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Macrophage activation has long been implicated in a myriad
of human pathophysiology, particularly in the context of the
dysregulated capacities of an unleashing intracellular or/and
extracellular inflammatory response. A growing number of studies
have functionally coupled the macrophages’ inflammatory capa-
cities with dynamic metabolic reprogramming which occurs du-
ring activation, albeit the results have been mostly interpreted
through classic metabolism point of view; macrophages take
advantage of the rewired metabolism as a source of energy
and for biosynthetic precursors. However, a specific subset of
metabolic products, namely immune-modulatory metabolites,
has recently emerged as significant regulatory signals which
control inflammatory responses in macrophages and the rele-
vant extracellular milieu. In this review, we introduce recently
highlighted immuno-modulatory metabolites, with the aim of
understanding their physiological and pathological relevance
in the macrophage inflammatory response. [BMB Reports 2022;
55(11): 519-527]

INTRODUCTION

Inflammation is characterized by a process through which
various immune subpopulations and the relevant biological
components coordinate in order to eliminate harmful sub-
stances/stimuli, including damaged/infected tissues, pathogens,
and toxic compounds (1-3). Throughout this process, macro-
phages play central roles in shaping a range of systemic/local
inflammatory responses via their multiple functions, including
antigen presentation, phagocytosis, and immunomodulation
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(4, 5). Such functional responses are expressed differentially
through deliciated regulatory mechanisms in a tired manner,
which has been shown to be largely modulated by various
intracellular signaling pathways (e.g., NF-xB, AP-1, and STAT-1)
with the relevant cytokines and growth factors secretion (e.g.,
interleukin family, tumor necrosis factor-o. (TNF-o)), and trans-
forming growth factor-B (TGF-B)) (3, 6). Although the majority
of studies have focused mainly on the physiological and pa-
thological relevance of the aforementioned protein molecules
in inflammatory response, and the mechanisms of the proteins
as functional linkers between intracellular and extracellular im-
munomodulation, growing evidence in vitro and in vivo have
recently suggested that the protein components alone may not
be sufficient in recapitulating the macrophages-regulated inflam-
matory response, opening up the possibility that other cellular
components should be on board, such as metabolites (7-9).

Macrophage metabolism is rapidly rewired throughout the
process of pathogen-stimulated macrophage polarization, tipping
toward aerobic glycolysis, a process referred to as the “Warburg
effect”; Increased glucose uptake, glycolytic flux, pyruvate con-
version to lactate, and decreased oxygen consumption even
under oxygen-rich environments, which results in energy pro-
duction without the loss of carbon, an important building block
required for rapid proliferation (10-12).

Such dynamic metabolic changes have provided key bio-
synthetic precursors required for the functioning of macro-
phages during inflammation. For example, the pentose phosphate
pathway (PPP) downstream of glycolysis, which is activated
in lipopolysaccharide (LPS)-stimulated macrophages, provides
NADPH, which serves as a substrate for NADPH oxidase du-
ring the killing of pathogens, as well as the build-ups of re-
ductive powers for glutathione-mediated antioxidant defense
(13, 14). Amino acids have also been emphasized for their
capacity to fuel biosynthetic precursors during inflammatory
responses. One of the most evident observations within this
context is the metabolic regulation of arginine and citrulline,
biosynthetic precursors of nitric oxide, which plays a critical
role in determining the extent of macrophages’ inflammatory
response (15, 16).

A growing number of studies have recently revealed the
atypical mechanisms by which a specific subset of metabolites
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in macrophages serve as regulatory signals to attune immuno-
modulation, which is distinct from the classic function of
metabolism including energy production and biosynthetic pre-
cursors. Such metabolites serve as immunomodulatory meta-
bolites which display unique physio-chemical properties, and
the mechanisms of action including transcriptional and epi-
genetic regulation, and post-translational modification (PTM)
(17). In this review, we discuss the recent advances in the
understanding of the functional implication of 5 metabolites,
including glucose and four tricarboxylic acid (TCA) cycle
intermediates in macrophages’ inflammatory response, as well
as the underlying biochemical mechanisms by which those
metabolites coordinately shape the inflammatory responses of
macrophages (Fig. 1).

GLUCOSE

Cells have evolved in multiple ways to utilize glucose as the
main fuel for maintaining metabolic homeostasis. In particular,
glucose and the glycolytic intermediates provide biologically
relevant energy and reducing currents (e.g., ATP and NADH),
and various biosynthetic precursors, all of which are essential-
ly critical to support proliferation and maintain cellular phy-
siology (18). In this context, the physiological relevance of
glucose metabolism in the inflammatory responses of macro-
phages has initially been evident, considering observation that
macrophages undergo rapid proliferation and dramatic functional
changes during activation. For example, glucose transporter 1
and 2 (GLUTT1, 2) and glucose-utilizing enzymes are transcrip-
tionally upregulated upon LPS stimulation, which leads to a
rapidly increased glycolytic flux for the provision of cellular
building blocks and a source of energy (Fig. 1A) (19, 20).

The roles of glucose as a regulatory signal has been proposed
from the discovery of ChREBP, a glucose-stimulated transcription
factor which turns on the transcriptional program of hepatic de
novo lipogenesis (21, 22). Several biochemical mechanisms
were also suggested, including allosteric regulation, UDP-GIcNAC-
mediated PTM, and the activation of a nutrient sensitive com-
plex including HCF-1 (23). Although the very initial findings
have only focused on the hepatic relevance of the glucose-
ChREBP connection, this axis has recently been expanded to-
wards other cells/tissues physiology, including pancreatic beta
cells, adipose tissues, and immune cells (24, 25).

Sarrazy et al. showed that ChREBP activity is reduced upon
LPS-stimulated macrophages, while the activated ChREBP in
IL-4-treated macrophages tones down pro-inflammatory responses
(26). The phenotype may attribute to the effects of ChREBP
activity on the cellular redox status, including changes in the
NADP/NADPH ratio, which is critical for shaping macrophages’
inflammatory response. Such observation, together with the in-
creased glucose flux into the hexosamine synthetic pathway
following IL-4 stimulation (27), may lead to a possibility where
the glucose function in macrophages with anti-inflammatory
features may be rerouted from the biosynthetic precursors/
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Fig. 1. The schematics of immunomodulatory metabolites roles in
shaping the inflammatory response of the macrophage. (A) The im-
munoregulatory functions of metabolites in macrophages upon pro-
inflammatory stimulation (e.g., LPS/IFN-y). LPS, lipopolysaccharide;
IFN-y, interferon-y, NF-kB, nuclear factor-kB; TNF-0, tumor necrosis
factor-o;; 1L-6, interleukin-6; IL-1B, interleukin-18; PHD, prolyl hydroxy-
lase; HIF-1a, hypoxia-inducible factor-1c;; SDH, succinate dehydro-
genase; IDH, isocitrate dehydrogenase; IRG1, immune-responsive
gene 1; ACLY, ATP-citrate Lyase; PGE2, prostaglandin 2; H3K4me3,
histone 3 lysine 4 tri-methylation; H3K27Ac, histone 3 lysine 27 acety-
lation; SUCNR1, succinate receptor 1; TFEB, transcription factor EB;
Keap1, kelch-like ECH-associated protein 1; Nrf2, nuclear factor ery-
throid 2-related factor 2; ATF3, activating transcription factor 3;
Rab32/BLOC3, Rab32/member RAS oncogene family 32/biogenesis
of lysosomal organelles complex 1 subunit 3. (B) The immunoregu-
latory functions of metabolites in macrophages upon anti-inflamma-
tory stimulation (e.g., IL-4/IL-13). 14, interleukin-4; 1L-13, interleukin-13;
FAO, fatty acid oxidation; PPAR-y, peroxisome proliferator activated
receptor-gamma; UDP-GIuNAc, uridine diphosphate N-acetylgluco-
samine; ChREBP, carbohydrate response element binding protein;
NADPH/NADP, nicotinamide-adenine dinucleotide phosphate reduced/
nicotinamide-adenine dinucleotide phosphate oxidized; GPCR/PLC,
G protein-coupled receptor/phospholipase C; H3K27me2, histone 3
lysine 4 di-methylation; JAK1/STAT6, janus kinase 1/Signal trans-
ducer and activator of transcription 6; ARG1, arginase 1; FIZZ1,
found in inflammatory zone 1; MRCT1, mannose receptor C-type 1.
The red and blue color-coded components within the figures re-
spectively represent the constituents of anti- and pro-inflammatory
responses.

energy sources to a regulatory signal for the UDP-GIcNAc
activation of ChREBP-HCF1 complex (Fig. 1B) (28).
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ALPHA-KETOGLUTARATE (0-KG)

Amino acids are metabolically integrated into the central carbon
metabolism through the chemical reactions of nitrogen removal/
addition, referred to as transamination. Alpha-ketoglutarate (0-KG)
is a key substrate/product of the reaction through which se-
veral amino acids, including alanine, aspartate, glutamine, and
glutamate are synthesized or TCA cycle-incorporated, thereby
recapitulating the carbon and nitrogen homeostasis (29).

Several studies have suggested the immunomodulatory roles
of 0-KG in dynamic transcriptional and epigenetic reprogram-
ming during the macrophages’ inflammatory response, thereby
pushing the macrophages phenotype towards ‘anti-inflammatory’
(Fig. 1B) (30). One essential aspect of o-KG in terms of its
functions, may be that o-KG serves as a key cofactor in many
cellular biochemical reactions. For example, the enzymatic acti-
vity of prolyl hydroxylase domain enzyme (PHD), an inhibitor
of the hypoxia-inducible factor-a (HIF-10) and NF-kB, requires
o-KG as a cofactor for the substrates hydroxylation recognized
by the von hippel lindau (VHL) E3 ligase for subsequent pro-
teasomal degradation (31-33). Such biochemical mechanisms
may be physiologically relevant in macrophages’ inflammatory
response, as the in vivo treatment of dimethyl-KG (DKG), a
cell permeable o-KG derivative, significantly decreases the ex-
pression of HIF-1Too and NF—«xB target pro-inflammatory cyto-
kines, including IL-1B, IL-6, and TNF-0, as well as the serum
levels of IL-6 and IL-12 (34). Other o-KG-regulated mechanisms
have been shown in a study of an LPS-induced acute lung
injury (ALI) model, where DKG treatment triggered the tran-
scriptional activation of peroxisome proliferator-activated receptor-
gamma (PPAR-}), while the mTOR-activated transcriptional pro-
gram of proinflammatory genes was diminished (35). Al-
though the mechanisms underlying the o-KG regulation of mTOR
and PPAR-y are still unclear, one study suggested a potential
mechanism of o-KG inhibition of mTOR in vitro, where the
0o-KG directly binds and inhibits the beta-subunit of ATP syn-
thase, followed by decreased ATP leading to mTOR inhibition
(36).

The 0-KG-induced anti-inflammatory phenotypes may not
be limited to the transcriptional regulations; specifically, the
phenotypes may also significantly attribute to its role in epi-
genetic reprogramming through the regulation of epigenetic
modifiers, including Jumonji domain-containing protein-3 (Jmjd-3),
a histone demethylase enzyme (Fig. 1B) (37, 38). This concept
has been proposed by Liu and colleagues; They showed that
the glutaminolysis-derived o-KG regulation of Jmjd-3 is func-
tionally relevant in macrophages for endotoxin tolerance, spe-
cifically through the provoking of epigenetic modification in
promoter of anti-inflammatory genes which leads to NF-«xB
pathway suppression (38).

Taken together, o-KG shapes the transcriptional and epige-
netic landscapes in macrophages, thereby exhibiting its anti-
inflammatory function in macrophages.
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SUCCINATE

Although the accumulation of succinate, a four carbon TCA
cycle metabolite, has long been proposed as a key metabolic
signature of macrophages which display pro-inflammatory tones
(39, 40), many efforts have recently been made for a more
precise interpretation of the physiological relevance of the
accumulation in macrophages’ inflammatory response (Fig. 1).
A very initial study of the succinate function in macrophages
has well-recapitulated the functional relevance of succinate in
pro-inflammatory response of macrophages (Fig. 1A) (39). In
this study, the authors showed that succinate, which displays a
high synthetic flux that is derived from glutamine and GABA
shunt upon LPS stimulation, triggers the HIF-1o-mediated pro-
inflammatory response in macrophages, including the expression
of IL-1B. This phenomenon, namely, ‘pseudohypoxia,” attributes
towards a regulatory signal role of succinate for the HIF-1o
activation through PHD inhibition following competition with
o-KG, which is a cofactor of PHD (41). Such observation has
been further elaborated by a study where pyruvate kinase M2
(PKM2) function coordinates with the succinate/HIF-To axis
(42); LPS stimulation evokes the conformational change of
PKM2 into a state of monomer/dimers, which then acts as a
transcriptional co-activator of HIF-1a. in exchange for its enzy-
matic activity, resulting in glucose metabolism shunted for
succinate accumulation subsequently followed by stabilization
and transcriptional activation of HIF-1o.

Recent studies in the genetic model of succinate dehydro-
genase (SDH), the succinate oxidative enzyme, have provided
in vivo and in vitro evidence which allows us to better con-
ceptualize succinate contribution to the inflammatory response
(43); Mills et al. have shown that the succinate accumulation
following SDH inhibition suppresses the pro-inflammatory
gene expression including IL-18 while also triggering a subset
of anti-inflammatory gene expression that is epitomized by
IL-1RA and IL-10, thereby suggesting that succinate oxidation
is a significant prerequisite for the induction of pro-inflamma-
tory responses. They also suggested that the mechanisms may
involve an increase of ROS production following the SDH
oxidation of succinate, thereby leading to an elevation of the
mitochondrial membrane potential.

Extracellular metabolites have recently emerged as key re-
gulatory signals for the metabolic crosstalk between cells with-
in the microenvironment (44). Succinate has also been studied
in this context (40, 45-47), thereby providing the unexpected
evidence where extracellular succinate provokes the anti-in-
flammatory response (Fig. 1B). For example, succinate recep-
tor 1 (SUCNRT1) activated by extracellular succinate triggers
GPCR/PLC signaling, which in turn activates the transcriptional
program for the expression of anti-inflammatory genes, inclu-
ding Arg1, Mrc1, Fizz1, and fatty acid oxidation (FAO)-rele-
vant genes (40, 46, 47). The proinflammatory effects of suc-
cinate that is derived from microbiota via the SUCNR1, which
exacerbates the proinflammatory response in the mouse model
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of inflammatory bowel disease, has also been further elucidated
(Fig. 1A) (45).

The last add-up in this section, which may also serve as a
significant mechanism of succinate function in the shaping of
the macrophages’ inflammatory response, is protein succinylation,
a non-enzymatic PTM on lysine residues of substrates (48-50).
Such a notion may be relevant, as the increased protein
succinylation upon LPS stimulation has been widely observed
(39). This phenotype can be explained by both the accumula-
tion of succinate, whose cellular level has been tightly asso-
ciated with the level of succinylated protein, and the decrea-
sed gene expression Sirt5, a known de-succinylating enzyme
(48, 51). This observation, together with the significant effects
of succinylation on protein functionalities, thereby justifies
future investigation on the spectrum of protein succinylation
and its functional relevance in inflammatory responses (48, 49).

Taken together, succinate serves as a key immunomodula-
tory metabolite with differential functional outcomes which
attributes to its context-dependent roles in augmenting pro- or
anti-inflammatory response of macrophages.

FUMARATE

The metabolic origin of fumarate as a TCA cycle metabolite is
differentially regulated; naive macrophages or anti-inflamma-
tory macrophages runs TCA cycle to synthesize fumarate while
it is synthesized from glutaminolysis in pro-inflammatory macro-
phages where succinate dehydrogenase (SDH) activity is sig-
nificantly blunted (27). Fumarate accumulation in macrophages
and its physiological relevance have been particularly emphasized
from a study by Arts et al., where the accumulated fumarate
led to epigenetic reprogramming that is characterized by in-
creased H3K4me3 and H3K27Ac in promoter of LPS-stimulated
pro-inflammatory genes, which significantly contributes to beta-
glucan-induced innate immune memory (Fig. 1A) (52). Although
the underlying biochemical mechanisms were not clearly stated,
some evidence does point out the structural similarity with
o-KG, which allows for the fumarate inhibition of the enzyme
activity of epigenetic modifiers including lysine demethylase 5
(KDMD5). The epigenetic roles of fumarate in other contexts re-
main to be further explored given the significance of epigenetic
regulation in shaping macrophages’ inflammatory capacities (53).

Fumarate also inhibits the enzymatic activities of others
through the ‘o-KG competition” mechanism that is relevant to
the KDM5 inhibition. One of the most relevant targets in the
context of macrophages’ inflammatory response is supposedly
PHD. For example, the genetic inactivation of fumarate hydra-
tase, a metabolic enzyme with the activity of fumarate oxi-
dation, which also leads to fumarate accumulation, results in
the inhibition of PHD activity and subsequent HIF-1o. acti-
vation, thereby driving renal tumorigenesis (54). The fumarate
regulation of HIF-1¢, together with the key roles of activated
HIF-1a in the provoking of a proinflammatory response during
macrophages activation (55), easily led to a speculation where-
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by fumarate may serve as a proinflammatory metabolite in
macrophages. However, this may be not as simple as expected.
For example, a study using dimethyl fumarate (DMF), a cell
permeable fumarate derivative, shows that itaconate may ra-
ther trigger anti-inflammatory responses in macrophages inclu-
ding IL-4 and IL-10 production through mechanism(s) related
to nuclear factor erythroid-2-related factor 2 (Nrf2) activation
(Fig. 1B) (56). This result, taken together with the above-men-
tioned epigenetic roles of fumarate in enhancing pro-inflam-
matory gene expression upon LPS restimulation, suggest that
fumarate may display different physiological target(s) in macro-
phages inflammatory response. However, we also cannot rule
out the possibility that the phenotypes may be derived from
differential chemical properties of DMF versus fumarate; DMF
has been shown to display a very high electrophilic property
(57, 58).

Fumarate has recently been shown to serve as a modifier in
tissues such as brain muscle, and adipose tissues for protein
succination, an irreversible, non-enzymatic protein modification
(Of note, the succination is chemically distinct from succinylation
described in the previous section) (59-62). Although a spec-
trum of succinated proteins have been characterized, the phy-
siological relevance remains still elusive. One study has shown
that a feedback mechanism regarding metabolic homeostasis
where hepatic fumarate accumulation upon excessive cellular
glucose uptake can induce GAPDH succination which regulates
glycolytic flux (59). Given the high glucose flux and utilization
during macrophages activation, this mechanism may be phy-
siologically or pathologically relevant in the context of inflam-
matory response of macrophages.

ITACONATE

Expression of immune-responsive gene 1 (IRG1), a metabolic
enzyme responsible for decarboxylation of cis-aconitate, is
rapidly induced upon bacterial infection or toxin stimulation
including LPS, which leads to accumulation of the metabolic
product, namely itaconate (Fig. 1A) (63). ltaconate has first
been discovered as an antimicrobial metabolite allowing for
efficient killing of phagocytosed bacteria in macrophages (e.g.,
Staphylococcus aureus and Pseudomonas aeruginosa) (64).
Mechanistically, Rab32-BLOC3 complex serves as scaffold to
coordinate for itaconate delivery into the bacteria-containing
vacuole where this metabolite exerts the bactericidal effects
which mainly rely on 1) itaconate inhibition of iso-citrate lyase
in glyoxylate shunt pathway, a key metabolic pathway for
bacterial growth, and 2) itaconate-derived itaconyl-CoA suppres-
sion of methyl-malonyl-CoA mutase leading to inefficient car-
bon source supply into bacterial TCA cycle (65-67).

Besides the antimicrobial function, the versatile immunomo-
dulatory roles of itaconate have initially been proposed and
further elaborated on by Viki and colleagues, who provided
biochemical evidence on the itaconate-induced alkylation of
SDH followed by enzymatic activity loss and subsequent suc-
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cinate accumulation (Fig. TA) (68). The functional relevance of
the metabolic phenotype in inflammatory response has been
subsequently shown in the study; Dimethyl-itaconate (DI), a
derivative of itaconate, leads to a compromised pro-inflamma-
tory gene expression, such as IL-6, suggesting itaconate as an
anti-inflammatory metabolite. This observation is also recapi-
tulated by the IRG KO macrophages which displays a more
robust proinflammatory response upon LPS stimulation due to
reduced PPP, which is then characterized by increased IL-1p,
IL-6 and TNF-a expression (69). Of note, the anti-inflammatory
roles of itaconate can also be well-supported by the aforemen-
tioned study of functional outcomes upon the genetic deletion
of SDH in macrophages (43).

In 2018, Mills and colleagues discovered the itaconate-re-
gulation of Nrf2, a master transcription factor of antioxidant
response, which is another layer of mechanistic insight into
itaconate’s role as an immunomodulatory metabolite (Fig. 1A)
(70). The authors observed that DI treatment leads to the
alkylation-induced inhibition of Keap1, an E3 ligase which
targets Nrf2 for proteasomal degradation, thereby exerting an
anti-inflammatory response triggered by Nrf2 activation. A
spectrum of alkylation targets has further been identified in the
context of itaconate’s capacity of triggering anti-inflammatory
gene expression; Atf3 is alkylated upon DI treatment, thereby
leading to an Nrf2-independent increase in IL-6 gene expres-
sion. In addition, the treatment of 4-octyl itaconate (4-Ol), a
different class of itaconate derivative also induces GAPDH
alkylation, thereby suppressing the glycolytic flux which is in-
dispensable for pro-inflammatory phenotype (71). ltaconate also
exerts its anti-inflammatory function through the alleviation of
inflammasome cascade via NLRP3 alkylation on cysteine 548,
a residue that is functionally relevant for the interaction with
NEK7 (72).

Such an anti-inflammatory mechanism of action may also
serve as a critical host-defense mechanism within peripheral
tissues. For example, neuron-infected zika virus induces the
expression of IRG1 downstream of pro-inflammatory signaling
components, including receptor-interacting protein kinases 1
and 3 (RIPKT and 3), and interferon regulatory factor 1 (IRF1),
which in turn triggers Nrf2-dependent antioxidant response
and the subsequent inhibition of zika virus that takes advant-
age of exacerbated neuronal inflammatory response for its re-
plication (73).

The anti-inflammatory functions of itaconate have thus led to
recent studies where the therapeutic potentials of itaconate have
been tested in various contexts of human pathophysiology,
specifically in regard to aberrant pro-inflammatory response
including sepsis, HDM-induced asthma, pulmonary fibrosis,
and influenza A infection (74-78). However, the majority of
the studies have implemented DI or 4-Ol, which are cell-
permeable itaconate derivatives with unique physiochemical
properties, which may lead to biologically irrelevant functional
outcomes following artificial protein alkylation (79). For exam-
ple, DI displays a somewhat different spectrum of cellular
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protein alkylation, which is presumably due to its much higher
electrophilicity as compared to that of itaconate. Moreover,
stable tracing analysis using C'*-DI revealed that DI fails to be
metabolized to itaconate, and that it rather induces endoge-
nous itaconate accumulation, pointing towards the possibility
of significant differences in functional outcomes following the
treatment of DI versus itaconate (79, 80). 4-Ol has been shown
to efficiently hydrolyze to itaconate in cells, suggesting a more
relevant itaconate derivative when compared to DI, although
there are caveats of using 4-Ol which have been reported
upon; 1) LPS stimulation required for intercellular 4-Ol con-
version into itaconate, and 2) the differential alkylation targets
of 4-Ol compared to itaconate (70, 79).

The cell permeability of itaconate has also been controver-
sial, which has made DI and 4-Ol as alternative chemical tools
for exploring itaconate function (79). However, studies using
C"-labelled itaconate have recently shown that pH-adjusted
itaconate is macrophage-permeable, although its level of effi-
cacy seems to be cell-type and context dependent (80). This
observation, together with a comparative study in mouse pri-
mary macrophages where the differential regulation of cytokine
expression by itaconate vs derivatives was observed, suggests
that previous conclusions on the physiological and functional
relevance of itaconate, which exclusively relied on 4-Ol or DI
treatment, may need to be more carefully interpreted (79, 81).

Although the aforementioned observation has already provided
a sufficient amount of evidence on itaconate as an anti-inflam-
matory metabolite, a growing number of studies are expanding
the spectrum of immunomodulatory roles for itaconate. For
example, the IRG-itaconate-SDH axis plays a central role in
the suppression of an exacerbated inflammatory response du-
ring immune tolerance, which is a key target of beta-glucan-in-
duced immune training (82). Of particular note, is the fact that
itaconate’s effects on suppressing macrophage phenotypes
may also be relevant to an anti-inflammatory response, as well
as a pro-inflammatory response, which is evident from a study
where the response of macrophages with anti-inflammatory
phenotype was significantly limited by the treatment of ita-
conate or the derivatives through the targeting of the JAK-STAT
pathway, which is a key transcriptional nodule to activate anti-
inflammatory genes expression (Fig. 1B) (83). This study provided
with a deeper insight of the itaconate’s immunomodulatory roles;
they are not limited to simply alleviating pro-inflammatory re-
sponse, rather play key roles in restricting ‘exacerbated inflam-
matory responses’ in both pro- and anti-inflammatory context.

On the other hand, recently, a study has proposed a pre-
viously unappreciated role for itaconate in triggering phago-
cytotic capacities of macrophages via alkylation dependent
activation of transcription factor EB (TFEB), a transcription
factor for lysosomal biogenesis, suggesting that itaconate may
also boost macrophage phenotypes (Fig. 1A) (84).

Although physiological and functional aspects of itaconate
have been main interests in this field, the importance of re-
gulatory mechanisms of itaconate accumulation has recently
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been appreciated as well (Fig. 1A). For example, Schuster et al.
reported TFEB as a transcription factor for IRG expression,
which is critical for removing intravacuolar pathogen Salmonella
Enterica Serovar Typhimurium (85). Physiologically relevant
carbon source for itaconate synthesis has also been explored
in a comprehensive tracing analysis showing glucose and
glutamine as major fuels for itaconate production (27). In
addition, our group has recently observed that extracellular
pyruvate may be a pathologically relevant fuel source for ita-
conate synthesis in a situation where protein redox home-
ostasis is dysregulated upon depletion of MsrB1, a reducing
enzyme for oxidation on protein methionine residues (86).

Finally, handful amount of very recent evidence suggested
that itaconate may be extracellularly secreted in pathological
conditions such as lung fibrosis and infection (75, 87), although
the precise physiological relevance and the mechanisms of
action (e.g., Which types of immune cells are responsible for
the secretion or serve as recipient cells? are the immunomo-
dulatory effects on effector cells either suppressive or activa-
ting?) have yet to be elusive.

CONCLUSION AND PERSPECTIVE

The metabolic signatures of macrophages have recently been
well-characterized. For example, macrophages upon pro-inflam-
matory stimulation display an increased glycolysis, and reduced
capacity of oxidative phosphorylation, while mitochondrial fuel
metabolisms are active in macrophages upon anti-inflamma-
tory cues such as anti-inflammatory cytokines, as well as some
pathogenic bacterial proteins (20). LPS and Interferon-y (IFN-y)
are respectively known as the pro-inflammatory cytokines and
the gram-negative bacteria-derived toxic compound, which
serve as the key ligands for triggering the metabolic repro-
gramming (4, 6); LPS and IFN-y are both required for the full
activation of glycolysis, while the differential downstream
targets of IFN-y suppress the oxidative phosphorylation in order
to complete the shaping of the pro-inflammatory metabolic sig-
nature (88).

An initial impression where metabolism is simply one of the
effectors of the classically important components in the stimul-
ation of macrophages, is mainly due to the supposedly limited
functions as the supplier of biosynthetic precursors and energy
power. However, a growing number of studies have provided
significant evidence whereby some metabolites derived from
the rewired metabolism in turn function as critical ‘regulatory
signals’ to essentially attune the classic key components of
macrophages stimulation (12). Such metabolites are referred to
as immunomodulatory metabolites, and, herein we discussed
the recent advances in understanding the functional and phy-
siological relevance of these metabolites within the macrophages’
inflammatory response.

Although in this review we only focused on 5 key meta-
bolites which serve directly as regulatory signals for the im-
munomodulatory function, recent studies have proposed that
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some metabolites also indirectly exert immunomodulatory func-
tion; namely, their metabolic product/substrate provide regula-
tory signals through immunomodulation. For example, citrate
participates in the regulating of epigenetic and transcriptional
reprogramming during LPS stimulation, as evidently shown in
studies where 1) LPS employs the mechanism of citrate tran-
sporter (CIC)-dependent mitochondrial citrate export to cytosol
where it serves as a biosynthetic precursor for prostaglandin
E2, a critical regulatory signal for amplifying the pro-IL-1B-pro-
ducing pathway, and 2) ATP-citrate lyase functions as a crucial
component of the macrophages’ inflammatory response through
its enzymatic activity, which breaks down cytosolic citrate to
produce acetyl-CoA, a key regulatory signal that links metabol-
ism with the epigenetic regulations required for proinflamma-
tory gene expression, such as IL-6 production (89-91).

Besides the classic roles of glutamine and glutamate in ser-
ving as significant energy sources and integrating amino acids
and carbon metabolism, they also display indirect immuno-
modulatory functions; their metabolic fate in macrophages is
rapidly rewired upon stimulation, thereby producing the meta-
bolic products which serve as the main biosynthetic precursors
for a-KG, succinate, fumarate, and itaconates, the key immuno-
modulatory metabolites discussed in this review (27, 39, 52,
92).

The field of immuno-metabolism has led to a previously
unrecognized insight of how intracellular metabolism, a cel-
lular physiology, can shape and remodel the systemic inflam-
matory response within macrophages as well as the relevant
environmental milieu. The classic roles of metabolism as bio-
logical building blocks and powerplants have been challenged
to fully recapitulate the metabolic regulation of macrophages’
inflammatory response, thereby leading to a discovery of im-
munomodulatory metabolites with unique regulatory signal
functions. Although numerous efforts have been made in order
to understand the spectrum of the functional relevance of
immunomodulatory metabolites, the mechanistic details of the
intracellular and extracellular function and the precise phy-
siological/pathological relevance in macrophages’ inflammatory
response still remain elusive, which is to be explored in the
near future.
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