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Abstract. Itaconate (ITA) is a metabolite produced by
immune cells such as macrophages during inflammation or
infection. ITA exhibits potent immunomodulatory functions,
antioxidant effects and antibacterial properties. The present
study aimed to provide a systematic review of the synthesis
and metabolic regulatory mechanisms of ITA and its key roles
in intestinal diseases. ITA affects inflammatory bowel disease
(IBD), colorectal cancer (CRC), intestinal infection and
other gut disorders via the regulation of signalling pathways,
including the nucleotide-binding oligomerization domain-like
receptor protein 3 inflammasome, NF-kB and Nrf2 pathways.
ITA also modulates the composition of the gut microbiota and
enhances intestinal barrier function. The present study also
aimed to summarize the therapeutic potential of ITA deriva-
tives, providing a theoretical basis for the development of novel
treatment strategies for intestinal disease.
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1. Introduction

Intestinal diseases are common clinical conditions with
persistently high incidence and mortality rates, making them
global health issues (1,2). Intestinal diseases, such as inflam-
matory bowel disease (IBD), colorectal cancer (CRC) and
intestinal inflammation, affect the small and large intestine
and rectum (3). The pathogenesis of these diseases is complex
and involves multiple factors, such as immune dysregulation,
oxidative stress and gut microbiota dysbiosis (4). Intestinal
diseases not only impact patient quality of life but also impose
a socioeconomic burden on healthcare systems (5). In recent
years, treatment for intestinal diseases has relied primarily
on anti-inflammatory drugs (5-aminosalicylic acid and
glucocorticoids) (6), immunosuppressants (azathioprine and
biological agents) (7) and surgical interventions (8). However,
certain patients face challenges such as inadequate efficacy,
drug resistance or adverse effects (6-8). Further elucidation of
the mechanisms underlying disease onset and progression is
needed to identify novel therapeutic targets.

Itaconate (ITA) is a metabolite synthesized by immune
cells such as macrophages under inflammatory or infec-
tious conditions. It is catalysed by cis-dihydroconiferyl acid
decarboxylase (CAD), which is encoded by immune response
gene 1 (IRG1) (9,10). A derivative of the tricarboxylic acid
(TCA) cycle, ITA was initially discovered for its antibacterial
properties (11). Subsequent research revealed its involvement
not only in energy metabolism but also in immune regula-
tion and oxidative stress modulation (11-14). ITA exerts its
effects by covalently modifying proteins, such as Kelch-like
ECH-associated protein 1 (Keapl) and GAPDH, regulating the
antioxidant pathway of Nrf2, inhibiting the activation of nucle-
otide-binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasomes and influencing immune cell func-
tion (14,15). As the largest immune and microbial ecosystem
in the human body, gastrointestinal homeostasis is associated
with metabolic regulation (16). Increasing evidence suggests
that ITA may serve a pivotal role in the onset or progression of
various intestinal diseases, including IBD, CRC and intestinal
inflammation, by modulating immune responses, maintaining
intestinal barrier function and influencing microbial composi-
tion (17-19). Therefore, elucidating the mechanisms of ITA in
intestinal diseases may provide key insights for the develop-
ment of novel metabolic immunotherapies. The present review
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summarizes the biosynthesis, regulatory mechanisms and
potential roles of ITA in several intestinal disorders while
exploring the feasibility of targeting ITA and its derivatives as
novel therapeutic agents.

2. Discovery and molecular structure of ITA

ITA was first discovered by Samuel Baup during his research
on the thermal decomposition of citric acid (20). Subsequently,
Kinoshita (21) identified a strain of Aspergillus terreus that
is capable of producing and secreting ITA in large quantities.
The biosynthetic method used by the fungus, in which glucose
is fermented to generate ITA, is the primary approach for
industrial production (22). ITA is present in the lungs of mice
infected with Mycobacterium tuberculosis (23). ITA is formed
during the TCA cycle as a mammalian metabolic byproduct
and is produced in large quantities in lipopolysaccharide
(LPS)-activated macrophages (9). This implies that ITA serves
a crucial role in macrophage immunity.

The molecular structure of ITA is distinct. Its chemical
formula is CsHyO, and it features a polymerizable double bond
and two carboxyl groups. These carboxyl groups confer the
properties of a dicarboxylic acid, enabling it to undergo typical
carboxylic acid reactions, such as neutralization, esterifica-
tion and salt formation (24). The direct linkage between the
double bond and one carboxyl group results in the formation
of a highly reactive a,f3-unsaturated carbonyl compound. This
linkage allows ITA to serve as an acid in reactions and a vinyl
monomer for polymerization, and participate in reactions such
as Michael addition (25). ITA is widely used in the synthesis of
resin, plastic and chemical intermediates (24,25). Owing to its
chemical structure, ITA has poor cell permeability, potentially
limiting the transport of exogenous ITA into the cytoplasm (26).
The mechanism underlying the transmembrane transport of
ITA remains unclear, limiting direct studies on its function.
Researchers have therefore developed membrane-permeable
derivatives such as 4-octyl ITA (40I) (12) and dimethyl ITA
(DI (27), which serve as key research tools for exploring the
functions and mechanisms of action of ITA (12,27).

3. Synthesis and metabolism of ITA

ITA is synthesized in both mammals and microorgan-
isms (12,22) (Fig. 1). In mammals, ITA biosynthesis is
associated with citrate metabolism within the TCA cycle (9).
In the classical TCA cycle, citrate is converted to cis-aconitate
by aconitase, which is metabolised to cis-aconitate and enters
oxidative pathways (28). However, when macrophages are
stimulated by LPS or proinflammatory cytokines, such as
IFN-y or tumour necrosis factor-a (TNF-a) (29,30), a portion
of cis-aconitate enters the ITA synthesis pathway (31). ITA
synthesis consumes substantial amounts of cis-aconitate,
disrupting the TCA cycle and inhibiting the mitochondrial
respiratory chain function. This promotes increased glyco-
lytic metabolism, a phenomenon termed ‘immune metabolic
reprogramming’ (32). The key regulator of this metabolic
reprogramming is IRG1 and its encoded CAD (11). IRG1
resides within mitochondria and is expressed at low levels
in resting macrophages, however, its expression significantly
increases upon inflammatory signal activation (33-35). IRG1

catalyses the decarboxylation of cis-aconitate, generating ITA
and releasing CO, (36). This reaction relies on Fe?* as a cofactor
and may be influenced by the intracellular redox status (37).
Furthermore, ITA synthesis is associated with macrophage
polarisation. Under external stimulation, proinflammatory
macrophages (M1 type) highly express IRG1 and produce
substantial amounts of ITA, whereas anti-inflammatory/repar-
ative macrophages (M2 type) synthesise negligible amounts of
ITA (38). This selective expression pattern suggests that ITA
may serve a crucial role in regulating inflammatory responses.

As a key regulator of ITA synthesis, IRG1 expression is
modulated by multiple signalling pathways. LPS activates
NF-«B signalling via toll-like receptor 4, directly inducing
IRG1 transcription and promoting ITA production (35).
Hypoxia-inducible factor-lo. (HIF-1a) also increases IRG1
expression, further stimulating ITA generation (39). Type 1
IFN suppresses IRGI1 expression via IL-10, reducing ITA
synthesis in macrophages (40). Absolute or relative deficiency
of microRNA-93 in hypoxic, serum-starved macrophages leads
toincreased IFN regulatory factor 9-IRGI expression, resulting
in elevated ITA production (41). Additionally, the neurogenic
locus notch homologue 4 (NOTCH4)/GATA binding protein
(GATA)/IRGI, scavenger receptor A1/STAT3/IRGI1 and lyso-
somal biogenesis factor transcription factor EB (TFEB)/IRGI
pathways (42-44) also regulate ITA synthesis.

In addition to mammals, certain pathogens (Aspergillus
fumigatus) and engineered microorganisms also synthesise
ITA, although their synthesis pathways differ from those in
mammalian cells (21,45). Studies indicate that fungi directly
convert cis-aconitate via homologous CAD enzymes, whereas
certain bacteria utilise the isocitrate lyase (ICL) pathway to
indirectly generate ITA (46,47).

ITA accumulates at relatively high levels within cells but is
present in plasma at micromolar concentrations (48). Research
has indicated that ITA is primarily excreted via the kidney
but is also taken up and metabolised by tissues such as the
liver (49). ITA is a metabolite that is produced when energy
generation bypasses the TCA cycle (31). ITA is first catalysed
by succinyl-CoA synthase to form itaconyl-CoA. Itaconyl-CoA
undergoes hydration catalysed by methyl-5-enyl-2-pyruvate
hydratase to form (S)-citryl-CoA. (S)-citryl-CoA is cleaved
by citraldehyde decarboxylase to yield acetyl-CoA and
pyruvate (50,51). Additionally, ITA is secreted into the
extracellular microenvironment via specific carboxylate trans-
porters (members of the solute carrier 13 family) following
synthesis (52).

4. Role of ITA

Immunoregulatory function of ITA.ITA has been demonstrated
to act as an immunoregulator in macrophages (53). After ITA
is activated by IRGI, which is located in the mitochondrial
matrix of macrophages, it traverses the inner mitochondrial
membrane to affect cytoplasmic Nrf2 (14). Nrf2 is a transcrip-
tion factor whose N-terminal domain binds Keapl, leading to
Nrf2 degradation via the proteasome and suppression of its
activity (54). ITA directly alkylates the cysteine residues of
the Keapl protein, preventing the Keap1-Nrf2 interaction. This
facilitates Nrf2 translocation into the nucleus, where it activates
the transcription of genes associated with anti-inflammatory



d 2| SPANDIDOS
ABJ PUBLICATIONS

i "/:/'; e ijt::’:'\i\\'\;‘”\\\
%—— (S)-Citryl-CoA(—\ SN

Itaconyl-CoA

Acetyl-CoA
Citrate

on  cm

Fumarate L CA Cis-aconita

\ cycle
Succina{

, miRe3

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 57: 144, 2026 3

on  cm2

SLC13 )\J\f

on

ITA
)\)Lfo ; / TLR4

\ LPS

i
69— NDIRMIDIDIN

_4
STATS
o S“'A\
( \,y/@
Nucleus Cytoplasm

Figure 1. Synthesis and metabolism of ITA. ITA biosynthesis occurs via the decarboxylation of citrate in the TCA cycle and is subject to multi-level regula-
tion. Following its production within the mitochondria, ITA is shuttled to the extracellular space by specific membrane transporters to exert its effects. ITA,
itaconate; STING, stimulator of interferon genes; TFEB, transcription factor EB; miR, microRNA; IRF9, interferon regulatory factor 9; HIF-1a, hypoxia
inducible factor-1a; Notch4, neurogenic locus notch homolog 4; LPS, lipopolysaccharide; TLR4, toll-like receptor 4; SR-A1, scavenger receptor Al; TCA,

tricarboxylic acid; SLC, solute carrier family.

and antioxidant responses and promotes the expression of
multiple antioxidant and anti-inflammatory proteins, including
heme oxygenase-1 (HO-1), NAD (P) H:quinone oxido-
reductase 1 and cyclooxygenase-2 (14), thereby exerting
anti-inflammatory and antioxidant effects.

The activation of immune cells and production of inflam-
matory mediators depend on the reprogramming of energy
metabolism, particularly the shift towards glycolysis (55).
ITA serves as an allosteric inhibitor of pyruvate kinase M2
(PKM2), a key glycolytic enzyme (56). By inhibiting PKM2,
ITA suppresses glycolysis (56,57), decreasing the energy and
biomolecular substrates that are required for macrophage
activation. This limits their ability to produce proinflamma-
tory factors (TNF-a, IL-1pB, and IL-6) (58,59). Furthermore,
the low-activity dimeric form of PKM?2 enters the nucleus and
serves as a transcriptional coactivator to increase the expres-
sions of genes such as IL-1p (60). ITA indirectly inhibits this
process by suppressing PKM?2.

ITA influences the mitochondrial respiratory chain func-
tion by inhibiting succinate dehydrogenase (SDH), thereby
decreasing the production of proinflammatory factors such
as IL-1p and IL-6 (61,62). Further research has indicated that
ITA, by inhibiting SDH activity, attenuates HIF-1o/NLRP3
signalling, promoting macrophage polarisation from the M1
to the M2 phenotype, thereby alleviating inflammation (63).
ITA inhibits NLRP3 inflammasome activation, reducing the
maturation and release of the proinflammatory factors IL-1p

and IL-18 (15). ITA also inhibits JAK1 activity, decreasing
the signalling of cytokines such as IFN-y (38). ITA alkylates
the transcription coactivator IkBC, suppressing its transcrip-
tional activity and inhibiting the expressions of genes such as
IL-6 (64). In summary, ITA simultaneously targets multiple
key inflammatory signalling nodes, including IxBC, JAKI
and NLRP3, thereby suppressing the expression and func-
tions of several proinflammatory cytokines. This provides
the molecular basis for its potent anti-inflammatory activity.
In macrophages, low doses (0-120 pM) of 4-OI suppress
inflammation, whereas high doses (480 M) promote inflam-
mation (65), demonstrating the dual regulation of inflammation
by ITA.

ITA disrupts mitochondrial function in dendritic cells,
inducing the release of mitochondrial DNA into the cytoplasm.
This activates the stimulator of IFN genes (STING)/IFN regula-
tory factor 3/7 signalling pathway, promoting the upregulation
of programmed death receptor-ligand 1 and other immune
checkpoint molecules, thereby suppressing CD8* T cell acti-
vation and function. This ultimately weakens the immune
response to eliminate pathogens (66). ITA also inhibits the
formation of neutrophil extracellular traps (NETs) (67).
Excessive NET formation damages self-tissue and is associ-
ated with multiple types of autoimmune disease, such as
systemic lupus erythematosus and rheumatoid arthritis (68).
These findings suggest that ITA may be involved in autoim-
mune disorder. T helper (Th) 1 and Th17 cells are key drivers
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of autoimmunity (69). ITA suppresses Thl and Th17 cell
differentiation (70) while potentially promoting regulatory
T cell production, thereby enhancing immune tolerance (57).

Antimicrobial activity of ITA. ITA has been demonstrated
to inhibit proliferation of several bacterial species, including
M. tuberculosis, Pseudomonas indigofera, Salmonella enterica,
Yersinia pestis and Staphylococcus aureus (11,71-74). ICL is
an essential enzyme for bacteria during infection (75). Studies
indicate that ITA inhibits ICL activity by disrupting the
glycolate cycle, which is key for bacterial survival within host
cells (11,76). This leads to bacterial death because of insuf-
ficient energy and carbon sources (11,76). Beyond ICL, ITA
also inhibits fructose-1,6-bisphosphate aldolase A (ALDOA)
during glycolysis, impairing glycolytic flux and suppressing
bacterial growth (56). Additionally, ITA suppresses guanosine
monophosphate synthase B2 (GuaB2) enzyme activity in
the purine biosynthesis pathway, further inhibiting bacterial
growth (77).

In addition to directly inhibiting enzyme activities, ITA
accumulation depletes other key substances that are required
for bacterial growth. ITA is generated through the decar-
boxylation of cis-aconitic acid, a reaction that consumes the
metabolic intermediates pyruvate and acetyl-CoA (50,51).
Pyruvate and acetyl-CoA serve as cornerstones for
maintaining energy supply and recycling metabolites in
bacteria (78). Increased ITA synthesis competes with bacteria
for these key metabolic resources, further enhancing its
antibacterial effect. ITA disrupts key energy metabolism
pathways in S. aureus, including the TCA cycle, glycolysis,
pyruvate metabolism and arginine biosynthesis, by inducing
transcriptomic and metabolomic changes associated with
decreased energy metabolism, thereby slowing S. aureus
growth (79). As an organic acid, ITA exhibits bactericidal
activity when it is added at supraphysiological concentrations
to cultures of Streptococcus faecalis, M. tuberculosis and
Lactobacillus pneumophilus (11,62).

The autoinducer-2 (AI-2)/S-ribosylcysteine synthase
(LuxS) regulatory system governs multiple key bacterial
functions, including virulence expression, biofilm formation
and motility (80). ITA decreases bacterial pathogenicity by
inhibiting the AI-2/LuxS system and virulence-associated
gene expression (81,82). Notably, ITA also disrupts bacterial
membrane integrity and exacerbates oxidative damage, further
demonstrating its antibacterial effects (81). ITA depletes the
antioxidant glutathione (GSH) within bacteria; reduced GSH
levels impair bacterial resistance to host-generated reac-
tive oxygen species (ROS) attacks (83), increasing bacterial
susceptibility to oxidative stress damage. Lysosomes serve
as the primary organelles by which macrophages eliminate
invading bacteria (84). As a lysosome inducer, ITA enhances
the antimicrobial capacity of macrophages (85). Furthermore,
ITA impairs the cytotoxicity of Plasmodium parasites (66),
further demonstrating its antibacterial effects.

Antioxidant effects of ITA. Within the TCA cycle, SDH
catalyses the conversion of succinate to fumarate; subsequent
oxidation of succinate further promotes the production of
mitochondrial ROS in vivo (86). Like succinate, ITA competi-
tively inhibits mitochondrial SDH (87), thereby decreasing

ROS generation at its source. SDH inhibition induces succi-
nate accumulation and alters mitochondrial electron transport.
This metabolic reprogramming decreases mitochondrial ROS
production (85), resulting in antioxidant effects (87). ITA has
been demonstrated to activate the Keapl/Nrf2 pathway (14).
Nrf2 activation not only has anti-inflammatory effects but
also upregulates the expression of a series of antioxidant
genes (88), including HO-1, NADPH:oxidoreductase 1 and
v-glutamylcysteinyl ligase catalytic subunit (14). This
enhances the cell antioxidant capacity, thereby mitigating
oxidative stress-induced cell damage (Fig. 2). Additionally,
ITA alleviates perfluorooctanoic acid-induced oxidative stress
and intestinal injury by modulating the Keapl/Nrf2/HO-1
pathway and reshaping the gut microbiota (89). This provides
a potential mechanistic explanation for the protective effects
of ITA in gastrointestinal disease.

5. Role of ITA in intestinal disease

Role of ITA in IBD.1BD is a chronic, non-specific disorder that
is characterised by gastrointestinal inflammation, with Crohn's
disease and ulcerative colitis (UC) representing its primary
forms (90). Macrophages serve as key regulators of intestinal
immune homeostasis, and their dysregulated polarisation
constitutes a core mechanism in IBD pathogenesis (91). Within
the healthy intestine, the lamina propria harbours abundant
levels of M2 macrophages with anti-inflammatory and
tissue-repair functions. These cells maintain immune tolerance
by producing factors such as IL-10 and transforming growth
factor-p (TGF-f3; Table I) (92,93). However, during active IBD,
the gut becomes saturated with M1-polarised macrophages
that release tumour necrosis factor-a (TNF-a), IL-1p, IL-6 and
nitric oxide, directly causing tissue damage (94).

Baseline concentration of ITA in normal mouse colonic
tissue is ~0.15 ug/g, whereas in mice with diarrhoea-induced
colitis, modelled by 3% dextran sulfate sodium (DSS), the
ITA concentration in diseased colonic tissue range from
0.07 to 0.12 pg/g (95). When exogenous ITA (0.12 g/kg)
is administered in this model, it significantly ameliorates
pathological intestinal damage and decreases inflammatory
infiltration (96). Similar results are obtained in an in vitro
model using the murine macrophage RAW264.7 cells (96).
Notably, the administered dose (0.12 g/kg) at this experimental
concentration notably exceeds the endogenous ITA levels in
the model animals (~0.15 pg/g in normal and 0.07-0.12 pg/g
in UC model colon tissue) (95-97). Mechanistic analysis indi-
cates that this ITA dose remodels macrophage phenotypes,
inhibiting proinflammatory M1 polarisation while promoting
reparative M2 conversion (95). This decreases the release of
proinflammatory cytokines such as TNF-a and IL-6, thereby
alleviating colitis (95) (Fig. 3).

In UC induced by DSS, compared with wild-type mice,
IRG1™ mice exhibit more severe clinical symptoms (such as
weight loss, diarrhoea and bloody stool) and more pronounced
histological damage, as well as elevated levels of proinflamma-
tory cytokines in colonic tissue (96). Mechanistically, decreased
ITA due to IRGI1 deficiency activates the NF-xB/MAPK
signalling pathway and promotes GSDMD/GSDME-mediated
pyroptosis, thereby exacerbating colonic inflammation (17). By
contrast, the ITA derivative 4-OI has potent anti-inflammatory
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Figure 2. Multidimensional biological functions of ITA and its molecular mechanisms of action. ITA activates the Nrf2 pathway by alkylating Keapl, thereby
driving the expression of antioxidant genes. ITA suppresses inflammation by inhibiting PKM?2 and SDH to reprogramme metabolism, whilst also blocking
NLRP3 and NF-«kB. ITA exerts antimicrobial effects by inhibiting bacterial ICL, GuaB2, ALDOA and AI-2/LuxS. ITA, itaconate; ROS, reactive oxygen
species; HO-1, haem oxygenase-1; NQOI1, (NADPH): oxidoreductase 1; Keapl, kelch-like ECH-associated protein 1; ARE, anti-oxidative response element;
TNF-a, tumour necrosis factor-a; NLRP3 NOD-like receptor thermal protein domain-associated protein 3; PKM2, pyruvate kinase M2; SDH, succinate
dehydrogenase; ICL, isocitrate lyase; ALDOA, aldolase A; GSH, glutathione; AI-2/LuxS, autoinducer-2/S-ribosylcysteine synthase; GuaB2, guanosine mono-

phosphate synthase B2; TCA, tricarboxylic acid.

effects (12). In IRGI1-deficient mice, 4-OI (25 mg/kg/day,
intravenous injection for 7 days) effectively alleviates colitis
symptoms (96). Mechanistically, 4-OI mitigates inflammation
by increasing Nrf2 expression, suppressing ROS produc-
tion and inhibiting MAPK/NF-«B signalling in conjunction
with caspasel/GSDMD- and caspase3/GSDME-mediated
pyroptosis (17). Furthermore, 4-OI potentiates the thera-
peutic effects of mesalazine through mechanisms involving
the activation of the Keapl-Nrf2 pathway, upregulation of
antioxidant enzyme expression, alleviation of oxidative stress
and apoptosis and enhancement of intestinal barrier function
by increasing tight junction protein expression, ultimately
ameliorating UC (98). However, another study demonstrated
that oral administration of unmodified ITA to mice exacer-
bates DSS-induced UC symptoms and upregulates the mRNA
expression of proinflammatory factors, such as TNF-a,
IL-1f and IL-6, in macrophages (99). These findings reveal
the proinflammatory and disease-aggravating effects of ITA
in UC (98). This contrasts with the anti-inflammatory action
of 4-OI observed in the aforementioned study (12). Reports
indicate that ITA, which is highly hydrophilic and weakly
electrophilic, struggles to activate the KEAP1-NRF2 antioxi-
dant pathway, fails to suppress oxidative stress and results in
poor mucosal permeability (64,99). Under specific conditions
(such as prolonged pretreatment), it may enhance proinflam-
matory signalling (99). 4-OI, enhanced by its octyl side chain,
increases hydrophobicity and electrophilicity, facilitating

penetration of damaged mucosa while efficiently activating
antioxidant pathways (100). ITA is directly phagocytosed and
accumulated by macrophages, where it inhibits SDH intracel-
lularly, leading to succinate accumulation. This promotes
the expression of inflammatory mediators such as IL-1f3 by
stabilising HIF-1a (99,100). Conversely, 4-OlI targets mito-
chondrial metabolism and the NF-kB pathway for inhibition,
thereby downregulating proinflammatory factors (101,102).
Furthermore, ITA significantly enhances LPS-induced
IFN-f secretion by macrophages (100), whereas IFN-f exerts
proinflammatory effects in UC (103). Concurrently, oral ITA
exacerbates dysbiosis (104), intensifying intestinal inflam-
mation. Conversely, 4-OI remodels the microbiota structure
by promoting beneficial bacterial proliferation and inhibiting
proinflammatory metabolite production (98). Moreover, the
local pH environment has indirect effects. While inflamma-
tion-induced intestinal pH reduction does not impair ITA
uptake (100,105), it alters its ionisation state to increase the
metabolic activation of the microbiota (106). Conversely,
4-0I maintains stable activity across a broad range of pH
values (100). The diverse effects of ITA and its derivatives
on UC stem not only from chemical structural differences
between the parent compound and its derivatives but also
from the complex interplay between their intrinsic proper-
ties and the pathological microenvironment. This highlights
the complexity of their therapeutic application, necessitating
further experimental studies to elucidate these mechanisms.
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Table I. Effects of ITA and its derivatives on macrophage polarization.

Stimulus/
polarization Polarization and
context Intervention Dose and timing Model system mechanism (Refs.)
DSS-induced UC Exogenous Invivo, DSS-induced Inhibition of M1 99)
ITA 0.12 g/kg; UC mice polarisation and
in vitro, TET2/STAT1 and
200.00 uM; TET2/NF-«B
daily during signaling
Tumor Exogenous Invivo, CRC liver Promotion of M1 (113)
microenvironment 4-OI/STING/ 50.00 mg/kg, metastasis and inhibition of
(CRC liver IRGI1 pathway i.p. for 3 weeks; mice; BMDM- M2 polarisation;
metastasis) activation in vitro, tumor cell STING-IRG1-ITA
150.00 uM, 4 h co-culture axis activation
drives TFEB nuclear
translocation
NEC model IRG1 Not applicable NEC mice Promotion of M1 (129)
knockout polarisation and
glycolysis; inhibition
of OXPHOS
Exogenous 40.00 mg/kg/ Inhibition of M1
4-01 day i.p., polarisation and
3 consecutive glycolysis; promotion
days of OXPHOS
Pathogen Exogenous Invivo: ITA, Infected mice; Inhibition of M1 (18)
infection ITA 25.00 mg/kg, peritoneal polarisation and
(hvKP) i.p., twice daily; macrophages SYK activity
in vitro: through alkylation;
ITA: 2.50 mM, suppressed
2h inflammation
Exogenous In vivo: 4-0O1,
4-01 12.50 mg/kg,
i.p., twice daily;
in vitro: 4-0I,
250.00 uM, 2 h
IL-4/1L-13 Exogenous 250.00 uM 4-0I Mouse Inhibition of M2 (38)
4-01 pre-treatment for BMDMs polarisation and
2 h, followed by JAK1/STAT6
IL-4 (20.00 ng/ml) signaling
24 horlIL-13
(20.00 ng/ml) 24 h
LPS/IFN-B Exogenous 125.00 uM 4-0OI Mouse Inhibition of M1 (14,65,66)
4-01 pre-treatment for BMDMs polarisation; Keap1

3 h, followed by
LPS (100.00 ng/ml,
24 h) or IFN-p
(1,000.00 U/ml,

27 h)

alkylation activates
Nrf2 and suppresses
IxBC

ITA, itaconate; UC, ulcerative colitis; DSS, dextran sulfate sodium; NEC, necrotizing enterocolitis; Keap1, kelch-like ECH-associated protein 1;
SYK, spleen tyrosine kinase; 4-OI, 4-octyl itaconate; CRC, colorectal cancer; TFEB, transcription factor EB; DI, dimethyl itaconate; BMDM,
bone-marrow-derived macrophage; OXPHOS, oxidative phosphorylation; LPS, lipopolysaccharide; IRG1, immune-responsive gene 1; TET2
ten-eleven translocation 2; hvKP, highly virulent Klebsiella pneumoniae; i.p., intraperitoneal.
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Figure 3. Schematic of the dynamic role of ITA in the progression and repair of inflammatory bowel disease. Following stimulation by injurious factors such as
DSS or bacteria, the epithelial barrier integrity is disrupted, leading to the release of PAMPs/DAMPs and activation of the MAPK/NF-«B signaling pathway.
Activated macrophages upregulate IRG1 expression, which drives the production of ITA. Macrophages polarise toward the pro-inflammatory M1 phenotype
and release cytokines, including TNF-a, IL-1p, IL-6 and IL-18, thereby exacerbating tissue damage. Intraperitoneal administration of exogenous ITA promotes
the transition of macrophages from the M1 to the M2 phenotype, leading to IL-10 release and supporting tissue repair. Gastric lavage with unmodified
exogenous ITA sustains an M1-dominant macrophage response. This activates the ITA/SDH/HIF-o/IL-1p pathway, elevating IL-1f secretion. ITA stimulates
the release of TNF-a and IL-6, aggravating tissue injury, and may disrupt gut microbiota balance. Intraperitoneal injection of exogenous 4-OlI activates the
Nrf2 antioxidant pathway while inhibiting pro-inflammatory signals such as NF-xB. This reprograms macrophages toward the M2 phenotype and suppresses
pyroptosis. Following effective intervention with 4-OI derivatives, pro-inflammatory responses are suppressed and M2 macrophages become predominant.
Anti-inflammatory and reparative mechanisms are enhanced, characterized by increased expression of intestinal tight junction proteins. Epithelial barrier
function is restored, inflammation is alleviated and tissue homeostasis is reestablished. ITA, itaconate; PAMP, pathogen-associated molecular pattern; DAMP,
damage-associated molecular pattern; DSS, dextran sulphate sodium; NLRP3, NOD-like receptor thermal protein domain-associated protein 3; SDH, succi-
nate dehydrogenase; HIF-1a, hypoxia-inducible factor-1a; ROS, reactive oxygen species; HO-1, haem oxygenase-1; ZO-1, zonula occludens-1; SOD, superoxide

dismutase; 4-OlI, 4-octyl itaconate; TGF, transforming growth factor.

Role of ITA in CRC. CRC ranks as the third most common
cancer globally, with an estimated 1.9 million new cases and
935,000 deaths in 2020 (107). Despite an overall decline in
incidence, CRC mortality rates remain high, with a 5-year
survival rate <15% for metastatic disease (107-109). Increasing
evidence indicates that CRC is associated with chronic inflam-
mation, with inflammatory cytokines produced by cancer cells
or within the tumour microenvironment (TME) playing a
notable role in CRC progression (110,111). Attenuating inflam-
matory responses is an effective therapeutic strategy to prevent
CRC progression (112). Tumour-associated macrophages serve
as key mediators of inflammatory signalling within the TME
and serve a crucial role in CRC progression (111). OI acid ester,
a cell-permeable ITA derivative, undergoes esterase hydrolysis
in vivo to release ITA (14). An in vivo study demonstrated that
3 consecutive weeks of OI treatment in mice with CRC liver
metastases significantly decreases tumour burden in the liver
while markedly alleviating hepatic injury (113). Mechanistic
analysis has revealed that ITA inhibits TME polarisation
towards M2-phenotype macrophages, thereby suppressing
tumour progression (113). The aforementioned study revealed
that in coculture experiments, STING protein agonists inhibit
CRC cell migration and invasion via the IRGI/ITA pathway
in macrophages. Conversely, direct treatment of macrophages
with OI (regardless of IRG1 knockdown status) effectively
suppresses the migration and invasion of cocultured tumour
cells (113). Subsequent analysis demonstrated that STING
activation induces IRG1 upregulation, increases ITA expres-
sion and facilitates nuclear translocation of TFEB. This
stimulates lysosomal biosynthesis and enhances macrophage
invasiveness, thereby bolstering the pathogen clearance

capacity. Concurrently, it suppresses macrophage polarisation
towards the M2 phenotype while promoting M1 macrophage
polarisation, further inhibiting CRC migration and inva-
sion (113,114). Administration of DI to mice decreases the
risk of colitis-associated CRC (27). Mechanistic analysis has
revealed that DI suppresses the secretion of the cytokines IL-13
and CCL2 by intestinal epithelial cells, thereby decreasing
macrophage recruitment to the TME (27). The aforemen-
tioned studies indicate that ITA, as a key signalling mediator
in immunometabolic regulation, inhibits CRC metastasis by
reprogramming tumour-associated macrophage function and
enhancing the tumour-killing capacity. However, existing
studies have not explicitly reported the direct effects of altered
ITA levels on CRC (27,113). Previous research has positioned
it as a key signalling mediator in immunometabolic regulation,
indirectly influencing tumour progression through functions
such as macrophage reprogramming (113,114). Therefore,
elucidating the direct effects of ITA on CRC cells represents
an important future research direction.

Chemotherapy is a key therapeutic modality following
surgery for advanced CRC, with sensitivity to chemothera-
peutic agents serving as a primary determinant of treatment
efficacy (115). Nrf2 modulates multiple antioxidant and
detoxification pathways, thereby mitigating cell damage
induced by chemotherapeutic drugs (116). 4-OI is an Nrf2
activator (117). Huang er al (19) demonstrated that treating
HCT-116 and LOVO cells with 200 uM 4-OI in combina-
tion with oxaliplatin (30 M) or lobaplatin (16 pg/ml) for
48 h significantly attenuates the cytotoxic effects of these
chemotherapeutic agents, resulting in enhanced CRC cell
survival. Mechanistic analysis has revealed that under these
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Figure 4. Dual roles of ITA and its derivatives in CRC. (A) When combined with conventional chemotherapeutic agents such as oxaliplatin, 4-OI at concen-
trations =200 M activates the Nrf2 pathway, enhancing cell antioxidant and detoxification capacity. This leads to the clearance of chemotherapy-induced
ROS and suppresses apoptosis and ferroptosis, protecting tumour cells and reducing chemotherapy efficacy. (B) In combination with copper-death inducers
(elesclomol-Cu), 4-OI =200 pM targets the glycolytic enzyme GAPDH, triggering an energy supply crisis in tumour cells. This metabolic disruption sensitises
cells to copper-death, resulting in enhanced tumour-suppressive effects. (C) Immunomodulatory role in the tumour microenvironment. STING agonists can
upregulate endogenous ITA via IRG1. Both exogenous 4-OI and endogenous ITA promote TFEB nuclear translocation, which enhances lysosomal biogenesis
and function. ITA reprograms tumour-associated macrophages by inhibiting M2-type (pro-tumour) polarisation and promoting M1-type (anti-tumour) polari-
sation, thereby strengthening anti-tumour immunity and suppressing CRC cell migration and invasion. ITA, itaconate; 4-OI, 4-octyl itaconate; ROS, reactive
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conditions, 4-OlI effectively decreases chemotherapy-induced
ROS levels by activating the Nrf2 pathway, thereby inhibiting
apoptosis and ferroptosis and protecting tumour cells (19,116).
Yang et al (118) reported that treatment of HCT116 and LOVO
cells with 4-OI at 100, 200 or 300 #M alone does not affect
cell viability. However, when 200 or 300 xM 4-OI is combined
with copper death inducers such as elesclomol-Cu, cell death is
promoted. The higher the 4-OI concentration, the stronger the
sensitising effect on copper-induced death, with the 300 yM
4-0I + elesclomol-Cu group exhibiting significantly higher
cell death rate than the 200 M combination group. This effect
has been validated in vivo: In a nude mouse xenograft model,
the tumour suppression efficacy of the combined treatment
with elesclomol-Cu (10 mg/kg) and 4-OI (50 mg/kg) surpasses
that of elesclomol-Cu monotherapy; mechanistic analysis
has revealed that 4-OI targets and inhibits the expression of
GAPDH, a key enzyme in glycolysis, thereby blocking the
energy supply of tumour cells (19,118). This sensitises cells to
copper-based death inducers (such as elesclomol-Cu), directly
inducing metabolic crisis and ultimately inhibiting tumour
growth (118).

The aforementioned studies indicate that the effects
of 4-OI (protective and inhibitory) are dependent on its
microenvironment (Fig. 4). When 4-0I is co-administered
with chemotherapeutic agents (30 xM oxaliplatin/16 pg/ml
lobaplatin), the Nrf2-mediated cell protection mechanism is
predominant only at concentrations =200 yM and after 48 h
coculture (19). In the absence of chemotherapy intervention,
4-0I alone (100-300 M) has no significant tumour-suppres-
sive or proliferative effects (118). Its copper death-sensitising
effect, mediated by GAPDH inhibition, is pronounced only at
concentrations =200 M in combination with copper death

inducers such as elesclomol-Cu, with greater inhibition at
300 uM (118). In vivo, nude mouse xenograft model of CRC has
demonstrated that coadministration of 4-OI (50 mg/kg) with
elesclomol-Cu (10 mg/kg) effectively exerts tumour-suppres-
sive effects (118). These seemingly contradictory phenomena
collectively establish a framework of effect dominance: The
ultimate outcome of 4-OI depends on the presence or absence
of chemotherapeutic agents/causes of copper death. A distinct
concentration threshold (200 M) serves as the critical tran-
sition point from no discernible effect to either protective or
inhibitory effect, with the specific direction determined by the
type of co-administered drug (19,118).

Early-onset CRC (EOCRC) is defined as CRC diag-
nosed in individuals aged <50 years (119). Its pathogenesis
may be associated with abnormal activation of the ITA
pathway. High expressions of genes associated with the
NOTCH4/GATA4/IRGl signalling pathway are associated
with reduced overall survival in patients (120). ITA is a
metabolite with immunomodulatory functions and serves as
a key effector molecule within this pathway. Consequently,
targeting ITA or its signalling pathways may offer a unique
therapeutic strategy for developing novel immunotherapies for
patients with EOCRC. To the best of our knowledge, however,
no experimental studies have elucidated the mechanism of
action of ITA in EOCRC, necessitating further investigation.

Role of ITA in necrotising enterocolitis (NEC). NEC is
the most lethal gastrointestinal disorder among preterm
infants (121,122), affecting 5-10% of very low birth weight
infants with a mortality rate of 20-30% among those requiring
surgical intervention (123,124). Despite decades of progress in
neonatal intensive care that have improved outcomes for other
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complications, NEC incidence has remained high: Globally,
7 out of every 100 ELBW infants admitted to neonatal units
develop the disease (122,125). The pathogenesis of NEC
remains unclear, and treatment encompasses bowel rest, anti-
biotics, supportive care and surgical intervention (126,127).
Consequently, there is need to identify novel therapeutic
approaches for NEC. Research has revealed an immune system
association, with dysregulated inflammation serving a key
role in NEC onset and progression (128). Huangfu ez al (129)
revealed elevated IRGI1 expression in the intestinal tissue of
both patients with NEC and mice relative to normal controls.
Metabolite analysis has revealed significantly lower ITA
levels (~11 ng/ml) in the peripheral blood of patients with
NEC compared with healthy controls (~18 ng/ml), with ITA
levels negatively associated with NEC severity. Further
investigations have revealed that in NEC models, compared
with control mice, IRG1 knockout mice exhibit more severe
intestinal epithelial damage, higher mortality rate, elevated
proinflammatory cytokine levels (IL-6, IL-1p and TNF-a)
and increased ROS levels (129,130). Intraperitoneal injection
of 4-0OI (40 mg/kg/day for 3 consecutive days) reverses these
phenotypes. Mechanistic analysis has indicated that ITA defi-
ciency due to IRG1 knockout exacerbates NEC, whereas 4-OI
supplementation reverses this process, confirming the critical
protective role of the ITA pathway in regulating intestinal
inflammation (131). The aforementioned study demonstrated
that ITA suppresses neonatal intestinal inflammation via
metabolic reprogramming of M1 macrophages, suggesting
ITA may represent a potential therapeutic target for NEC.

Role of ITA in intestinal infection. The gut serves as the
primary gateway through which numerous pathogens invade
the body (132). Macrophages recognise, phagocytose and
digest invading pathogens, forming the cornerstone of infec-
tion control (133). Within the complex immune environment
of intestinal infection, ITA, as an immune metabolite that is
predominantly produced by macrophages, serves an indis-
pensable role (134). When the intestinal mucosa encounters
pathogens such as Salmonella or Shigella, macrophages
rapidly initiate metabolic reprogramming to increase anti-
microbial activities by recognising pathogen-associated
molecular patterns via pattern recognition receptors, including
toll-like receptors (89,135). This process is centrally driven
by notable upregulation of IRGl-encoded proteins (11). ITA
has potent antibacterial effects, directly inhibiting bacterial
growth and proliferation in the gut (11,76). Beyond direct
pathogen suppression, ITA also exerts protective effects
against intestinal infection by modulating the host immune
response. Through its inherent immunomodulatory and anti-
oxidant mechanisms (15), ITA maintains immune homeostasis
and safeguards the intestinal barrier during infection (89).
Intestinal infection disrupt the gut microbiota (136). ITA
may regulate the equilibrium of the intestinal microenviron-
ment (137). Compared with control mice, IRG” mice exhibit
significantly increased levels of the order Bacillales (137). ITA
supplementation increases the abundances of beneficial gut
bacteria, promoting postinfection recovery of the microbiota
towards a healthy state (18). ITA also enhances the host defence
against Vibrio cholerae by impairing its ability to metabolise
fatty acids in the gut, thereby mitigating intestinal injury (129).
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Li et al (18) demonstrated that intravenous administration of
ITA (25 mg/kg) or 4-OI (12.5 mg/kg) in a mouse model of
infection with highly virulent Klebsiella pneumoniae (hvKP)
mitigates intestinal injury, restores impaired intestinal barrier
function and alleviates induced dysbiosis. Mechanistic analysis
has revealed that ITA inhibits spleen tyrosine kinase (SYK)
activation by alkylating SYK proteins, thereby suppressing the
production of inflammatory mediators such as IL-6, IL-13 and
TNF-a (18). ITA inhibits macrophage activation towards the
M1 phenotype while suppressing macrophage death, thereby
curbing inflammation induced by dysbiosis (18) and mitigating
intestinal injury. Moreover, treatment with ITA and 4-OI
prevents hvKP-induced depletion of zonula occludens-1 and
occludin-1 proteins in the intestine, preserving epithelial barrier
integrity. These findings contradict those of Runtsch ef al (38),
who reported that ITA and its derivatives effectively inhibit M2
macrophage polarisation following stimulation with the clas-
sical activator IL-4. Notably, Li et al (18) directly stimulated
macrophages with the hvKP pathogen and reported that ITA
and its derivatives suppress M1 polarisation while promoting
M2 polarisation. This discrepancy may stem from differences
in experimental design and stimulus type.

During intestinal infections, ITA produced by macro-
phages directly suppresses pathogen metabolism to inhibit
infection. It also maintains intestinal barrier integrity and
immune homeostasis by activating antioxidant pathways
and suppressing excessive inflammation, thereby exerting
protective effects on the gut (15,18,38,89).

6. Clinical prospects and challenges of ITA derivatives

Despite serving a pivotal role in immunometabolism, itaconic
acid salts face limitations in direct clinical application because
of their inherent chemical instability and poor cell membrane
permeability (12). Consequently, researchers have synthesised
numerous itaconic acid salt derivatives, with the most investi-
gations focusing on 4-OI (12) and DI (27). Studies indicate that
4-0l is converted to ITA intracellularly via esterases, whereas
DI does not undergo methylation to ITA (136,137). Both
compounds demonstrate therapeutic efficacy in preclinical
models of intestinal disease (14,98,138). In a DSS-induced
UC mouse model, intraperitoneal administration of 4-OI
(50-100 mg/kg/day for 7 consecutive days) significantly
decreases intestinal mucosal inflammatory infiltration and
ulcer formation in a dose-dependent manner (98). This effect
is associated with the activation of the KEAP1/NRF2 pathway
and the upregulation of cell-protective proteins (98). Similarly,
intraperitoneal administration of DI (40 mg/kg/day, initiated
3 days prior to DSS exposure and continued for 11 days) exerts
comparable intestinal protective effects via Nrf2 pathway
activation (138). The key mechanism of these derivatives is
the enhanced electrophilicity of both 4-OI and DI compared
with natural ITA. This enables efficient alkylation modifica-
tion of the cysteine residues in key signalling proteins such
as KEAP1 (137) and SYK (18), thereby mimicking and
amplifying the biological effects of natural ITA, including
anti-inflammatory and antioxidant actions (83).

However, the translation of experimental findings into
clinical applications is constrained by translational chal-
lenges, with species differences constituting the primary
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translational gap. Current research predominantly relies on
animal models (113,118,129). While both human and mouse
macrophages upregulate IRG1 expression in response to
inflammatory stimuli, the intensity and dynamics of this
response differ (11,35,39). For example, LPS-stimulated
itaconic acid is present at millimolar concentrations in mouse
macrophages, with LPS-stimulated mouse macrophage
itaconic acid concentrations two orders of magnitude higher
than those in human macrophages (8§ mM vs. 60 pM) (11).
These findings suggest potential differences in the intensity
of the IRG1-mediated immunometabolic responses between
mice and humans. Whether human macrophages respond to
itaconic acid and its derivatives in a manner consistent with
that observed in mice remains unknown. This prevents direct
extrapolation of the effective doses from animal studies to
humans. To better predict human responses, future preclinical
research should employ more predictive systems, such as
humanised mouse models or patient-derived organoids, to
evaluate the therapeutic potential and elucidate the under-
lying mechanisms. Data derived from these models, which
more closely approximate human physiology, may more reli-
able foundations for clinical trial dose design and protocol
development.

In addition to species differences, key data on human phar-
macokinetics and safety are generally lacking, constituting a
core obstacle to clinical translation. Reports indicate that DI
is converted intracellularly into a mixture of 1- and 4-methyl
ITA (MI) (83,136). To address the poor permeability of ITA
and 4-MI, Lee et al (48) designed prodrug-based derivatives
P2 and P13. Oral administration of prodrug P13 (100 mg/kg
4-MI equivalent) in mice results in rapid hydrolysis, yielding
peak plasma concentrations of the active molecule 4-MI of
349 uM, with a half-life of 0.7-0.9 h, maintaining effective
concentrations in the target skin tissue. Similarly, oral admin-
istration of prodrug P2 (100 mg/kg ITA equivalent) results
in peak plasma concentrations of the active molecule ITA of
83.8 uM, with a half-life of 1.1-1.7 h. By contrast, the half-life
in skin is 3.32+1.23 h, indicating prolonged retention in the
target skin tissue. These data corroborate the rapid clearance
of exogenous ITA in vivo, which is consistent with find-
ings by Willenbockel ef al (49): In a rat intravenous infusion
model (15 mg/kg/min ITA), the half-life of ITA ranges from
53 to 85 min, whereas in a mouse model, a single high-dose
(400 mg/kg ITA) yields a half-life of 10.9 min, demonstrating
notable species differences. Elimination primarily occurs
via renal excretion, while the compound may also be taken
up and metabolised by tissues such as the liver and kidney.
Although animal models provide key insights, these data
cannot be directly extrapolated to humans. In existing studies,
human pharmacokinetic data regarding the absorption,
distribution, metabolism and excretion characteristics of 4-OI
and DI, including half-life, volume of distribution, clearance
and bioavailability across different routes of administration
(particularly oral), remain unknown (24,100). Current evidence
supporting the efficacy of 4-OI and DI in intestinal disease
models relies primarily on intraperitoneal injection (96,129).
While this route ensures rapid systemic entry and onset of
action, it differs from the conventional oral administration
pathway that is used in clinical intestinal disease treatment.
Furthermore, the oral bioavailability and stability of these

compounds within the human gastrointestinal tract remain
unclear, constituting a key bottleneck for their translation
into clinical applications. Although prodrug strategies have
improved the oral stability, the water solubility and chemical
stability of the active molecule remain fundamental constraints
in formulation development (48). Research has indicated that
compared with DI alone, DI-loaded liposomes containing
dodecyl isovalerate as an activator demonstrate superior
efficacy in treating acute liver failure (139). This suggests
that optimising the pharmaceutical formulation process for
relevant derivatives represents a crucial direction for advancing
clinical translation. Enhancing delivery systems and improving
the bioavailability of such compounds are central research
priorities in this field.

ITA originates from the immune responses and may exhibit
low toxicity, providing a potential basis for its clinical applica-
tion (24). A preliminary in vitro toxicity study indicated that
neither ITA nor DI significantly affects macrophage viability
at a concentration of 10 mM (98). Further a short-term animal
study reveals no marked pathological alterations in liver or
kidney tissue following intraperitoneal administration of 4-OI
(40 mg/kg/day for 3 consecutive days) in mice (139). However,
these data are insufficient to define organ-specific toxicity,
maximum tolerated dose or risk of interactions with other drugs
during long-term administration (12,140,141). Given the exten-
sive involvement of the ITA pathway in cell metabolism, the risk
of interactions between its derivatives and other drugs, particu-
larly those utilising similar metabolic pathways or affecting
immune function, warrants urgent evaluation. Coadministration
of 4-0I significantly enhances the therapeutic efficacy of
mesalazine in UC (96), offering a novel option for patients who
are resistant to conventional therapies. Future research should
focus on elucidating the regulatory role of 4-OI in the gut
microbiota-immune axis and exploring synergistic effects when
combined with traditional drugs or biological agents, thereby
pioneering new avenues for precision treatment of IBD.

The ITA pathway constitutes a natural immunosuppressive
mechanism. Prolonged or inappropriate exogenous enhance-
ment of this pathway may, under certain conditions, such as
during secondary bacterial infection following influenza or
during chronic M. tuberculosis infection (142,143), compro-
mise the ability to clear pathogens. While this risk may be
outweighed by benefits in conditions of excessive inflam-
mation, persistent ITA administration-induced systemic
immunosuppression may weaken immune surveillance,
increasing susceptibility to opportunistic infections (such
as cytomegalovirus reactivation) or potentially malignant
tumours (144). ITA serves as a potent metabolic modulator
by regulating immune cell metabolism through the inhibition
of the activity of key glycolytic enzymes (57). Short-term
4-0I intervention (50 mg/kg for 12 weeks) has demonstrated
benefits in metabolic disease models, including high-fat
diet-induced obese mouse models, by improving insulin resis-
tance (145,146). However, prolonged systemic administration
may exceed physiological compensatory limits, potentially
disrupting systemic energy homeostasis. Whether the sustained
inhibition of glycolysis in immune and potentially other cell
types affects normal immune surveillance, tissue repair and
other processes that require a rapid energy supply remains
unexplored, as do its long-term effects on metabolic organs
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such as the liver and muscle. Although most research focuses
on short-term therapeutic effects (14,95,98,139,145,146),
potential long-term metabolic maladaptation or energy imbal-
ance necessitates systematic evaluation as a key safety concern
in prospective preclinical toxicology studies.

To the best of our knowledge, no phase I/II clinical trials of
4-Ol or DI for treating intestinal disorders have been registered
on publicly accessible clinical trial platforms. Consequently,
future research must fill the gaps in human pharmacokinetic
and safety data, developing stable formulations suitable for
clinical administration and cautiously designing human trials
on the basis of more comprehensive preclinical toxicology
data to assess their clinical applicability.

7. Conclusion

ITA and its derivatives target immunometabolic pathways,
offering novel therapeutic approaches for intestinal disorders.
However, translating these promising experimental findings into
clinically viable therapies requires systematically addressing
the critical knowledge gaps and methodological limitations in
current research. Future studies should prioritise establishing
comprehensive human pharmacology and safety profiles,
adopting more predictive preclinical experimental systems, and
developing minimum standards for experimental reporting.

Establishing comprehensive human pharmacology and
safety profiles is a key step in bridging the translational gap.
The most pressing requirement is obtaining systemic phar-
macokinetic data for the primary ITA derivatives, such as
4-0I and DI, in humans, encompassing oral bioavailability,
elimination half-life, metabolic pathways and tissue distri-
bution characteristics. Equally key is conducting long-term
toxicology studies that are compliant with drug development
standards and extend beyond short-term cell viability and
organ pathology observations. These studies must specifically
evaluate the risk of immunosuppression-associated infections
under chronic dosing conditions and potential systemic energy
homeostasis imbalances arising from its extensive metabolic
regulatory properties.

As preclinical research relies primarily on animal models
and notable interspecies variations exist in ITA production,
adopting more predictive experimental systems is key. In
mechanistic studies, humanised immune system models,
patient-derived organoids or primary immune cells are priori-
tised to validate targets and define dose-response relationships
in settings closer to human physiology. To address the high
context dependency of ITA effects, experimental designs
must precisely control and standardise the reporting of key
microenvironmental variables, such as coexisting cell types,
local cytokine profiles, redox states and specific conditions of
co-administered medication.

To facilitate the comparison, integration and ultimate
translation of disparate research findings, minimum standards
for experimental reporting are required. This must encompass
several core elements: Explicit chemical structure and purity
of the ITA derivative; precise concentrations, treatment dura-
tion and solvent information for in vitro experiments; detailed
administration protocols for in vivo studies (including route,
dosage, formulation and conversion basis); specific strains;
sex, age and activation status of the animal or cell models
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employed and detection results for key biological markers such
as IRGI expression and endogenous ITA concentrations.

In summary, advancing ITA research to its next phase
requires shifting focus from describing its complex biological
effects towards systematic, engineering-driven approaches
aimed at clinical translation. By collectively addressing these
knowledge gaps and adopting standardised practices, ITA may
be transformed from a potent endogenous metabolite into a
reliable therapeutic agent for the precise treatment of intestinal
disorder.
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