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Summary

Inflammasome activation and subsequent inflammatory cytokine secretion

are essential for innate immune defence against multiple stimuli and are

regarded as a link to adaptive immune responses. Dysfunction of inflam-

masome activation has been discovered at the onset or progression of

infectious diseases, autoimmune diseases and cancer, all of which are also

associated with metabolic factors. Furthermore, many studies concerning

the metabolic regulation of inflammasome activation have emerged in

recent years, especially regarding the activity of the NLRP3 inflammasome

under metabolic reprogramming. In this review, we discuss the molecular

mechanisms of the interactions between metabolic pathways and inflam-

masome activation, which exerts further important effects on various dis-

eases.
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immunity; macrophages; metabolic reprogramming; signalling.

Introduction

Immunometabolism, which includes interactions between

immunity and metabolism, has been widely investigated in

recent years.1 Diverse exogenous and endogenous danger

signals drive inflammatory responses of immune cells

orchestrated with cellular metabolic reprogramming.

Inflammasome activation and its downstream cascades,

including inflammatory cytokine maturation and secretion,

play vital roles in innate immune defence, and its dysregu-

lation is involved in the pathogenesis of many diseases.2

Notably, the significance of metabolic repurposing in regu-

lating inflammasome activation has been reflected in

emerging studies,3–5 which further provide novel therapeu-

tic targets for infectious diseases, autoimmune diseases and

cancer.

Regulation of inflammasome activation in
inflammation

The inflammasome, a large intracellular multimeric protein

complex, consists of cytosolic sensors involving nucleotide-

binding oligomerization domain and leucine-rich

repeat-containing receptors (NLRs) or absent in melanoma

2-like receptors (ALRs), adaptor proteins termed apoptotic

speck-containing protein (ASC) or NLR family CARD

domain-containing protein 4 (NLRC4) and the effector

protein pro-caspase-1 (Fig. 1). Different sensors recognize

different pathogen-associated molecular patterns (PAMPs)

or danger-associated molecular patterns (DAMPs), initiat-

ing inflammasome assembly by interacting with ASC. Sen-

sor-activated ASC aggregates into specks, recruiting pro-

caspase-1, which leads to proximity-induced caspase-1

autoproteolysis,6,7 subsequently leading to interleukin-1b
(IL-1b) and IL-18 maturation as well as gasdermin D

(GSDMD) cleavage, ultimately causing inflammatory cyto-

kine secretion and a form of pro-inflammatory pro-

grammed cell death termed pyroptosis.8 Specifically,

NLRC4 acts as a bridge between the NLR family, apoptosis

inhibitory protein (NAIP) recognition and ASC oligomer-

ization during NLRC4 inflammasome assembly.9

IL-1b and IL-18 secretion potentiate inflammation

through promoting both innate and adaptive immune

responses,10 such as enhancing neutrophil recruitment and
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T helper (Th) 17 or Th1 cell differentiation.11–13 Recently,

IL-18 secretion following inflammasome activation, which

is induced by fungi stimulation via the CARD9-Syk axis,

has been shown to protect mice from colon cancer, sug-

gesting its strong capacity for epithelial barrier repara-

tion.13 The GSDMD-N fragments generated following the

cleavage of GSDMD form pores on the cell membrane to

facilitate cytokine secretion and induce cell lysis.14 Interest-

ingly, emerging studies have shown that the formation of

GSDMD-dependent pores with detectable cytokine secre-

tion levels does not always result in proptosis.15,16 Recently,

it was reported that active mixed lineage kinase domain-

like pseudokinase (MLKL) signalling, which leads to

necroptosis, can promote NLRP3 inflammasome activation

with low detected concentrations of intracellular potassium

(K+),17 and pyroptosis can be triggered by caspase-8-

induced cleavage of GSDMD,18,19 suggesting that the link

between inflammasome activation and pyroptosis remains

to be clarified.

The well-studied inflammasomes involving NLRP1,

NLRP3, NLRC4 and AIM2 are mainly classified by their

capacity to recognize different stimuli (Fig. 1). NLRP1b is

cleaved by the protease component of a lethal toxin

released by Bacillus anthracis.20 NLRC4 inflammasome

activation can be triggered by interactions between rod

proteins or needle proteins of the type III secretion sys-

tem with NAIP2 or NAIP1 independently or with Sal-

monella flagellin via NAIP5.9,21 AIM2 directly binds to

cytoplasmic double-stranded DNA and activates ASC by

interacting with both pyrin domains (PYD).22,23 Notably,

NLRP3 can be stimulated by numerous PAMPs and

DAMPs, such as extracellular ATP, nigericin, uric acid

crystals, glucose and cholesterol.24,25 Because the struc-

tures of these ligands are not the same, it is postulated

that danger signals have a common downstream to acti-

vate NLRP3, and well-established mechanisms such as

reactive oxygen species (ROS) accumulation,26 lysosomal

rupture,27 K+ efflux28 and calcium (Ca2+) influx29 are not

exclusive to a NLRP3-activated process. Recently, it has

been discovered that disassembly of the trans-Golgi net-

work (TGN) into dispersed vesicles promotes NLRP3

inflammasome assembly during treatment with various
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Figure 1. Molecular mechanism of inflammasome activation. Different danger-associated molecular patterns (DAMPs) and pathogen-associated

molecular patterns (PAMPs) activate distinct sensors, including NLRP3, NLRP1b, NAIPs and AIM2, leading to inflammasome activation and subse-

quent IL-1b and GSDMD cleavage by active caspase-1. The N-terminal fragment of GSDMD leads to membrane pore formation, which facilitates

IL-1b release and results in pyroptosis under certain conditions. NEK7 and NAIPs are required for activation of the NLRP3 and NLRC4 inflamma-

somes, respectively. ASC binds with NLRP3 or AIM2 via PYD-PYD interactions and NLRC4 or NLRP1b via CARD-CARD interactions.
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stimuli in which K+ efflux is or is not required, implying

that dispersed TGN (dTGN) may be the common

upstream signal upon NLRP3 inflammasome activation.30

Notably, NIMA-related kinase 7 (NEK7), a serine/thre-

onine kinase playing vital roles in mitosis, is required for

the NLRP3 inflammasome assembly by binding NLRP3,

which occurs after K+ efflux,31 and a recent study has

reported a significant increase of NLRP3 and NEK7 in

both mRNA and protein levels in patients with systemic

lupus erythematosus after drug treatment.32 Furthermore,

the polymorphisms in gene levels of NEK7 and toll-like

receptors (TLRs) are associated with change of cholesterol

levels,33 suggesting NEK7 is potentially involved in immu-

nometabolism. Collectively, inflammasome activation is

crucial for host defence against microbes and implicated

in metabolic disorders; thus, tight regulation is required.

The regulation of inflammasome activation at the tran-

scriptional and post-translational levels has been widely

demonstrated by previous studies. Elevated expression

levels of inflammasome components are regarded as posi-

tive preparation to initiate inflammasome activation. For

example, the induction of NLRP3 and pro-IL-1b proteins

via TLR4-MyD88-NF-jB pathway is crucial for NLRP3

inflammasome activation,34 while type I interferon (IFN),

which is also involved in the TLR4-stimulated down-

stream pathway, suppresses pro-IL-1b production and

caspase-1 activity, resulting in the inhibition of NLRP3

inflammasome activation.35 Interestingly, it has been

reported that type I IFN promoted AIM2 inflammasome

activation.36 Many protein modification mechanisms,

such as phosphorylation and ubiquitylation, are involved

in post-translational control, including the mediation of

sensor activation and inflammasome assembly. Phosphory-

lated ASC caused by the Syk and JNK signals is required

for speck formation, which is essential for NLRP3 and

AIM2 inflammasome assembly.37 Induction of NLRP3

deubiquitylation is another mechanism involved in TLR4-

dependent NLRP3 abundance.38 Recent studies have

revealed that metabolism is implicated in inflammasome

activation by providing DAMPs to activate sensors or act-

ing as a mediator regulating both translational and non-

translational levels.

Metabolic reprogramming controls
inflammasome activation

Glucose metabolism and inflammasome activation

Glucose metabolism consists of several metabolic path-

ways, including glycolysis, the tricarboxylic acid (TCA)

cycle and the pentose phosphate pathway (PPP), which is

an essential source of ATP and reducing equivalent. In

addition, glucose metabolism has a complex relationship

with fatty acid and amino acid metabolism because they

share various biosynthetic intermediates. Because many

studies reflect the importance of glucose metabolism

reprogramming for immune cells to defend against dan-

ger signalling, inflammasome activation may also be a

potent target of aberrant glucose metabolism (Fig. 2).

Glycolysis and inflammasome activation

The preference for glycolysis under aerobic conditions is

termed the Warburg effect, which is often regarded as the

hallmark of tumour cells.39 Nonetheless, numerous stud-

ies have shown that stimuli-activated immune cells

rapidly generate ATP, mainly owing to increased cytosolic

glycolysis instead of oxidative phosphorylation.40,41

Hexokinase (HK), the primary enzyme involved in gly-

colysis, is a key factor regulating the level of glycolysis. It

was demonstrated that the mammalian target of rapamy-

cin complex 1 (mTORC1), as a supervisor and regulator

of energy metabolism42 and immune cell activation,43,44

participated in HK1-mediated glycolysis in macrophages.

The inhibition of mTORC1 decreased the expression of

HK1 protein, thus suppressing the NLRP3 inflammasome

response, suggesting that a mTORC1/HK1-dependent

glycolysis axis is involved in inducing NLRP3 inflamma-

some activation but not AIM2 inflammasome activation.

Consistent with this, glucose deprivation and 2-deoxyglu-

cose (2-DG) treatment can suppress caspase-1 activation

and IL-1b secretion independently through a similar

effect on the inhibition of glycolysis.45 However, in

another study, 2-DG was shown to promote IL-1b matu-

ration in a dose-dependent manner, and excess glucose-

6-phosphate (G6P), which inhibits HK activation via a

negative feedback loop, can also induce NLRP3 inflam-

masome activation. In addition, HK combines with

N-acetylglucosamine (NAG), which is one of the funda-

mental units of peptidoglycan (PGN), subsequently

inducing HK dissociation from the mitochondrial mem-

brane towards the cytosol and sufficiently activating the

NLRP3 inflammasome. The underlying mechanism is

that direct binding of NAG to the active site of HK

causes enzymatic inhibition and a change in intracellular

localization, both of which lead to NLRP3 inflammasome

activation independent of K+ efflux and proptosis.46 The

paradox between these different studies suggests a com-

plex relationship between glycolysis and the NLRP3

inflammasome.

Pyruvate kinase M2 (PKM2), which contributes to con-

verting phosphoenolpyruvate to pyruvate and ATP gener-

ation, is associated with rate limitation in glycolysis.

Lipopolysaccharides (LPS)-primed macrophages show a

potentiated abundance of PKM2. The PKM2 enzymati-

cally inactive dimer directly binds to hypoxia-inducible

factor 1a (HIF1-a), promoting the stabilization of HIF1-

a, which facilitates the transcription of genes including

pro-IL-1b. In contrast, the activation of PKM2 leads to

the formation of a tetramer that cannot enter the nucleus,
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which eventually results in HIF1-a destabilization and

biosynthesis limitation.47 A later study reported that

PKM2-dependent glycolysis leads to lactate production,

which strongly induces phosphorylation of the eukaryotic

translation initiation factor 2 alpha kinase 2 (EIF2AK2),

and activated EIF2AK2 can promote the activation of the

NLRP3 or AIM2 inflammasome in LPS-activated bone

marrow-derived macrophages (BMDMs) treated with

ATP or poly (dA : dT), respectively, which means this is

specific to the regulation of NLRP3 and AIM2 inflamma-

some activation.48

Because glycolysis is an essential energy-generating

pathway with a complex association with other forms of

metabolism, a subtle change can cause a perturbation in

glycolytic flux. In addition to HK and PKM2 mentioned

above, the inhibition of glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) and a-enolase by the small molecule

GB111-NH2 has also been found to lead to NLRP3

inflammasome activation and pyroptosis, in which an

increased ratio of NAD+/NADH is responsible for NLRP3

inflammasome activation.49

The pentose phosphate pathway and inflammasome
activation

The PPP, which utilizes G6P to produce NADPH and

ribose, is important to maintain cellular redox balance

and convert intermediates generated from glycolysis into

the precursors of amino acids or nucleotides. NADPH

performs a complex role in redox maintenance under dif-

ferent conditions and can act as a co-enzyme to produce

glutathione (GSH), which is an antioxidant to diminish

ROS50 or, in contrast, can be utilized by NADPH oxi-

dases (NOXs) to promote superoxide and ROS genera-

tion.51 A recent study revealed that treating microglial

cells with NADPH and the NOX inhibitor apocynin alone

or together downregulated the expression levels of

NLRP3, ASC, caspase-1, IL-18 and IL-1b significantly in a
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Figure 2. The signalling pathways involved in glucose metabolism-regulated NLRP3 inflammasome activation. Glucose metabolism mainly

involves glycolysis, the pentose phosphate pathway (PPP) and the tricarboxylic acid (TCA) cycle. The metabolites participating in glycolysis are

HK1 and PKM2. HK1 promotes NLRP3 inflammasome activation by enhancing glycolysis levels, requiring mTORC1 activation. Active PKM2

activates NLRP3 via lactate-induced EIF2AK2 phosphorylation, and dimeric PKM2 combined with HIF1-a promotes pro-IL-1b transcription.

NADPH mostly derived from the PPP downregulates the expression of the NLRP3 inflammasome components, and a decreased amount of

NAD+ facilitates NLRP3 and ASC assembly by suppressing a-tubulin deacetylase SIRT2 activity. The metabolites involved in the TCA cycle are

citrate and succinate, both of which active the NLRP3 inflammasome. Succinate promotes HIF1-a stabilization by reducing prolyl hydroxylase

(PHD) release and induces reactive oxygen species (ROS) generation. Active Nrf2 translocates into the nucleus and enhances the expression of

proteins to suppress ROS.
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murine stroke model.52 Additionally, PKM2 has been

found to be extensive in activated immune cells and

tumour cells.47,53 In cancer cells, PKM2 catalysis features

a slower rate of glycolysis with more substrates diverted

into pathways that can generate NADPH compared with

catalysis of another isoform, PKM1.42 Although previous

studies have demonstrated the importance of NADPH in

oxidative maintenance, the role of the PPP in regulating

inflammasome activation remains poorly understood.

The tricarboxylic acid cycle and inflammasome
activation

The TCA cycle, an important pathway occurring in mito-

chondria, connects with oxidative phosphorylation by

providing NADH and FADH2, and connects with glycoly-

sis and fatty acid metabolism by consuming acetyl coen-

zyme A (acetyl-CoA). It was reported that microbial TCA

cycle mutants can have an effect on NLRP3 inflamma-

some activation, which suggests that bacterial metabolites

also act as stimuli of inflammasomes. In detail, Sal-

monella typhimurium (Stm), which dominantly triggers

NLRC4 activation by flagellin, can also stimulate the

NLRP3 inflammasome owing to excessive citrate metabo-

lism through promoting the formation of mitochondrial

ROS, whereas aconitase has an opposite effect.54

Succinate, an intermediate accumulated in the TCA

cycle in LPS-stimulated microphages, has been shown to

lead to HIF1-a stabilization through inhibiting prolyl

hydroxylase (PHD) activity, resulting in increased IL-1b
generation.55 Consistently, succinate accumulation under

hypoxic conditions in synovial tissue led to NLRP3

inflammasome activation with the stabilization of HIF1-

a.56 Further studies may reveal the relationship between

succinate and inflammasome activation in immune cells.

Metabolite derivatives of substrates in the TCA cycle,

such as dimethyl fumarate (DMF), are capable of induc-

ing NF-E2-related factor 2 (Nrf2)-associated gene

expression, which further leads to mitochondrial ROS

reduction, explaining the reduced activation of the

NLRP3 inflammasome in a colitis mouse model.5 Its

redox analogue, ethyl pyruvate (EP), inhibits mitochon-

drial DNA translocation towards the cytoplasm, resulting

in the suppression of NLRP3 inflammasome activa-

tion.57,58

NLRP3 inflammasome activation is always linked to

damaged mitochondrial integrity.59,60 One mechanism of

mitochondrial dysfunction that triggers inflammasome

activation is related to a low concentration of NAD+,

which acts as a co-enzyme of sirtuin 2 (SIRT2). A

decrease in the amount of cellular NAD+ suppresses the

deacetylation of a-tubulin by downregulating SIRT2 acti-

vation, which in turn results in a higher abundance of

activated acetylated a-tubulin, facilitating the assembly of

NLRP3 and ASC.61 Additionally, a decreased NAD+/

NADH ratio has been found in LPS-primed BMDMs,

which limited the desuccinylase and demalonylase activity

of SIRT5.55 Succinylation is also an important mechanism

to regulate enzyme activity beyond acetylation;62 this sug-

gests the potential involvement of SIRT5 in mediating

inflammasome activation.

Fatty acid metabolism and inflammasome activation

Fatty acid synthesis (FAS) and fatty acid oxidation (FAO)

seem to have distinct functions in regulating the inflam-

matory status of immune cells. In contrast to FAS, which

is always linked to pro-inflammatory cells, FAO leads to

lipid derivative accumulation and ATP supplementation,

which contributes to cell proliferation and growth. Thus,

fatty acid metabolism plays an important role in the

polarization and activation of innate immune cells

(Fig. 3).

Fatty acid synthesis and inflammasome activation

Fatty acid synthesis has been revealed to positively regu-

late innate and adaptive immune responses.63–65 De novo

FAS is tightly regulated by fatty acid synthase (FASN),

which facilitates fatty acid elongation. The increased

expression of FASN has been observed in cancer cells

accompanied by aberrant glycolytic metabolism.66,67 Con-

sistent with this, the uncoupling protein-2 (UCP2)-

dependent induction of FASN is also remarkably found

in LPS-stimulated BMDMs, which promotes NLRP3 and

pro-IL-1b transcription by activating the AKT/p38 MAPK

signalling axis.68 As the increased induction of FASN con-

tributes to the generation of long-chain saturated fatty

acids (SFAs),66 SFAs also act as critical mediators for

inflammasome activation.

Saturated fatty acids, such as palmitate (PA), are

regarded as stimuli that promote inflammatory responses

in high abundance.69,70 The dual treatment of macro-

phages with PA and LPS led to NLRP3 inflammasome

activation and IL-1b and IL-18 secretion. The precise

mechanism by which PA activates inflammasomes

involves ROS generation and K+ efflux, in which the

enhancement of ROS relies on suppressed adenosine

monophosphate-activated protein kinase (AMPK) activity,

while P2X7 receptor (P2X7R), which is essential for

inflammasome activation after ATP treatment, is dispens-

able for inducing K+ efflux in this context.71 In contrast,

the activation of AMPK facilitates ATP-induced NLRP3

inflammasome activation and pyroptosis. Because AMPK

acts as a negative mediator of lipid and protein synthesis,

which are required for cell survival,72,73 this suggests that

mediating the activity of AMPK signalling may be crucial

for inflammasome-induced pyroptosis.

In contrast to SFAs, polyunsaturated fatty acids

(PUFAs) play complex roles in mediating inflammation.
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Docosahexaenoic acid (DHA, x-3 UFAs) is a potent

inhibitor of nigericin-induced NLRP3 inflammasome acti-

vation and anthrax lethal toxin-induced NLRP1b inflam-

masome activation. The deficiency of G-protein-coupled

receptor 120 (GPR120) and GPR40 predominantly sup-

presses the influence of DHA in NLRP3 inflammasome

activation, and b-arrestin 2, a protein downstream of

GPR120,74 can directly interact with NLRP3 or NLRP1b

but not NLRC4 or AIM2, which may explain the exclu-

sive inhibition of NLRP3 and NLRP1b inflammasome

activation.75 A recent study reported that x-3 UFAs in

dietary PUFAs alleviated NLRP3 inflammasome activa-

tion.76 In addition, derivatives of PUFAs generated via

the lipoxygenase (LOX) and cyclooxygenase (COX) path-

ways may also partially influence inflammatory

responses.77–79 It has been shown that 15-LOX metabo-

lites of a-linolenic acid (ALA, x-3 UFAs) inhibited

NLRP3 inflammasome activation in a peroxisome prolif-

erator-activated receptor-c (PPAR-c)-dependent manner,

which in turn induced apoptosis through suppressing

autophagy.80 However, the metabolites of x-6 UFAs, such

as arachidonic acid (AA), have been confirmed to pro-

mote inflammatory processes.79

Fatty acid oxidation and inflammasome activation

Because FAO has been shown to promote M2 macro-

phage polarization,81 FAO is always linked to anti-

inflammatory responses. In line with this hypothesis, the

enhanced expression of carnitine palmitoyltransferase 1A

(CPT1A), which transports fatty acids into mitochon-

dria, remarkably promotes FAO in PA-induced macro-

phages, resulting in decreased triglyceride levels and

reduced ROS levels.82 Interestingly, a later study revealed

that FAO potentiates NLRP3 inflammasome activation in

a NOX4-dependent pathway with no effect on NLRC4,

NLRP1 and AIM2 inflammasome activation. The

enhanced expression of NOX4 along with mitochondrial

ROS contributes to CPT1A protein expression in LPS-

primed macrophages triggered by ATP or nigericin,

leading to increased FAO, which ultimately promotes

NLRP3-induced ASC oligomerization.83 This further
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Figure 3. The signalling pathways involved in fatty acid metabolism-regulated NLRP3 inflammasome activation. Fatty acid metabolism involves

fatty acid synthesis (FAS), fatty acid oxidation (FAO) and cholesterol metabolism. Saturated fatty acids (SFAs) and x-3 polyunsaturated fatty

acids (PUFAs) exert opposite effects on NLRP3 inflammasome activation via the regulation of reactive oxygen species (ROS) production, and

SFA enhances ROS generation by downregulating AMPK activity. Fatty acid synthase (FASN) induces NLRP3 and pro-IL-1b expression via the

AKT/p38 MAPK axis. b-Hydroxybutyrate (BHB) decreases NLRP3 inflammasome activation by inhibiting K+ efflux. An increased abundance of

PGE2 leads to pro-IL-1b expression via the EP2-cAMP-PKA axis.
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suggests the potential that FAS is critical for initiating

NLRP3 inflammasome activation and that FAO acts as a

positive regulator during downstream cascade amplifica-

tion.68,83

The oxidation of fatty acids leads to the generation of

NADH, FADH2 and acetyl-CoA, which are further uti-

lized to efficiently produce ATP. Increased concentrations

of acetyl-CoA are critical for regulating the TCA cycle

and ketone generation under certain conditions.83,84 b-
Hydroxybutyrate (BHB), a main member of ketone bod-

ies, is a major alternative metabolic fuel to provide ATP

during prolonged starvation, and a strong capacity for

anti-inflammation has been found in neurological diseases

and peripheral tissue inflammation.85–87 Accordingly,

BHB has been shown to suppress K+ efflux, thus damp-

ening NLRP3 inflammasome activation in macrophages.88

A later study also has revealed BHB blocks the priming

and assembly steps of the NLRP3 inflammasome in neu-

trophils.89

Other inflammatory lipid mediators and inflamma-
some activation

Cholesterol metabolism exerts sufficient influence on cel-

lular homeostasis, including the regulation of inflamma-

some activation.90–92 25-Hydroxycholesterol (25-HC), a

soluble oxysterol derived from cholesterol by choles-

terol 25-hydroxylase (CH25H),93 has been shown to be

present at increased levels because of the enhanced

expression of CH25H under the phenotype of X-linked

adrenoleukodystrophy, which contributes to microglial

recruitment and NLRP3 inflammasome assembly.94 Fur-

thermore, the activation of TLR3 and TLR4 signalling

promotes CH25H expression via the type I IFN-IFNR-

STAT1 axis in dendritic cells (DCs) and macrophages,

respectively.95 Interestingly, SCAP-SREBP2 translocation,

which shows a positive function in both NLRP3 inflam-

masome activity and cholesterol biosynthesis, can be

inhibited by 25-HC or cholesterol overexposure, suggest-

ing 25-HC and cholesterol may also act as inhibitors of

NLRP3 inflammasome activation in LPS-treated

BMDMs96 in contrast to numerous studies showing the

strong ability of cholesterol to promote inflammasome

activation.91,97 Collectively, the different observed effects

of these two substances may be associated with different

stages of the inflammatory response and different types of

inflammasomes as the upregulation of 25-HC is known

to inhibit AIM2 inflammasome activation through sup-

pressing cholesterol biosynthesis, but its effect on NLRP3

inflammasome activation is ambiguous so far.97 Bile acid,

an important inflammatory mediator derived from oxys-

terols, negatively regulates nigericin-induced NLRP3

inflammasome activation through the transmembrane G-

protein-coupled receptor-5 (TGR5)-cAMP-PKA axis in

non-differentiated BMDMs.98 Intriguingly, a recent study

reported that cholestasis aggravates sepsis, and bile acids

not only potentiate NLRP3 and IL-1b expression but also

stimulate NLRP3 inflammasome activation by driving a

prolonged Ca2+ influx.3 It is noteworthy that this positive

influence of bile acids is detected in a wide spectrum of

macrophages but not in monocytes.

Eicosanoids, including prostaglandins (PGs) and leuko-

trienes, are derived from AA via the COX and 5-LOX

pathways, respectively.99 PGE2, an abundant eicosanoid

present in LPS-induced BMDMs owing to COX-2 activa-

tion and 15-hydroxydehydrogenase inhibition, is required

for IL-1b transcription through interaction with the EP2

receptor, which leads to increased cAMP signalling.100 It

is noteworthy that in macrophages, exogenous PGE2
added after LPS negatively regulates NLRP3 inflamma-

some activation,101 whereas PGE2 added before LPS pro-

motes this process.100 Additionally, a rapid increase in

eicosanoids, termed an ‘eicosanoid storm’, is detected

during NAIP5/NLRC4 inflammasome activation,102 which

facilitates the recruitment of neutrophils to clear patho-

gens after pore-induced intracellular traps are formed fol-

lowing pyroptosis.103

Activated inflammasomes control cell
metabolism

The mechanisms we mentioned above are mainly about

the cross-talk between aberrant metabolism and sensor

activation or inflammasome assembly, and all emphasize

that metabolic reprogramming is essential for mediating

inflammatory responses. Furthermore, inflammasome

activation leads to the cleavage of caspase-1, which subse-

quently converts IL-1b and IL-18 into their mature

forms, which can also have a dominant influence on cel-

lular metabolism in turn.

Caspase-1, which directly cleaves at least 41 substrates,

has been shown to target several glycolytic enzymes, includ-

ing GAPDH and a-enolase, during Salmonella-induced

NLRC4 inflammasome activation, which subsequently

leads to pyroptosis. Because the cleavage of GAPDH by cas-

pase-1 is less efficient than that of pro-IL-1b in vitro, it

implies stricter conditions for processing GAPDH in which

abundant active caspase-1 is required. The degradation of

glycolytic enzymes leads to a lower rate of glycolysis, which

is in contrast with the common perception that activated

macrophages exert a pro-inflammatory function with

increased glycolysis;104,105 thus, the reduction in glycolysis

may explain the shift towards pyroptosis.106 NLRP3

inflammasome activation is correlated with GAPDH prote-

olysis in mouse skeletal muscle during ageing.107 Because

fatty acid metabolism plays diverse roles in mediating

inflammasome activation, tight constraints are essential for

maintaining the balance between different lipid mediators.

For example, an eicosanoid storm that facilitates neutrophil

recruitment is induced via caspase-1-dependent Ca2+ influx
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that subsequently activates Ca2+-dependent cytosolic phos-

pholipase A2 (cPLA2) during NAIP5/NLRC4 inflamma-

some activation.102

Recently, a positive feedback loop between IL-1b and

insulin during postprandial stimulation involving glucose

and microbial products has been shown. Food intake

leads to IL-1b secretion by peritoneal macrophages, and

the binding of IL-1b and IL-1 receptor (IL-1R) expressed

on the cell surface of b-cells triggers insulin secretion,

causing enhanced secretion of IL-1b in macrophages via

NLRP3 inflammasome activation. Collectively, this loop

is important for regulating the glucose uptake rate and

immune response.108

Metabolic regulation of inflammasome activation
in inflammatory diseases

Inflammasome activation and metabolism regulation are

required for many inflammatory diseases (Table 1).

Infectious diseases

Because inflammation is vital for the host defence against

microbial infection, the mechanism by which inflamma-

tory caspases and inflammasomes protect the host from

severe infectious diseases has been widely discussed

before.109 In addition to the efficient recognition of

Table 1. The role of metabolic regulation on inflammasome activation in diseases

Disease

classify Phenotype Effect factor Functions Type of inflammasome Disease

Infectious

diseases

Chronic

infection

Aconitase Converts citrate to isocitrate NLRP3 inflammasome Mice infected by acnB-deficient Stm

have higher level of extracellular

IL-1851

Sepsis Bile acids Promote calcium influx NLRP3 inflammasome LPS-stimulated mice pretreated with

bile acid sequestrant are detected

decreased serum level of IL-1b and

reduced mortality3

Sepsis UCP2 UCP2 promotes NLRP3 expression

via FASN-Akt-p38 MAPK axis

NLRP3 inflammasome UCP2 deficiency mice has decreased

serum levels of pro-inflammatory

cytokines and lower mortality

during sepsis65

Sterile

inflammation

Gout BHB Inhibition of NLRP3 inflammasome

priming and assembly

NLRP3 inflammasome KD induces remission of knee

swelling and severe inflammation

at joints86

Ischaemic

stroke

BHB Induction of suppressed capacity of

mitochondrial fission and deceased

ROS production

NLRP3 inflammasome Feeding KD is essential for reducing

infarct area and neuron injury in

mice subjected to ischaemic

stroke122

FCAS BHB Blockade of inflammasome

assembly

NLRP3 inflammasome BHB contributes to decreased IL-1b
secretion in a dose-dependent

manner86

CIA Dimethyl

malonate

SDH inhibitor but reduce succinate

accumulation in this case

NLRP3 inflammasome Dimethyl malonate treatment is

associated with decreased level of

TGF-b1-induced IL-1b
production53

Cancer Cervical

cancer

SIRT1 Protein deacetylation to promote

metabolic reprogramming and

AIM2 inflammasome dysfunction

AIM2 inflammasome si-SIRT1 injection reduced tumour

growth and tumour weight in

cervical cancer mice model4

Breast

cancer

Obesity Obesity-induced NLRC4

inflammasome activation in

macrophages

NLRC4 inflammasome IL-1b/IL-1R signalling promotes

VEGFA gene expression,

facilitating angiogenesis in obese

mice with breast cancer164

Colorectal

cancer

Cholesterol Cholesterol induces NLRP3

inflammasome activation via

cathepsin B-AMPK-ROS axis

NLRP3 inflammasome Mice treated with high cholesterol

and AOM have higher tumour

load. In contrast, NLRP3

deficiency can ameliorate the

effect27

BHB, b-hydroxybutyrate; KD, ketogenic diet; LPS, lipopolysaccharide; ROS, reactive oxygen species; SDH, succinate dehydrogenase.
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microbial components by pattern recognition receptors

(PRRs), metabolic disruption by pathogens can also regu-

late inflammasome activation. Stm, which evades NLRC4

inflammasome surveillance by downregulating flagellin

expression, can lead to delayed NLRP3 inflammasome

activation.110 Mice infected by AcnB-deficient Stm have a

lower abundance of bacteria in their spleens and higher

levels of IL-18 secretions compared with mice infected

with aconitase-sufficient Stm, and the underlying mecha-

nism for this is that the absence of AcnB-encoded aconi-

tase can promote NLRP3 inflammasome activation by

enhancing mitochondrial ROS.54

Sepsis is a common result of microbial infection when

it is resistant to host defence, which is mostly caused by

facultative anaerobes, leading to septic shock and even

death.111 Bacterial toxin-like LPS produced by gram-nega-

tive bacteria is significant in the pathogenesis of sep-

sis.112,113 Bile acid accumulation is regarded as a common

consequence after the onset of sepsis due to the altered

expression of multidrug resistance-associated protein

(MRP)3, which suggests the poor prognosis for sepsis.114

Recently, bile acids have been shown to play an active

role in NLRP3 inflammasome activity by promoting the

transcription of IL-1b and calcium mobilization in

macrophages. For LPS-induced sepsis, exogenous bile acid

addition results in a notable shorter survival time for

LPS-treated mice, while pretreatment with cholestyramine

resin, a sequestrant of bile acid, significantly decreased

the serum level of IL-1b and reduced mortality.3 An ear-

lier study reported that EP treatment blocked NF-jB sig-

nalling in macrophages and decreased high-mobility

group box 1 (HMGB1) in circulation in septic mice.115

EP suppresses NLRP3 inflammasome activation in LPS-

induced macrophages following treatment with various

stimuli by sustaining the integrity of the mitochondria

but not preventing mitochondrial ROS, leading to the

reduced secretion of HMGB1.57 Further study of the

direct link between EP-induced sepsis remission and

NLRP3 inflammasome activation is required.

Sterile inflammation

Sterile inflammation includes a wide spectrum of inflamma-

tory disorders in which pathogenesis is independent of

pathogen invasion, such as gout, atherosclerosis and neu-

roinflammation. Because multiple endogenous signals can

trigger NLRP3 inflammasome activation, the NLRP3

inflammasome has been implicated in the development of

various inflammatory diseases.91,116 For example, hypoxia

involved in the etiopathogenesis of atherosclerosis is known

to be a potent inducer of HIF1-a, which has been confirmed

to promote the expression of IL-1b.55,117 Cholesterol-treated
hypoxic human macrophages secrete excessive active IL-1b.
Meanwhile, LPS-induced hypoxic macrophages have

increased NLRP3 expression,118 suggesting that the NLRP3

inflammasome has the potential to participate in chronic

inflammation, but further investigation is required.

Gout is a chronic form of inflammatory arthritis with

the hallmark of monosodium urate (MSU) crystal deposi-

tion in the joints,119 and clinical manifestations are pre-

dominantly aggravated during ageing.120 Mechanistically,

MSU triggers NLRP3 inflammasome activation due to

MSU-induced intracellular damage, such as mitochondrial

dysfunction,24 which results in constant IL-1b secretion121

and ultimately leads to intense pain. Early epidemiological

studies have reported that various dietary factors, such as

alcohol and fructose, are relevant to the progression of

gout,122 and therapeutic strategies for metabolic media-

tion, such as caloric restriction, have been confirmed to

effectively reduce serum urate levels in gout.123 Ketogenic

diets (KDs), which elevate endogenous BHB levels, suffi-

ciently induce the remission of knee swelling and severe

inflammation of joints in an MSU-injected rat model,

and aged mice suffering MSU-induced peritonitis display

downregulation of Nlrp3 and Il1b gene expression when

treated with KD, suggesting that metabolic regulation is

crucial for alleviating inflammation via altering innate

immune responses.89

Ischaemic stroke, which features aberrant blood flow

and decreased abundance of serum glucose, can lead to

brain ischaemia-reperfusion injury accompanied by

chronic inflammation.124,125 It has been shown that

NLRP3 deficiency is sufficient to ameliorate neuronal

injury after ischaemia with restored blood–brain barrier

damage.126,127 Furthermore, mediating NLRP3 inflamma-

some activation by feeding a KD is essential for reducing

infarct area and neuronal injury in mice subjected to

ischaemic stroke. Mechanistically, oxygen-glucose depriva-

tion/reoxygenation (OGD/R)-treated SH-SY 5Y human

neuroblastoma cells exhibit suppressed capacity for mito-

chondrial fission and deceased ROS production with the

addition of BHB.125 The importance of inflammasome

activation in neuropathology involving neuroinflamma-

tion and neurodegenerative disease has been extensively

discussed recently.128–131 Chronic alcohol intake has been

regarded as a vital risk factor for the liver and brain dam-

age.132,133 Alcohol-treated mice have increased microglial

activation, enhanced expression of NLRP3 and elevated

levels of IL-1b in the cerebellum compared with those of

control mice, and Nlrp3 or ASC gene deficiency is benefi-

cial to protect against alcohol-induced brain injury. It is

known that TLR4 signalling only partially regulates cyto-

kine production, and increased active HMGB1 is assumed

to play a crucial role in triggering NLRP3 inflammasome

activation.134 For microglial cells, alcohol augments the

activation of P2X7R, which is an ATP-gated cation chan-

nel often involved in ATP-triggered NLRP3 inflammasome

activation.135,136 Neuroinflammation in mice fed a mix of

ethanol and a high-fat diet (HFD) is inhibited by treat-

ment with P2X7R antagonist.137 Further studies about diet
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and its correlation with sterile inflammation may focus on

its mechanism of mediating the activation of the inflam-

masome to formulate specific diet regulations.

Autoinflammatory and autoimmune disorders

Chronic or excessive self-directed immune system activa-

tion can lead to autoinflammation or autoimmune disor-

ders, among which the largest difference is whether

adaptive immune responses, such as high concentrations

of autoantibodies, play essential roles in pathogenesis.138

Inflammasome activation and IL-1b secretion have been

detected in various autoinflammatory diseases,139–141 and

multiple reagents targeting IL-1 have a predominantly

positive function in the remission of disease symp-

toms.142,143 The potential of inflammasome activation to

participate in the pathogenesis of autoimmune diseases

mainly focuses on the production of inflammatory cytoki-

nes in myeloid cells, which further influence T- and B-cell

amplification and activation.144–146 For example, IL-1b is

crucial for the development of experimental autoimmune

encephalomyelitis (EAE) by promoting Th17 cell expan-

sion and granulocyte-macrophage colony-stimulating fac-

tor (GM-CSF) production.147–149 Accordingly, NLRP3

deficiency also leads to the delayed progression of EAE.150

Cryopyrin-associated periodic syndromes (CAPS), a

monogenic autoinflammatory disease, feature various

mutations of the Nlrp3 gene that lead to overactivation of

the NLRP3 inflammasome and subsequent IL-1b secre-

tion.151 In a mouse model of familial cold autoinflamma-

tory syndrome (FCAS), a type of CAPS, mice displayed

decreased IL-1b secretion when treated with BHB in a

dose-dependent manner, suggesting that BHB is capable

of suppressing NLRP3 inflammasome activation,89 which

supports a previous finding that BHB blocked the NF-jB
pathway by attenuating the degradation of IjB-a.152

Rheumatoid arthritis (RA) is a progressive autoimmune

disorder characterized by joint pain, fibrosis in synovial

tissue and skeletal destruction accompanied by the induc-

tion of numerous inflammatory cytokines that contribute

to disease symptom aggravation. Succinate, as an inter-

mediate of the TCA cycle, is known to induce IL-1b pro-

duction via HIF-1a activation in macrophages.55

Consistent with this, dimethyl malonate, an inhibitor of

succinate dehydrogenase (SDH), suppresses succinate

accumulation, suggesting that SDH promotes the reversal

of succinate production in synovial tissue under hypoxic

conditions, leading to a reduction in IL-1b production in

a mouse collagen-induced arthritis (CIA) model, and it is

known that succinate accumulation enhances HIF-1a
production to activate the NLRP3 inflammasome in

fibroblasts.56 In a later study, it was revealed that the suc-

cinate-HIF-1a axis is also involved in synovial angiogene-

sis by contributing to the expression of vascular

endothelial growth factor (VEGF), which is regarded as a

crucial molecule of angiogenesis.153,154 Although blood

vessel formation is capable of changing the anoxic envi-

ronment, it is also linked with increased immune cell

migration that maintains or exacerbates the symptoms of

RA.155 Therefore, succinate-induced HIF-1a activation

plays a potent role in the progression of RA by participat-

ing in inflammatory responses and neoangiogenesis,

which further provides novel insight into metabolic dis-

ruption during RA pathogenesis.

Type 1 diabetes (T1D) is a prevalent autoimmune dis-

ease featuring the dysfunction of pancreatic b cells that

secrete insulin essential for glucose deprivation.156 In a

streptozotocin (STZ)-induced T1D mouse model, NLRP3

inflammasome activation has been detected during the

onset of T1D, and IL-1 secretion promotes antigen-speci-

fic T-cell amplification in pancreatic lymph nodes.157

Interestingly, STZ-treated IL-1R-associated kinase-M

(IRAK-M)-deficient mice developed T1D much sooner

than wild-type STZ-treated mice, and the mRNA levels of

NLRP3 and NLRP1 are decreased in the mononuclear

blood cells (PBMCs) from patients with T1D,158 suggest-

ing that IL-1 signalling is dispensable for the early onset

of T1D. This highlights the importance of NLRP3 inflam-

masome activation in autoimmune diseases with meta-

bolic disorders, and further studies are needed to figure

out the role of NLRP3 inflammasome activation in the

onset and persistence of T1D.

Cancer

The effect of inflammasome activation in different cancers

has been determined in previous studies, including

NLRC4 inflammasome activation in colorectal cancer

(CRC),159 NLRP1 inflammasome activation in metastatic

melanoma,160 and NLRP3 inflammasome activation in

metastatic CRC161 as well as in breast cancer.162 It is

intriguing that inflammasome activation can either play a

positive or negative role in the tumourigenesis of differ-

ent cancers.

Cervical cancer is a high-incidence malignancy in

women with high mortality, with most clinical cases

caused by human papillomavirus (HPV) infection.163

SIRT1, an NAD+-dependent histone or non-histone

deacetylase, is important for regulating cellular metabolism

and immune defence via protein deacetylation along with

other SIRT family members.164 It has been reported that

in patient groups classified by relatively high or low

expression of SIRT1 during the progression of cervical

cancer, higher mortality is seen in the high-SIRT1 expres-

sion group. In this context, SIRT1 leads to the destabiliza-

tion of RelB mRNA, which can suppress AIM2 expression,

and further contributes to the inhibition of AIM2 inflam-

masome-mediated pyroptosis, promoting cancer cell sur-

vival in the SiHa human cervical cancer cell line. Notably,

SIRT1 knockdown increased glycolysis levels and
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decreased the levels of ATP in SiHa cells, suggesting that

metabolic reprogramming may also be involved in SIRT1-

induced AIM2 inflammasome dysfunction.4

Breast cancer is the most common cancer among

women worldwide, and its incidence is remarkably corre-

lated with obesity.165 Data have shown that obesity-

induced chronic inflammation and insulin resistance are

responsible for the increased risk of breast cancer devel-

opment.166 Consistent with this, enhanced NLRC4 and

IL-1b expression are specifically detected in obese mice

that suffer from breast cancer cell transplantation into the

mammary fat pad, and deficiency of NLRC4 or both cas-

pase-1 and caspase-11 significantly reduced tumour

growth. It is noteworthy that IL-1b secretion from

tumour-infiltrating myeloid cells indirectly promotes

tumour development by enhancing VEGFA mRNA levels

in adipocytes, which further leads to increased vascular-

ity.167 This study provides a novel direction to study the

influence of inflammasome activation in cancer beyond

the direct effects of cell death and the IL-1/IL-1R sig-

nalling-induced enhanced immune response.

Colorectal cancer is linked to multiple gene mutations

and environmental risk factors.168 In particular, a HFD is

strongly associated with severe intestinal inflammation

and tumourigenesis.169,170 A HFD-induced increase of

faecal deoxycholic acid (DCA), a kind of second bile acid,

shows the capacity to exacerbate DSS-induced murine

colitis by inducing NLRP3 inflammasome activation in

macrophages, requiring cathepsin B release into the cyto-

plasm and bile acid recognition by sphingosine-1-phos-

phate receptor 2 (S1PR2) but not TGR5.171 For CRC,

DCA treatment enhanced the expression of NLRP3 and

pro-inflammatory cytokines accompanied by structural

and functional damage of the intestinal mucosal barrier

in ApcMin/+ mice, which induced spontaneous intestinal

tumourigenesis,172 and this further highlights that exces-

sive fat intake impacts intestinal metabolic homeostasis,

leading to dysfunction of the intestinal immune system

and elevated incidence of CRC. Consistent with this, high

cholesterol-induced NLRP3 inflammasome activation

directly facilitates tumourigenesis in an AOM-treated

CRC mouse model. Mechanistically, cholesterol triggers

NLRP3 inflammasome activation in LPS-treated THP-1

cell-derived macrophages (THP-Ms), requiring cathepsin

B release and AMPK inhibition that induces the activa-

tion of mitochondrial ROS, and secreted IL-1b is respon-

sible for CRC cell proliferation in vitro.27

Conclusions and future perspectives

In this review, we summarized many previous studies

about the molecular mechanisms of inflammasome activa-

tion, cross-talk in metabolic reprogramming, including

aberrant switches in glucose and lipid metabolism, as well

as the abundance of their metabolic derivatives with the

inflammasome response and the metabolic regulation of

inflammasome activation in disease onset or development.

Because the NLRP3 inflammasome can be activated by

diverse stimuli, including many metabolites, the metabolic

regulation of its activity is well studied in macrophages.

Nevertheless, other inflammasomes also have the potential

to exert vital influence because the identified stimuli rec-

ognized by inflammasome sensors are currently limited,

and microbiota changes may also be involved in promot-

ing metabolic disorders. For example, NLRC4 inflamma-

some activation is known to be essential in diabetic

nephropathy and obesity-associated breast cancer.167,173

Regarding disease regulation, substantial evidence has

shown that the initiation or dysregulation of inflamma-

some activation is responsible for the magnitude of dis-

ease severity, and while most studies have focused on the

molecular mechanism of triggering or inhibiting inflam-

masome activation, few have uncovered the interaction

between metabolic regulation and inflammasome activa-

tion in a wide spectrum of diseases. For example, DMF

has been shown to reduce IL-1b expression efficiently in

LPS-treated microglia, supporting its approval as a clinical

drug for multiple sclerosis,58,174 and its capacity for

reducing mRNA levels of NLRP3 in THP-Ms, which also

leads to a decrease in IL-1b, was reported,5 suggesting

that DMF likely suppresses pro-inflammatory cytokine

production by blocking inflammasome activation, which

further drives us to study cross-talk between metabolism

and inflammasome activation and may provide insight

into the aetiology and pathology of those diseases. Collec-

tively, the activity of the inflammasome and metabolic

balance are both known to be important in inflammatory

disorders; thus, in-depth investigations about the meta-

bolic regulation of inflammasome activation in molecular

mechanisms and disease development are urgently

required for developing better therapeutic methods target-

ing inflammasome-involved inflammation.
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