar patterns, potential autoantigens, modified lipids and aged molecules, which can all impair
tissue integrity and initiate immune responses. The safe removal of apoptotic debris is, hence,
crucial to prevent self-immunity or the development of tissue damaging inflammation. This
important task is performed by tissue-resident macrophages, which clear tissues of hazardous
materials from the dead or dying cells without evoking inflammation [2]. The “immunologi-
cally silent” removal of apoptotic cell contents is particularly relevant when apoptotic cells
are cleared from damaged, infected or inflamed tissues. Macrophages exposed to the content
of apoptotic cells adopt a pro-resolving, anti-inflammatory or tolerogenic phenotype, which
is often termed alternative- or M2-macrophage activation (reviewed in [3,4]). Apoptotic cell
clearance induces interleukin-10 (IL-10) and tumor growth factor beta (TGFβ) production in
macrophages concomitant with the expression of various M2-activation-associated molecules
such as the high affinity scavenger receptor for the hemoglobin-haptoglobin complex CD163
and the mannose receptor CD206 [5].

Adipose tissue is unique in terms of its immune effects on apoptotic cell clearance,
as adipocyte apoptosis triggers inflammatory cytokine responses in macrophages, and
is a potential inducer of adipose tissue inflammation [6]. Classically, there are two types
of adipose tissue in mammals: white adipose tissue (WAT) and brown adipose tissue
(BAT) [7,8]. Adipocytes of the WAT accumulate neutral lipids in a large droplet [9], whereas
BAT adipocytes have multilocular lipid droplets and high lipolytic activity, and oxidize fatty
acids into ATP, and generate heat [10,11]. Beyond their role in fat metabolism, WAT and
BAT have their own, specific, endocrine and immune functions [9]. Excess development
of WAT leads to obesity, which is associated with a decline in BAT mass. Obesity is often
related to meta-inflammation of the adipose tissue, which impairs insulin sensitivity in
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metabolic organs and triggers a decline in insulin production in the endocrine pancreas,
ultimately manifesting as systemic insulin resistance, diabetes and metabolic syndrome [12].
With the rapidly increasing global incidence of obesity and obesity-associated diseases,
investigating the mechanisms that control adipose tissue meta-inflammation is both timely
and relevant.

2. Adipocyte Apoptosis Ignites Inflammation

Number of adipocytes, which build up the adipose tissues, is stable over a prolonged
period of time, and the mature adipocytes are relatively resistant to apoptosis [13–15].
Albeit adipocyte apoptosis appears during development and remodeling of the adipose
tissue, and the adipokine C1q/TNF-related protein 9 (CTRP9) increases the uptake of
apoptotic cells by macrophages [16], adipocyte number in the WAT depots is relatively
constant during infancy and childhood [17]. The lipid content of the WAT increases along
postnatal development due to the expansion of the cell volume of adipocytes [18], and
a notable increase of adipocyte number appears at the onset of puberty [17]. In infancy,
adipocytes undergo differentiation (Figure 1a) and activate lipolysis in response to insulin
and β-adrenergic stimulation [19,20]. Two adipocyte populations can be identified later,
in puberty and in adulthood: small, still maturing cells, and larger, lipid-laden mature
adipocytes (Figure 1a) [18,21]. The number of mature adipocytes increases in severe obesity,
and newly generated adipocytes also appear. An increase in adipocyte number is termed
adipocyte hyperplasia, whereas an increment in cell volume due to lipid accumulation is
termed adipocyte hypertrophy [14] (Figure 1a).
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Figure 1. Adipocyte apoptosis and its metabolic impact. (a) In postnatal life, WAT undergoes differentiation and expansion.
Differentiating adipocytes (cell population 1©) are abundant after birth. In infancy, the prevalence of mature adipocytes
(cell population 2©) increases and, in adulthood, the lipid-storing mature adipocytes build-up the WAT. The number of
differentiating and hypertrophic adipocytes (cell population 3©) increases dramatically in obesity. Adipocyte hypertrophy is
associated with apoptosis and secondary necrosis. Graphs modified from [20,22]. (b) Transcript level of survival factors
Bcl2 (BCL2 apoptosis regulator) and Birc2 (baculoviral IAP repeat-containing 2) in infant and adult WAT and in adult BAT
in the mouse. Note the high expression of the survival factors in adult WAT. In turn, the apoptosis markers Casp14 (caspase
14) and Perp (TP53 apoptosis effector) are highly expressed in infant WAT, likely due to differentiation or remodeling of
the WAT. Secondary analysis of next-generation sequencing experiments from the study [23]. (c) Immunohistochemical
labeling of the macrophage marker F4/80 antigen in obese WAT in the mouse. Sample from the study [22]. CLS—crown
like structure, Adipo—adipocyte, scale 50 µm. (d) Transmission electron microscopy of a mouse adipose tissue macrophage
(ATM). Note the ingested lipid droplets (lp) that have been released by adipocytes. nc—nucleus, scale 2.5 µm. (e) Scheme
summarizing the potential effect of ATMs on systemic metabolism. In response to apoptotic cells (AC), ATMs release
mediators that impact the metabolism of adipocytes and other metabolic organs such as the liver. The resulting metabolic
changes affect the central control of energy balance, by targeting endocrine organs and the central nervous system (CNS).
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Adipocyte differentiation is associated with an increase in the expression of survival
factors, such as the BCL2 apoptosis regulator and the baculoviral inhibitor of apopto-
sis repeat-containing 2 [13] (Figure 1b). WAT adipocytes are more resistant to apoptosis
than BAT adipocytes [15]. Adipocyte apoptosis becomes prevalent under pathological
conditions—for instance, lipodystrophy is associated with adipocyte apoptosis and necro-
sis [24]. Furthermore, the antiviral cytokine interferon alpha (IFNα) triggers adipocyte
apoptosis both in vitro and in vivo in mice [25], and patients treated with HIV-1 protease
inhibitors develop lipodystrophy due to adipocyte apoptosis [26]. In congenital generalized
lipodystrophy, both WAT and BAT mass is lost due to adipocyte apoptosis and necrosis [24].

Hypertrophic adipocytes undergo apoptosis or secondary necrosis in obese adipose
tissue (Figure 1a). Obesity is associated with meta-inflammation, which is a possible trigger
of adipocyte death. TNFα, which is abundantly expressed in obese adipose tissue [12,27],
induces both white and brown adipocyte apoptosis [15,28]. Human abdominal subcu-
taneous preadipocytes are more resistant to TNFα-induced apoptosis than are omental
preadipocytes, and the distinct WAT depots contain at least two different adipocyte pop-
ulations based on their resistance to TNFα-induced apoptosis [29]. Lipid overload in
hypertrophic adipocytes can lead to the “spillover” of lipids into the cytosol, leading to
so-called lipotoxicity and, ultimately, apoptosis [30]. Failure of fatty acid oxidation and ox-
idative phosphorylation initiates the mitochondrial pathway of apoptosis in adipocytes [31],
and also triggers inflammatory cell death, termed pyroptosis [31]. Impaired lipolysis and
hypertrophy are hence powerful triggers of adipocyte apoptosis [32]. Lipotoxicity also
triggers apoptosis of adipose tissue stem cells in aged WAT [33].

Adipocyte cell death is an inflammation-generating process, and is a prelude to a
sequence of events leading to obesity-associated metabolic diseases [34]. In the setting of
severe obesity, adipocyte apoptosis is prevalent and adipose tissue macrophages (ATMs)
accumulate in the adipose tissue and form so-called crown-like structures around the dying
adipocytes [35,36] (Figure 1c). As a result of the hypertrophic, lipid-overloaded adipocytes
being larger than the ATMs, the ATMs fuse with each other to form a syncytial structure—
a “giant”, multinucleated cell—that firmly encapsulates the dying adipocytes [37,38].
ATMs engulf cellular debris, lipid droplets, modified lipids, damage-associated molecules,
apoptotic bodies, and fragments of adipocytes that are generated by secondary necrosis
(Figure 1d) [39]. Unlike other tissues, the removal of these apoptotic cell contents triggers in-
flammation [6,17,37], and there is therefore a need for anti-inflammatory signals—including
endocrine signals and Th2 cytokines—to equip ATMs with the ability to safely process
adipocyte remnants [22,40]. Adipocyte death is hence an igniting event, which leads to
pro-inflammatory ATM activation and adipose tissue inflammation, triggering further
adipocyte apoptosis in a vicious cycle. A pro-inflammatory ATM phenotype is metabolically
damaging, as it releases inflammatory mediators into the blood circulation, impedes insulin
signaling, triggers meta-inflammation, initiates invasion of the adipose tissue with immune
cells, and impairs the endocrine control of appetite and energy balance (Figure 1e) [12,41].
Inflammation also attracts monocytes and granulocytes to the adipose tissue, and these
immune cells may also undergo apoptosis and their remnants also need to be cleared from
the tissue to mitigate inflammation [34].

How macrophages respond to apoptotic adipocytes may depend on the immuno-
logical context in which adipocyte death occurs, the signals provided by the apoptotic
cells [42], and additional immune signals such as complement and cytokines [43]. Under
homeostatic conditions, when apoptotic adipocytes are scarce and Th2 cytokines are ex-
pressed in the WAT, the patrolling ATMs clear the dying adipocytes and adopt an M2-like
activation state [44]. It is plausible that the first wave of apoptosis of adipocytes during the
development of obesity is well controlled by the ATMs, and they are able to maintain an
M2-like activation state [45]. However, the prevalence of damage-associated molecules and
pro-inflammatory lipid species in the dying adipocytes can switch the function of ATMs
towards the release of inflammatory cytokines and reactive oxygen species. Moreover,
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the capacity of ATMs to clear apoptotic cells may be exhausted in obesity [46], and the
apoptotic or necrotic cell debris aggravates inflammation.

Inflammatory ATM traits are considered metabolically harmful [12]. However, in-
flammatory signaling is necessary for adipose tissue development, and inflammation
coordinates energy distribution between tissues [47]. Paradoxically, when the response
to pro-inflammatory cytokines is impaired, “inflammation resistance” develops, and the
risk for obesity increases [47]. Type I interferon signaling, interleukin-6 (IL-6), and STAT3
signaling are required for healthy adipose tissue development and can be even protective
against obesity-induced metabolic deterioration [23,48–53]. After birth, ATMs create a
local inflammatory milieu, which sustains the heat production and lipid oxidation capacity
of the adipocytes [23]. It is conceivable that preadipocyte or adipocyte apoptosis in the
developing WAT induces ATM responses, which contribute to the maintenance of a local
inflammatory signaling niche. Moreover, apoptotic cell-derived signals may promote
WAT development, as suggested by the increased expression of adiponectin receptor 1 in
response to conditioned medium of apoptotic cells [16]. ATMs are scarce in BAT [54,55],
and the impact and mechanisms of apoptotic cell clearance in the BAT remain unexplored.

Signals that allow apoptotic cells to control macrophage behavior are complex, and
involve diverse molecules and metabolites released by the apoptotic cells themselves. Apop-
totic cells seem to actively elaborate cell metabolites, which serve as “find-me” signals,
and display molecular patterns on the cell surfaces which serve as “eat-me” signals for the
macrophages [42] (Figure 2). After ingestion of the apoptotic cells, cellular contents are
lysed and processed in the phagosomes of the macrophages, ultimately producing signal
molecules that control macrophage functions [56] (Figure 2). The study of the metabolites
that shape immune response towards apoptotic cells is a new field of immunometabolism, re-
cently termed as “efferotabolism” (efferocytosis-associated metabolism) [57]. Here, I review
the possible metabolites of the apoptotic adipocytes that potentially control ATM behavior.
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Figure 2. Apoptotic cell metabolites and their potential effects on macrophages. Apoptotic cells express cell surface markers
which serve as “eat-me” signals, i.e., they initiate the binding and phagocytosis of the apoptotic cells by macrophages.
Dying cells also actively release metabolites that attract macrophages, serving as “find-me” signals. Dying cells have various
metabolites that potentially affect macrophage functions—for instance, lipid-soluble vitamins and lipid metabolites of lipid
droplets and cell membranes, cytosolic metabolites such as polyamines, creatine, creatinine, ATP and lactate. Mitochondrial
membranes and nucleic acids are also potent immune activators. (1) These metabolites may be taken-up by macrophages
through solute carriers (SLCs). (2) Apoptotic cell metabolites can also activate G protein-linked membrane receptors in
macrophages. (3) Apoptotic remnants are also phagocytosed by the macrophages and digested in phagosomes. (4) Efflux of
metabolites from phagosomes may activate macrophage signaling pathways. (5) The macrophage response to apoptotic
cells can be M2-activation and polyamine synthesis, and inhibition of NFκB and cytokine responses. Polyamines affect
DNA packaging and the function of NRs. Some apoptotic contents can trigger inflammasome activation, inflammation and
pyroptosis. TCA—tricarboxylic acid cycle, NO—nitric oxide, AC—apoptotic cell, ATM—adipose tissue macrophage, GPR
81—G protein-linked receptor 81, S1PR2—sphingosine 1-phosphate receptor 2, NR—nuclear receptor.

3. Metabolites of Apoptotic Cells and Their Effect on Macrophages
3.1. Nuclear Receptor Ligands

Microparticles released by apoptotic cells, and the apoptotic debris itself, contain mem-
brane lipids and lipid mediators, which are metabolized in the macrophage phagosome to
provide ligands for nuclear receptors (NRs) and trigger M2-activation (reviewed in [3,56],
Figure 2). NRs are transcription factors that regulate gene transcription in a ligand-dependent
manner [58]. Macrophages express several NRs, including peroxisome proliferator activator
receptors (PPARs), liver X receptor (LXR), retinoid X receptor (RXR), retinoic acid receptor
(RAR) and vitamin D receptor (VDR), and are all implicated in phagocytosis, a crucial mech-
anism for apoptotic cell clearance [59–63]. Apoptotic cells fail to inhibit pro-inflammatory
cytokine responses in macrophages lacking PPARs or RXRs [62–64]. Furthermore, the absence
of the PPARβ/δ ligand-binding domain is sufficient to impair M2-activation stimulated by
apoptotic cells [62]. This suggests that PPAR/RXR signaling may be activated by lipid metabo-
lites derived from cell membranes of the internalized apoptotic cells. However, the uptake of
apoptotic cell membranes may also induce inflammasome activation in macrophages. Mito-
chondrial membranes, as well as entire mitochondria of the apoptotic cells, are released by
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apoptotic cells and trigger inflammasome activation due to the presence of damage-associated
molecules in the apoptotic mitochondrial membrane, such as cardiolipin [65,66] (Figure 2).

Late phagosome functions are necessary to digest apoptotic cell membranes and
make their lipid species accessible for NRs [62,63,67–70]. Engulfment of apoptotic cells
by macrophages leads to the synthesis of retinoids, which, in part, are responsible for
some transcriptional changes of the M2-activation program and for the sustained phago-
cytosis capacity of macrophages [68,69,71,72]. Retinoids accumulate in the adipocytes
and can inhibit adipocyte differentiation, reduce fat accumulation, and promote the ex-
pression of uncoupling protein 1 (UCP1) and the development of BAT-like adipocytes in
WAT depots in mouse [73–77]. Expression of UCP1 confers BAT-like properties to WAT
adipocytes, including thermogenic potential—a process termed adipocyte browning or
beige adipogenesis [78]. The resulting beige adipocytes have enhanced lipid catabolism
and heat production ability, and they may help to burn-off stored lipids and mitigate
obesity [10]. The subcutaneous adipose tissue of newborns is also rich in beige adipocytes
and is thought to allow the efficient metabolism of lipid-rich breast milk, and to support
the maintenance of body core temperature [23]. In contrast to mouse adipocytes, the
beige adipocyte-inducing effect of retinoid signaling is lacking in human adipocytes [79].
Retinoids also induce apoptosis of adipose-derived stem cells [80], as well as of adipocytes
of lean adipose tissue [81]. Adipocytes contain retinoids, are rich in free retinol, and express
the enzymes necessary for vitamin A transport and metabolism (reviewed in [82]). The
presence of retinoids in adipocytes likely means that ATMs engulfing adipocyte remnants
are exposed to retinoids (Figure 2).

Similarly to retinoids, fat-soluble vitamin D is stored in adipocytes. The biologically
active form of vitamin D, 1,25-dihydroxyvitamin D3, triggers apoptosis in mature adipocytes
via induction of apoptotic Ca2+ signal [83], and high doses of dietary vitamin D intake leads to
fat loss in mice [84]. Obese individuals can experience vitamin D deficiency [85,86], and VDR
signaling has been reported to inhibit weight gain by activating muscle UCP3 [87]. VDR is also
necessary for development of breast WAT [88]. Vitamin D biosynthesis is sunlight-dependent
and seasonal light cycle changes are known to determine metabolic rate oscillations [89].
Indeed, a correlation exists between adult body mass index and season of birth, and some
studies have reported an increased rate of obesity among winter-born individuals [90,91].

Vitamin D suppresses macrophage pro-inflammatory polarization in various set-
tings [92–94]. For example, vitamin D supplementation attenuates inflammatory cytokine
expression and promotes M2-macrophage traits in the epicardial adipose tissue of swine,
whereas vitamin D deficiency exacerbates inflammation by increasing the number of
pro-inflammatory macrophages [95]. Vitamin D also increases the expression of the an-
timicrobial peptide cathelicidin [96] and induces autophagy [93]. In the context of adipose
tissue biology, cathelicidin is known to be expressed by the subcutaneous fat depot, and
adipocyte autophagy is thought to mitigate obesity-associated diseases [97,98]. The intake
of vitamin D from apoptotic adipocytes may affect ATM functions, potentially reducing
pro-inflammatory cytokine expression, inducing autophagy, and aiding in the acquisition
of antimicrobial traits (Figure 2).

3.2. Arginine and Polyamines

Apoptotic cells release metabolites that initiate cellular responses in neighboring cells
and in macrophages that clear apoptotic debris. These signals are often called as “find-me”
signals, since they promote the encounter between macrophages and apoptotic cells [42]
and are released actively by dying cells through pannexin channels and possibly through
other membrane channels [99].

An example of a “find-me” metabolite is sphingosine-1-phosphate, which binds to
sphingosine-1-phosphate receptor 2 (S1PR2) to activate extracellular-signal-regulated kinase 5
(ERK5) and cAMP response element binding protein (CREB) signaling in macrophages [100].
These signaling cascades increase the expression of arginase 2 in macrophages, and hence
increase arginine metabolism towards polyamines [101]. S1PR2 also reduces reactive oxygen
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species in macrophages [102]. Arginase 1 is a hallmark of M2-macrophages in the mouse,
although pro-resolving macrophages may lack the increased expression of arginase 1 [103].
By contrast, arginase 2 is a ubiquitously expressed arginase enzyme [104]. Macrophages
metabolize arginine into nitric oxide (NO) by NO synthases or may utilize it to produce
polyamine precursors. This diversion of arginine metabolism is the so-called “arginine fork”,
and conversion of arginine to NO is a trait of inflammatory macrophages, whereas metabolism
of arginine in polyamine synthesis is a trait of M2-macrophages in the mouse [103]. Both
arginase 1 and 2 can divert arginine metabolism from NO synthesis towards polyamine
metabolism. Apoptotic cell-derived arginine is metabolized by macrophages to the polyamine
putrescinein a process requiring arginase 1 and ornithine decarboxylase. Putrescine augments
apoptotic cell uptake by inducing dynamic cytoskeletal changes [105]. S1PR2 has been
reported to have anti-adipogenic effects [106]. For example, FTY720, a synthetic analog of
sphingosine 1-phosphate, alleviates diet-induced obesity in mice, and reduces adipocyte
hypertrophy and increases lipolysis [106]. Contrastingly, blocking S1PR2 signaling induces
adipocyte proliferation but suppresses adipocyte differentiation [107].

Polyamines self-assemble with phosphate ions in the cell nucleus and generate so-
called nuclear aggregates of polyamines, which interact with genomic DNA and control
DNA conformation, protection and packaging [108]. Polyamines also affect the interactions
of NRs with their coactivator complexes [109]. Given that NRs are important in both
adipose tissue development and macrophage functions, especially in apoptotic cell removal
(reviewed in [3]), it is plausible that polyamines shape macrophage functions in the process
of efferocytosis at a transcriptional level (Figure 2).

3.3. Lactate

Lactate is a major circulating carbohydrate fuel in mammals [110] and adipocytes pro-
duce lactate from glucose [111]. Adipose tissue provides lactate for hepatic gluconeogenesis
during fasting, as well as for hepatic glycogen synthesis after food ingestion [112]. The rate
of glucose conversion to lactate increases with adipocyte size, and obese adipocytes may
metabolize 50–70% of their glucose to lactate [111,113]. Lactate production is an anaerobic
process, and adipose tissue is hypoxic under physiological conditions. Obesity increases
adipose tissue hypoxia, favoring lactate production, and so obesity and diabetes are asso-
ciated with markedly increased lactate production in adipocytes [112]. Moreover, lactate
induces adipocyte browning in humans by controlling UCP1 expression via intracellular
redox modifications [114]. Lactate also reduces the circulating levels of free fatty acids as
well as lipolysis in the adipose tissue [115].

Loss of mitochondrial membrane potential during apoptosis is associated with lactate
production in some cell types [116]. In macrophages, efferocytosis also increases lactate re-
lease [16]. The underlying mechanism involves increased glucose uptake and enhanced glycol-
ysis and lactate release through the solute carrier SLC16A [117]. The adipokine CTRP9, which
enhances apoptotic cell uptake, also enhances the release of lactate from macrophages [16].
Lactate induces the expression of some M2-macrophage-associated genes, and triggers M2-like
polarization [118,119]. Lactate also delays the proinflammatory response of human monocytes
and mouse mast cells to lipopolysaccharide (LPS) [120,121] and reduces their secretion of
TNFα [122]. Additionally, lactate suppresses NFκB signaling in macrophages and activates
signaling through its cognate G protein-coupled receptor GPR81 [123,124] (reviewed in [125]).
GPR81 is expressed in adipocytes and is responsible for the lactate-induced inhibition of
lipolysis [115]. LPS signaling via Toll like receptor 4 (TLR4) was found to reduce Gpr81 tran-
scription in mouse WAT [126], making it plausible that impaired lactate signaling contributes
to obesity. In summary, lactate is an underexplored metabolite of the adipose tissue with the
potential to shape immune behavior of ATMs (Figure 2).

3.4. Creatine

Creatine is another metabolite, which is released by apoptotic cells and is enriched
in the culture medium of dying cells. Macrophages are able to take up creatine through
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the solute career SLC6A8. Creatine suppresses pro-inflammatory macrophage activation,
by impeding gene transcription induced by interferon gamma (IFNγ)-receptor signaling.
Moreover, it promotes interleukin-4-induced M2-macrophage activation [127,128]. Cre-
atinine is the breakdown product of creatine and, similarly to creatine, has effects on
macrophages. Creatinine and creatine monohydrate suppress Toll like receptor (Tlr2, Tlr3,
Tlr4 and Tlr7) mRNA expression in the mouse macrophage-like leukemia cell line RAW
264.7 and in primary mouse splenocytes. Moreover, creatinine inhibits NFκB signaling and
reduces basal-, and LPS-triggered TNFα production in macrophages [129] (Figure 2). By
contrast, creatine ethyl ester increases the expression of Tlr2, Tlr3, Tlr4 and Tlr7 [130]. Crea-
tine has a role in adipose tissue development and function: inhibiting creatine biosynthesis
or deletion of the cell-surface creatine transporter in brown adipocytes reduces thermo-
genesis and causes obesity [131]. Creatine metabolism also increases beige adipogenesis
and stimulates thermogenesis in WAT [132], and creatine supplementation during high-fat
feeding increases energy expenditure in response to β3-adrenergic stimulation of beige
adipogenesis [131]. As a food supplement, creatine appears to increase the loss of body fat
during resistance training [133], although it does not improve glycemic control or reduce
adipose tissue inflammation [134].

3.5. ATP and Nucleic Acids

Apoptotic cells show increased levels of cytosolic ATP, which is a prerequisite for
apoptosis [135]. Apoptotic cells release ATP as a “find-me” signal, through pannexin 1
(ANX1) channels [136]. Pannexin-1 is one of three vertebrate pannexins that show homol-
ogy to gap junction-forming invertebrate innexins [137] and has a role in the control of
inflammation [138]. As a plasma membrane channel, ANX1 allows the release of “find-me”
signals during apoptosis (reviewed in [99]). Stimulation of primary macrophages with ATP
results in the production of high levels of reactive oxygen species and macrophage inflam-
matory protein-2, stimulating neutrophil migration [139]. ATP also induces inflammasome
activation and pyroptosis in macrophages [140]. Activated macrophages also exocytose
ATP, which, in turn, activates the ATP-sensor P2Y purinoceptor 11 (P2Y11) in macrophages
in an autocrine mechanism, increasing inflammatory cytokine production [141]. Puriner-
gic signaling has two separate roles in monocyte/macrophage activation—namely, to
facilitate the initial detection of danger signals via TLRs and, subsequently, to regulate
inflammasome activation [142].

Apoptotic cells may release mitochondrial remnants containing mitochondrial nucleic
acids [66,143]. As mitochondrial RNA and DNA share some features of prokaryote RNA
and DNA molecules, they can activate pathogen recognition receptors in macrophages. For
example, apoptotic bodies contain a unique DNA species—5′ phosphorylated blunt-ended
DNA—which is believed to shape the immune response to apoptotic cells [144]. Under physio-
logical conditions, the released mitochondrial contents are safely recycled by mitophagy [145];
however, apoptosis results in the release of mitochondrial content into the cytosol [143].
Similarly, when mitophagy is impaired, there is a release of mitochondrial components into
the cytosol, which triggers interferon response and inflammation [146]. In addition to mem-
brane lipids, apoptotic bodies and apoptotic cells contain mitochondrial DNA, nuclear DNA
fragments and various RNA species including double-stranded microRNAs, which are all
potential inducers of inflammation and macrophage activation [66,147–150]. Indeed, the
autoimmune disease systemic lupus erythematosus is characterized by self-immunity against
nuclear fragments, which can be partly explained by the deficient clearance of apoptotic de-
bris [151] or by aberrant apoptotic pathways [152]. It has recently been shown that apoptotic
membrane vesicles are immunogenic in lupus erythematosus, possibly due to a deficiency in
nucleic acid degradation during apoptosis [65,153]. The nucleic acids can activate the cytoplas-
mic DNA-sensing pathway (cGAS-STING signaling) and TLR7, TLR8 or TLR9 signaling [154],
which induces the expression of interferon-stimulated genes [65,152,153]. Nucleic acids of
the dying adipocytes are hence potential inducers of ATM activation and can trigger adipose
tissue inflammation (Figure 2).
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4. Summary and Perspective

Beyond its traditional role as a lipid storage site, adipose tissue is increasingly recog-
nized as being pivotal in metabolic and endocrine physiology [9]. ATMs are positioned at
the interface between these functions, and interactions between ATMs and adipocytes po-
tentially affect systemic metabolism and endocrine health (Figure 3a). Uptake of apoptotic
cells is a core function of macrophages and serves as a communication channel between
adipocytes and ATMs. The rich immunometabolism of apoptotic cell contents shapes
ATM function, which in turn sustains healthy metabolism by balancing the protective and
destructive immune functions of ATMs. Protective immunity ensures the neutralization
of apoptotic cells and favors cell metabolism and energy expenditure (Figure 3a). When
ATMs process materials of the dying adipocytes correctly, they signal to the endocrine
organs and other immune cells, which ultimately supports adipose tissue development
and metabolism (Figure 3a). By contrast, destructive immune traits appear in response
to danger signals from dying adipocytes (Figure 3b). The resulting ATM phenotype dam-
ages metabolism through uncontrolled inflammation or self-immunity [155], leading to a
dysfunctional interplay between ATMs and adipocytes and driving the development of
metabolic diseases [155,156]. (Figure 3b). As adipocyte death is prevalent in obese adipose
tissue, the majority of the literature has focused on the role of ATMs in the setting of obesity.
However, the immune functioning of ATMs begins at birth, and is crucial to sustain energy
expenditure in infancy [23,52,155,157]. Adipocyte apoptosis may occur in the adipose
tissue of the neonate, but we know very little about the impact of ATM-adipocyte inter-
actions in early postnatal development, even though adipose tissue quality in infancy is
contingent on ATM function and determines metabolic health in adulthood [23,158]. It is
thus important to comprehend how physiological adipocyte death (i.e., during adipose
tissue development) shapes ATM functions in postnatal life.
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Figure 3. The two faces of apoptotic cell metabolites. (a) Chain of signaling events triggered by the apoptotic cell (AC).
Metabolites and contents of the ACs are processed by ATMs. As a response, ATMs release cytokines, reactive oxygen species
(ROS) and various lipid mediators, which signal to other immune cells, the central nervous system and the endocrine organs.
In turn, these cells and organs release hormones, neurotransmitters and cytokines that shape ATM functions and, ultimately,
determine the metabolic performance of the adipocytes. (b) Metabolites and contents of the dying adipocytes may be safely
recycled by macrophages in an immunologically silent process, which results in gain of M2-macrophage traits and supports
tissue turnover and metabolic health. Some contents of the apoptotic cells—especially of the dying adipocytes—deliver
danger signals to the macrophages, and trigger inflammation and inflammatory cell death. Eventually the tissue integrity is
impaired and immune-metabolic disease develops, such as meta-inflammation in the obese adipose tissue.
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Several signals that potentially define whether ATMs safely recycle adipocyte contents
or trigger inflammation are known and have been reviewed here (Figure 3b). In the coming
decades the treatment of obesity and associated chronic diseases will likely remain a major
challenge to health systems worldwide; thus, it is timely and important to understand the
impact of innate immune signaling—including apoptotic adipocyte-derived signals—in
the adipose tissue.
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