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INTRODUCTION

The Renewal of Cancer Metabolism

It has been 100 years since Warburg observed that
cancer cells exhibit an altered metabolic phenotype
(1). Under normal oxygen conditions, differentiated
cells primarily rely on the TCA cycle and oxidative
phosphorylation to efficiently generate energy and
supply metabolites required for protein and lipid
synthesis. However, under hypoxic conditions, this
process changes, and cells increase glycolysis and
lactate production to meet their energy and metabolic
demands (1). Unlike normal differentiated cells,
which primarily rely on mitochondrial oxidative

phosphorylation for energy production, most cancer
cells preferentially utilize aerobic glycolysis—a
phenomenon known as the Warburg effect. This
appears  counterintuitive  because  oxidative
phosphorylation — generates energy far more
efficiently, producing 34 ATP molecules from a
single glucose molecule, whereas glycolysis produces
2 ATP molecules (2). Tumor cells, on the other hand,
divide quickly and require significantly more anabolic
activity compared to normally differentiated cells.
Accelerated glucose metabolism enables more rapid
ATP production and increased carbon allocation to
nucleotide, protein, and fatty acid synthesis, thereby
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enhancing cell growth (3). ['®F]Deoxyglucose
positron emission tomography takes advantage of this
characteristic of cancer by enabling the visualization
of glucose uptake in patients, making it a valuable tool
for cancer diagnosis and monitoring treatment
response (4). It has been used to validate the
relationship between glucose metabolism and cell
proliferation in certain human tumors. However, not
all malignancies, such as pancreatic cancer, show this
relationship (5). In cancer cells, however, ‘aerobic
glycolysis’ can become deregulated, partly due to
genetic mutations that affect pathways such as
phosphoinositide 3-kinase—AKT and Myc.
Furthermore, heightened activation of the specific
pyruvate kinase isoform PKM?2 has been observed in
cancer. Due to its regulated enzymatic activity, PKM?2
can redirect metabolic flux from the TCA cycle
toward alternative anabolic pathways (3, 6). Loss-of-
function mutations in the TCA cycle enzymes
fumarate  hydratase (FH) and
dehydrogenase (SDH) lead to the accumulation of
fumarate and succinate, respectively (7). Conversely,
gain-of-function mutations in isocitrate
dehydrogenase (IDH) result in increased production
of the oncometabolite D-2-hydroxyglutarate (D-2HG)
(8, 9). These aberrant metabolites interfere with
normal cellular homeostasis by competitively
inhibiting a-ketoglutarate—dependent (0-KG—
dependent) dioxygenases—also referred to as 2-
oxoglutarate—dependent  dioxygenases—and by
altering post-translational protein modifications (10-
14). Increasing biochemical and genetic evidence
highlights the roles of fumarate, succinate, and D-
2HG in cellular transformation and cancer
development, underscoring their significance as TCA-
cycle—derived oncometabolites. These
oncometabolites seem to promote tumorigenesis
through a shared mechanism: they competitively
inhibit a-ketoglutarate (aKG)—dependent
dioxygenases, a superfamily of enzymes crucial for
oxygen sensing and epigenetic regulation. This
inhibition establishes a direct connection between
metabolic dysfunction and abnormal gene expression
in cancer.

succinate
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Oncometabolites: The Beginning of a New Way of
Thinking

The accumulation of lactate, succinate, fumarate, 2-
HG, and, most recently, itaconate within cells drives
and sustains metabolic states that promote cancer
development and growth. Because of these effects,
these molecules are called oncometabolites—small
molecules that, when abnormally accumulated,
trigger cancer-promoting signals and create an
environment that supports tumor formation. Notably,
all of these oncometabolites result from mutations in
enzymes of the TCA cycle, highlighting the crucial
role of mitochondria as signaling centers that
influence key biological functions in both healthy and
cancerous cells (15). Although the accumulation of
oncometabolites is linked to gene mutations, their
cancer-promoting actions go beyond genetics. They
can directly affect multiple biological layers, altering
cell signaling pathways, regulating gene expression,
and modifying protein function—acting as powerful
agents that shape unique cancer characteristics
(Figure 1).

The Lactate

L-lactate accumulation is a hallmark of many cancers
and results from the Warburg effect, where cancer
cells preferentially convert pyruvate to L-lactate even
in the presence of oxygen (16). While lactate
production  typically
conditions—such as during intense exercise—cancer
cells maintain this metabolic state under aerobic
conditions; hence the term “aerobic glycolysis”. This
shift toward lactate production was previously
thought to result from mitochondrial dysfunction in
cancer cells. The reaction converting pyruvate to
lactate regenerates NAD*, thereby sustaining
glycolysis and ATP production when oxidative
phosphorylation (OXPHOS) is impaired. However,
current evidence indicates that mitochondria in most
cancers remain functional, supporting both energy
production and the synthesis of anabolic intermediates
(17-19). Indeed, mitochondrial respiration appears
essential for tumor survival, as large-scale analyses of
tumor mitochondrial DNA indicate that loss-of-
function mutations in respiratory components are
under strong negative (purifying) selection (20).

occurs under hypoxic
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Figure 1. Origin of Oncometabolites. a) A range of oncogenes and tumor suppressors — including RAS, MYC, PI3K, mTOR, and
p53 — can promote higher glucose uptake and enhance glycolysis through different mechanisms, ultimately resulting in increased
production of L-lactate. b) The methylglyoxal pathway branches off from glycolysis, converting methylglyoxal into D-lactate through
the sequential actions of the enzymes glyoxalase 1 (GLO1) and glyoxalase 2 (GLO2). ¢) In the TCA cycle, a-ketoglutarate (a-KG) is
generated from isocitrate through the catalytic activity of isocitrate dehydrogenase 1 and 2 (IDH1/2). In addition, IDH can also
produce D-2-hydroxyglutarate (D-2HG), albeit with low efficiency (as shown by the dashed line). D-2HG can also be generated under
physiological conditions through the promiscuous activity of other enzymes (not shown; see main text). Mutations in IDH result in
gain-of-function IDH variants (IDH*) that efficiently convert isocitrate into D-2-hydroxyglutarate (D-2HG). Under physiological
conditions, the enzyme D-2-hydroxyglutarate dehydrogenase (D2HGDH) rapidly converts D-2HG back into a-ketoglutarate (0-KG).
d) Under physiological conditions, the promiscuous activity of lactate dehydrogenase A (LDHA) or malate dehydrogenase 1/2
(MDH1/2) can convert a-ketoglutarate (0-KG) into L-2-hydroxyglutarate (L-2HG) (indicated by a dashed line). This reaction is
normally balanced by the action of L-2-hydroxyglutarate dehydrogenase (L2ZHGDH); however, reduced L2ZHGDH activity in certain
cancers leads to the accumulation of L-2HG. e) Loss-of-function mutations in components of the succinate dehydrogenase (SDH)
complex or in fumarate hydratase (FH) result in the accumulation of succinate and fumarate, respectively. Abbreviations: TCA
tricarboxylic acid cycle, AcCoA acetyl-coenzyme A, GLO1/GLO2 glyoxalase 1 and 2, 0-KG a-ketoglutarate, IDH isocitrate
dehydrogenase 1/2, IDH* mutated isocitrate dehydrogenase 1/2, D-2HG D-2-hydroxyglutarate, L-2HG L-2-hydroxyglutarate, LDHA
lactate dehydrogenase A, MDH1-2 malate dehydrogenase 1/2, FH fumarate hydratase, SDH succinate dehydrogenase complex.

These findings raise important questions: What
benefits do cancer cells gain from adopting aerobic
glycolysis, and what initiates the Warburg effect?
Examining the underlying molecular mechanisms
offers some insights. One of the defining features of
the Warburg effect is the upregulation of glucose and
lactate transporters on the plasma membrane (17).
This enables cancer cells to absorb large amounts of
glucose, fueling glycolysis at an exceptionally high
rate. Such elevated glycolytic activity may benefit
cancer cells because its intermediates feed multiple
anabolic pathways, including the pentose phosphate
pathway, hexosamine  biosynthesis,
formation, and

glycerol
serine—glycine—one-carbon

metabolism. A key question remains: why don’t
cancer cells direct pyruvate—the end product of
glycolysis—into the mitochondria for conversion to
acetyl-CoA and entry into the TCA cycle? One
explanation is that, in tumors with very high
glycolytic flux, pyruvate production exceeds the
mitochondria’s oxidative capacity. In this case,
converting excess pyruvate into lactate not only
prevents metabolic bottlenecks but also regenerates
NAD*, allowing glycolysis to continue. The lactate
produced can be exported to the liver via the Cori
cycle, where it is reconverted to glucose via
gluconeogenesis. Alternatively, lactate can be taken
up by nearby or distant cells to serve as a carbon
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source or energy substrate (21, 22).

Additionally, since pyruvate could serve similar
metabolic roles, another question arises: why do
cancer cells preferentially secrete lactate rather than
pyruvate? Is the regeneration of NAD" during the
pyruvate-to-lactate conversion the main benefit, or
does lactate itself provide a selective advantage?
These possibilities are explored further in the
following sections.

Unlike alterations in the TCA cycle, which are often
driven by specific genetic mutations, the metabolic
reprogramming underlying the Warburg effect
appears to result from the combined influence of
multiple oncogenic changes. Key oncogenes and
tumor suppressor pathways, including p53, MYC,
RAS, mTOR, and PI3K, have been shown to
contribute to this shift. A comprehensive discussion
of the underlying molecular mechanisms lies beyond
the scope of this review; readers are therefore directed
to several excellent reviews that provide detailed
analyses of these processes (23, 24).

Interestingly, the D-enantiomer of lactate also
accumulates due to enhanced glycolytic activity.
Under normal physiological conditions, D-lactate
accounts for only 1-5% of total lactate and is
primarily produced either by carbohydrate-fermenting
gut bacteria or via the methylglyoxal (MG) pathway,
a by-product of glycolysis (Figure 1). MG is mainly
generated through the non-enzymatic degradation of
the glycolytic glyceraldehyde-3-
phosphate. Owing to its high chemical reactivity, MG
readily forms adducts with proteins, DNA, and
glutathione (GSH), and its accumulation has been
linked to several pathological conditions, including
cancer, diabetes, and neurodegenerative diseases (25).
In the context of cancer, MG contributes to tumor
initiation and progression through both cell-
autonomous mechanisms, directly affecting cancer
cells, and mechanisms,
influencing surrounding cells and the tumor
microenvironment, suggesting that it may function as
an oncometabolite in its own right (25, 26). Of
particular relevance here, MG is detoxified in
mammalian cells via the GLO1/2 glyoxalase system,
which converts it into D-lactate while regenerating
GSH (Figure 1).

intermediate

non-cell-autonomous
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The Succinate

The discovery of inherited mutations in the SDHD
gene in people with hereditary paragangliomas
(PGLs) and pheochromocytomas (PCCs) brought
renewed focus on the role of mitochondrial
metabolism in cancer (27, 28). The SDH genes
(SDHA, SDHB, SDHC, SDHD) encode the four
subunits of the succinate dehydrogenase complex
(also called mitochondrial complex II), which is
important for both the TCA cycle and the electron
transport chain (ETC) that helps cells generate energy
(29). This complex consists of two pairs of subunits:
SDHA and SDHB catalyze the conversion of
succinate to fumarate, while SDHC and SDHD anchor
the complex within the mitochondrial membrane (30).
Mutations in these genes—found on chromosomes 1
or 11—can be of different types, like changes in single
letters (missense), premature stops (nonsense), shifts
in the reading frame (frameshift), or problems with
how the gene is spliced, as well as insertions or
deletions (31, 32). The loss of SDH function usually
occurs when the second copy of the gene is lost (loss
of heterozygosity), halting the conversion of succinate
to fumarate (7). Studies examining small molecules
within cells have found that succinate accumulates in
tumors that have lost one copy of a mutated SDHx
gene. This happens in several types of cancers,
including kidney paragangliomas,
gastrointestinal tumors,  pancreatic
neuroendocrine tumors, and pituitary adenomas.
Doctors often use immunohistochemistry (IHC) with
antibodies targeting the SDHB protein to screen for
SDHx mutations, because the absence of SDHB
usually indicates a mutation in one of the SDHx
genes. However, this test isn’t perfect—sometimes
the staining is uneven or faint, leading to
misinterpretation. To get around this, researchers
suggest measuring the actual levels of succinate or the
balance between succinate and fumarate in tumors
using advanced techniques like liquid
chromatography-mass spectrometry. This method is
more accurate for spotting SDHx mutations. Even
better, it’s now possible to detect the loss of these
genes non-invasively using a type of MRI scan that
measures succinate directly inside the body.

cancer,
stromal
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One common biochemical effect of succinate buildup
is an increase in reactive oxygen species (ROS), likely
due to SDH's role in the electron transport chain
(ETC) (33, 34). Multiple studies have found that
tumors with SDH mutations experience higher
oxidative stress, which is linked to genomic instability
and cancer development (33, 35-37). Additionally,
succinate can exit the mitochondria and directly
influence important enzymes in the cytoplasm and the
nucleus that drive malignant transformation, as
discussed in the next section (38).

The Fumarate

The FH gene encodes an important enzyme in the
TCA cycle, and inherited mutations in this gene—
found at chromosome 1g43—are linked to reduced
enzyme activity and a buildup of fumarate inside cells
(39). Among these mutations, missense and
frameshift mutations are the most common and occur
in conditions such as hereditary leiomyomatosis,
uterine fibroids, renal cell carcinoma syndrome
(HLRCC), as well as paragangliomas (PGLs) and
pheochromocytomas  (PCCs)  (40-42).  These
mutations often result in a significant reduction in FH
enzyme activity or premature protein truncation (43,
44). Missense mutations typically impact key regions
of the enzyme, such as the active site or domains
essential for stability and subunit interactions (43, 45).
FH is a homotetrameric enzyme found in both
mitochondria and the cytosol, where it helps convert
fumarate into malate and participates in amino acid
catabolism (see Figure 1) (46). Detecting FH gene
defects early can  be done  through
immunohistochemistry (IHC) tests that assess protein
expression, or through metabolomics tests that detect
elevated fumarate levels in cells (47, 48).

A common diagnostic approach combines FH
immunostaining with IHC tests for succinated
proteins (49-52). When FH is dysfunctional in
mitochondria, the tests typically show no FH staining
(a “negative” or “0” score) but positive staining for 2-
succinocysteine, a marker of protein modification
caused by fumarate buildup (50, 52, 53). The staining
results are usually graded as “0” for complete loss,
“14+” for weak or focal staining, and “2+” for strong,
widespread staining, indicating partial loss (52).

Sheikhi et al.

Measuring the fumarate-to-malate ratio can also help
with diagnosis, along with other metabolic changes
caused by fumarate accumulation, such as the unusual
activation of the enzyme argininosuccinate lyase
(ASL) (54, 55).

When FH is dysfunctional, fumarate accumulates,
leading to protein modifications outside the
mitochondria. These changes affect protein function,
alter chromatin structure, and shift gene expression,
thereby promoting cancer development. The detailed
biochemical mechanisms behind this are explained in
later sections.

The R-2-Hydroxyglutarate

The role of the metabolite R-2HG in cancer remained
largely unrecognized until 2008, when Parsons and
colleagues sequenced over 20,000 genes in
glioblastoma tumors and found that approximately
12% of patients harbored somatic mutations in the
isocitrate  dehydrogenase (IDH) gene (56).
Subsequent metabolomics studies of tumor tissue, as
well as blood, urine, and cerebrospinal fluid, showed
that this IDH mutation leads to a substantial
accumulation of R-2HG within cells (8, 57-62). Later
research found the same mutation not only in grade II-
IIT gliomas and secondary glioblastomas (63, 64), but
also possibly in cancers outside the brain, such as
acute myeloid leukemia (AML) (65), intrahepatic
cholangiocarcinoma (66), chondrosarcomas (67), and
breast cancer (68-70).

IDH is a critical TCA cycle enzyme that catalyzes the
reversible oxidative decarboxylation of isocitrate to a-
ketoglutarate (a-KG) (see Figure 1). The three
isoforms of IDH, which differ based on where they’re
found in the cell and the cofactors they use: IDH1 and
IDH2 are homodimers that depend on NADP and are
found in the cytosol and mitochondria, respectively;
IDH3 is a heterotrimer that depends on NAD, acts as
a regulator based on the cell’s energy status, and
drives the forward reaction from isocitrate to a-KG.
Most cancer-related mutations occur in IDHI1 and
IDH2, and these mutations don’t typically overlap in
the same tumor (71). The frequency of these
mutations varies by cancer type—IDH1 mutations are
more common in brain cancers, while in AML both
IDH1 and IDH2 mutations occur at similar rates,
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likely reflecting the unique metabolic needs of
different tumors (71-73).

IDH mutations typically involve swapping out an
arginine amino acid—specifically R132 in IDH]1, and
R172 or R140 in IDH2—for a histidine. This change
reduces the enzyme’s ability to bind its usual
substrate, isocitrate, slowing the normal conversion to
a-ketoglutarate (0-KG) quite a bit. In addition, the
mutation increases the enzyme’s affinity for NADPH,
giving it a new function that allows it to convert a-
ketoglutarate (a-KG) specifically into the R-2HG
form (8). In glioma cells with mutated IDH1 or IDH2,
the level of R-2HG can get as high as about 30
millimolar, which overwhelms the mitochondrial
enzyme responsible for breaking it down (8, 74, 75),
Interestingly, even tumors with the normal (wild-
type) IDH enzyme produce some R-2HG, but their
levels are about 100 times lower than in tumors with
the mutation (76). Having just one mutated copy of
the IDH gene (heterozygous mutation) appears
necessary to reach these very high R-2HG levels (77).
IDH mutations have proven very useful clinically
because they help better classify gliomas, improving
diagnosis and prognosis for patients (78-82). Many
studies have examined R-2HG as a marker for IDH
mutations. In acute myeloid leukemia (AML), for
example, R-2HG can be measured directly in the
patient’s blood, where it strongly correlates with IDH
mutation status (83, 84). However, while this
measurement is good for diagnosis, it doesn’t seem to
predict overall clinical outcomes well (85, 86).

For gliomas, advances in magnetic resonance
spectroscopy (MRS) now allow researchers to
measure 2HG in vivo with good accuracy, which
aligns well with IDH mutation status (87-92). While
MRS measures total 2HG levels in tissue,
chromatography coupled with mass spectrometry can
specifically quantify the R- and S-forms in
cerebrospinal fluid, blood, and urine. Yet, studies
using these methods have had mixed results—some
find a clear link between high 2HG levels and
mutations (59-61, 93, 94), while others don’t see
much difference between mutated and non-mutated
cases (95, 96).

These inconsistencies might come from the lack of
standardized testing methods or differences in
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patients’ disease states. For example, the blood-brain
barrier may be more or less compromised in glioma
patients, thereby affecting the amount of 2HG that can
cross into the blood and urine (97, 98).

Besides being produced by mutated IDH enzymes, R-
2HG can also come from other sources within the cell,
underscoring its active role in cancer development
(99) (see Figure 1). For example, in breast cancer, an
oncogene called phosphoglycerate dehydrogenase
(PHGDH) can cause cells to accumulate both forms
of 2HG (R and S) from a-ketoglutarate (100). Another
source is the overexpression of a mitochondrial
enzyme, hydroxyacid-oxoacid transhydrogenase
(HOT), which produces R-2HG during the conversion
of 4-hydroxybutyrate to succinic semialdehyde (101,
102) (Figure 1).

Interestingly, certain immune cells—Ilike activated T
helper 17 (Th17) cells—also produce R-2HG when
they shift their metabolism from oxidative
phosphorylation to aerobic glycolysis in response to
tumors (103). This evidence supports the idea that R-
2HG’s role in cancer may not depend solely on IDH
mutations, opening the door to new targets for cancer
treatment.

Iltaconate

Itaconate is generated from the tricarboxylic acid
(TCA) cycle intermediate cis-aconitate in response to
inflammatory stimuli, primarily within myeloid cells,
through the activity of immune-responsive gene 1
(IRG1). Traditionally, itaconate has been recognized
as an antibacterial metabolite, as its accumulation
within  bacteria-containing disrupts
microbial metabolism and thereby inhibits bacterial
proliferation (104, 105).

More recently, IRG1 expression has been implicated
in cancer progression, including in glioblastoma and
ovarian carcinoma. However, the precise role of
itaconate in cancer remains context-dependent and
somewhat controversial. In tumors, cancer-induced
IRG1  expression elevates itaconate levels,
particularly in peritoneal tissue-resident
macrophages, where itaconate is among the most
highly induced metabolites following macrophage
activation. Increased itaconate production enhances
oxidative phosphorylation (OXPHOS) and reactive

vacuoles
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oxygen species (ROS) generation, thereby activating
the MAPK signaling pathway and promoting cancer
cell proliferation (106).

Mechanistically, itaconate shares features with other
TCA-derived oncometabolites. Owing to its structural
similarity to oa-ketoglutarate (oa-KG), itaconate
competes with a-KG for binding to TET2, thereby
inhibiting its enzymatic activity and suppressing LPS-
induced gene expression in macrophages (107).
Furthermore, itaconate limits the polarization of
tumor-associated macrophages (TAMs) toward pro-
inflammatory  phenotypes by downregulating
chemokine genes, including Cxcl9 and Cxcl10, in a
TET2-dependent manner. Consistently, blocking
itaconate production has been shown to enhance anti-
tumor immunity (108).

Itaconate inhibits
dehydrogenase (SDH), likely due to its structural
similarity to  succinate, thereby reducing
mitochondrial respiration and exerting anti-
inflammatory effects during macrophage activation
(109). In the tumor microenvironment (TME), CD8*
T cells can take up itaconate secreted by myeloid-
derived suppressor cells (MDSCs). This uptake
interferes with the biosynthesis of aspartate and
serine/glycine in CD8* T cells, ultimately impairing
their proliferation and anti-tumor activity (110).

Due to its electrophilic o,B-unsaturated carboxylic
acid moiety, itaconate can covalently modify proteins
by alkylating cysteine residues, targeting key
regulators such as KEAPI, transcription factor EB
(TFEB), and NLRP3. Itaconate-mediated alkylation
of KEAP1 activates Nrf2, thereby enhancing the
expression of antioxidant and anti-inflammatory
genes in macrophages (111). Similarly, itaconate
alkylates TFEB, promoting its nuclear translocation
and upregulating lysosomal and autophagic genes,
thereby enhancing the antibacterial innate immune
response (112). Moreover, itaconate modifies a
specific cysteine residue (C548) on NLRP3,
inhibiting NLRP3 activation and disrupting its
interaction with NEK7 (113).

Notably, itaconate derivatives- including dimethyl
itaconate (DI), 4-octyl itaconate (40I), and 4-ethyl
itaconate  (4EI)—display  distinct  metabolic,
electrophilic, and  immunological  properties

competitively succinate
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compared with unmodified itaconate (114).
Additionally, most findings originate from non-cancer
models; these studies provide valuable insights into
the potential roles of itaconate and its derivatives in
tumor biology.

Kynurenine

The biosynthesis of kynurenine (KYN) is initiated by
a rate-limiting step catalyzed by indoleamine 2,3-
dioxygenase (IDO) and tryptophan 2,3-dioxygenase
(TDO), producing N-formylkynurenine, which is
subsequently converted into KYN. TDO is primarily
expressed in the liver, where its expression is
inducible by tryptophan and various hormonal
signals, whereas IDO1 is more broadly expressed and
can be activated by inflammatory stimuli (115).

KYN acts as a ligand for the aryl hydrocarbon
receptor (AHR). Upon binding, AHR translocates to
the nucleus and regulates the expression of genes
involved in stress response, cell fate determination,
and tumor progression (116). For instance, AHR
activation upregulates aquaporin-4 (AQP4) to
enhance glioma cell motility and invasion [78],
stimulates the MAPK pathway to promote gastric
cancer metastasis [79], and activates PI3K-Akt
signaling, leading to PB-catenin nuclear translocation
and colorectal cancer progression (117-119).
Interestingly, AHR can also induce the expression of
the tumor metastasis suppressor gene KISSI,
inhibiting neuroblastoma metastasis, highlighting the
context-dependent roles of KYN-AHR signaling
(120). Dysregulation of this pathway has been linked
to oncogenic mechanisms such as MYC-driven
upregulation of tryptophan transporters and
arylformamidase in colon cancer (121), as well as
APC loss-mediated TDO2 induction via TCF4/B-
catenin signaling (122).

Beyond its intracellular signaling functions, KYN can
be exported from cancer cells or IDOI1-expressing
non-cancer cells via SLC7A11, contributing to ROS
scavenging and NRF2 pathway activation, which
protects cancer cells from ferroptosis. KYN also
competes with cysteine for transport through
SLC7A11, inducing pseudostarvation and activating
the GCN2-ATF4 pathway, which upregulates
SLC7A11 and establishes a positive feedback loop
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(123). In the tumor microenvironment (TME), the
identity of KYN transporters appears to be cell-type
specific. For example, in cancer-repopulating cells,
KYN released upon IFN-y stimulation is transported
into neighboring CD8" T cells via SLC7A8 and
PAT4, where it activates AHR and enhances PDCD1
expression, contributing to T cell suppression (124).
Extracellular kynurenine (KYN) can influence a
broad spectrum of cell types. In acute myeloid
leukemia (AML), KYN binds to serotonin receptor 1B
on osteoblasts, reshaping the bone marrow niche
toward a pro-inflammatory phenotype. This leads to
the secretion of the acute-phase protein serum
amyloid A1 from osteoblasts into AML cells, where it
activates AHR and enhances IDOI1 expression,
thereby further promoting KYN production in a feed-
forward loop (125). Beyond hematopoietic tissues,
KYN has been shown to stimulate cardiomyocyte
proliferation and cardiac angiogenesis in the neonatal
heart, suggesting that it may similarly enhance
angiogenesis within the tumor microenvironment by
acting on vascular endothelial cells (126).

This KYN-mediated activation in TAMs contributes
to macrophage recruitment and CD8* T cell
dysfunction (127). However, the immunosuppressive
effects of KYN in vivo appear relatively modest,
likely because KYN concentrations are limited in
certain human cancers. Moreover, it has been
suggested that T cell suppression attributed to KYN
can be phenocopied by fatty acid depletion, indicating
that studies conducted in lipid-deficient culture media
may overestimate the immunomodulatory role of
KYN (128).

The Impact of ROS

Oncometabolites such as 2-HG, succinate, and
fumarate increase reactive oxygen species (ROS)
production in cancer cells. When succinate builds up
due to mutations, it increases mitochondrial ROS
(129, 130). This extra ROS helps keep HIF-1a active,
promoting tumor growth (131). But ROS can be
tricky. At low levels, it can help cancer grow, but too
much ROS can damage cells, cause them to die, or
make treatments like chemotherapy and radiation
more effective. The effects of ROS depend on the
amount present and the tumor type.
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Both types of 2-HG—D-2-HG and L-2-HG—can
increase stress from harmful molecules called ROS,
but they do it in different ways. Mutant IDH enzymes
make D-2-HG in some cancers. Making D-2-HG uses
up NADPH, which helps keep the cell’s antioxidants
working. Without enough NADPH, cells can’t protect
themselves well from damage (132, 133). D-2-HG
also blocks part of the cell’s energy machinery, which
in turn produces more ROS. It lowers glutamate,
which is needed to make antioxidants, worsening
things. All this leads to higher ROS that can damage
DNA and help cancer grow, but sometimes it also
makes cancer cells easier to kill with certain
treatments (133). L-2-HG works similarly, but we
know less about it. It also increases ROS and
decreases antioxidants in laboratory tests (134). Both
forms of 2-HG cause more oxidative stress in tumors,
which can either help the cancer or make it more open
to treatment, depending on the situation.

Fumarate raises ROS levels differently. It chemically
modifies glutathione—a key antioxidant in cells—by
attaching to cysteine, thereby forming S-(2-
succinyl)cysteine (2SC). This process reduces the
amount of usable glutathione, weakening the cell’s
ability to resist oxidative stress (135).

Additionally, when fumarate accumulates, it induces
reductive stress and drives the cell to rely more on the
pentose phosphate pathway (PPP) of glucose
metabolism. This shift makes cells that lack functional
FH enzyme especially sensitive to drugs that block the
PPP (136).

Genomic Instability

Genomic instability means that DNA gets damaged
and isn’t repaired properly, which helps cancer grow
and become more diverse. It’s not just a side effect of
cancer—it actually helps the cancer get worse. There
are two main types: chromosomal instability (CIN),
where chromosomes change shape or number, and
microsatellite instability (MSI), where small repeated
DNA sections aren’t fixed correctly. Some inherited
gene mutations cause this instability in hereditary
cancers, but in most cancers, it occurs due to other
factors, such as changes in metabolism or gene
regulation (137, 138).

Important tumor suppressors such as ATM and p53
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act as the cell’s guardians, regulating how cells
respond to DNA damage. They help pause the cell
cycle, repair DNA, or even trigger cell aging or death
to keep our genetic material safe (139). But new
research shows that oncometabolites—especially 2-
HG, succinate, and fumarate—can disrupt these
crucial defense systems.

These metabolites interfere with homologous
recombination (HR), a major mechanism by which
cells repair DNA double-strand breaks. When these
metabolites accumulate, they inhibit certain enzymes
called o-ketoglutarate—-dependent  dioxygenases,
including KDM4B, which normally remove specific
chemical marks on histones. This causes excessive
accumulation of the marker H3K9me3 at DNA break
sites, preventing important proteins such as TIP60 and
ATM from carrying out their roles in initiating repair
(140). As a result, cells must rely on less accurate
repair mechanisms, which can lead to more mutations
and promote cancer progression. Interestingly, adding
extra a-ketoglutarate (a-KG) to the cells can undo
these problems by restoring normal histone
modifications and reactivating proper DNA repair
(141). Oncometabolites don’t just affect tumor cells—
they can also impact nearby support cells like immune
cells, fibroblasts, and blood vessel cells. These
neighboring cells are now known to sometimes harbor
mutations within the tumor environment (142). One
way this might happen is through exposure to high
levels of oncometabolites, such as 2-HG, which could
induce oxidative stress or alter gene regulation in
these non-cancerous cells, potentially leading to their
malfunction or even transformation.

Epigenetic regulation

Oncometabolites can alter chromatin structure—
either directly or indirectly—thereby affecting how
genes are expressed.

Fumarate, succinate, and D-2HG all affect how cells
reprogram their genes by blocking a group of
important  enzymes  called  a-KG-dependent
dioxygenases (a-KGDDs). These enzymes normally
use a-ketoglutarate (a-KG) to remove chemical tags
from DNA and proteins, thereby regulating gene
activity. Because fumarate, succinate, and D-2HG
look very similar to a-KG, they compete with it and
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block these enzymes from working properly.

The two main types of enzymes affected are TETs,
which remove methyl groups from DNA, and KDMs,
which do the same for histones (proteins that package
DNA). When these enzymes are blocked,
methylation—a chemical modification—increases,
altering the regulation of genes involved in DNA
repair, cell death, growth, and other important
functions.

One key question is which epigenetic changes drive
cancer growth rather than merely being “along for the
ride” as side effects of enzyme inhibition. Recently,
two important targets were identified in cancers with
mutant IDH proteins. In certain brain cells called
oligodendrocyte  progenitors,  hypermethylation
disrupts an insulator region near the PDGFRA gene.
This allows an enhancer to mistakenly activate
PDGFRA, thereby promoting tumor growth. At the
same time, hypermethylation silences the tumor
suppressor gene CDKN2A. Together, activating
PDGFRA and inhibiting CDKN2A help drive glioma
development. In IDH-mutant cancers, this DNA
hypermethylation activates a cancer-promoting gene
while silencing a gene that typically protects against
tumors (143).

Finally, the importance of oncometabolites blocking
TET and KDM enzymes in cancer development is
highlighted by the fact that these enzymes are often
mutated in many cancers (review (144)).

Targeting  Oncometabolism:  Clinical and
Preclinical Perspectives

Cancer cells rewire their metabolism to support
growth, survival, and immune
Oncometabolites—metabolites whose dysregulation
contributes to tumor progression—trepresent key
vulnerabilities that can be therapeutically exploited
(Table 1).

a-KG sits at the crossroads of the TCA cycle and
epigenetic regulation, serving as a cofactor for a-KG—
dependent dioxygenases, including TET DNA
demethylases and JmjC histone demethylases.
Mutations in IDH, SDH, or FH lead to the
accumulation of oncometabolites, such as D-2-
hydroxyglutarate, succinate, and fumarate, which
competitively inhibit o-KG-dependent enzymes,

evasion.
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thereby altering the epigenetic landscape and
promoting oncogenesis.

Preclinical strategies focus on restoring o-KG
function or counteracting its inhibition: exogenous
o-KG  supplementation can partially reverse
epigenetic alterations. In contrast, small molecules
targeting TET or JmjC activity may restore normal
gene regulation. Clinically, mutant IDH inhibitors
(e.g., ivosidenib, enasidenib) reduce D-2-
hydroxyglutarate levels, restore a—KG-dependent
enzyme function, induce differentiation, and improve
myeloid leukemia and
cholangiocarcinoma. Biomarkers based on epigenetic
signatures are being explored to identify patients most
likely to benefit from a-KG—targeted interventions.
Itaconate, a metabolite produced primarily by
activated macrophages, was first recognized for its
antibacterial properties, but recent evidence highlights
its role in cancer progression and immune regulation.
In the tumor microenvironment, itaconate can: Inhibit
succinate  dehydrogenase ~ (SDH),  reducing
mitochondrial respiration and promoting anti-
inflammatory TAM polarization. Alkylate proteins
such as KEAP1, TFEB, and NLRP3, influencing

outcomes In acute

antioxidant responses, lysosomal function, and
inflammasome activation. Impair CD8" T cell
metabolism when secreted by myeloid-derived
suppressor cells, reducing proliferation and anti-
tumor activity. Although direct itaconate-targeted
therapies are still in early development, strategies
aimed at reprogramming TAMs, modulating
metabolic crosstalk, and enhancing immunotherapy
represent promising avenues for clinical translation
(145, 1406).

In summary, targeting oncometabolism—through
a-KG restoration or itaconate modulation—offers a
multi-faceted approach to impair tumor growth,
reshape the tumor microenvironment, and improve
therapeutic responses. By integrating metabolic
standard  therapies and
immunotherapy, these strategies are poised to expand
the precision oncology arsenal.

interventions  with

Concluding Remark

Oncometabolites such as L-lactate, succinate,
fumarate, R-2-hydroxyglutarate, kynurenine, and
itaconate are central regulators of cancer progression,
shaping metabolism, signaling, and the tumor

Table 1. Summarizing 0-KG, and itaconate pathways with therapeutic strategies.

Metabolite / Pathway Role in Cancer

a-Ketoglutarate (a-KG) Cofactor for o-KG—

Therapeutic Strategy

Clinical / Preclinical Status

Restore  0-KG  function; IDH inhibitors (ivosidenib,

dependent dioxygenases; inhibit mutant IDH; target enasidenib) approved;
dysregulated by IDH, SDH, downstream epigenetic  preclinical studies on a-KG
FH  mutations; impacts enzymes (TET, JmjC) supplementation and
epigenetics  and  tumor epigenetic enzyme
progression modulation

Itaconate Produced by TAMs; Reprogram TAMSs; inhibit Preclinical models show
modulates SDH, ROS, Nrf2, itaconate production; immune and metabolic
inflammasome; impairs combine with  modulation; clinical
CD8" T cell metabolism; immunotherapy to restore translation in early stages
promotes pro-tumor TAM  anti-tumor immunity
polarization
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microenvironment. Targeting these metabolites and
their pathways offers a promising avenue for novel
therapeutic interventions, emphasizing the potential
of metabolite-driven strategies to transform cancer
treatment.

CONCLUSION

Oncometabolites are metabolic byproducts that arise
from altered cellular metabolism in cancer cells, often
driving tumor progression and influencing the tumor
microenvironment. Future research will focus on their
diagnostic and prognostic potential, as well as their
utility as therapeutic targets for novel anti-cancer
strategies.
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