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Abstract
Macrophages, the central mediators of innate immune re-
sponses, being in the first-line of defense, they have to read-
ily respond to pathogenic or tissue damage signals to initi-
ate the inflammatory cascade. Such rapid responses require 
energy to support orchestrated production of pro-inflam-
matory mediators and activation of phagocytosis. Being a 
cell type that is present in diverse environments and condi-
tions, macrophages have to adapt to different nutritional re-
sources. Thus, macrophages have developed plasticity and 
are capable of utilizing energy at both normoxic and hypox-
ic conditions and in the presence of varying concentrations 
of glucose or other nutrients. Such adaptation is reflected on 
changes in signaling pathways that modulate responses, ac-
counting for the different activation phenotypes observed. 
Macrophage metabolism has been tightly associated with 
distinct activation phenotypes within the range of M1-like 
and M2-like types. In the context of diseases, systemic 
changes also affect macrophage metabolism, as in diabetes 

and insulin resistance, which results in altered metabolism 
and distinct activation phenotypes in the adipose tissue or 
in the periphery. In the context of solid tumors, tumor-asso-
ciated macrophages adapt in the hypoxic environment, 
which results in metabolic changes that are reflected on an 
activation phenotype that supports tumor growth. Coordi-
nation of environmental and pathogenic signals determines 
macrophage metabolism, which in turn shapes the type and 
magnitude of the response. Therefore, modulating macro-
phage metabolism provides a potential therapeutic ap-
proach for inflammatory diseases and cancer.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Macrophages are present in all tissues and devoted to 
maintain tissue integrity, homeostasis, and balance. They 
constitute a cell population of diverse origin since they 
arise from distinct cell lineages during embryonic devel-
opment [1]. Tissue-specific resident macrophages differ-
entiate from precursor stem cells of the tissue, whereas 
blood circulating monocytes originate from common 
myeloid progenitor cells in the bone marrow [2].
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Macrophage adaptation and heterogeneity are reflect-
ed on gene expression patterns and cytokine production, 
orchestrated in order to finely tune inflammatory re-
sponses. Ranging from recognition of opportunistic 
agents and clearance of apoptotic cells to antigen presen-
tation and stimulation of the adaptive immune system, 
macrophages exhibit rapid adaptation and acute response 
in several conditions [3]. In order to mount such respons-
es, macrophages are equipped with a wide range of cell 
surface receptors that are able to recognize numerous pat-
terns characteristic of cell debris (damage-associated mo-
lecular patterns – DAMPs) or pathogens (pathogen-asso-
ciated molecular patterns – PAMPs). Such receptors are 
toll-like receptors (TLRs) and NOD-like receptors 
(NLRs), which, upon recognition of their ligands, trigger 
intracellular cascades, affecting gene expression and pro-
duction of cytokines. Pathogenic conditions, as in the 
case of diabetes and malignancy, alter these signaling 
pathways and shape macrophage inflammatory respons-
es [4].

According to their inflammatory status, macrophages 
are classified as classically activated (pro-inflammatory, 
M1) and alternatively activated (anti-inflammatory, M2) 
macrophages, a classification also associated with distinct 
gene expression profiles [5]. Pro-inflammatory, M1 mac-
rophages are known to initiate the acute phase of inflam-
mation by producing pro-inflammatory cytokines, such 
as tumor necrosis factor alpha (TNFα), interleukin (IL)-6, 
IL-12, and IL-1β, exhibiting increased oxidative burst, ni-
tric oxide (NO) production, and antibacterial activity. On 
the contrary, M2 macrophages mediate antiparasitic im-
mune responses, wound healing process, and resolution 
of inflammation by producing a range of anti-inflamma-
tory molecules including TGF-β and IL-10 and express 
arginase-1, Fizz1, and Ym1 [5]. Macrophage activation is 
a complex, tightly controlled process, which includes dif-
ferent intracellular signaling pathways [1, 3]. Within each 
activation phenotype, macrophages may express differ-
ent cell surface molecules and transcription factors or ob-
tain epigenetic changes, depending on the activation 
stimulus [6]. These differences become more profound 
when translated in vivo, particularly in the context of 
multifactorial diseases, such as cancer and diabetes. Thus, 
the classical dichotomy of the macrophage phenotype is 
considered an oversimplified model with limited physi-
ological relevance since studies reveal the existence of 
multiple macrophage populations expressing distinct 
profiles of pro- and anti-inflammatory genes [1].

Over the years, scientific interest has focused on study-
ing macrophage responses at the level of signal transduc-

tion and transcriptional regulation in response to TLR 
signals and how these contribute to different pathologies 
[7, 8]. However, recent studies have highlighted that the 
macrophage inflammatory state is at a large extent regu-
lated at the level of cell metabolism. Obtaining and main-
taining an activation phenotype involves an array of en-
ergy-demanding biochemical processes. Macrophage 
ability to mount certain responses is defined by cell in-
trinsic factors, such as enzymatic activity, and extrinsic 
factors such as nutrient availability [9]. For that reason, 
cells reprogram their metabolism in order to fulfill energy 
requirements, and these bioenergetic rearrangements, in 
turn, dictate the macrophage phenotype and responses. 
Understanding macrophage metabolism can support 
identification of molecules that control macrophage re-
sponses and facilitate development of novel macrophage-
based therapeutic strategies.

In this review, we present the current knowledge on 
metabolic regulation of macrophage activation. We first 
outline the metabolic routes that macrophages utilize in 
response to different TLR signals. We then describe how 
exacerbated glucose and insulin signaling in the context 
of diabetes alter macrophage metabolism and activation 
of phenotypes. Finally, we present the current knowledge 
on macrophage metabolism in tissue microenviron-
ments. We focus on obesity and adipose tissue as well as 
tumors, being 2 conditions where macrophages play a 
critical role in disease pathogenesis.

Metabolic Pathways Involved in Macrophage 
Activation by TLR Signals

Macrophages have long been considered the sentinel 
cells of the innate immune system. As professional phago-
cytes, they sense, engulf, and successfully eliminate haz-
ardous factors in order to maintain homeostasis [2]. Their 
proficient phagocytic capacity is attributed to various cell 
surface receptors, known as pattern recognition receptors 
(PRRs). The PRR superfamily includes both TLRs and 
NLRs, which allow cells to recognize numerous highly 
conserved PAMPs and DAMPs [3]. Upon ligand recogni-
tion, PRRs initiate signaling cascades that activate inflam-
matory responses. In both humans and mice, TLR sub-
families comprise several members that differ in terms of 
ligand recognition, localization, and signal transduction 
[10]. However, there is limited evidence on the metabolic 
rewiring that TLR signaling dictates and how these meta-
bolic routes intervene with inflammatory gene expression 
and macrophage activation.
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In macrophages, TLR stimulation initiates the expres-
sion of pro-inflammatory gene clusters, followed by the 
induction of anti-inflammatory markers at later time 
points. This transition from an M1-like to an M2-like 
state is supported by utilization of different energy sourc-
es and metabolic pathways. In vitro studies revealed that 
IFNγ/LPS-activated macrophages (M1-like) display in-
creased glycolytic burst and pentose phosphate pathway 
(PPP) flux that cause rapid energy production [11]. On 
the other hand, IL-4-induced macrophages (M2-like) rely 
their metabolism on more sustainable energy sources like 
mitochondrial respiration (oxidative phosphorylation 
[OXPHOS]) and fatty acid oxidation (FAO) [11]. In-
creased energy requirements at early time points follow-
ing LPS stimulation are secured by maximal respiration, 
while at later time points, OXPHOS is reduced, and these 
changes are associated with time-dependent transcrip-
tional signatures [12]. However, in different inflamma-
tory conditions and TLR stimuli, macrophages obtain an 
array of activation phenotypes, each one of which is char-
acterized by a distinct metabolic profile (Fig. 1).

Glucose Metabolism in Response to TLR
Glucose is the primary source of energy for macro-

phages. Upon TLR stimulation, macrophages shift to-
wards increased glucose uptake and catabolism to meet 
their metabolic requirements, a shift highly conserved in 

metazoans [13, 14]. Glycolysis starts with the uptake of 
glucose via specific glucose transporters. Glucose is then 
converted to glucose-6-phosphate (G6P), a reaction cata-
lyzed by hexokinases (HKs). G6P can either be catabo-
lized toward pyruvate, producing 2 ATP molecules, or 
enter PPP and fuel ribose and NADPH generation. Simi-
larly, the pyruvate produced by anaerobic glycolysis can 
either be further metabolized to lactate or enter mito-
chondria [15]. There, it is converted into acetyl-CoA, the 
primary substrate of Krebs cycle (TCA cycle), used in 
OXPHOS for the production of 36 ATP molecules [16]. 
Although the glycolytic route is less effective than OX-
PHOS in terms of ATP production, it is an accelerated 
catabolic pathway that takes place in the cytosol, imme-
diately fueling PPP and creating intermediate molecules 
useful for other pathways. Macrophages require large 
amounts of energy in a short time to respond to a noxious 
stimulus, and thus, glycolysis is a preferred source. As 
mentioned previously, classical macrophage activation 
by LPS/IFNγ (M1-like) boosts glycolysis at the cost of 
OXPHOS, whereas IL-4/IL-13-stimulated cells (M2-like) 
use primarily OXPHOS for energy production [14, 16, 
17].

Glycolysis
TLR signaling elicits an M1-like macrophage response, 

characterized by a switch from OXPHOS to glucose up-

TLR engagement

OXPHOS ↓

M1-like M2-like

Glycolysis ↑
Glucose
uptake ↑

Glycolysis ↓
Glucose
uptake ↓

Succinate
citrate

pyruvate

Lactate
itaconate

a –ketoglutarate
mevalonate

Lipolysis ↓
Lipid

uptake ↓

FAO ↓

OXPHOS ↑

Lipolysis ↑

Lipid
uptake ↑

FAO ↑

Fig. 1. Macrophage phenotype and metabolic rewiring upon TLR activation. TLR, toll-like receptors; OXPHOS, 
oxidative phosphorylation; FAO, fatty acid oxidation.
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take and anaerobic glycolysis [13, 18–23]. Glycolytic 
burst is tightly controlled by several enzymes that support 
the pro-inflammatory phenotype of macrophages. The 
first enzyme controlling the initial rate-limiting step in 
glycolysis is HK1. In addition to its role in converting glu-
cose to G6P, HK1 is indispensable for pro-inflammatory 
responses like inflammasome activation. HK1 activity is 
regulated by the mechanistic target of rapamycin com-
plex 1 (mTORC1), pharmacological inhibition of which 
suppresses HK1 expression, and pro-inflammatory cyto-
kine production in TLR-stimulated macrophages [24, 
25]. Upon sensing of TLR ligands, expression of PFKFB3 
and α-enolase is also induced [26–28]. Both enzymes 
skew macrophage polarization toward production of pro-
inflammatory mediators, and their expression has been 
linked to autoimmune pathologies [26]. Pyruvate is the 
final product of glycolysis produced by pyruvate kinase 
M2 (PKM2), an enzyme that exerts distinct activities 
when forming dimers or tetramers, associated with gly-
colysis and gene transcription, respectively. In LPS-acti-
vated murine bone marrow-derived macrophages (BM-
DMs) dimerized PKM2 together with hypoxia-inducible 
factor 1 (Hif1α) and signal transducer and activator of 
transcription 3 (STAT3) license transcription of IL-1b, 
whereas tetrameric PKM2 upregulates anti-inflammato-
ry IL-10 transcription [29, 30]. Although most glycolytic 
enzymes support M1-like characteristics, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) is known to 
possess both pro- and anti-inflammatory properties. At a 
resting state or at the state of endotoxin tolerance, GAP-
DH binds and downregulates TNFα expression at the 
posttranslational level [31]. Upon TLR stimulation and 
activation of glycolysis, the citrate-derived metabolite 
malonyl-CoA leads to malonylation of GAPDH, result-
ing in dissociation from TNFα mRNA, thus promoting 
its translation [32].

Studies using macrophages of human or murine origin 
have shown that macrophages challenged with TLR li-
gands and bacterial components exhibit increased an ex-
tracellular acidification rate (ECAR), indicative of lactate 
release, and a decreased oxygen consumption rate (OCR), 
indicative of mitochondrial activity [33]. This rerouting 
is accompanied by increased expression of glycolytic 
genes including Glut1, Hk1, and Pfkfb3, enhanced bacte-
ricidal activity and reactive oxygen species (ROS) pro-
duction, and pro-inflammatory cytokine release [33]. 
Loss of glycolytic commitment by 2-deoxyglucose treat-
ment abrogates the aforementioned phenotype, indicat-
ing that glycolysis is indispensable for M1-like macro-
phage activity [34, 35]. However, under chronic and ex-

acerbated TLR signaling, monocytes suffer dysfunctional 
glycolysis, resulting in reduced pro-inflammatory cyto-
kine release [36].

TLR and cytokine signals also activate the PI3K/Akt/
mTOR pathway, a central regulator of cell metabolism. 
PI3K activates Akt, which in turn phosphorylates and in-
activates the tumor suppressor complex 2 (TSC2). TSC2, 
along with TSC1, inactivates mTORC1. Thus, PI3K/AKT 
positively regulates mTORC1. Upon TLR stimulation, 
mTOR acts as a glucose sensor and reinforces the expres-
sion of Hif1α, a central regulator of glycolysis [35–37]. 
TLR signaling also induces nuclear factor kappa-B 
(NFkB)-mediated Hif1α expression. Hif1α is a key regu-
lator of glycolytic genes [38]. Pharmacological inhibition 
or depletion of Hif1α in murine peritoneal macrophages 
blocks glycolysis at the transcriptional level and M1-like 
functions such as antibacterial/antifungal response, IL-6, 
TNFα, IL-1b, and ROS production [35, 38]. Likewise, 
BMDMs treated with rapamycin, an inhibitor of 
mTORC1, display reduced lactate production, oxidative 
burst, and activity against pathogens [23]. Moreover, 
TLR4 stimulation in BMDMs prompts phosphorylation, 
activation, and mitochondrial translocation of the tran-
scription factor STAT3, via TANK-binding kinase 1 
(TBK-1). In mitochondria, STAT3 promotes both glycol-
ysis and OXPHOS since inhibiting its phosphorylation 
leads to an impaired ECAR (succinate production) and 
OCR [39].

Macrophage metabolic rerouting toward glycolysis is 
orchestrated by an extensive network of epigenetic mod-
ifications. Class I and II histone deacetylases (HDACs) 
and specifically HDAC7 and HDAC3 control the expres-
sion and interact closely with glycolytic enzymes, thus li-
censing the glycolytic switch and pro-inflammatory burst 
[12, 40, 41]. However, other members of these families 
have opposing functions since global inhibition of 
HDACs promotes glycolysis and the M1-like phenotype 
in treated cells [42, 43]. TLR-induced changes in macro-
phage histone acetylation are further supported by the 
activation of ATP citrate lyase that enriches such modifi-
cations, enhancing the production of pro-inflammatory 
mediators such as IL-6, IL-12b, and CCL1 [44]. Finally, 
lactate, the main by-product of exacerbated glycolysis in 
M1-like cells can act as an epigenetic regulator by pro-
moting modification of histone lysine residues. Increased 
lactate concentrations are correlated with elevated lysine 
lactylation on M2 gene promoters, enhancing M2 gene 
expression [45, 46].
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TCA Cycle
Following TLR stimulation, increased glucose and lip-

id metabolism results in accumulation of intermediate 
metabolites that further alter macrophage metabolic 
routes [39, 44, 47]. Among those is pyruvate, the main 
product of exacerbated glycolysis in M1-like activated 
macrophages. In normoxia, pyruvate enters mitochon-
dria, where pyruvate dehydrogenase (PDH) oxidizes it to 
acetyl-CoA. However, under oxygen deprivation, as is the 
case at the inflammatory site, the stabilized Hif1α acti-
vates PDH kinase that inhibits PDH activity, boosting the 
inflammatory burst of macrophages [48]. Others report 
that TLR4 stimulation in RAW macrophages sustained 
PDH activity, supporting type I interferon and pro-in-
flammatory cytokine production [47]. Likewise, citrate 
and its conversion to acetyl-CoA by ATP-citrate lyase re-
inforces the M1-like phenotype by facilitating histone 
acetylation on pro-inflammatory gene promoters and 
subsequent upregulation of M1-like genes [44]. On the 
contrary, accumulation of a-ketoglutarate (aKG) shifts 
macrophage metabolism toward utilization of FAO and 
interacts with JMJD3 histone demethylase to foster acti-
vation of M2-like transcription program [49]. Another 
important TCA cycle metabolite with signaling functions 
is succinate. LPS stimulation results in increased produc-
tion of succinate which, among other functions, allows 
repurposing mitochondria to ROS production [50]. In 
LPS-activated macrophages, succinate conversion to fu-
marate by succinate dehydrogenase has been known to 
allow pro-inflammatory gene expression, inflammasome 
activation, and ROS production [50, 51]. Succinate dehy-
drogenase activity and inflammatory burst are inhibited 
by itaconate. Itaconate is abundantly produced in TLR-
activated macrophages and possesses anti-inflammatory 
activity since it blocks inflammasome activation and sub-
sequent IL-1b and IL-18 release [52, 53]. Itaconate alkyl-
ates and inactivates KEAP1, an inhibitor of the transcrip-
tion factor Nrf2, known to suppress inflammatory gene 
expression [54]. Another mechanism of anti-inflamma-
tory action of the itaconate derivative 4-octyl itaconate is 
via alkylation of GAPDH and subsequent inhibition of 
glycolysis [55]. There is also evidence that NO regulates 
itaconate and directly inhibits glycolysis, skewing macro-
phages toward the acquisition of an alternative M2-like 
phenotype [56–58]. In addition to the TCA cycle, a paral-
lel pathway equally important for the regulation of the 
inflammatory response of macrophages in response to 
TLR is that of mevalonate [59]. A recent study showed 
that upon TLR triggering, mevalonate promotes protein 
geranylgeranylation. Deficits in this pathway lead to up-

regulation of pro-inflammatory cytokines and impair-
ment of type I interferon and anti-inflammatory cytokine 
production [60].

Oxidative Phosphorylation
OXPHOS is also important for antibacterial responses 

and mainly supports resolution of inflammation; thus, 
stimulated macrophages utilize it for energy production 
at later stages of the inflammatory response [61]. The 
PI3K/Akt axis has a pivotal role in OXPHOS regulation 
upon TLR stimulation. Specifically, LPS stimulation of 
BMDMs positively regulates the expression of the mito-
chondrial related genes Cox I/IV and T-fam, as well as 
mitochondrial membrane potential. This phenotype de-
pends on the PI3K/AKT pathway since Akt1−/− macro-
phages or BMDMs treated with chemical inhibitors of 
Akt displayed a robust pro-inflammatory phenotype, less 
mitochondrial activity, and impaired viability upon LPS 
stimulation [62]. TLR4-mediated regulation of OXPHOS 
is time-dependent; at early time points, it increases to 
maximal respiration, while at later time points, TLR4 sig-
nals suppress OXPHOS [38].

Although TLR4 signaling reroutes macrophages to-
ward glycolysis while decreasing OXPHOS, this is not the 
case for all TLR ligands and complex pathogenic stimuli. 
When human monocytes are activated with TLR2 ligands 
or whole pathogen lysates, both glycolysis and OXPHOS 
are increased. Such upregulation of mitochondrial me-
tabolism facilitates response to pathogens, while its inhi-
bition blocks both phagocytosis and pro-inflammatory 
cytokine production [63].

Lipid Metabolism in Response to TLR
While TLR activation in macrophages shifts glucose 

metabolism toward glycolytic burst, changes in lipid me-
tabolism are more complex [64]. Lipid metabolism is a 
system of finely tuned processes including lipid uptake, 
lipolysis, FAO, lipogenesis, and fatty acid (FA) synthesis, 
supporting the energy requirements of macrophage acti-
vation. Upon engulfment, circulating lipids are esterified 
and stored in characteristic lipid droplets (LDs) inside 
macrophages [65]. When cellular energetic demands dic-
tate their breakdown, lipids are catabolized either enzy-
matically or via lysosomes, generating FAs and choles-
terol [66]. Carnitine palmitoyltransferase then transports 
FAs to mitochondria, where they are metabolized to ace-
tyl-CoA through a process known as FAO or β-oxidation 
[67].

In most cases, lipid metabolism in M1-like activated 
macrophages is skewed toward FA synthesis, storage, and 
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production of intermediate derivatives that support ex-
pression of pro-inflammatory markers. Ablation of FA 
synthase attenuates macrophage responses involved in 
pro-inflammatory cytokine production in the context of 
diabetes, suggesting that endogenous FA synthesis regu-
lates the macrophage phenotype, an effect mediated by 
changes in cell membrane composition [68]. On the con-
trary, M2-like macrophages utilize FAO to break down 
FAs and produce energy for anti-inflammatory purposes 
[64]. In fact, both murine and human IL-4-stimulated M2 
macrophages display elevated lipolysis, FAO, and OX-
PHOS, compared with M0 and M1 cells. This metabolic 
route is vital for M2 cells since its genetic or pharmaco-
logical inhibition results in loss of M2-like characteristics 
such as CD206, CD301, PD-L2, and RELMα surface 
markers, as well as effective parasite elimination [66]. Ac-
cordingly, RAW macrophages express a constantly active 
form of CTP1A and thus have enhanced FAO, downreg-
ulated stress, and inflammatory responses [69]. Never-
theless, other studies support that the FAO pathway or-
chestrates the macrophage M1-like polarization status 
[70–73]. In LPS-stimulated BMDMs, NADPH oxidase 
4-derived ROS regulates CPT1A and licenses FAO and 
NLRP3 inflammasome activation [63]. At the same time, 
FA crystals induce IL-1a production by uncoupling mito-
chondrial respiration independent of inflammasome, 
contributing to atherosclerosis in mice [72, 73]. Notably, 
IL-4-stimulated Cpt2−/− macrophages, though incapable 
of metabolizing lipids via FAO, display characteristics of 
M2-like activation, indicating that in contrary to what it 
is believed, the M2-like phenotype may be independent 
of FAO commitment [71]. Thus, TLR signals can utilize 
multiple metabolic pathways to facilitate M2-like polar-
ization.

Following TLR engagement, lipid biosynthesis and FA 
production are reduced, but they increase at later time 
points, supporting resolution of inflammation [74]. These 
changes are partly mediated by the histone deacetylases 
Sirt1 and Sirt6. In THP1 monocytes, LPS stimulation in-
creases Sirt6 and Sirt1 that downregulate Hif1α-dependent 
glycolysis and boost lipid uptake and FAO, respectively 
[20]. Other central regulators of lipid metabolism in mac-
rophages are the sterol regulatory element-binding pro-
teins (SREBPs). In LPS-activated murine BMDMs, SREB-
P1a acts downstream of mTORC1 and controls phagocy-
tosis by modulating the lipid content of the cell membrane 
and the interactions with cytoskeletal components [75]. 
In TLR4-stimulated BMDMs and human MDMs, SREBP1 
enhances lipid synthesis necessary for the anti-inflamma-
tory shift of macrophages, by inducing epigenetic modi-

fication and RNA polymerase recruitment on genes en-
coding enzymes critical for this biosynthetic pathway 
[74]. Independent studies indicate that SREBP1a also 
possesses pro-inflammatory activity since its depletion in 
macrophages distorts inflammasome activation and pro-
inflammatory cytokine burst, upon challenge with bacte-
ria [70]. SREBP2 controls cholesterol and lipid biosynthe-
sis since Srebr2−/− BMDMs display reduced cholesterol 
synthesis, which correlates with increased cGAS-STING-
TBK1-IRF3 signaling and type I IFN production [76]. 
Similarly, the nuclear factor liver X receptor (LXR) in-
duces cholesterol efflux and suppresses pro-inflammato-
ry activity in murine macrophages [77].

Although TLR stimulation induces universal changes 
in FA biosynthesis, as a shotgun lipidomic analysis re-
vealed, different TLR ligands promote distinct patterns in 
macrophage lipid composition. These changes are dy-
namic through time and depend on the cellular lipid con-
tent and the activity of signal transduction molecules 
downstream of TLRs. Specifically, signal transduction via 
MyD88 upregulates long-chain FA synthesis, whereas 
TRIF signaling cascade activation suppresses long-chain 
FA synthesis and supports type I IFN production [10]. 
Accordingly, other studies demonstrate that during viral 
infection, TLR engagement with viral PAMPs diminishes 
sterol and FA synthesis to enhance the antiviral activity 
of macrophages [59, 76]. Specifically, TLR3 stimulation 
in macrophages augments lipid uptake while hindering 
cholesterol and FA synthesis, whereas induction of TLR9 
increases intracellular accumulation of FAs and forma-
tion of LDs [40, 43]. In contrast to data obtained using a 
single TLR agonist, pathogen-sensing and concomitant 
infection alter macrophage metabolism toward increased 
lipid uptake, triglyceride storage, and lipolytic retarda-
tion [78–80].

Overall, TLR signaling orchestrates metabolic changes 
that are central for regulating inflammatory responses. 
The substrates that macrophages use as a source of en-
ergy and the metabolic pathways that they utilize deter-
mine their activation phenotype, type, and magnitude of 
the response.

Insulin Signaling and Its Role in Macrophage 
Activation

The effect of TLR signaling on macrophage metabo-
lism and responses is affected by parallel signals that in-
dependently tune cell metabolism. Insulin signals regu-
late cell metabolism by controlling glucose uptake and 
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metabolism (Fig.  2). Even though macrophages do not 
express the glucose transporter Glut4, the transporter 
that readily responds to insulin receptor (IR) signals to 
transfer glucose, and they express glucose transporters 
Glut1 and Glut3, which also provide glucose in response 
to IR and insulin-like growth factor 1 receptor (IGF1R) 
signals [81, 82]. Metabolic inflammation triggered by 
obesity is associated with a variety of factors that interfere 
with insulin signaling and may lead to insulin resistance. 
During the development of obesity, adipose tissue be-
comes inflamed and favors the shift of macrophage polar-
ization from the predominant M2-like to M1-like pheno-
type. M1-like polarization is characterized by secretion of 
pro-inflammatory cytokines and tendency to form 
crown-like structures around the dead adipocytes for lip-
id scavenging [83, 84].

Early studies have shown that insulin modulates  
the antimicrobial capacity of monocytes/macrophages 
through enhancement of phagocytic ability and produc-

tion of hydrogen peroxide but also alters their metabo-
lism toward increased glucose and reduced glutamine 
metabolism [85]. In addition, insulin and IGF-1 induce 
TNFα synthesis in murine and human macrophages 
[86]. Moreover, glucose, insulin, and palmitate treat-
ment of human monocyte-derived macrophages results 
in a metabolically activated phenotype, possessing both 
M1-like and M2-like characteristics [87]. Even though 
insulin stimulates glycolysis and facilitates activation 
and antimicrobial action of macrophages, continuous 
triggering from insulin allows development of resistance 
to its signals, resulting in insulin-resistant macrophages 
[81, 82]. Insulin-resistant macrophages still utilize glu-
cose but have reduced capacity to respond to inflamma-
tory stimuli, possessing a distinct M2-like phenotype. 
This phenotype is associated with reduced antimicro-
bial capacity and may partly explain changes in innate 
immune responses observed in diabetic patients [81, 
82].

Insulin signaling

AKT1

AKT2

TSC 1 TSC 2

mTORC1

Raptor

Insulin sensitive Insulin resistant

Proinflammatory
cytokines

Bactericidal activity ↑

Glycolysis ↑

ROS ↑

Metabolic

Insulin LPS Toll like receptor 4 (TLR4)

Insulin receptor IR Insulin like growth factor receptor IGF-1R

Regulation

Bactericidal activity ↓
Glycolysis ↑

(low) ROS ↓

↑ Anti-inflammatory
cytokines ↑

M1-like M2-like

Fig. 2. Signaling and metabolic rewiring in insulin-sensitive and insulin-resistant macrophages. ROS, reactive 
oxygen species; mTORC1, mechanistic target of rapamycin complex 1.
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Macrophages express all components of the insulin 
signaling cascade, indicating functional insulin signaling, 
but they can also develop insulin resistance in the context 
of systemic insulin resistance. Insulin mediates its signal 
through IR but also through its highly homologous IG-
F1R. Binding to its receptor results in subsequent activa-
tion of the PI3K/AKT pathway [8, 84]. In animal models, 
myeloid-specific deletion of IR protects mice against 
HFD-induced obesity and promotes an anti-inflammato-
ry signature of macrophages [88, 89]. LysMCreIgf1rfl/fl 
mice, on the other hand, show increased adiposity and 
insulin resistance upon HFD feeding, suggesting that in 
the context of obesity, IGF1R is essential for suppression 
of inflammation [90]. Deletion of IGF1R on Apoe−/− 
background results in exacerbated pro-inflammatory re-
sponses, though functionally, macrophages display re-
duced phagocytic capacity [91]. Even though lack of IG-
F1R from macrophages results in exacerbation of 
inflammatory diseases such as obesity and atherosclero-
sis, in healthy mice, IGF1R-deficient macrophages exhib-
it defective insulin signaling and an M2-like phenotype 
accompanied by LPS hyporesponsiveness and defective 
pathogen clearance [82]. This discrepancy highlights that 
IGF1R in macrophages may differentially regulate re-
sponses to DAMP, TLR, or metabolite signaling in the 
context of different diseases. Myeloid-specific deletion of 
both IGF1R/IR receptors in mice protects against skin in-
flammation and causes attenuation of the pro-inflamma-
tory and induction of the noninflammatory macrophage 
phenotype [92].

Insulin signaling through the Akt pathway has a crucial 
role in macrophage activation. The Akt2 isoform is the 
predominant isoform involved in insulin signaling. The 
absence of Akt2 from macrophages results in an M2-like 
polarization phenotype and insulin resistance. Macro-
phages that lack Akt2 express increased levels of the M2 
polarization markers Arg1, Ym1, and Fizz1 and the tran-
scription factor C/EBPβ [93]. In addition, genetic ablation 
of Akt2 results in upregulation of microRNA (miR)-146α 
that suppresses the TLR4 signaling pathway by targeting 
IRF5, TRAF6, and IRAK1 [94]. In human macrophages, 
LPS and other pro-inflammatory stimuli induce Akt2 ac-
tivity and the production of cytokines that typify M1-like 
polarization [95]. Moreover, ablation of Akt2 from mac-
rophages results in reduced atherosclerosis and foam cell 
formation in Ldlr−/− mice [96]. Akt promotes indirect ac-
tivation of mTORC1 that is essential for insulin signaling 
propagation. In vivo and in vitro studies support the im-
portance of mTORC1 in macrophage activation. Myeloid-
specific deletion of the mTORC1-specific protein raptor 

elevates M2-like macrophage population in the adipose 
tissue of LysMCreRptorfl/fl mice, in the context of diet-in-
duced obesity [97]. Accordingly, loss of TSC1 enhances 
LPS responses and favors M1-like polarization, while it 
suppresses the M2-like phenotype in response to IL-4 [98, 
99]. However, there are also studies showing the lack of 
TSC1 results in both M1 and M2 polarization [100]. Fur-
thermore, deletion of Tsc1 in myeloid cells protects mice 
from high fat diet-induced obesity, insulin resistance, and 
adipose tissue inflammation, via mTORC1-dependent 
M2-like macrophage polarization [101]. Sustained 
mTORC1 activation due to the lack of TSC2 in macro-
phages also enhances the expression of M2-like polariza-
tion markers [102]. Conversely, treatment with rapamy-
cin, a suppressor of mTORC1, promotes an M1-like phe-
notype, both in human and murine macrophages and 
blocks the anti-inflammatory potency of glucocorticoids 
in myeloid immune cells via increased JNK and NF-κB 
activation [103]. Overall, the AKT/TSC/mTORC1 signal-
ing cascade dictates metabolic changes in macrophages in 
response to exogenous signals including those initiated by 
insulin, shaping the magnitude and type of responses.

Macrophage Metabolism and Activation during 
Obesity

Adipose tissue macrophages (ATMs) contribute to 
chronic low-grade inflammation, obesity-driven insulin 
resistance, and metabolic disease [104, 105]. During obe-
sity, an increase in macrophage population in the adipose 
tissue is associated with a switch from an anti-inflamma-
tory (M2-like) to an inflammatory (M1-like) phenotype, 
potentially as part of a mechanism to maintain metabolic 
homeostasis [106].

The increased number of ATMs is either due to the 
recruitment of circulating monocytes or due to local pro-
liferation observed predominantly around dead adipo-
cytes, at sites known as crown-like structures [107]. Scav-
enging of adipocyte debris from ATMs, in an attempt to 
process excessive amounts of lipids and avoid tissue hy-
poxia and lipotoxicity, is compromised in obesity. Addi-
tional protective functions of ATMs, including oxidative 
stress handling, are also insufficient, resulting in dysfunc-
tional obese adipose tissue [108].

Metabolic reprogramming of macrophages is linked to 
their function [104]. Recently, the use of advanced tech-
nologies revealed a plethora of ATM subpopulations char-
acterized by distinct metabolic and activation signatures 
depending on their location in the adipose tissue [109].
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Lipid Metabolism in ATMs
ATMs from adipose tissue acquire a unique metaboli-

cally activated phenotype termed as “MMe” that exhibit 
mixed characteristics from M1-like type since they se-
crete pro-inflammatory mediators but also from M2-like 
cells [87]. The MMe metabolic phenotype is character-
ized by lipid catabolism, storage, efflux, and utilization. 
Exposure of ATMs in a lipid-rich environment drives the 
induction of the transcription factor peroxisome prolif-
erator-activated receptor γ (PPARγ) and the autophagy-
associated protein p62, both associated with the M2-like 
phenotype [87]. These factors promote expression of the 
cholesterol efflux transporter ATP-binding cassette sub-
family A member 1, the scavenger receptor CD36 that 
mediates uptake of lipids released from adipocytes under-
going lipolysis, and the LD-associated protein PLIN2 in 
MMe ATMs [87]. Induction of these genes is part of the 
attempt of the organism to buffer excessive lipid circula-
tion and limit inflammation [110].

Lysosomal-dependent lipid metabolism possesses a 
crucial role in ATMs in obesity. Lysosomes participate in 
lipophagy, a process that regulates cholesterol efflux via LD 
degradation but also in the formation of an acidic compart-
ment that allows the hydrolysis and internalization of adi-
pocyte debris, a process called exophagy [111, 112]. Large 
amounts of lipids enter the cell and are delivered to lyso-
somes for degradation and catabolic processing. MMe 
ATMs have increased lysosomal biogenesis and lysosomal-
dependent lipid catabolism, characterized by enhanced ex-
pression of lysosomal proteins, including the structural 
lysosome protein LAMP2 and the acid lipase LIPA [113].

MMe ATMs display reduced LD formation, subse-
quently interfering with the final steps of autophago-
some-lysosome fusion in lipophagy and/or lysosomal 
degradation cascade. Chemical or siRNA-mediated inhi-
bition of autophagy through inhibition of vATPase or 
Lamp-1 expression leads to increased LD accumulation 
in macrophages [113–115].

Single-cell RNA sequencing analysis of ATMs revealed 
a CD9+ macrophage population that contains large 
amounts of intracellular lipids, is localized in crown-like 
structures, and secretes exosomes. CD9+ ATMs are char-
acterized by upregulation of genes associated with lipid 
metabolism (Lpl and Plin2), lysosomal biogenesis, and 
activation (Acp5, Ctss, Lamp2, and Lipa) and expression 
of pro-inflammatory factors (Il1α, Il18, Tnfα, and Ccl2), 
defining a signature of metabolic activation and lysosom-
al-dependent lipid metabolism [106].

A novel lipid-associated macrophage subset 
(CD9+CD63+) is expanded in obese adipose tissue, char-

acterized by Trem2-driven gene expression profile in-
volved in phagocytosis, lipid catabolism, and OXPHOS 
[116]. This macrophage subset expresses genes related to 
immune suppression (Lgals1 and Lgals3). Trem2-defi-
cient macrophages display reduced expression of Lipa 
(lysosomal function), Cd36, Lpl, Fabp4, and Fabp5 
(known to be involved in lipid metabolism) and reduced 
recruitment to crown-like structures [116]. Genetic abla-
tion of Trem2 in high fat diet-fed mice results in exacer-
bated weight gain, inflammation, and glucose intoler-
ance [116].

Glycolysis and OXPHOS in ATMs
In the context of obesity, ATMs exhibit increased gly-

colysis and OXPHOS, as demonstrated by transcrip-
tomics and extracellular flux analyses [117]. This increase 
depends on adipose tissue-derived factors [117]. Similar 
metabolic profile with increased glycolysis and OXPHOS 
is observed in human macrophages isolated from adipose 
tissue of obese individuals with T2D and is associated 
with a pro-inflammatory phenotype [117].

Oxidative stress is increased during obesity. Increased 
levels of ROS and nitrogen species result in the formation 
of oxidation-derived DAMPs (oxidized phospholipids) 
[118]. Oxidized phospholipids are found on oxidized 
LDL and on apoptotic cell membranes and are recognized 
by macrophages promoting either an antioxidant or pro-
inflammatory phenotype. ATMs from obese adipose tis-
sue acquire an M1/M2 hybrid phenotype CD11c+CD206+, 
exhibiting both pro- and anti-inflammatory characteris-
tics and a highly activated metabolism, associated with 
increased respiratory capacity and glycolysis [119]. In 
contrast, ATMs from lean adipose tissue show a sup-
pressed bioenergetic profile redirecting glucose metabo-
lism and TCA metabolites to produce glutathione, essen-
tial for antioxidant function [118].

Metabolic Changes in Peripheral Macrophages in the 
Context of Obesity
In the periphery, macrophages from obese mice ex-

hibit induction of glycolysis, as indicated by increased 
ECAR and expression of glycolytic genes (including 
Glut1, Glut3, Hk3, and Ldha). Inhibition of glycolysis, us-
ing 2-deoxyglucose abolished the M2-like phenotype of 
these cells [82]. Lipid-laden peritoneal macrophages iso-
lated from Ldlr−/− HFD-induced hypercholesterolemic 
mice show decreased mitochondrial mass and maximal 
respiration and disturbed abundance of several metabo-
lites including itaconate [120]. In addition, reduced flux 
through the PPP contributes to impaired inflammatory 
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responses and ROS production of foam cells during hy-
percholesterolemia [120].

Foam cells also display impaired cholesterol biosyn-
thesis associated with suppression of Dhcr24 (24-dehy-
drocholesterol reductase), an enzyme that converts des-
mosterol into cholesterol [121]. Downregulation of 
Dhcr24 results in accumulation of desmosterol that acti-
vates LXR and SREBP target genes, interferes with FA 
metabolism, and contributes to impaired inflammatory 
responses in macrophages from hypercholesterolemic 
mice [121]. Peritoneal macrophages from the diet-in-
duced obesity model do not display foam cell character-
istics, although they exhibit downregulation of several 
enzymes of the cholesterol biosynthesis pathway, includ-
ing Dhcr24 [122]. Accumulation of desmosterol in mac-
rophages from diet-induced obesity mice is also associ-
ated with upregulation of LXR and SREPB target genes 
and downregulation of inflammatory genes [122].

Overall, both glucose and lipid metabolism are altered 
in macrophages in the context of obesity, shaping the in-
flammatory phenotype. In the adipose tissue, ATM me-
tabolism is crucial for the development of insulin resis-
tance, and several signaling pathways are involved, high-
lighting the importance of the local microenvironment in 
modulating the macrophage phenotype and responses. 
Thus, in the context of obesity, the adipose tissue micro-
environment differs from this in the aorta and in periph-
eral circulating macrophages and so does their phenotype 
and cell metabolism. For example, adipose tissue macro-
phages obtain a pro-inflammatory phenotype contribut-
ing to adipose tissue inflammation, while peripheral mac-
rophages obtain an M2-like phenotype, contributing to 
foam cell formation and altered responses to pathogens 
[81, 82].

Macrophage Metabolism in the Tumor 
Microenvironment

Tumors are multicellular systems of high complexity 
and diversity, characterized by unique conditions. They 
embrace various types of cells, broadly classified into 3 
categories: highly proliferative malignant cells, stromal, 
and immune cells. Inside the tumor microenvironment 
(TME), cells synergize and coordinate molecular process-
es that dictate tumor fate regarding growth, progression, 
immune evasion, and metastasis. The nature of TME af-
fects the metabolism of participating cells but is also reg-
ulated by their metabolic by-products, and this dynamic 
communication is preserved throughout tumorigenesis. 

Tumor progression is accompanied by exacerbated hy-
poxic conditions, nutrient scarcity, and accumulation of 
several cancer cell-derived metabolites and metabolic by-
products.

Inside the intricate TME, tumor-associated macro-
phages (TAMs) play an important role in shaping its 
landscape. According to their inflammatory signature, 
TAMs possess either M1-like or M2-like characteristics, 
and these contribute to the tumor phenotype and out-
come [6]. In many types of cancers, M2-like TAMs have 
been associated with disease progression, whereas M1-
like TAMs mainly possess antitumoral activity, although 
some cases indicate that they favor cancer progression 
[123–126]. TAM polarization is controlled by metabo-
lism that changes according to TME conditions.

Lipid Metabolism in TAMs
TAMs utilize FAO as a source of energy by expressing 

a repertoire of scavenger receptors that facilitate lipid up-
take [65]. In several human cancers and in murine models 
of cancer, lipid accumulation in TAMs is mediated by 
CD36. According to single cell data analysis, CD36 is el-
evated in tumor myeloid cells, where it assists lipid uptake 
and catabolism via FAO, thus inducing TAM promalig-
nant activity [66, 127]. Following CD36 uptake, lysosom-
al lipolysis of FAs is critical for M2-like function of TAMs 
[66]. In addition to scavenger receptors, several other 
mechanisms facilitate lipid uptake in TAMs. TAMs from 
hepatocellular carcinoma express low levels of RIPK3 ki-
nase, which supports PPARγ activation via caspase 1, 
promoting FA metabolism and anti-inflammatory sig-
nals [128]. Another study supported that PPARγ cleavage 
by caspase 1 regulates lipid accumulation in TAMs. Trun-
cated PPARγ deactivates MCAD enzyme, leading to FAO 
inhibition, TAM reprogramming, and cancer progres-
sion [129]. As observed in many cancers, increased lipid 
accumulation in TAMs is attributed to reduction of 
monoacylglycerol lipase activity. Downregulation of 
monoacylglycerol lipase suppresses M1-like characteris-
tics and offers tumor progression and immunosurveil-
lance [130]. Accordingly, unsaturated FA uptake in 
TAMs supports their alternative activation by reinforcing 
mitochondrial respiration and LD formation [65]. In-
creased LD content in TAMs correlates with tumor for-
mation in colorectal cancer patients, whereas inhibition 
of LD formation and degradation restrains tumor growth 
[65]. Moreover, utilization of LDs as energy source acti-
vates the mTORC2-IRF4 axis involved in M2-like polar-
ization of TAMs [65, 131].
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Glucose Metabolism in TAMs
Due to increased cell proliferation, many nutrients, in-

cluding glucose, are scarce in the TME, leading to com-
petition for energy resources. In these glucose-deprived 
conditions, TAMs adjust their metabolism to match that 
of cancer cells by increasing glucose uptake and glyco-
lytic activity. Although glycolysis is primarily associated 
with M1-like responses, at the site of tumor, M2-like 
TAMs also use glycolysis for fulfilling their energy de-
mands [131]. A recent comprehensive proteomic analysis 
revealed that TAMs isolated from breast tumors have in-
creased expression of HK2 and several other factors in-
volved in glycolysis, explaining their mixed phenotype 
characteristics [132]. The Warburg effect in TAMs of 
pancreatic tumors contributes to metastasis through in-
creased VEGF and TGF-β production. Disruption of the 
glycolytic pathway results in reversal of the pro-tumoral 
phenotype of TAMs [133]. However, other studies sup-
port that in oxygen-deprived conditions, TAMs antago-
nize endothelial cells for the same energy source, glucose 
[7]. Increased glucose uptake and glycolysis in TAMs hin-
der EC hyperactive status, preventing vascularization, 
cancer cell leakage, and metastasis. In contrast regulated 
in development and in DNA damage response 1 (REDD1) 
inhibition of mTORC1-mediated glycolysis augments tu-
mor-invasiveness [7, 134].

Amino Acid Metabolism in TAMs
In addition to glucose and lipid metabolism, amino 

acids (AAs) play an important role in survival and energy 
production in TAMs. AA availability enhances the M2-
like phenotype, whereas protein, and specifically methio-
nine and cysteine, restriction rewires TAM responses to-
ward the M1-like phenotype. In combination with immu-
notherapy, AA restriction significantly reduces tumor 
growth in mouse models of prostate and renal cancer 
[135]. Glutamine is another crucial AA for both cancer 
cells and immunosuppressive TAMs [136]. RNA profil-
ing of TAMs isolated from a triple-negative breast cancer 
model treated with a glutamine antagonist revealed that 
blockage of glutamine metabolism promotes M1-like 
characteristics. Glutamine restricts myeloid-derived sup-
pressor cell differentiation toward tumoricidal TAMs, 
whereas its inhibition enriches pro-inflammatory TAMs 
at the tumor site in a mouse model of breast cancer [137]. 
In addition to that, M2-like TAMs have increased expres-
sion of glutamine synthase (GS) and production of gluta-
mine. Both GS and glutamine are crucial for the immu-
nosuppressive and angiogenic functions of TAMs since 
their depletion shifts TAMs to a pro-inflammatory and 

immunostimulatory phenotype [138]. Arginine metabo-
lism is also fundamental for TAM function and tumor 
progression being the substrate for several immunomod-
ulatory molecules. Arginine is the substrate for NO syn-
thase and arginase that skew macrophage metabolism to-
ward M1-like and M2-like phenotypes, respectively. 
Many studies support that pro-tumoral TAM function 
associates with enhanced (ARG1) and diminished iNOS 
activity. The absence of Arg1 expression in vivo leads to 
limited tumor growth, by enhancing M1-like cells in 
mouse models of ovarian cancer or melanoma [139, 140]. 
By-products of AA and protein metabolism can also im-
pact TAM function. Retinoic acid derived from vitamin 
A catabolism in malignant cells is known to enhance 
monocyte differentiation toward pro-tumoral TAMs 
[141]. Branched-chain AAs (BCAAs) like leucine, isoleu-
cine, and valine skew macrophages toward a pro-tumoral 
M2-like fate indirectly. In myeloid leukemia and glioblas-
toma, malignant cells consume BCAAs and catabolize 
them into branched-chain ketoacids [142, 143]. Branched-
chain ketoacids are then uptaken by TAMs, where they 
inhibit phagocytosis, suppressing antitumor activity 
[142].

TCA Cycle in TAMs
Glycolysis, FAO, and AA metabolism fuel TAM Krebs 

cycle with substrates for ATP production. Much like LPS-
stimulated macrophages, TAMs display dysregulation of 
the TCA cycle and accumulation of intermediate metabo-
lites, responsible for TAM localization and function and 
overall TME remodeling [144]. Lactate is a major by-
product of cancer cell glycolytic activity. When uptaken 
by TAMs, lactate acts via stabilizing Hif1α and promotes 
the expression of M2 related genes, suppressing immuno-
surveillance and promoting tumor growth [45, 145]. 
However, under intense hypoxic conditions, high lactate 
concentrations promote TAM apoptosis [144]. Succinate 
is another metabolic intermediate that accumulates in 
TAMs. A recent study demonstrated that lung cancer pa-
tients have high levels of succinate in the serum, primar-
ily produced by cancer cells [67]. In LPS-induced macro-
phages, succinate production confers a danger signal 
causing HIF1α and IL-1β upregulation [51]. In TAMs 
however, succinate uptake activates the PI3K-HIF1α axis, 
resulting in an M2-like status [67]. aKG, a metabolite pro-
foundly produced via glutaminolysis, has a similar effect 
in macrophage activation. Even though a high aKG/suc-
cinate ratio in pancreatic ductal adenocarcinoma cells as-
sociates with premalignant gene expression and preven-
tion of tumor aggressiveness, in TAMs, the same ratio 
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induces anti-inflammatory activity and tumor growth-
promoting activity [146, 147]. Finally, itaconic acid 
emerges as a critical orchestrator of macrophage respons-
es. Macrophage treatment with itaconate leads to the ar-
rest of inflammasome activation, and ROS and pro-in-
flammatory cytokine production, while enhancing lactate 
production and consequently intracellular succinate ac-
cumulation [53]. In the context of tumor-TAM interac-
tion, itaconate drives macrophage metabolic rewiring to-
ward increased OXPHOS and aerobic glycolysis, further 
promoting tumor progression [148].

The Effect of TME in TAM Metabolism
The metabolic route and responsiveness of TAMs are 

modulated by several factors prevailing in TME. Hypoxia 
is a central force for cancer progression and immune sur-
veillance [149, 150]. Hypoxic conditions boost the ex-
pression and stabilization of both HIF1α and HIF2α, crit-
ical regulators of glycolysis, skewing the metabolic fate of 
TAMs toward the anaerobic glucose catabolism (War-
burg effect) [47, 51, 138, 150]. In gastric cancer, hypoxia 
induces TAM M2-like function by rerouting metabolism 
toward glycolysis via the HIF1α-REDD1 axis [134]. Hy-
poxic conditions have also been linked to diminished an-
tigen presentation and increased mitochondrial stress 
that educate TAMs towards cancer surveillance [151, 
152].

Cancer-derived vesicles and their cargo are also fun-
damental in shaping TAM metabolism and function. 
Such vesicles carry proteins, transcription factors, and 
miRs that further promote the M2-like status of TAMs 
[139, 153, 154]. Colon cancer cells produce exosomes that 
carry miR-1246 and lncRNA RPPH1, supporting TAM 
differentiation [125, 155]. However, cancer-derived ve-
hicles can also skew macrophage polarization toward 
M1-like state by suppressing FAO and activating the Akt/
mTOR pathway [156, 157].

Another critical component of TME affecting TAM 
function is the concentration of ROS. Although ROS are 
designated markers of the M1-like phenotype, they are 
crucial for M2-like polarization of TAMs. When sensed 
by TAMs, ROS reprogram the macrophage transcrip-
tional profile toward immune suppression and angiogen-
esis [158]. They also mediate the TAM M2-like pheno-
type by inducing phosphorylation and activation of 
STAT3. Treatment of macrophages with ROS or STAT3 
inhibitors suppresses their M2-like activation status 
[159]. Mitochondria-derived ROS promote stabilization 
of Hif1α, suppressing mitochondrial respiration of TAMs 
and enhancing their glycolytic commitment [160].

Overall, a variety of factors present in the TME dictate 
the phenotype of macrophages in a way that enhances 
their tumor-promoting activity. Metabolic changes aris-
ing from secondary metabolite signaling are hallmarks of 
this phenotype. Hence, modulating TAM metabolism, in 
conjunction with modulating tumor cell metabolism, can 
be a promising anticancer therapeutic approach.

Conclusions

Macrophages require energy to mount an effective in-
nate immune response. As highly plastic cells, they utilize 
variable energy sources and activate downstream meta-
bolic pathways like glycolysis, FAO, and AA metabolism 
for energy production. Increased glycolytic burst and 
PPP flux support acute energy production and pro-in-
flammatory responses, whereas OXPHOS and FAO pro-
vide sustained energy for macrophage anti-inflammatory 
functions. Macrophage metabolism and its modulation is 
determined by environmental signals like nutrient and 
oxygen abundance, pathogenic signals, and nonpatho-
genic factors, such as insulin and secondary metabolites. 
The net result is that responses to pathogenic or non-
pathogenic TLR signals vary and  described by the differ-
ent activation phenotypes, being key determinants of as-
sociated pathologies. It is, therefore, clear that targeting 
macrophage metabolism can modulate their function 
and provide therapeutic solutions for multiple diseases.
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