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Cells can produce various metabolites, and both immune cells and the immune

microenvironment are profoundly influenced by these metabolites. By reshaping

the metabolic state of immune cells via metabolites, the host immune response

can be effectively regulated, further impacting their behavior in inflammation.

Itaconate, as a bypass metabolite of the tricarboxylic acid (TCA) cycle, has long

been regarded as a small molecule involved in energy metabolism. However,

recent studies reveal its production depends on immune response gene 1 (IRG1),

which encodes aconitate decarboxylase. Under the stimulation of inflammation,

the expression of IRG1 is significantly upregulated, leading to the rapid

accumulation of itaconate within immune cells (especially macrophages), thus

making it a key link between metabolism and immune response. Evidence

indicates that macrophages are the cell type extensively synthesizing itaconate

during M1 polarization driven by potent inflammatory signals (e.g., LPS

stimulation). Concurrently, itaconate participates in regulating immune

tolerance to cancer therapy via the transmembrane transporter SLC13A3. Under

different pathological contexts the IRG1- itaconate axis exhibits distinct dynamic

regulatory characteristics: During acute inflammation, itaconate limits excessive

release of pro-inflammatory factors and reduces tissue damage by inhibiting

succinate dehydrogenase (SDH), activating the Keap1-Nrf2 antioxidant pathway,

blocking the ATF3/IkBz-dependent pro-inflammatory program, and regulating

the TET2-mediated epigenetic network. In chronic inflammation or certain tumor

microenvironments, however, it may indirectly promote immunosuppression by

inhibiting antigen presentation and weakening T cell cytotoxic effects. This

bidirectional and environment-dependent nature makes it a key entry point for

understanding the maintenance of immune homeostasis, inflammatory

regulation and disease progression. This review systematically examines the

production mechanisms, biochemical properties, central signaling pathways,

and cross-cell effects of Itaconate as an immunomodulatory metabolite. It

emphasizes its dual role in regulating inflammatory responses through multiple

signaling axes and its contrasting behaviors in different disease contexts. By
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elucidating its molecular mechanisms, this study aims to provide novel

theoretical foundations and potential therapeutic strategies for precision

interventions in inflammatory diseases, while outlining future research

directions and the clinical translation potential of itaconate-based approaches.
KEYWORDS
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1 Introduction

itaconate is a metabolic product derived from the tricarboxylic

acid (TCA) cycle, catalyzed by the metabolic enzyme aconitate

decarboxylase 1 (ACOD1), encoded by the immune response gene 1

(IRG1) (1, 2)(Figure 1). The TCA cycle serves as the primary

metabolic pathway for energy production in eukaryotes, and its

metabolites exert significant influence on immune cells and the

immune microenvironment (3). Macrophages constitute a major

component of the innate immune barrier; under physiological

conditions, they can be activated by various infections and

injuries, undergoing metabolic reprogramming to exert effector

functions (4, 5). Itaconate and its the biosynthetic enzyme IRG1

are highly conserved throughout evolution, retaining their

immunometabolic regulatory functions from invertebrates to

mammals, forming an ancient yet pivotal component of the

innate immune system (1). IRG1 encodes aconitate decarboxylase

(ACOD1), which catalyzes the decarboxylation of cis-aconitate to

produce Itaconate (2, 4, 6). Itaconate is highly expressed in activated

macrophages and can influence changes in macrophage metabolites

and mitochondrial respiration (7). In 2011, Shin et al. observed

significantly elevated Itaconate levels in lung tissues of mice infected

with Mycobacterium tuberculosis, suggesting that the pathogen

may induce endogenous production (8). Subsequently, Strelko

et al. demonstrated that LPS or IFN-g stimulation rapidly induces

massive synthesis and release of Itaconate by activated macrophages

(9). In 2013, Micheluzzi et al. elucidated the biosynthetic pathway of

Itaconate in mammals (2). Since then, Itaconate has been regarded

as a central mediator linking immunity, metabolism, and

inflammation, with its derivatives gaining increasing attention for

their potential in treating inflammatory and immune-related

diseases (4, 9, 10). Research on Itaconate and its derivatives holds

significant implications for the treatment of inflammatory and

immune-related disorders. In recent years, the combined effects of

multiple risk factors and lifestyle changes have gradually increased

the incidence of inflammatory diseases, significantly impacting

patients’ long-term quality of life (5). Itaconate exerts anti-

inflammatory and antioxidant effects through diverse

mechanisms, playing a pivotal role in immune-related disorders,

infectious diseases, and certain malignancies (11). With the

establishment of its dual “immune-metabolic” identity (12), its

antibacterial and immunomodulatory potential has rapidly gained

prominence (13). This review systematically summarizes the

aforementioned properties of Itaconate and further explores its

translational prospects in inflammatory therapies, providing a
02
theoretical foundation for subsequent research and clinical

applications (14).
2 The structure of itaconate

The molecular formula of itaconate is C5H6O4, and it has a

density of 1.57 g cm-³. It is highly soluble in water (≥200 g L-¹ at 20 °

C), ethanol, and acetone, slightly soluble in benzene and chloroform,

and appears as a white crystalline powder (15). It remains stable when

stored at room temperature. Structurally, it is a five-carbon

dicarboxylic acid with an a, b-unsaturated alkene (3), sharing the

2-methylenebutanedioic acid skeleton with one conjugated double

bond and two carboxyl groups. Its structure and chemistry resemble,

in many ways, other metabolites such as phosphoenolpyruvate,

succinate, malonic acid, and fumarate. These similarities offer

useful reference points for studying its antibacterial and

immunomodulatory effects (7). The unsaturated double bond and

two active carboxyl groups in itaconate enable it to undergo various

chemical reactions (16), with esterification being particularly

significant (17). The itaconate molecule contains two carboxyl

groups, which can undergo monoesterification or diesterification.

This results in commonly used ester derivatives such as 4-octyl

itaconate (4-OI), dimethyl itaconate (DI), monomethyl itaconate

(MMI), and dibutyl itaconate (DBI) (Figure 2). Among these, 4-

octyl itaconate and dimethyl itaconate are frequently used as

substitutes for itaconate due to the high membrane permeability

and electrophilicity of their derivatives. They serve as Nrf2 activators,

inhibiting pro-inflammatory factors like IL-1b and IL-12p40 to

mimic itaconate’s biological effects in vitro and in vivo (11, 18).

However, the electrophilicity, permeability, or other chemical

differences of itaconate derivatives may induce effects not observed

with endogenous itaconate (19). The utilization of itaconate

derivatives represents an important area for further investigation,

potentially leading to novel itaconate-based therapeutics.
3 Immunomodulatory properties of
itaconate

Extensive research indicates that under microbial stimulation

from viruses, bacteria, or fungi, itaconate significantly accumulates

in macrophages, dendritic cells, and neutrophil subsets, while the
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expression of its rate-limiting enzyme IRG1 is highly induced. As a

key metabolite in immune metabolic reprogramming, itaconate has

become a focal point of research in this field due to its multifaceted

immunomodulatory functions. However, its full biological effects

and molecular mechanisms remain to be systematically explored.

This review provides a comprehensive examination of itaconate’s

immune functions, integrating recent advances to focus on its

metabolic regulatory roles as an SDH inhibitor, TET2 inhibitor,

Nrf2 activator, and glycolysis modulator. It examines its regulatory

mechanisms within the ATF3/IkBz transcription axis, explores its

action patterns across various signaling networks, and explores its

potential for translational applications in immune-related

diseases (Figure 3).

3.1 Itaconate: an endogenous inhibitor of
SDH

SDH (succinate dehydrogenase, also known as mitochondrial

respiratory chain complex II) is located in the inner mitochondrial

membrane and serves as a key bifunctional enzyme linking the
Frontiers in Immunology 03
tricarboxylic acid cycle to the electron transport chain. In LPS-

activated macrophages, it catalyzes the oxidation of succinate to

fumarate and generates FADH2, directly transferring electrons to

ubiquinone (20). This process simultaneously sustains the TCA

cycle and participates in oxidative phosphorylation (21). Recent

studies indicate that changes in SDH activity during inflammation

are closely linked (4, 7). As early as 2016, researchers demonstrated

through in vivo and in vitro experiments that itaconate suppresses

inflammation by inhibiting SDH-mediated succinate oxidation (4,

20). This mechanism stems from itaconate’s structural similarity to

succinate, enabling competitive inhibition of the SDH enzyme’s

active site. This reduces succinate oxidation to fumarate, thereby

preventing the production of mitochondrial reactive oxygen species

(mtROS) driven by Complex I. mtROS inhibits prolyl hydroxylase

(PHD), thereby promoting HIF-1a and IL-1b production (22–24).

As a result, suppressing mtROS accumulation restores PHD activity

and lowers HIF-1a and IL-1b levels. This, in turn, attenuates the

transcriptional expression of glycolytic rate-limiting enzymes and

proinflammatory genes (24). These studies reveal SDH’s role as a

key node in inflammatory metabolic regulation and provide crucial
FIGURE 1

Itaconate-dependent immunometabolic reprogramming in macrophages. Upon high-dose and/or prolonged LPS priming (>12 h) through TLR4,
macrophages induce the Irg1 enzyme, which converts cis-aconitate (from the mitochondrial TCA cycle) into itaconate. In mitochondria, itaconate
inhibits SDH, leading to succinate accumulation and associated pro-inflammatory responses under conditions of mitochondrial dysfunction. In
parallel, itaconate exerts anti-inflammatory programs by modifying Keap1 to activate Nrf2, promoting nuclear transcriptional responses (including
ATF3) that drive an anti-inflammatory response. Itaconate also alkylates GAPDH at Cys22, thereby inhibiting GAPDH activity and reshaping
inflammatory metabolism, and can modulate a-KG–dependent TET2 signaling, resulting in decreased IkBz expression. Collectively, these pathways
contribute to antimicrobial effects and a context-dependent “double-edged sword” outcome during prolonged or chronic inflammation. Created
with BioGDP.com. TLR4, Toll-like receptor 4; TCA, tricarboxylic acid; LPS, lipopolysaccharide; Irg1, immune-responsive gene 1; SDH, succinate
dehydrogenase; a-KG, alpha-ketoglutarate; Keap1, Kelch-like ECH-associated protein 1; Nrf2, nuclear factor erythroid 2–related factor 2; ATF3,
activating transcription factor 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; TET2, ten-eleven translocation 2; IkBz, inhibitor of NF-kB zeta;
Acetyl-CoA, acetyl coenzyme A; Cys22, cysteine residue at position 22 of GAPDH.
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theoretical support for understanding the anti-inflammatory

mechanism of itaconate.

Extensive research has shown that cell-permeable itaconate

derivatives significantly suppress expression of multiple pro-

inflammatory factors, including IL-1b, IL-6, IL-12, and IL-18 (11,

20, 24). In activated macrophages, IRG1 induction elevates

itaconate levels and promotes succinate accumulation,

highlighting the critical role of itaconate in macrophage effector

functions (23). Further experimental studies revealed that under

LPS stimulation, no succinate accumulation was observed in Irg1-/-

mouse bone marrow-derived macrophages (BMDMs), suggesting

preserved SDH activity (20). Concurrently, Irg1 deficiency

enhanced nitric oxide production and promoted the release of

proinflammatory cytokines (including IL-6, IL-1b, IL-18, and IL-

12p70) compared to wild-type cells, further supporting the notion

that itaconate exerts anti-inflammatory effects by inhibiting SDH

(23). Notably, itaconate induces innate immune tolerance, a state of

immunoparalysis resulting from excessive SDH inhibition. This

effect can be reversed by b-glucans derived from fungal and certain

Gram-positive bacterial cell walls, which downregulate IRG1

transcription and thereby reduce competitive inhibition of SDH

(13, 18). These findings suggest that the IRG1-Itaconate-SDH axis

not only contributes to inflammation suppression but also forms an

immunometabolic circuit with both negative and positive feedback

regulation, playing a crucial role in maintaining the dynamic

equilibrium of inflammatory responses.

In summary, itaconate accumulation promotes succinate

buildup by inhibiting SDH activity, which is one of its most
Frontiers in Immunology 04
critical metabolic features (20, 23). Beyond regulating host

metabolism, itaconate-mediated SDH inhibition also impacts gut

microbiota ecology. Elevated succinate levels not only suppress the

growth of short-chain fatty acid (SCFA)-producing bacteria such as

Clostridium butyricum (24–26) but also indirectly weaken their role

in maintaining intestinal barrier function. Enriched succinate also

provides an additional carbon source for opportunistic pathogens

(e.g., certain Enterobacteriaceae), further exacerbating ecological

imbalance (27–29). Collectively, the itaconate-SDH inhibition axis

not only regulates host immune cells but also profoundly impacts

gut symbionts, methanogenic archaea, and alveolar colonizing

bacteria (30). Itaconate inhibits SDH, leading to succinate

buildup, which affects macrophage metabolism and immune

responses. This mechanism helps suppress inflammation and may

offer a therapeutic strategy, particularly for immune-related

diseases, by controlling excessive inflammation and restoring

immune balance.

3.2 Itaconate activates the Keap1–Nrf2
signaling pathway

The Keap1-Nrf2-ARE pathway plays a central role in

maintaining cellular redox homeostasis. Its downstream gene

products participate in antioxidant, anti-inflammatory, and

metabolic reprogramming through mechanisms such as

scavenging reactive oxygen species (ROS), inhibiting NLRP3

inflammasome and NF-kB signaling, and detoxifying electrophilic

metabolites (31–35). Among these, Nrf2 is the key transcription
FIGURE 2

Chemical structures of itaconate, its derivatives, selected analogs, and geometric isomers.The figure illustrates the parent metabolite itaconate (CAS:
97-65-4), commonly used cell-permeable itaconate derivatives (4-OI, DI, DBI, and 4-EI), representative structural analogs in the tricarboxylic acid
cycle (succinate and fumarate), and related isomers (mesaconate and citraconate) for comparison. 4-OI, 4-octyl itaconate; DI, dimethyl itaconate;
DBI, dibutyl itaconate; 4-EI, 4-ethyl itaconate.
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factor in this pathway, regulating antioxidant gene expression by

binding to the ARE element within the promoter regions of target

genes (36–38). Under physiological conditions, Nrf2 is regulated by

the KEAP1 protein, which binds to it in the cytoplasm and mediates

its degradation (39–41). When cells undergo oxidative stress, the

interaction between Keap1 and Nrf2 becomes unstable, resulting in

the release of Nrf2 (39–41). Nrf2 translocates to the nucleus where it

forms heterodimers with sMaf. The Nrf2-Maf complex suppresses

pro-inflammatory genes by directly binding to IL-1b and IL-6

promoters and inhibiting the recruitment of RNA polymerase II

(42, 43). It also activates downstream genes including NQO1 (NAD

(P)H quinone dehydrogenase 1), GCLC/GCLM (glutamate–

cysteine ligase modifier/catalytic subunits), and HO-1 (heme

oxygenase-1), which are involved in antioxidant and anti-

inflammatory processes (40, 41). This facilitates the clearance of

reactive oxygen species (ROS) and reactive nitrogen species (RNS),

thereby reducing oxidative stress levels and indirectly suppressing

inflammatory responses (44, 45).
Frontiers in Immunology 05
Evidence indicates that Irg1 deficiency significantly impairs

Nrf2 activity in LPS-activated macrophages (46–48). This finding

highlights itaconate’s crucial role in Nrf2 regulation and its

significant contribution to suppressing oxidative stress and

inflammation, potentially revealing further critical functions

within macrophages (49). As an electrophilic small molecule (50),

itaconate can alkylate cysteine residues (Cys151, Cys257, Cys288)

on the KEAP1 protein (11, 49). This alters the spatial structure of

Keap1, releasing its binding to Nrf2. Consequently, Keap1 can no

longer mark Nrf2 as a “protein destined for degradation, “ leading

to Nrf2 accumulation within the cell and its subsequent

translocation into the nucleus. This process increases the

expression of downstream genes involved in antioxidant and anti-

inflammatory processes. Recent studies have revealed that Nrf2

activation is a key step in the inhibition of IL-1b expression by 4-

Octyl Itaconate (4-OI), a process dependent on the reactivity of

Keap1-Cys residues and the presence of Nrf2 (51). A 2024 study

showed that itaconate inhibits Nrf2 activation by stabilizing
FIGURE 3

The role of itaconate in immunoregulatory properties. In macrophages, LPS stimulation through TLR4 induces Irg1, and ACOD1 converts
mitochondrial cis-aconitate in the TCA cycle to itaconate. Itaconate coordinates immunoregulation through four interconnected modules.
(i) Epigenetic regulation: itaconate modulates TET2 activity and the balance between 5mC and 5hmC, leading to decreased 5hmC at inflammatory
genes and reduced NFkB signaling. (ii) Antioxidant defense system: itaconate alkylates Keap1, promoting Keap1 dissociation and Nrf2 nuclear
translocation, thereby upregulating antioxidant/cytoprotective genes (Nqo1↑, Gclm/Gclc↑, Ho-1↑). (iii) Metabolic reprogramming: itaconate inhibits
SDH, resulting in succinate↑ and altered conversion to fumarate, reduced mtROS↓, and modulation of HIF-1a; it also inhibits glycolysis by alkylating
GAPDH (Cys22), affecting the glucose–pyruvate axis. (iv) Transcriptional regulation (anti-inflammatory efficacy): itaconate promotes ATF3-associated
transcriptional programs (with Nrf2), enhances anti-inflammatory mediators (IL-10, Ho-1), and suppresses IKBd, collectively contributing to anti-
inflammatory outcomes. Created with BioGDP.com. LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; Irg1, immune-responsive gene 1; ACOD1,
aconitate decarboxylase 1; TCA, tricarboxylic acid; SDH, succinate dehydrogenase; mtROS, mitochondrial reactive oxygen species; HIF-1a, hypoxia-
inducible factor 1a; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Cys22, cysteine residue at position 22 of GAPDH; TET2, ten-eleven
translocation 2; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; NFkB, nuclear factor kB; Keap1, Kelch-like ECH-associated protein 1; Nrf2,
nuclear factor erythroid 2–related factor 2; Nqo1, NAD(P)H quinone dehydrogenase 1; Gclm/Gclc, glutamate–cysteine ligase modifier/catalytic
subunits; Ho-1, heme oxygenase-1; ATF3, activating transcription factor 3; IL-10, interleukin-10; IKBd, inhibitor of NF-kB delta.
frontiersin.org

http://www.BioGDP.com
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2026.1767601
KEAP1, which induces ferroptosis in triple-negative breast cancer

stem cells and suppressing their proliferation. This suggests its

potential use in cancer stem cell therapy (52, 53). Concurrently, a

2023 study reported that ursodeoxycholic acid alleviates oxidative

stress damage and improves cardiac function by activating the Nrf2/

HO-1 pathway in an experimental autoimmune myocarditis model,

suggesting potential cardioprotective effects of targeting the Nrf2

axis (54). Similarly, itaconate and its derivatives exert antioxidant

and anti-inflammatory effects by modifying Keap1 and activating

Nrf2 signaling (49, 55). However, further investigation is needed to

determine their role in myocarditis. Collectively, these studies

support itaconate’s multi-level regulatory role in the Nrf2

signaling pathway.

Recent studies indicate that prolonged or excessive Nrf2

activation may lead to adverse biological effects, such as skin

hyperkeratosis, epithelial thickening, and apoptosis under certain

conditions (56, 57). This suggests that Nrf2 activation should be

maintained with moderation and caution. Overall, itaconate exerts

multi-layered and context-dependent biological effects by

regulating Nrf2 and its downstream gene networks. Crucially, this

action is not unidirectional inhibition but rather resembles an

“inflammation sensing” process exhibiting dynamic regulation

across different immune states. Thus, the IRG1/itaconate pathway

serves not only as a key component of inflammatory negative

regulation but also as an immunometabolic regulatory axis with

bidirectional modulation potential. Itaconate regulates the Nrf2

pathway by modifying the KEAP1 protein, leading to the

activation of antioxidant and anti-inflammatory genes. This helps

control oxidative stress and inflammation. However, excessive Nrf2

activation can have negative effects, so its modulation needs to be

balanced. Itaconate’s ability to both suppress inflammation and

regulate immune responses makes it a promising therapeutic option

for conditions like cancer and autoimmune diseases.

3.3 Itaconate-mediated modulation of the
ATF3/IkBz pathway

ATF3 (cAMP response element-binding protein 3) is a stress-

response transcription factor typically induced when cells undergo

oxidative stress or inflammatory stimulation (58). Research shows

that ATF3 suppresses IkBz expression (nuclear factor kB inhibitor

zeta), a key factor in the NF-kB signaling pathway that promotes the

production of pro-inflammatory cytokines such as IL-6. As a result,

ATF3 indirectly inhibits NF-kB pathway activation by inhibiting

IkBz expression, thereby attenuating inflammatory responses (59).

Itaconate, a naturally occurring compound with electrophilic

properties, induces electrophilic stress by reacting with

intracellular sulfhydryl groups, thereby activating ATF3

expression. Itaconate upregulates ATF3 expression through this

mechanism, as studies have shown, thereby suppressing IkBz
expression and attenuating NF-kB-mediated inflammation. This

suggests it may help maintain immune homeostasis by regulating

the ATF3/IkBz axis. In vivo studies confirm that itaconate alleviates

IL-17-IkBz-driven skin inflammatory pathology in mouse models

by enhancing ATF3 expression and suppressing IkBz ,
demonstrating its potential for treating autoimmune skin diseases
Frontiers in Immunology 06
(60). Recent studies show that itaconate improves intestinal

immune balance, enhances the intestinal barrier function, and

promotes gut homeostasis via the ATF3/IkBz axis (61–64).

Itaconate regulates inflammation by activating ATF3, which

suppresses IkBz and modulates the NF-kB pathway, maintaining

immune balance. Its ability to reduce inflammation in autoimmune

diseases and support intestinal health makes it a promising

therapeutic for autoimmune disorders.

3.4 Itaconate inhibits TET2 activity

TET2 (Ten-Eleven Translocation 2) belongs to the a-
ketoglutarate (a-KG)-dependent dioxygenase family, alongside

TET1 and TET3, collectively known as the TET family (65).

TET2 remodels the epigenetic landscape of inflammation-related

enhancers and promoters by oxidizing 5-mC to 5-hmC/5-fC/5-caC,

thereby restricting pro-inflammatory transcription and promoting

inflammation resolution (65–67). Under inflammatory conditions,

the IRG1-fumaric acid axis is activated. which it competitively binds

to a-KG and inhibits TET2 activity. This downregulates several

TET2-dependent inflammatory genes, reduces the abundance of 5-

hmC at key gene sites, including IkBz, and restricts NF-kB/STAT-
mediated proinflammatory programs at the epigenetic level, thereby

mitigating acute inflammatory responses and reducing endotoxin-

induced mortality (68–70). At the same time, itaconate releases

Nrf2 by alkylating Keap1 and induces ATF3 to inhibit IkBz,
forming a multi-tiered regulatory network that includes Nrf2

antioxidant signaling, TET2 epigenetic braking, and ATF3/IkBz
transcriptional capping. This synergistically prevents over-

inflammation (70, 71).

In LPS-induced sepsis models, TET2-/- mice did not show the

anti-inflammatory effects of itaconate, indicating TET2’s critical role

in itaconate-mediated immune regulation (72). Recent studies reveal

that TET2-mutant hematopoiet ic ce l l s in the tumor

microenvironment reprogram macrophages to an ‘antigen-

presenting’ phenotype. These reprogrammed macrophages activate

CD8+ T cells more effectively under IFN-g/immunotherapy (ICT)

settings, thereby enhancing immunotherapy response and prognosis.

This offers new insights into the relationship between chronic

inflammation, tumor progression, and immunotherapy response

(73–75). Furthermore, recent studies reveal that itaconate inhibits

TET2 activity in tumor-associated macrophages within the

nasopharyngeal carcinoma (NPC) microenvironment, inducing

polarization toward an immunosuppressive M2 phenotype. This

reduces phagocytic capacity and impairs CD8+ T cell cytotoxic

function, this metabolic-epigenetic remodeling promotes immune

evasion, proliferation, and invasive behavior of NPC cells, suggesting

that targeting the IRG1/ITA/TET2 pathway or restoring TET2

function may provide novel immunotherapeutic strategies for NPC

(76). Itaconate regulates inflammation through a multi-layered

network, involving TET2 modification, Nrf2 signaling, and ATF3/

IkBz regulation. By inhibiting TET2 activity, itaconate mitigates

excessive inflammation. However, in tumor microenvironments,

itaconate’s inhibition of TET2 can promote immune evasion,

suggesting that targeting this pathway could offer novel strategies

for cancer immunotherapy.
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3.5 Itaconate as a glycolytic inhibitor

GAPDH is a key rate-limiting enzyme in glycolysis, catalyzing

the conversion of glyceraldehyde-3-phosphate to 1, 3-

bisphosphoglycerate, requiring NAD+ and inorganic phosphate.

As early as 1981, Emile et al. demonstrated that itaconate inhibits

fructose-6-phosphate 2-kinase, reducing fructose-2, 6-bisphosphate

production (64). This suggests it may inhibit glycolysis in LPS-

activated macrophages, thus suppressing inflammation and

oxidative stress (64). Recent studies further confirm that itaconate

and its derivatives regulate the glycolytic pathway and exert anti-

inflammatory effects (77). Furthermore, alkylation of cysteine

residues were detected in several glycolysis-related enzymes,

including aldolase A (ALDOA), glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), and lactate dehydrogenase A (LDHA)

(77, 78).

Mechanistically, itaconate covalently modifies a key cysteine

residue, cys22, in GAPDH, inhibiting its enzymatic activity (18).

This reduces downstream ALDOA activity and lactate production.

In contrast, in Irg1-/- macrophages, elevated ALDOA activity,

lactate production, and enhanced ECAR were observed,

suggesting that itaconate mediates its anti-inflammatory effects by

inhibiting glycolysis (18). Notably, despite its broad scope of action,

itaconate is produced exclusively in activated macrophages,

suggesting it may regulate host-pathogen interactions by altering

the local metabolic microenvironment rather than directly targeting

bacteria (79). Furthermore, its predominant synthesis within

activated macrophages suggests potential enrichment in specific

subcellular compartments. When macrophages confine pathogens

to these microenvironments, altered metabolic conditions

reprogram bacterial metabolic pathways, enabling itaconate’s

antibacterial effects (80). In oncology, studies show that 4-octyl

itaconate (4-OI) inhibits glycolysis and enhances cuproptosis

sensitivity in colorectal cancer cells (81), further supporting its

regulatory role in glycolysis while providing a potential new

therapeutic strategy and theoretical basis for colorectal cancer

treatment (82). Itaconate inhibits glycolysis in macrophages by

modifying GAPDH and other enzymes, reducing lactate

production and inflammation. This metabolic regulation suggests

itaconate can influence host-pathogen interactions and may offer a

novel cancer treatment approach, enhancing sensitivity to therapies

like cuproptosis in colorectal cancer.

3.6 Key variables determining the
functional outcome of itaconate

Concentration and Timing. Accumulating evidence indicates

that the immunoregulatory effects of itaconate are tightly linked to

both its intracellular concentration and the temporal pattern of its

induction. During early or acute inflammatory responses, moderate

elevations of itaconate driven by IRG1 induction function primarily

as a negative-feedback mechanism, limiting SDH activity,

restraining succinate oxidation, and reducing mitochondrial

ROS–HIF-1a–IL-1b signaling (35). In contrast, sustained

itaconate accumulation under conditions of prolonged

inflammation or within the tumor microenvironment may shift
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this protective program toward immune tolerance or

immunosuppression (83). Notably, experimental studies with

itaconate derivatives suggest that excessive or prolonged exposure

may paradoxically enhance IL-1b production or promote

inflammatory cell death, highlighting dose- and time-dependent

thresholds (84). These observations highlight concentration and

timing as central variables shaping the direction of itaconate-

mediated immune regulation.

Cellular Specificity. The functional consequences of itaconate

signaling also depend on the cellular context in which it is engaged.

Although activated macrophages represent the principal source and

primary targets of itaconate, distinct macrophage subsets display

divergent metabolic states and effector functions. In classically

activated inflammatory macrophages, itaconate predominantly

suppresses excessive cytokine production and oxidative stress,

contributing to inflammation resolution (83). By contrast, in

tumor-associated macrophages, persistent itaconate signaling has

been linked to metabolic and epigenetic reprogramming that favors

immunosuppressive phenotypes and impairs antigen presentation

(84). In addition, growing evidence indicates that macrophage-

derived itaconate can indirectly influence dendritic cell function

and T cell responses through metabolic and cytokine-mediated

crosstalk. Together, these findings emphasize that cellular specificity

critically determines whether itaconate signaling promotes immune

control or immune evasion.

Metabolic Context. Beyond cell type, the broader metabolic

environment strongly influences how itaconate-regulated pathways

are integrated. Factors such as mitochondrial activity, glycolytic

flux, oxygen availability, and substrate supply determine the relative

engagement of SDH inhibition, succinate accumulation, and

glycolytic suppression (35). In metabolically stressed settings,

inc lud ing hypox i c inflamed t i s sue s and the tumor

microenvironment, these condit ions can ampli fy the

immunosuppressive consequences of sustained itaconate

signaling. Conversely, during acute inflammatory stress, transient

metabolic reprogramming driven by itaconate may primarily

function to restore redox balance and limit tissue damage. Thus,

itaconate acts within a dynamic metabolic landscape, and its

immunological effects cannot be dissociated from the surrounding

metabolic context.

Molecular Switches. At the molecular level, multiple regulatory

nodes function as critical switches that govern the downstream

effects of itaconate. These include SDH inhibition–succinate–HIF-

1a signaling (4, 23), activation of the Keap1–Nrf2 antioxidant

pathway (35), inhibition of TET2-dependent epigenetic programs

(84), and electrophilic modification of glycolytic enzymes such as

GAPDH (85). The relative dominance and coordination of these

pathways determine whether pro-inflammatory or anti-

inflammatory transcriptional programs prevail. Importantly, these

signaling modules do not operate independently but intersect across

metabolic, transcriptional, and epigenetic layers, allowing

cooperative or antagonistic interactions depending on cellular and

environmental conditions. This interconnected network of

molecular switches provides a mechanistic basis for the context-

dependent and sometimes opposing immunological outcomes

of itaconate.
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Collectively, the immunomodulatory effects of itaconate can be

summarized within two dominant, context-dependent programs:

suppression of acute inflammation and immune dampening during

chronic inflammation or tumorigenesis. In acute inflammatory

settings, such as early infection or endotoxin exposure, itaconate

accumulation acts as an intrinsic negative feedback mechanism that

limits excessive immune activation. This protective response is

mediated through interconnected pathways, including SDH

inhibition–driven succinate control, activation of the Keap1–Nrf2

antioxidant axis, TET2-dependent epigenetic restraint of pro-

inflammatory gene expression, and ATF3/IkBz-associated
transcriptional suppression. Together, these mechanisms reduce

mitochondrial ROS production, attenuate HIF-1a–IL-1b signaling,

and promote inflammation resolution, thereby preserving

tissue homeostasis.

In contrast, under conditions of sustained inflammation or

within the tumor microenvironment, prolonged itaconate

signaling may engage a predominantly immunosuppressive

program. Persistent Nrf2 activation, chronic TET2 inhibition, and

glycolytic suppression in macrophages can promote immune

tolerance, M2-like polarization, and impaired antigen

presentation. In these contexts, pathways that are protective

during acute inflammation may become maladaptive ,

contributing to immune paralysis or tumor immune evasion.

Thus, the IRG1–itaconate axis functions as a context-sensitive

immunometabolic switch, with signaling duration, cellular

identity, and microenvironmental cues collectively determining its

protective or pathological outcomes.
4 Therapeutic implications

A growing body of research indicates that the metabolic axis

comprising itaconate and its synthase gene IRG1 (ACOD1) holds

great potential for disease intervention. Multiple animal

experiments and corresponding mouse disease models

consistently show that targeting the IRG1–itaconate pathway can

alleviate inflammation, remodel immune metabolism, and improve

disease outcomes across various pathological scenarios, providing

strong evidence for its therapeutic potential. At the pharmacological

level, the chemical and biological properties of itaconate—such as

its electrophilicity, antioxidant capacity, and ability to induce

metabolic reprogramming—also provide important insights for

identifying novel sites of action and designing lead compounds.

To validate the mechanism, exogenous itaconate supplementation

in bone marrow-derived macrophages, combined with control

experiments like IRG1 gene knockout, further replicated and

amplified the effects observed with prodrug molecules like 4-OI

and DI. This supports the critical role of the IRG1–itaconate

pathway as an endogenous axis regulating anti-inflammation and

immune metabolism. Currently, most research on the clinical

potential of itaconate is still at the preclinical stage, with a lack of

large-scale human clinical data. Existing studies mainly focus on

animal models and in vitro experiments, with more clinical data is
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needed to confirm the changes in itaconate levels in patient bodily

fluids. In some cases, such as during inflammation, itaconate levels

may fluctuate, but systematic clinical sample studies to validate this

are still lacking (Table 1).

4.1 Itaconate: a double-edged regulator in
sepsis

Sepsis is a systemic response to infection, characterized by a

cytokine storm and systemic immune suppression, and can

progress to life-threatening dysregulation and multiple-organ

failure. Current research indicates that enhancing the IRG1-

itaconate axis or using 4-OI in both in vivo and in vitro

experiments can mitigate LPS-induced injury and inflammation,

and reduce mortality rates (14, 86, 87).

The mechanisms appear to be multifaceted. Specifically, 4 - OI

suppresses Keap1 activity, which in turn activates Nrf2 signaling

and attenuates inflammatory responses in mice (42, 43, 86). Other

studies suggest 4-OI exerts anti-inflammatory effects in mice by

promoting GAPDH alkylation and inhibiting glycolysis. SDH

inhibition has also been demonstrated to reduce the release of

inflammatory cytokines in vivo. Although direct evidence regarding

sepsis remains limited, itaconate may likewise mitigate systemic

inflammatory responses associated with sepsis by inhibiting SDH

activity (23). In an LPS-induced endotoxemia mouse model,

exogenous itaconate significantly reduced lung and liver injury

and improved survival. This anti-inflammatory/protective effect

depended on TET2’s catalytic activity; the effect was absent under

TET2-deficient conditions, suggesting the IRG1–itaconate–TET2

axis plays a key regulatory role in sepsis (88). These studies indicate

that itaconate’s effects on sepsis likely involve multiple pathways

rather than a single target. However, studies suggest that reducing

IRG1 and itaconate may represent a strategy to alleviate

immunosuppression in sepsis (89). Research on IRG1 and A20

indicates IRG1 may play a significant role in sepsis-associated

immunosuppression or immunoparalysis, as both IRG1 and A20

are elevated in peripheral blood mononuclear cells from septic

patients (90). Among these, b-glucan, a fungal cell wall component,

is known to enhance innate immune function in monocytes by

reducing IRG1 expression and thereby reversing tolerance (13). The

available evidence is not necessarily conflicting. In sepsis models,

moderate activation of the IRG1–itaconate axiscan restrain

excessive inflammation through multiple converging mechanisms,

including Keap1 alkylation–Nrf2 activation, SDH inhibition with

reduced mtROS/HIF-1a–IL-1b signaling, and TET2-dependent

epigenetic reprogramming. However, when itaconate is sustained

at high levels—or when SDH is over-inhibited—it may tip the host

toward immune tolerance/immunoparalysis, increasing

vulnerability to secondary infection. Together, these findings

suggest that itaconate functions as a dose-, time-, and context-

dependent “double-edged” regulator in sepsis. Clinically, this

highlights the need to define an effective therapeutic window and

to consider stage-specific use, potentially pairing anti-inflammatory

benefits early with strategies that avoid or reverse late-

phase immunosuppression.
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TABLE 1 Therapeutic effects of itaconate and its derivatives across diverse disease models.

Disease Model Species Agents Mechanisms References

Sepsis
LPS-induced lethality Mice 4-OI

Activation of Nrf2/HO-1 signaling
and inhibition of SDH to suppress
inflammation.

Mills et al.

CLP-induced sepsis Mice 4-OI
Suppression of glycolysis and reduced
pro-inflammatory cytokine
production.

Liao et al.

LPS-induced sepsis Mice Exogenous itaconate
TET2 inhibition suppresses pro-
inflammatory gene expression.

Domıńguez-Andrés et al.

IBD
DSS-induced colitis Mice DI

Immune modulation reduces
intestinal inflammation.

Wang et al.

DSS-induced colitis Mice 4-OI
Nrf2/HO-1 activation protects
intestinal barrier and reduces
oxidative stress.

Yang et al.

DSS-induced colitis Mice Exogenous itaconate
Inhibition of NF-kB signaling reduces
inflammation.

Kim et al.

I/R injury
Myocardial I/R Mice DI

SDH inhibition reduces mitochondrial
ROS and protects the heart.

Lampropoulou et al.

Cerebral I/R Mice Exogenous itaconate
Nrf2 activation maintains redox
balance and reduces damage.

Cordes et al.

Hepatic I/R Mice 4-OI
Nrf2/HO-1 activation suppresses
NLRP3 inflammasome and liver
injury.

Zhang et al.

SLE
PBMCs from SLE patients Human 4-OI

Nrf2 activation reduces oxidative
stress and immune activation.

Tang et al.

Murine lupus Mice 4-OI
Nrf2 signaling reduces autoimmune
responses and inflammation.

Blanco et al.

MS
EAE Mice DI

Nrf2/HO-1 signaling and SDH
inhibition regulate inflammation.

Kuo et al.

Mixed glia Mice/human DI;4-OI
NLRP3 inflammasome inhibition
reduces neuroinflammation.

Hoyle et al.

CAPS Cells from CAPS patients Human 4-OI NLRP3 inflammasome inhibition. Hooftman et al.

AAA AngII-induced AAA Mice/human 4-OI/DI
Nrf2 activation reduces vascular
inflammation and prevents aneurysm
progression.

Song et al.

Mastitis LPS-induced mastitis Mice DI
Nrf2 activation suppresses pro-
inflammatory cytokines.

Zhao et al.

Endometritis LPS-induced endometritis Mice DI Nrf2/HO-1 activation inhibits NF-kB. Xu et al.

Renal fibrosis Adenine-induced fibrosis Rats 4-OI
Nrf2 activation reduces oxidative
stress and inhibits fibrosis.

Tian et al.

RA RANKL-induced
osteoclastogenesis

Mice 4-OI
TET2 inhibition suppresses osteoclast
differentiation and bone resorption.

Sun et al.

Collagen-induced arthritis Mice Exogenous itaconate
NF-kB suppression reduces joint
inflammation.

Li et al.

Pulmonary fibrosis
BLM-induced fibrosis Mice Inhaled itaconate

Nrf2 activation suppresses fibrosis and
oxidative stress.

Haan et al.

TGF-b1 fibroblast activation Mice DI Inhibition of EMT via Nrf2 signaling. Han et al.

BLM-induced fibrosis Mice 4-OI
Anti-EMT properties reduce
pulmonary fibrosis development.’

Wu et al.

Cancer
TAMs (multiple models) Mice

Endogenous
itaconate

TET2 inhibition promotes immune
suppression and tumor escape.

Wang et al.

DEN-induced HCC Rats DI
GAPDH and SDH inhibition reduce
tumor growth and promote tumor cell
death.

Chen et al.

Colorectal cancer Human 4-OI
Glycolysis inhibition enhances
cuproptosis and cell death in tumors.

Liu et al.

(Continued)
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4.2 Protective roles of itaconate in
ischemia–reperfusion injury

Hepatic ischemia-reperfusion injury (IRI) is a primary cause of

liver dysfunction following liver transplantation, hepatectomy, and

hemorrhagic shock. Its core mechanism involves an initial

interruption of blood flow followed by reperfusion, which triggers

excessive reactive oxygen species (ROS) production, disrupts redox

homeostasis, and directly damages hepatocytes. ROS also activates

Kupffer cells and other cells to release inflammatory mediators,

recruiting immune cells and inducing hepatocyte apoptosis (91). In

the IRI model—a tissue injury characterized by oxidative stress,

inflammatory response, and cell death—the liver possesses an

intrinsic antioxidant system that is readily overwhelmed by ROS

(92). Notably, itaconate appears to exert protective effects in hepatic

IRI. Studies have revealed that in a mouse model of hepatic IRI,

IRG1 knockout mice exhibited more severe liver injury than

controls, with increased inflammatory mediators like IL-6 and

exacerbated inflammatory responses. Supplementation with

itaconate derivatives (e.g., 4-OI) effectively mitigated hepatocyte

necrosis, reduced ALT/AST levels, and suppressed inflammatory

mediator release (91). Mechanistically, itaconate is believed to

activate the Nrf2 antioxidant pathway to mitigate oxidative stress

and inhibit NLRP3 inflammasome and NF-kB signaling pathways,

thereby reducing apoptosis and inflammatory responses (93). As

early as 2014, studies demonstrated that dimethylmalonate (DMM)

exhibited therapeutic potential for ischemia/reperfusion injury

(IRI) in mouse models by inhibiting SDH (94). Because itaconate

and derivatives can also inhibit SDH, they may offer similar

therapeutic potential in IRI (95). Beyond the liver, itaconate also

exhibits protective effects in renal IRI models (96). Research

indicates the IRG1-itaconate axis attenuates systemic

inflammation and reduces tissue injury following renal ischemia-

reperfusion. Furthermore, recent studies suggest itaconate may

exert cytoprotective effects in myocardial ischemia-reperfusion

injury by modulating metabolic enzymes such as PKM2 (97).

Collectively, itaconate shows protective effects across IRI in

multiple organs, including the liver, kidneys, and heart, through

mechanisms that involve SDH inhibition, Nrf2 activation, and

suppression of NLRP3 inflammasome and NF-kB signaling. By

modulating these immunometabolic pathways, itaconate may

alleviate oxidative stress, dampen inflammation, and reduce cell
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death, supporting its potential as a metabolic intervention target98.

Nevertheless, further studies are required to clarify organ-specific

mechanisms and to optimize the route, dosing regimen, and timing

of administration.

4.3 Roles of itaconate in inflammatory
bowel disease

Inflammatory bowel disease primarily encompasses ulcerative

colitis (UC) and Crohn’s disease (CD), representing a class of

immune-mediated disorders characterized by chronic,

intermittent inflammation of the gastrointestinal tract (99). The

core pathology of IBD involves activation of inflammatory

pathways and inflammasomes (primarily NLRP3) due to

intestinal mucosal damage or dysbiosis, leading to massive release

of early pro-inflammatory factors such as IL-1b, IL-18, TNF, and
IL-6, accompanied by tissue injury (100). Studies have shown

increased NF-kB activation in both mucosal epithelial cells and

macrophages of IBD patients, leading to the production of TNF-a
and other pro-inflammatory factors that exacerbate the

inflammatory response (101, 102). Extensive prior research on the

effects of itaconate on multiple inflammatory pathways suggests its

potential therapeutic impact on IBD (7). Studies in acute colitis

mouse models demonstrate that elevating endogenous itaconate or

administering 4-OI significantly suppresses disease activity, inhibits

intestinal epithelial injury, and reduces proinflammatory factor

production during disease flare-ups. Conversely, Acod1/IRG1

knockout mice exhibit heightened susceptibility to colitis,

indicating its anti-inflammatory and mucosal protective effects

(14, 103). Furthermore, 4-OI can activate Nrf2 by alkylating

KEAP1, thereby reducing oxidative stress and downregulating

NF-kB-related inflammatory factors. This enhances tight junction

proteins, strengthens barrier function, and alleviates colitis

symptoms (103–105). Finally, recent studies indicate significant

efficacy of 4-OI during the acute phase of IBD, involving

modulation of the intestinal barrier, neutrophil migration, and

correction of microbiota dysbiosis (64, 106). Overall, itaconate

and its derivative 4-OI demonstrate considerable therapeutic

potential in acute IBD. This is achieved through mechanisms

including Nrf2 pathway activation, reduction of oxidative stress,

inhibition of NF-kB signaling, enhancement of intestinal barrier

function, and correction of gut microbiota dysbiosis (107). These
TABLE 1 Continued

Disease Model Species Agents Mechanisms References

Nasopharyngeal carcinoma Mice/human
Endogenous
itaconate

TET2 inhibition reprograms
macrophages, promoting immune
evasion.

Wu et al.

Myogenesis BaCl2-induced muscle injury Mice 4-OI
Regulation of SDH and mitochondrial
function during muscle regeneration.

Oh et al.
This table summarizes representative preclinical and translational studies evaluating itaconate or its derivatives (e.g., 4-octyl itaconate and dimethyl itaconate) in infectious, autoimmune/
inflammatory, ischemia–reperfusion, fibrotic, and cancer-related models. Proposed mechanisms indicate the major pathways reported in each study and are not intended to be exhaustive.
4-OI, 4-octyl itaconate; DI, dimethyl itaconate; LPS, lipopolysaccharide; CLP, cecal ligation and puncture; DSS, dextran sulfate sodium; IBD, inflammatory bowel disease; I/R, ischemia–
reperfusion; PBMCs, peripheral blood mononuclear cells; SLE, systemic lupus erythematosus; MS, multiple sclerosis; EAE, experimental autoimmune encephalomyelitis; CAPS, cryopyrin-
associated periodic syndromes; AAA, abdominal aortic aneurysm; AngII, angiotensin II; RA, rheumatoid arthritis; RANKL, receptor activator of NF-kB ligand; BLM, bleomycin; EMT,
epithelial–mesenchymal transition; TAMs, tumor-associated macrophages; HCC, hepatocellular carcinoma; DEN, diethylnitrosamine; ROS, reactive oxygen species; SDH, succinate
dehydrogenase; Nrf2, nuclear factor erythroid 2–related factor 2; HO-1, heme oxygenase-1; TET2, ten-eleven translocation 2; NF-kB, nuclear factor kappa-B; NLRP3, NLR family pyrin
domain containing 3; BaCl2, barium chloride; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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findings support the potential of itaconate-based interventions as

effective therapeutic targets for IBD by fortifying the epithelial

barrier and modulating the gut microbiota balance (107).

4.4 Itaconate in RA bone destruction

The core pathology of rheumatoid arthritis (RA) involves

enhanced bone erosion driven by inflammation-induced excessive

osteoclast activation. The interaction of inflammatory mediators

such as TNF-a and IL-1b leads to progressive disease deterioration,

disrupting bone turnover balance by impairing bone resorption

(108–111). Recent studies indicate that administration of itaconate

or 4-OI in human samples and mouse models reduces osteoclast

numbers/volumes and bone resorption pit areas. In vivo

experiments confirm that itaconate/4-OI effectively inhibits TET2

activity through reduced joint swelling and inflammation scores,

along with histological evidence of diminished bone erosion (108,

112, 113). This mechanism affects the expression of TET2-related

genes involved in bone resorption, suppresses excessive osteoclast

differentiation and function, and effectively reverses or alleviates

bone destruction processes. Previous basic research demonstrated

that itaconate directly inhibits TET DNA dioxygenases (primarily

TET2), reduces 5hmC at inflammatory gene loci, and limits NF-kB/
STAT pro-inflammatory pathways (109). The aforementioned

studies extended this mechanism to bone metabolism and

completed systematic validation in RA (35, 68, 114). Given RA’s

multifactorial pathogenesis, it is plausible that itaconate may also

influence RA through other inflammatory pathways. However,

excessive or improper derivatives may induce adverse effects or

even pro-inflammatory tendencies (98, 115). In chronic

inflammation, these risks are particularly worrying, as long-term

or improper use may aggravate tissue damage or disrupt immune

regulation. In addition, the effectiveness of itaconate should be

evaluated in the context of different diseases, especially autoimmune

diseases with different inflammatory characteristics. Itaconate and

its derivative (4-OI) help reduce bone erosion in rheumatoid

arthritis (RA) by inhibiting TET2 activity, decreasing the

expression of bone resorption-related genes, and suppressing

excessive osteoclast differentiation and function. These findings

suggest that itaconate may impact RA progression through

various inflammatory pathways. However, improper or excessive

use could lead to adverse effects or promote inflammation,

highlighting the importance of carefully controlling dosage,

administration, and treatment timing. Furthermore, prospective

studies are needed to confirm the effectiveness of itaconate when

used in combination with anti-TNF/anti-IL-6 agents (116–119).

4.5 Itaconate in pulmonary fibrosis

Pulmonary fibrosis (PF) is a chronic progressive disease caused

by multiple etiologies, characterized by excessive repair of lung

tissue and deposition of extracellular matrix (ECM) (120). When

the lungs are exposed to external stimuli, pulmonary epithelial cells

and macrophages are activated, releasing large amounts of

inflammatory cytokines that trigger localized inflammatory

responses (121, 122). In a 2020 study, researchers detected
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reduced itaconate levels and decreased ACOD1 (IRG1) expression

in bronchoalveolar lavage fluid (BAL) and airway macrophages

(AM) from pulmonary fibrosis patients (122). Subsequently, in a

bleomycin (BLM)-induced pulmonary fibrosis (PF) mouse model,

mice were grouped by RF stage. Comparing the Acod1 knockout

group with the control group and administering inhaled itaconate

intervention revealed that the knockout group exhibited persistent

pulmonary fibrosis. The inhalation of itaconate alleviated

pulmonary fibrosis and reduced associated inflammatory

responses, demonstrating its potential therapeutic efficacy (122).

Subsequently, HAN et al. induced fibroblast differentiation with

TGF-b1 and treated RF mice with dimethyl itaconate (DMI). They

found DMI activated NRF2, downregulated TXNIP, inhibited TGF-

b1-induced FMD and ROS production, and effectively alleviated

pulmonary fibrosis phenotypes in mice (123, 124). Wu et al.

demonstrated that 4-OI significantly reduced pulmonary fibrosis

and collagen deposition by inhibiting macrophage-mediated

epithelial-mesenchymal transition through NRF2 activation (125).

Itaconate and its derivatives, including 4-OI and DMI, demonstrate

potential therapeutic effects in pulmonary fibrosis by targeting key

inflammatory pathways and activating NRF2. Through modulating

epithelial-mesenchymal transition (EMT), reducing collagen

deposition, and enhancing lung function, itaconate provides a

promising new treatment approach for this debilitating disease

(125, 126). However, further research is needed to fully elucidate

the underlying mechanisms and optimize its clinical applications.

4.6 The therapeutic effect of itaconate in
tumors

Although the immunoregulatory role of itaconate in

inflammation has been extensively studied, recent research has

increasingly suggested that itaconate promotes tumor progression

by reshaping the tumor microenvironment (TME) through its

effects on cancer’s immunometabolic pathways (127, 128). As

early as 2018, researchers established intraperitoneal/peritoneal

tumor models by injecting tumor cells (such as B16 melanoma

cells or ID8 ovarian cancer cells) into the abdominal cavity of mice,

from which they isolated peritoneal tissue-resident macrophages

(pResMj). Metabolomic analysis revealed significant metabolic

reprogramming in these macrophages, characterized by enhanced

fatty acid oxidation and oxidative phosphorylation (OXPHOS)

levels, accompanied by markedly elevated intracellular itaconate

content. Additionally, they observed significantly increased IRG1

levels in the monocytes isolated from the ascites of ovarian cancer

patients. Further studies revealed that targeting the IRG1–itaconate

pathway effectively suppressed tumor volume growth in mouse

models, suggesting the therapeutic potential for this metabolic axis

in metastatic tumor microenvironments (129). In hepatocellular

carcinoma cells, previous research confirmed that in IRG1

knockout mice, tumor node ratio, liver-to-body weight ratio, and

in vivo tumor volume—key tumor burden indicators—were

significantly reduced. Irg1 knockout mice exhibited slowed tumor

progression accompanied by significantly reduced CD8+ T cell

infiltration, suggesting suppression of antitumor immunity.

Targeting IRG1/fumarate may represent a novel immunotherapy
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strategy for HCC, particularly involving CD8+ T cells (53, 130).

Similarly, in 2024, a mouse model of nasopharyngeal carcinoma

(NPC) revealed that tumor-associated macrophages enhance

itaconate production by upregulating IRG1. This promotes M2

macrophage polarization, reduces CD8+ T cell activity, and

facilitates tumor cell growth and immune evasion through TET2-

mediated mechanisms (76). Wang et al. reported that DI blocks IL-

1b release and reduces macrophage infiltration into the tumor

microenvironment, thereby alleviating excessive inflammation in

colitis and lowering the risk of colitis-associated colorectal cancer.

However, recent studies suggest that itaconate may conversely drive

a pro-tumor phenotype by reshaping macrophage metabolism

(131). Similarly, studies have found that IRG1 is upregulated in

both clinical specimens and human glioma cell lines, with poor

prognosis associated with high IRG1 expression (89). Furthermore,

research on itaconate extends beyond the compound itself. Studies

indicate that colorectal cancer actively acquires itaconate via the

transporter SLC13A3, alkylating PD-L1 at the Cys272 site to inhibit

its ubiquitination and degradation, thereby enhancing resistance to

PD-L1 monoclonal antibodies. Targeting the SLC13A3 protein

effectively alleviates or even reverses PD-L1 resistance (132, 133).

In 2022, clinical evaluations commenced in hepatocellular

carcinoma. As an anticancer agent, DI was administered via

intraperitoneal injection of DEN (diethylnitrosamine) to induce

hepatocellular carcinoma in albino Wistar rats (134). Results

showed tumor nodule shrinkage and normalized liver structure in

the treatment group compared to controls, indicating itaconate

induces cancer cell death (135, 136). Recent studies reveal that

certain tumor cells can endogenously synthesize itaconate by

upregulating related genes (135). This tumor-derived itaconate

not only fails to suppress immunity but also enhances tumor

immunogenicity, thereby boosting immunotherapy efficacy. This

finding contrasts sharply with the traditional perception of

itaconate as a pro-tumor agent. Therefore, we hypothesize that as

a key intermediate metabolite linking inflammation and

metabolism, itaconate may exert a classic “double-edged sword”

effect in tumors. On one hand, IRG1 is induced to high expression

in myeloid cells such as tumor-associated macrophages. There, it

suppresses SDH activity and activates multiple anti-inflammatory

signaling pathways, thereby weakening antigen presentation

capacity and effector T cell function. This shapes an

immunosuppressive microenvironment that promotes tumor

immune escape. Conversely, within certain tumor cells, the

IRG1–itaconate axis enhancing antigen processing and MHC-I

molecule expression, increasing tumor cell immunogenicity and

sensitivity to immunotherapy. This suggests its biological effects

exhibit significant cell-type and context-dependent properties.

In summary, itaconate exerts inconsistent effects on different

tumor-associated cells, and exogenous versus endogenous itaconate

may also influence tumor cells differently. Overall, the role of

itaconate in tumors is dual. By regulating immune metabolic

pathways in the tumor microenvironment, it can not only

promote immune escape but also enhance the immunogenicity of

tumor cells (135). Its biological effects are significantly influenced by

concentration, time and microenvironment. Therefore, itaconate

has the potential to become an important target for tumor
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immunometabolic therapy and is worthy of further exploration in

future pharmacological research and clinical translation.

4.7 Disease-specific mechanism
comparison

Although the core molecular targets of itaconate are largely

conserved, its immunological outcomes differ substantially across

disease contexts. These differences reflect variations in

inflammatory duration, dominant immune cell populations,

metabolic states, and local microenvironmental conditions.

Among the diverse pathological settings discussed in this review,

sepsis, inflammatory bowel disease (IBD), and cancer represent

three representative scenarios that illustrate how the IRG1–

itaconate axis exerts distinct context-dependent functions (7, 117).

In sepsis, particularly during the acute phase of systemic

inflammation, itaconate primarily functions as a protective

negative-feedback regulator (95). Rapid induction of IRG1 in

activated macrophages leads to elevated intracellular itaconate

levels, which inhibit SDH activity, limit succinate-driven

mitochondrial ROS production, and attenuate HIF-1a–IL-1b
signaling (86, 117). In parallel, activation of the Keap1–Nrf2

pathway and TET2-dependent epigenetic restraint further restrict

excessive pro-inflammatory gene expression (11). In this setting, the

anti-inflammatory effects of itaconate are closely linked to the need

for timely control of cytokine overproduction and prevention of

tissue damage.

In inflammatory bowel disease, the role of itaconate is more

complex and strongly influenced by disease stage and tissue context.

On the one hand, itaconate-mediated regulation of macrophage

activation and the ATF3/IkBz axis contributes to limiting intestinal

inflammation and supporting epithelial barrier integrity (98, 117).

On the other hand, sustained SDH inhibition and succinate

accumulation can reshape the local metabolic environment and

influence gut microbial composition, potentially favoring

opportunistic pathogens over short-chain fatty acid–producing

commensals. Thus, in IBD, the net effect of itaconate signaling

reflects a balance between immune regulation and host–microbiota

interactions, with local metabolic conditions serving as

key determinants.

In cancer, particularly within the tumor microenvironment,

prolonged activation of the IRG1–itaconate axis often shifts toward

an immunosuppressive profile. Tumor-associated macrophages

exhibit sustained itaconate accumulation, which promotes chronic

inhibition of TET2, persistent Nrf2 activation, and suppression of

glycolytic metabolism (128). These changes favor polarization

toward an M2-like phenotype, impair antigen presentation, and

reduce cytotoxic T cell activity, thereby facilitating immune evasion.

In this context, metabolic pathways that limit inflammation during

acute immune responses may instead support tumor progression

when chronically engaged.

Taken together, these disease-specific comparisons highlight

that the biological effects of itaconate are neither uniformly

beneficial nor detrimental. Rather, they are determined by the

pathological context, including the duration of inflammatory

signaling, cel lular composit ion, metabol ic state , and
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microenvironmental cues. Recognizing this context dependency is

essential for understanding the dual roles of the IRG1–itaconate

axis and for guiding its potential therapeutic exploitation (117).

4.8 Translational challenges

Although i taconate has demonstra ted s ign ificant

immunomodulatory potential in preclinical studies, several key

challenges must be addressed before its clinical application. First,

the immunomodulatory effects of itaconate need to be precisely

targeted at specific cell types, especially tumor-associated

macrophages (TAMs) (130, 135). To ensure therapeutic efficacy

and minimize side effects, targeted delivery systems must be

developed and optimized to efficiently and accurately deliver the

drug to the intended cells. There is still much room for

improvement in existing delivery systems, requiring further

research and technological advancements. Secondly, itaconate

exhibits dual effects of anti-inflammatory and immune

suppression. A key challenge is how to control its dose and time-

dependent effects to ensure it remains within an effective range,

particularly as excessive doses could lead to over-suppression of the

immune system, triggering immune paralysis, especially in diseases

such as sepsis (5, 7). Therefore, determining the optimal therapeutic

window and precisely regulating the dosage and timing to avoid

adverse reactions remains a critical issue. Lastly, the long-term

safety of itaconate, especially in the treatment of chronic diseases,

remains unclear. Prolonged use could pose potential risks,

particularly concerning the immune system (127). Therefore,

before clinical application, comprehensive evaluations of its long-

term safety are required, alongside the development of effective

monitoring methods to ensure itaconate levels remain within a safe

and effective range.
5 Itaconate and immune cells

Itaconate, an important immunometabolic compound generated

by immune-responsive gene 1 (IRG1), which encodes aconitate

decarboxylase 1 (ACOD1) in the tricarboxylic acid (TCA) cycle,

not only participates in signal transduction and metabolic

reprogramming within tumor cells but also contributes to the

functional remodeling of various immune cells, including

macrophages, neutrophils, and dendritic cells (7, 62, 98).

Macrophages serve as the primary source of the itaconate

(Figure 1). In macrophages, IRG1 is significantly upregulated

under inflammatory stimulation, promoting itaconate

accumulation. This acid inhibits M1 proinflammatory responses in

macrophages, induces a shift toward the M2 phenotype, and reduces

plaque inflammation in disease models such as atherosclerosis (62).

Within the immune microenvironment, high levels of itaconate in

macrophages drive Eomes-associated epigenetic programs that

induce CD8+ T cell exhaustion, upregulate inhibitory receptors

such as PD-1, TIM-3 and promote tumor progression in

hepatocellular carcinoma and other cancers (53). In neutrophils,

studies indicate that Mycoplasma pneumoniae infection induces

IRG1 expression and itaconate production. This metabolite
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impairs neutrophil bactericidal activity by inhibiting SDH activity

and reducing mitochondrial ROS production, thereby facilitating

bacterial survival and tissue injury (137). Neutrophil-derived

extracellular vesicles (NDEVs) enriched in miR-27a-3p inhibit the

expression of Suclg1, a mitochondrial enzyme involved in itaconate

catabolism, thereby reducing its degradation and promoting

itaconate accumulation within macrophages, further reshaping

their inflammatory phenotype (138). In dendritic cells, pathogen-

or tumor-associated stimuli drive itaconate production. On one

hand, during Plasmodium falciparum infection, it enhances

mtDNA-mediated PD-L1 expression to suppress maturation of

monocyte-derived DCs and T cell responses (139). while in tumor

models and mRNA cancer vaccines, itaconate derived from lymph

node or tumor-resident macrophages similarly impairs antigen

presentation and cross-sensitization capabilities of DCs, reducing

specific CD8+ T cell activation and diminishing the therapeutic

effects of anti-PD-1 and mRNA vaccines (140, 141). Collectively,

itaconate is no longer viewed solely as a macrophage metabolic

marker but rather as a pivotal metabolic hub linking metabolic

reprogramming to functional remodeling across diverse immune

cells. It establishes a critical “metabolism-inflammation-effect”

pathway that bridges innate and adaptive immunity, offering novel

insights for understanding its double-edged role in inflammation

and tumors from a cellular lineage perspective. However, the clinical

application of itaconate faces several challenges, including the

optimization of targeted delivery systems, precise dose regulation,

and long-term safety evaluation. These issues require further

research and technological advancements to be effectively addressed.
6 Conclusion

As an endogenous metabolite originating from the tricarboxylic

acid cycle, itaconate has garnered significant attention in recent

years due to its multifaceted roles in immunomodulation, metabolic

reprogramming, and inflammation control. Based on its broad anti-

inflammatory mechanisms and the therapeutic effects

demonstrated by exogenous itaconate and its derivatives in vivo,

itaconate holds promise as an alternative therapeutic strategy for

immune-inflammatory diseases. At appropriate doses, itaconate

demonstrates significant anti-inflammatory effects; however,

excessive accumulation may lead to immunosuppression or

immune paralysis. the dual effects of itaconate suggest that its role

in different diseases is influenced by factors such as dose, timing,

and delivery method, making precise dosing and targeted regulation

particularly important Therefore, its effects in different diseases are

context-dependent, suggesting that translational applications

require careful balancing between anti-inflammatory benefits and

anti-infective/anti-tumor capabilities. Numerous questions remain

regarding itaconate, including the existence of specific receptors and

extracellular transport mechanisms, the precise effects of different

cystine adducts on protein function, and the definition of the

efficacy and safety window based on dose-timing-delivery.

Overall, whether by enhancing the endogenous IRG1–itaconate

axis or developing more controllable, selective derivatives,

itaconate holds promise as a strategic molecule bridging
frontiersin.org

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2026.1767601
metabolic reprogramming and immune regulation. Future

translational research should focus on targeted delivery systems,

derivative optimization, and enhancing the selectivity and control

of itaconate, advancing its therapeutic application in inflammatory

diseases and certain infectious diseases.
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21. Martıńez-Reyes I, Chandel NS. Mitochondrial TCA cycle metabolites control
physiology and disease. Nat Commun. (2020) 11:102. doi: 10.1038/s41467-019-
13668-3
frontiersin.org

https://doi.org/10.1084/jem.20180118
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1186/s11658-023-00503-3
https://doi.org/10.3389/fimmu.2022.937247
https://doi.org/10.3389/fimmu.2022.937247
https://doi.org/10.1172/JCI148548
https://doi.org/10.1021/pr101054m
https://doi.org/10.1021/ja2070889
https://doi.org/10.1186/s11658-019-0164-y
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/s44324-024-00008-3
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1016/j.cmet.2018.09.003
https://doi.org/10.1016/j.gendis.2022.05.039
https://doi.org/10.1016/j.gendis.2022.05.039
https://doi.org/10.1016/j.bioteChadv.2012.03.006
https://doi.org/10.1016/j.cmet.2016.08.013
https://doi.org/10.1002/cbic.202000196
https://doi.org/10.1038/s41467-019-13078-5
https://doi.org/10.3389/fimmu.2019.02322
https://doi.org/10.1074/jbc.M115.685792
https://doi.org/10.1074/jbc.M115.685792
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1038/s41467-019-13668-3
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2026.1767601
22. Bauernfeind F, Ablasser A, Bartok E, Kim S, Schmid-Burgk J, Cavlar T, et al.
Inflammasomes: current understanding and open questions. Cell Mol Life Sci. (2011)
68:765–83. doi: 10.1007/s00018-010-0567-4

23. Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE,
Loginicheva E, et al. Itaconate links inhibition of succinate dehydrogenase with
macrophage metabolic remodeling and regulation of inflammation. Cell Metab.
(2016) 24:158–66. doi: 10.1016/j.cmet.2016.06.004

24. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF,
Goel G, et al. Succinate is an inflammatory signal that induces IL-1b through HIF-1a.
Nature. (2013) 496:238–42. doi: 10.1038/nature11986

25. Dai M, Bu S, Miao Z. Succinate metabolism: underlying biological mechanisms and
emerging therapeutic targets in inflammatory bowel disease. Front Immunol. (2025)
16:1630310. doi: 10.3389/fimmu.2025.1630310

26. Fernández-Veledo S, Vendrell J. Gut microbiota-derived succinate: friend or foe in
human metabolic diseases? Rev Endocr Metab Disord. (2019) 20:439–47. doi: 10.1007/
s11154-019-09513-z

27. Kokkinias K, Sabag-Daigle A, Kim Y, Leleiwi I, Shaffer M, Kevorkian R, et al. Time-
resolved multi-omics reveals diverse metabolic strategies of salmonella during diet-
induced inflammation. mSphere. (2024) 9:e00534–24. doi: 10.1128/msphere.00534-24

28. Zhang S, Morgan X, Dogan B, Martin F-P, Strickler S, Oka A, et al. Mucosal
metabolites fuel the growth and virulence of E. Coli linked to crohn’s disease. JCI
Insight. (2022) 7:e157013. doi: 10.1172/jci.insight.157013

29. Spiga L, Winter MG, Furtado De Carvalho T, Zhu W, Hughes ER, Gillis CC, et al.
An oxidative central metabolism enables salmonella to utilize microbiota-derived
succinate. Cell Host Microbe. (2017) 22:291–301.e6. doi: 10.1016/j.chom.2017.07.018

30. Connors J, Dawe N, Van Limbergen J. The role of succinate in the regulation of
intestinal inflammation. Nutrients. (2018) 11:25. doi: 10.3390/nu11010025

31. Abed DA, Goldstein M, Albanyan H, Jin H, Hu L. Discovery of direct inhibitors of
keap1–nrf2 protein–protein interaction as potential therapeutic and preventive agents.
Acta Pharm Sin B. (2015) 5:285–99. doi: 10.1016/j.apsb.2015.05.008

32. Liu S, Pi J, Zhang Q. Signal amplification in the KEAP1-NRF2-ARE antioxidant
response pathway. Redox Biol. (2022) 54:102389. doi: 10.1016/j.redox.2022.102389

33. Bambouskova M, Gorvel L, Lampropoulou V, Sergushichev A, Loginicheva E,
Johnson K, et al. Electrophilic properties of itaconate and derivatives regulate the IkBz–
ATF3 inflammatory axis. Nature. (2018) 556:501–4. doi: 10.1038/s41586-018-0052-z

34. Baird L, Yamamoto M. The molecular mechanisms regulating the KEAP1-NRF2
pathway. Mol Cell Biol. (2020) 40:e00099–20. doi: 10.1128/MCB.00099-20

35. Pålsson-McDermott EM, O’Neill LAJ. Gang of 3: how the krebs cycle-linked
metabolites itaconate succinate and fumarate regulate macrophages and inflammation.
Cell Metab. (2025) 37:1049–59. doi: 10.1016/j.cmet.2025.03.004

36. Otsuki A, Yamamoto M. Cis-element architecture of nrf2–sMaf heterodimer
binding sites and its relation to diseases. Arch Pharmacal Res. (2020) 43:275–85.
doi: 10.1007/s12272-019-01193-2

37. Kimura M, Yamamoto T, Zhang J, Itoh K, Kyo M, Kamiya T, et al. Molecular basis
distinguishing the DNA binding profile of nrf2-maf heterodimer from that of maf
homodimer. J Biol Chem. (2007) 282:33681–90. doi: 10.1074/jbc.M706863200

38. Hirotsu Y, Katsuoka F, Funayama R, Nagashima T, Nishida Y, Nakayama K, et al.
Nrf2–mafG heterodimers contribute globally to antioxidant and metabolic networks.
Nucleic Acids Res. (2012) 40:10228–39. doi: 10.1093/nar/gks827

39. Dinkova-Kostova AT, Kostov RV, Canning P. Keap1 the cysteine-based
mammalian intracellular sensor for electrophiles and oxidants. Arch Biochem
Biophysics. (2017) 617:84–93. doi: 10.1016/j.abb.2016.08.005

40. Eggler AL, Liu G, Pezzuto JM, van Breemen RB, Mesecar AD. Modifying specific
cysteines of the electrophile-sensing human keap1 protein is insufficient to disrupt
binding to the nrf2 domain neH2. Proc Natl Acad Sci. (2005) 102:10070–5.
doi: 10.1073/pnas.0502402102

41. Rachakonda G, Xiong Y, Sekhar KR, Stamer SL, Liebler DC, Freeman ML.
Covalent modification at cys151 dissociates the electrophile sensor keap1 from the
ubiquitin ligase CUL3. Chem Res Toxicol. (2008) 21:705–10. doi: 10.1021/tx700302s

42. Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, et al.
Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory
cytokine transcription. Nat Commun. (2016) 7:11624. doi: 10.1038/ncomms11624

43. Vomund S, Schäfer A, Parnham M, Brüne B, Von Knethen A. Nrf2 the master
regulator of anti-oxidative responses. IJMS. (2017) 18:2772. doi: 10.3390/ijms18122772

44. Saha S, Buttari B, Panieri E, Profumo E, Saso L. An overview of nrf2 signaling
pathway and its role in inflammation. Molecules. (2020) 25:5474. doi: 10.3390/
molecules25225474

45. Ngo V, Duennwald ML. Nrf2 and oxidative stress: A general overview of
mechanisms and implications in human disease. Antioxidants. (2022) 11:2345.
doi: 10.3390/antiox11122345

46. Shen S, Li J, Wei Z, Liu Y, Kang L, Gu R, et al. Immune-response gene 1 deficiency
aggravates inflammation-triggered cardiac dysfunction by inducing M1 macrophage
polarization and aggravating ly6Chigh monocyte recruitment. Biol Direct. (2024) 19:86.
doi: 10.1186/s13062-024-00521-x
Frontiers in Immunology 15
47. Zhang T, Li K, Qiu J, Zhang L, Wang X, Zhang Q, et al. Irg1/itaconate activates
nrf2/HO-1 pathway and mitigates septic liver injury in mice. Eur J Inflammation.
(2024) 22:1721727X241241360. doi: 10.1177/1721727X241241360

48. Song J, Zhang Y, Frieler RA, Andren A, Wood S, Tyrrell DJ, et al. Itaconate
suppresses atherosclerosis by activating a nrf2-dependent antiinflammatory response
in macrophages in mice. J Clin Invest. (2024) 134:e173034. doi: 10.1172/JCI173034

49. Zheng Y, Chen Z, She C, Lin Y, Hong Y, Shi L, et al. Four-octyl itaconate activates
nrf2 cascade to protect osteoblasts from hydrogen peroxide-induced oxidative injury.
Cell Death Dis. (2020) 11:772. doi: 10.1038/s41419-020-02987-9

50. Yu C, Xiao J-H. The keap1-nrf2 system: A mediator between oxidative stress and
aging. Oxid Med Cell Longevity. (2021) 2021:6635460. doi: 10.1155/2021/6635460

51. Muri J, Wolleb H, Broz P, Carreira EM, Kopf M. Electrophilic Nrf2 Activators and
Itaconate Inhibit Inflammation at Low Dose and Promote IL-1b Production and
Inflammatory Apoptosis at High Dose. Redox Biol. (2020) 36:101647. doi: 10.1016/
j.redox.2020.101647

52. Yang X, Liang B, Zhang L, Zhang M, Ma M, Qing L, et al. Ursolic acid inhibits the
proliferation of triple−negative breast cancer stem−like cells through NRF2−mediated
ferroptosis. Oncol Rep. (2024) 52:94. doi: 10.3892/or.2024.8753

53. Gu X, Wei H, Suo C, Shen S, Zhu C, Chen L, et al. Itaconate promotes
hepatocellular carcinoma progression by epigenetic induction of CD8+ T-cell
exhaustion. Nat Commun. (2023) 14:8154. doi: 10.1038/s41467-023-43988-4

54. Fu Y, Liu T, He S, Zhang Y, Tan Y, Bai Y, et al. Ursolic acid reduces oxidative stress
injury to ameliorate experimental autoimmune myocarditis by activating nrf2/HO-1
signaling pathway. Front Pharmacol . (2023) 14:1189372. doi: 10.3389/
fphar.2023.1189372

55. Tang C, Wang X, Xie Y, Cai X, Yu N, Hu Y, et al. 4-octyl itaconate activates nrf2
signaling to inhibit pro-inflammatory cytokine production in peripheral blood
mononuclear cells of systemic lupus erythematosus patients. Cell Physiol biochem:
Int J Exp Cell Physiol Biochem Pharmacol. (2018) 51:979–90. doi: 10.1159/000495400

56. Salman S, Paulet V, Hardonnière K, Kerdine-Römer S. The role of NRF2
transcription factor in inflammatory skin diseases. BioFactors. (2025) 51:e70013.
doi: 10.1002/biof.70013

57. Qin J-J, Cheng X-D, Zhang J, Zhang W-D. Dual roles and therapeutic potential of
keap1-nrf2 pathway in pancreatic cancer: A systematic review. Cell Commun Signal.
(2019) 17:121. doi: 10.1186/s12964-019-0435-2

58. Hai T, Hartman MG. The molecular biology and nomenclature of the activating
transcription factor/cAMP responsive element binding family of transcription factors:
activating transcription factor proteins and homeostasis. Gene. (2001) 273:1–11.
doi: 10.1016/S0378-1119(01)00551-0

59. Kim EY, Shin HY, Kim JY, Kim DG, Choi YM, Kwon HK, et al. ATF3 plays a key
role in Kdo2-lipid A-induced TLR4-dependent gene expression via NF-kB activation.
PloS One. (2010) 5:e14181. doi: 10.1371/journal.pone.0014181

60. Dempsey LA. Immunoregulatory itaconate. Nat Immunol. (2018) 19:511–1.
doi: 10.1038/s41590-018-0123-1

61. Zhao M, Cui Y, Wang F, Wu F, Li C, Liu S, et al. Ursolic acid regulates immune
balance modulates gut microbial metabolism and improves liver health in mice. IJMS.
(2024) 25:10623. doi: 10.3390/ijms251910623

62. Kong X, Xu L, Mou Z, LyuW, Shan K, Wang L, et al. The anti-inflammatory effects
of itaconate and its derivatives in neurological disorders. Cytokine Growth Factor Rev.
(2024) 78:37–49. doi: 10.1016/j.cytogfr.2024.07.001

63. Michaels M, Madsen KL. Immunometabolism and microbial metabolites at the gut
barrier: lessons for therapeutic intervention in inflammatory bowel disease. Mucosal
Immunol. (2023) 16:72–85. doi: 10.1016/j.mucimm.2022.11.001

64. Kang M, Tang D, Huang W, Zhou M, Ma Q, Lan Y, et al. Emerging role of
itaconate in inflammatory bowel disease: from multitarget immunometabolic
mechanisms to therapeutic translation. Int Immunopharmacol. (2025) 166:115632.
doi: 10.1016/j.intimp.2025.115632

65. Zhang X, Zhang Y, Wang C, Wang X. TET (Ten-eleven translocation) family
proteins: structure biological functions and applications. Signal Transduction Targeted
Ther. (2023) 8:297. doi: 10.1038/s41392-023-01537-x

66. Zhang Q, Zhao K, Shen Q, Han Y, Gu Y, Li X, et al. Tet2 is required to resolve
inflammation by recruiting hdac2 to specifically repress IL-6. Nature. (2015) 525:389–
93. doi: 10.1038/nature15252
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