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Abstract

Metabolic reprogramming is a unifying characteristic of cancer and involves orchestrated
changes in glucose, amino acid, lipid, and mitochondrial metabolism that go beyond the
well-known Warburg effect. Evidence is accumulating that these metabolic states are ac-
tively remodeled by oncogene signaling and tumor suppressor loss, allowing cancer cells
to sustain anabolic growth, redox homeostasis, and therapeutic stress. This review pro-
vides an overview of new findings on tumor metabolism, mechanisms, and the molecular
networks governing this reprogramming. We discuss how the major oncogenic path-
ways, such as MYC, mTOR, HIF, and AMPK, reprogram metabolism using transcriptional,
epigenetic, and post-translational control of metabolic flux. A focus is placed on mito-
chondrial bioenergetics, dynamics, and metabolite signaling such as cancer cell fitness
and stress tolerance-defining factors. We also discussed metabolic crosstalk in the tumor
ecosystem, including nutrient competition, metabolite coupling, and immunometabolic
reprogramming to coordinate metabolism-mediated effects on tumorigenesis and therapeu-
tic response. The review further considers the mechanistic basis for metabolism-targeted
therapies, including pathway dependencies, adaptive responses, and micro-environmental
context that constrain clinical benefit. Recent innovations such as spatial metabolomics,
single-cell metabolic profiling, and systems-level models have unveiled significant intra-
tumoral heterogeneity of metabolism, and they have provided important information
about diverse vulnerabilities to therapeutic intervention. Accordingly, understanding the
complex crosstalk between these metabolic networks is crucial to rationally designing
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combination strategies that selectively leverage cancer-specific metabolic liabilities with
minimal toxicities against normal tissues.

Keywords: tumor metabolism; Warburg effect; metabolic reprogramming; therapeutic
targeting; mitochondrial dynamics; tumor microenvironment; metabolic heterogeneity

1. Introduction

The theory that tumor cells harbor unique metabolic traits dates back nearly a century
to the revolutionary observations by Otto Warburg, who observed that despite normal
oxygen levels present in tumor tissues, glucose is preferentially converted to lactate [1].
This metabolic phenotype, since then known as aerobic glycolysis, was paradoxical because
it generates much less adenosine triphosphate (ATP) than that produced by mitochondrial
oxidative phosphorylation. For decades, this observation was understood as a metabolic
consequence of transformation rather than a cause of tumor formation. This perspective
has been gradually changing since the end of the last century with progress in molecular
genetics and cancer genomics. That oncogenic mutations in major metabolic enzymes
such as succinate dehydrogenase, fumarate hydratase, and isocitrate dehydrogenase have
been identified supports the notion that key metabolic changes can play a direct role in
tumor development [2]. These findings recast metabolism from a byproduct to a cause
of malignancy.

Since this early discovery, cancer metabolism has become a rapidly growing field
driven by technological advances that allow for comprehensive metabolic investigation.
Using stable isotope tracing approaches, dynamic metabolic fluxes that support anabolic
growth and redox homeostasis in proliferating cancer cells have been characterized [3].
Concomitantly, high-resolution mass spectrometry-based metabolomics has shown that
intracellular metabolite pools are radically reshaped in the context of oncogenic trans-
formation. Crucially, the combination of metabolomics information with genomics and
proteomics analyses has elucidated how oncogenic signaling machinery dynamically re-
models metabolic networks to sustain cancer cell growth and survival [4]. Recognition
that enhanced metabolism is not just supportive of but integral to the transformed malig-
nant phenotype is the basis for altered metabolism now being considered as one of the
emerging hallmarks of cancer [5]. Cancer cells have extraordinary biosynthetic needs to
support high rates of cell proliferation, which require constant production of nucleotides,
amino acids, lipids, and other macromolecular precursors. Meanwhile, tumors grow in the
microenvironment featuring changing fluctuations in oxygen content, deficient resources,
and an acidic milieu with metabolic stress [6]. Apart from biosynthesis, there is a chal-
lenge for malignant cells to maintain redox balance in the face of increased ROS, as well
as adapt towards immune pressure and therapeutic stress [7]. These pressures result in
a massive rewiring of metabolism that can alter the expression or activity of metabolic
enzymes, reprogram the usage and directionality of metabolic pathways, adjust nutrient
transporter abundance, and modify preferred sources of carbon and nitrogen. Importantly,
cancer metabolism is highly flexible, and tumor cells readily reprogram their metabolic
pathways in response to the environment or drug-induced perturbation [8]. Although
this adaptability makes therapeutic targeting challenging, it also exposes context-specific
vulnerabilities that could be targeted in a clinical setting. With the understanding that
metabolic dependencies are actionable vulnerabilities, interest in devising metabolism-
targeted anticancer therapies has intensified. In contrast to several molecular targets that
are confined to certain mutational subsets, metabolic liabilities are regulated by more gen-
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eral constraints on sustained proliferation and may therefore be applicable in the broader
clinical context. As a result, several metabolic pathway-targeting agents have advanced
clinical investigation, with preliminary studies highlighting some promising evidence for
antitumor activity within specific contexts [9]. However, demonstrating durable clinical
benefit from metabolic insights has been difficult to achieve. The metabolic flexibility,
which allows tumors to adopt such a deadly phenotype for survival, is the mechanism by
which single-pathway inhibition is resisted [8]. In addition to that, growing non-malignant
tissues have many of the same metabolism traits as cancer cells, limiting the therapeutic
window. Furthermore, intratumoral metabolic heterogeneity necessarily implies that the
suppression of a single pathway might selectively clear only a fraction of the malignant
cells while enabling metabolically unique subpopulations to survive [10]. These challenges
have driven the refinement of new therapeutic approaches, such as combination therapies
promoting synthetic lethal interactions, and the implication of tumor-specific metabolic
vulnerabilities defined in a genetic or microenvironmental setting [11]. The recognized
science of cancer metabolism has been thoroughly addressed elsewhere [4,5].

Instead, in this review, we compiled developments in the field of tumor metabolism
with an emphasis on their translational significance. We began by introducing the main
aspects of metabolic reprogramming in cancer, going beyond glucose metabolism and
focusing on global alterations involving several metabolic pathways. We then covered
the molecular controllers of metabolic adaptation, including tumor suppressor loss and
oncogenic signaling pathways and epigenetic regulation. Mitochondrial structure and
function were one of the focuses, having become a hotspot in leukemia cell fitness and
plasticity. We also discuss how metabolic interaction in the tumor microenvironment
modulates cancer development, immune responses, and therapeutic response. Finally,
we review the status of metabolism-targeted therapies with a focus on successes and
remaining challenges as well as emerging opportunities for advances. Further, we focus
on a few concepts that shape our current perception of cancer metabolism. These include
the pronounced metabolic diversity between and within tumors [10], the broadening of
metabolic reprogramming to encompass amino acid, lipid, and one-carbon metabolism in
addition to glycolysis [4], and, more recently, dynamic metabolic interplay between cancer
cells and their local environment. We also discuss how new technologies, including spatial
metabolomics and computational modeling, are revolutionizing our capacity to dissect and
target metabolic liabilities in cancer.

2. Signatures of Metabolic Reprogramming in Cancer
2.1. The Warburg Effect Revisited: Beyond a Single 'Warburg’s Metabolism’

Glycolysis is a central synthetic hub that provides intermediates to be consumed by
several anabolic pathways. Glucose-6-phosphate can also be shunted into the pentose
phosphate pathway to generate ribose sugars needed for nucleotide synthesis and NADPH
required for these reductive reactions and antioxidant protection. Other glycolytic interme-
diates also provide carbon skeletons for the synthesis of amino acids and lipids. Crucially,
despite being less energetically efficient, glycolysis can generate ATP more rapidly than
mitochondrial respiration—a clear advantage for rapidly proliferating cells, where the
emphasis may be on speed rather than yield. Tumor lactic acid production, long considered
a metabolic waste product, has been adapted to the concept of lactate as a biologically
active species in the tumor microenvironment. The export of lactate induces extracellular
acidosis, which may promote tissue invasion, angiogenesis, and weakening of the antitu-
mor immunity [12]. These activities jointly define aerobic glycolysis as a multidimensional
assembly instead of a metabolic lack. Aerobic glycolysis is arguably the most well-known
metabolic hallmark of cancer, but relative requirements for glycolysis can vary dramatically
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between malignancies or even within different subpopulations of a single tumor, suggesting
that while the original Warburg model generally holds true, it represents only part of the
metabolic complexity seen in tumors [1,10]. Although some cancers, particularly pancreatic
ductal adenocarcinoma and some hematologic malignancies, still maintain a high level
of mitochondrial respiration [13], highly glycolytic tumor cells can retain functional mito-
chondria for additional cellular processes such as biosynthesis, redox homeostasis, and
intracellular signaling [5]. This metabolic flexibility allows cancer cells to respond efficiently
to changes in nutrient levels and oxygen concentrations in the tumor microenvironment.

It is critical to distinguish two types of metabolic alteration in tumors. The first type
consists of a set of broadly general adaptations that include increased nutrient uptake,
expanded biosynthetic capacity, and reinforced redox management. These adaptations
appear across most proliferating tumors and reflect the generic demands of unrestrained
growth. The second consists of specific dependencies that arise from particular genetic
lesions or microenvironments, such as 2-hydroxyglutarate production in IDH-mutant
tumors, pseudohypoxic HIF stabilization following VHL loss, and arginine auxotrophy
in ASSl1-silenced cancers. While the universal adaptations explain the sharing of similar
malignant metabolic phenotype, the context-specific dependencies reveal vulnerable targets
for treatment. Overlooking this difference has contributed to over-generalized expectations
of metabolic cancer therapies.

2.2. Amino Acid Metabolism: Dependencies Beyond Glucose

While glucose metabolism has taken center stage in the field, aminos are equally
essential for taking cancer to warp speed and keeping it there. Of these, glutamine has
been identified as an essential nutrient for several tumors, and some cancers exhibit an
even greater dependency on glutamine compared with glucose in certain cases, the latter
being known as glutaminolytic tumors [14]. Following uptake, glutamine is hydrolyzed to
glutamate by the enzyme glutaminase and then metabolized to a-ketoglutarate through
both dehydrogenase and transaminase reactions, refilling the tricarboxylic acid (TCA)
cycle with intermediates via a process referred to as glutaminolysis [15]. This pathway
balances a variety of cellular demands, such as anaplerotic function, nitrogen supply for
nucleotide and amino acid biosynthesis, and redox homeostasis by generating NADPH.
In most tumor settings, glutamine-derived carbon constitutes the major anaplerotic input
for the TCA cycle in those cases where decreased flux along glucose-derived pyruvate
oxidation due to increased lactate output is attenuated [16]. In addition to metabolism,
glutamine plays a role in cellular redox homeostasis and epigenetics. It is involved in
glutathione production, serving as the primary substrate for antioxidant functions, and the
availability of x-ketoglutarate will regulate several dioxygenases responsible for DNA and
histone demethylation [17]. Other amino acid dependencies additionally emphasize the
metabolic heterogeneity of cancer. Serine and glycine also contribute to the one-carbon
metabolism necessary for nucleotide biosynthesis and methylation reactions, which are
required for cell proliferation [18]. Serine biosynthesis is commonly upregulated in tumors,
and associations with sensitivity to serine deprivation have been observed within cancer
settings [19]. Levels of available asparagine limit growth in some leukemias, thus explaining
the mechanistic basis for L-asparaginase therapy in acute lymphoblastic leukemia [20].
Consistent with this, arginine deprivation approaches are effective in cancers that do
not express argininosuccinate synthetase [21], and methionine limitation via dietary or
enzymatic means impairs the growth of several cancer types [22]. Collectively, these
dependencies emphasize both the regulatory and biosynthetic roles that amino acids play
well beyond their role in protein synthesis.
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2.3. Lipid Metabolism Reprogramming

Lipids are essential for energy production, as signaling molecules, and also as build-
ing blocks of cell membranes for cancer cells. In many cancers, de novo lipid synthesis
is upregulated even when nutritional lipids are abundant, recapitulating the metabolic
reprogramming observed for glucose metabolism [23]. Fatty acid synthase (FASN), the
enzyme that catalyzes the final steps of palmitate synthesis, is often upregulated in ma-
lignant tissues and correlates with poor prognosis in various types of cancers [24]. Lipid
synthesis is upregulated to contribute to an increase in membrane structural components
that are necessary for cell division, the generation of lipid-derived signaling molecules that
promote survival, and substrates for protein lipidation processes that affect intracellular
trafficking and signal transduction. These biosynthetic routes are closely associated with
central carbon metabolism. Mitochondrial citrate is then exported to the cytosol, where
it is converted by ATP citrate lyase into acetyl-CoA, a substrate for de novo fatty acid
synthesis [25]. Acetyl-CoA carboxylase follows that up with malonyl-CoA, which is in-
corporated consecutively by fatty acid synthase into growing lipid chains. The reductive
potential for lipogenesis is predominantly provided by NADPH from the pentose phos-
phate pathway, in concert with malic enzyme activity, highlighting the crosstalk between
glucose and lipid metabolism. A later desaturation by stearoyl-CoA desaturase generates
monounsaturated fatty acids, which might change the properties of the membrane and
protect against lipotoxic stress [25]. Apart from anabolic-scaling remodeling, cancer cells
often modulate lipid catabolism. Fatty acid oxidation acts as an alternate source of energy
under fasting or metabolic challenge conditions [26]. Some cancers, such as prostate and
some forms of leukemia, have increased requirements for fatty acid oxidation to promote
viability [27]. The equilibrium of lipid biosynthesis and catabolism enables tumor cells
to fit environmental and therapeutic demands. This has led to lipid metabolic enzymes
such as fatty acid synthase and acetyl-CoA carboxylase being considered attractive targets
for cancer therapy, with a number of inhibitors now progressing through preclinical and
clinical development [24,28].

2.4. One-Carbon Metabolism and Nucleotide Synthesis

Proliferation is a highly energy-consuming process that has high demands to produce
nucleotides for DNA replication and RNA synthesis. One-carbon metabolism, including
the folate and methionine cycles, is centrally implicated in meeting these needs through
the generation of activated one-carbon units for purine and thymidylate biosynthesis [29].
One-carbon serine is a major donor through its conversion to glycine by serine hydrox-
ymethyl transferase, yielding 5,10-methylenetetrahydrofolate. This intermediate serves to
fuel the production of purine and thymidylate necessary for genome duplication. De novo
serine synthesis is upregulated in many tumors by shunting glycolytic intermediates into
the serine biosynthesis pathway through 3-phosphoglycerate, mediated by the enzyme’s
phosphoglycerate dehydrogenase, phosphoserine aminotransferase, and phosphoserine
phosphatase [17]. Phosphoglycerate dehydrogenase amplification has been reported in
subsets of breast cancer and melanoma, with high-level expression associated with unfa-
vorable clinical outcomes [30]. Besides serving as a precursor of nucleotide biosynthesis,
serine-fueled one-carbon metabolism also generates NADPH via methylenetetrahydrofo-
late dehydrogenase and thus connects these pathways to cellular redox status. Furthermore,
the spatial separation of one-carbon metabolism into mitochondrial and cytosolic pools
adds even more regulatory complexity [31]. Mitochondrial reactions produce formate that
may be exported to the cytosol for anabolic purposes. The relative contribution of each
compartment differs among the tumor types and is determined by microenvironmental
factors such as oxygen availability. In one-carbon metabolism therapeutics, one-carbon
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metabolism is the target of therapy with a long clinical history, methotrexate being the
prototypical antifolate agent. Recent efforts are focused on developing more selective
inhibitors and finding predictive biomarkers to increase therapeutic responses [30,32].

2.5. Spatial and Temporal Metabolic Heterogeneity

The recognition of spatial and temporal metabolic heterogeneity of tumors has been
one of the most profound insights in cancer metabolism [10]. The spatial heterogeneity is
due to irregular vascularization and nutrition supply, which results in metabolic niches
within the tumor. Cells within close proximity to the blood vessels are relatively well
oxygenated and nourished, while cells in poorly perfused areas may be challenged with
hypoxia and lack of nutrients. These gradients give rise to different metabolic phenotypes
in the two distinct hypoxic environments: the well-oxygenated region supporting oxidative
metabolism and the hypoxic zone requiring glycolysis and reductive pathways [6]. This
metabolic flexibility, allowing survival under a wide range of environments, also leads to
resistance against metabolism-directed therapies [8]. Temporal diversity adds to this com-
plexity as cancer cells dynamically rewire their metabolism to respond to adaptive changes
in the environment, therapeutics, and progression of disease [33]. Primary tumors and
metastatic lesions have distinct metabolic requirements. Furthermore, metastasizing tumor
cells differ fundamentally from dormant tumor cells, highly metastatic tumor (HMT) popu-
lations and actively proliferating metastatic cells. Tackling this new metabolic backdrop is
an important health concern. However, these complexities are starting to be resolved by
recently developed methodological improvements. Single-cell and spatial metabolomics
methodologies have demonstrated remarkable intraclonal metabolic heterogeneity even
between genetically related cells located within the same microenvironmental compart-
ment [3]. This variation may be due to a combination of stochastic processes and finely
tuned responses to minor environmental variations. Metabolic plasticity and metabolic
heterogeneity in the tumor microenvironment are emerging as a frontier in cancer research
for both tumor evolution and how tumors develop resistance to treatments, as well as their
capacity to metastasize. From a therapeutic point of view, our results predict that achieving
sustained metabolic targeting likely requires drug combinations that concurrently induce
multiple defects in the metabolism [11]. Table 1 describes the metabolic heterogeneity
across major cancer types.

Cancer classifications denote the dominant or most frequently reported phenotypic
features, serving as diagnostic guidelines rather than as fixed tumor-level properties since
substantial intratumoral, interpatient, and intersubtype metabolic heterogeneity exists in
most cases. The most notable variation is with glioblastoma where it demonstrates marked
intratumoral metabolic heterogeneity across perinecrotic, infiltrative, and IDH-mutant
regions. Similarly, acute myeloid leukemia consists of metabolically distinct subpopulations,
with leukemic stem cells depending more heavily on OXPHOS than the broader tumor cell
population. Renal cell carcinoma further underscores this diversity, with metabolic profiles
fluctuating distinctly based on histological subtype and molecular background (clear cell
versus papillary and chromophobe tumors).
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Table 1. Predominant metabolic phenotypes and representative therapeutic vulnerabilities across
major cancer types.

Cancer Type Glycolytic OXPHOS Metabolic Key Metabolic Primary Therapeutic Refs
M Index Dependence Plasticity Features Vulnerabilities ’
Glucose/glutamine IDH inhibitors, mTOR
Glioblastoma High Low-Moderate Moderate co—dependencg, IDH %nh¥b¥tf)rs, glutaminase [17,34,35]
mutations in inhibition + autophagy
secondary GBM, blockade
Autophagy, Autophagy inhibitors,
Pancreatic ade- macropinocytosis, micropinocytosis blockade,
nocarcinoma High Low High amino acid stromal targeting, KRAS [8,11,36]
scavenging, (G12C/D) inhibitors +
KRAS-driven metabolic
Lipid accumulation, CAIX inhibitors, OXPHOS
Renal cell . . . constitutive HIF inhibitors, combination
carcinoma Variable High High activation (VHL loss), ~ metabolic strategies (CB-839 [16,37]
glucose/glutamine monotherapy failed)
Glutamine/leucine IDH1/2 inhibitors
Acute myeloid dependence, (ivosidenib /enasidenib)
X Moderate High High OXPHOS reliance, ’ [13,34,38,39]
leukemia IDH mutations venetoclax + OXPHOS
BCL-2 dependance inhibitors, IACS-010759
Breast cancer Fatty acid oxidation, ACC inhibitors, FASN
Moderate Moderate-High High estrogen-regulated inhibitors, PI3K/mTOR + [26,40,41]
(ER+) ; . L
metabolism metabolic combination
Lung adenocar- KRAS-driven iﬁ?;g&fg&;ﬁ;}iﬁrj
& High Low-Moderate Moderate glutaminolysis, . & [10,33,42]
cinoma " metabolic; NRF2 pathway
glucose addiction A,
inhibitors
BRAF-regulated BRAF/MEK + OXPH.OS
Moderate- . X inhibitors, ferroptosis
Melanoma . Moderate High metabolism, . [4,7]
High metabolic flexibilit inducers (GPX4/SCD
Y inhibitors) in selected patients
Glycolysis inhibition (LDHA,
HK?2), glutaminase inhibitors
Colorectal WNT-driven (SO0 FIRC Bt
olorec High Moderate Moderate glycolysis, glutamine  pathway targeung, [2,4]
cancer . anti-angiogenic + metabolic
metabolism .
therapy (bevacizumab
combinations), OXPHOS
inhibitors

3. Molecular Regulators of Tumoral Metabolism
3.1. Oncogene-Driven Metabolic Reprogramming

Emerging consensus in cancer biology suggests that oncogenic signaling and metabolic
reprogramming are interwoven events. Metabolic adaptation and genetic transformation
do not develop simultaneously but instead occur in concert as oncogenic drivers actively
enforce the metabolic changes mediating malignant expansion [43]. This close association
explains how otherwise disparate metabolic phenotypes are so consistently evident across
different genetic backgrounds of tumors. The myelocytomatosis (MYC) oncogene is a
prototype of a one-oncogene mediating energy metabolism reprogramming at multiple
layers. Being a universal transcription factor, MYC directly represses many classes of
metabolic enzyme and transporter-encoding genes in various pathways. Activation of
MYC results in upregulation of glucose transporters and several rate-limiting glycolytic
enzymes and thus facilitates heightened glucose uptake accompanied by rapid glycolysis
to support the bioenergetic requirements for rigorous proliferation. Meanwhile, MYC
induces glutamine metabolism by inducing the expression of several genes, including those
encoding glutamine transporters and glutaminase, which support the strong reliance on
(i.e., “addiction” to) glutamine metabolism observed in many Myc-dependent cancers [40].
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In addition to its regulation of those genes involved in energy production through direct
transcriptional mechanisms, MYC has more general effects on the cellular metabolic ma-
chinery by initiating mitochondrial biogenesis and ribosomal synthesis and by promoting
cell-growth programs. Together, these effects demonstrate how MYC orchestrates a multi-
layered metabolic program joining glucose, glutamine and nucleotide metabolism in the
service of oncogenic transformation. MYC-driven metabolic pathways are depicted in
Figure 1.

MYC PI3K-ATK-mTOR RAS HIF-10

- — e e Ve

Glutamine Metabolism
f Glutamine Uptake

Glucose Metabolism

4

/ 1Glucose Uptake gyt
[

Glutaminolysis }

)' Aerobic glycolysis 1 |
(Warburg Effect) ./f TCA Anaplerosis \

L Lactate Exportﬂ‘“'y | NADPH and Redox suppoy

Figure 1. MYC-driven metabolic network and principal therapeutic intervention points. MYC
coordinates upregulation of glucose uptake (GLUT transporters), aerobic glycolysis (HK2, PKM2,
LDHA), lactate export (MCT4), glutamine uptake and catabolism (GLS, GDH), TCA anaplerosis,
nucleotide biosynthesis (SHMT, DHFR), and lipid synthesis (FASN, ACC), creating an integrated
anabolic state supporting malignant proliferation. Key pharmacological targets at each node are
indicated. Created in BioRender. Wali, A. F. (2026). BioRender.com/o4kmmuy.

A further key link between oncogenic signaling and metabolic reprogramming is
PIBK/AKT/mTOR [43]. AKT activation increases glucose influx by increasing translo-
cation of glucose transporters to the plasma membrane and activates glycolysis by
phosphorylation-dependent kinase activation, including hexokinase and phosphofruc-
tokinase. mTOR acts as a key downstream sensor for both nutrient and growth factor
signaling, measuring the availability of proteins, lipids and nucleotides according to cellu-
lar growth demands [41]. mTOR signaling is the axis of anabolic and catabolic pathways,
autophagy being one of the latter [11]. Due to the frequent activation of PI3K/AKT/mTOR
signaling in cancer through PIK3CA mutation, PTEN loss or receptor tyrosine kinase sig-
naling, this axis is a central driver for the anabolic metabolic state of proliferating tumor
cells. Oncogenic rat sarcoma (RAS) proteins, the most frequently mutated drivers in human
cancers, also heavily influence metabolic networks [33]. Mutant RAS stimulates uptake of
glucose and flux through glycolysis, as well as glutamine metabolism and macropinocyto-
sis, a parallel nutrient scavenging process. Tumors driven by RAS, for example, are often
more dependent on autophagy to recycle material within the cell and maintain biosyn-
thesis when under metabolic stress [11]. The metabolic consequences of these events are
transmitted through several downstream signaling cascades, such as RAF/MEK/ERK and
PI3K/AKT; this complexity highlights the multiple pathways by which oncogenic signals
can be translated into altered metabolism.

3.2. Tumor Suppressor Loss and Metabolic Deregulation

Similarly to oncoproteins that activate oncogenes and actively rewire metabolic net-
works, pernicious loss of tumor suppressor function can drive instigating changes in
cell-intrinsic metabolic states. The tumor suppressor p53, being mutated in over half of all
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human cancers, has pervasive regulation of metabolism not restricted to its classic function
in cell cycle arrest and apoptosis. Under basal conditions, p53 inhibits glycolysis and pro-
motes mitochondrial oxidative metabolism by modulating the transcription of metabolic
genes [44]. A key mechanism is through upregulation of TP53-induced glycolysis and
apoptosis regulator (TIGAR), which lowers cellular fructose-2,6-bisphosphate levels and
consequently blunts glycolytic flux, shunting the glucose-derived carbon backbone towards
the pentose phosphate pathway to fuel NADPH generation. Loss of p53 eliminates this
metabolic restriction, allowing for increased glycolysis and decreased oxidative phospho-
rylation, leading to a strengthening of Warburg-like attributes. p53 also exerts control on
glutamine metabolism by the regulation of glutaminase 2 and regulates lipid metabolism
through targeting fatty acid oxidation and lipid synthesis pathways. Furthermore, p53
also regulates redox status and metabolic stress adaptation of the cells [45]. Although p53
loss has been shown to induce metabolic vulnerabilities, such as dependence on glycoly-
sis, it also instills metabolic flexibility that can support the resistance of tumors towards
therapeutics. Other tumor suppressors also mold cancer metabolism. Deletion of PTEN
leads to persistent activation of PI3K/AKT signaling and subsequent metabolic alterations
that support increased levels of anabolism. LKB1, a tumor suppressor with frequent inac-
tivation in lung cancer and other cancers, controls cellular energy sensing primarily via
the activation of AMP-activated protein kinase (AMPK). LKB1 loss of function neuters
the cellular response to energetic stress, allowing proliferation under nutrient-deprived
conditions. RB (retinoblastoma protein) also plays a role in metabolic regulation, which
impacts mitochondrial function and nucleotide synthesis [46]. These examples taken to-
gether indicate that tumor suppressor loss, in the same way as oncogene activation, is a
direct driver of those metabolic phenotypes that distinguish cancer cells.

3.3. Response to Hypoxia and HIF-Dependent Metabolic Adaptation

With the outgrowth of tumors beyond their blood supply, hypoxic areas develop,
leading to major metabolic stress. Hypoxia response is largely coordinated by hypoxia-
inducible factors (HIFs), transcription factors that are stabilized in low-oxygen conditions
to engage large-scale metabolic reprogramming programs [6], the most prominent target
of which, HIF-1«, activates expression of glucose transporters and almost all glycolytic
enzymes, dramatically enhancing glycolytic flux. Simultaneously, HIF-1x suppresses
mitochondrial oxygen consumption by activating pyruvate dehydrogenase kinase and
thus suppressing pyruvate dehydrogenase activity, limiting the input of pyruvate into the
TCA cycle. This concerted change restrains oxidative metabolism to allow ATP production
with hypoxia. Metabolic regulation by HIF is not limited to glycolysis. Signaling via
HIF regulates amino acid metabolism, including pathways involved in glutamine use
and proline synthesis, as well as affecting lipid metabolism by inducing lipid storage and
suppressing fatty acid oxidation. In addition, HIF also controls cell homeostatic autophagy
and mitophagy, which is required for energy metabolism in the absence of oxygen [47].
These integrated responses reflect the evolutionary function of HIF as a master switch to cell
survival under hypoxia. Crucially, the activation of HIF in cancer is not only governed by
oxygen levels. Oncogenic and tumor suppressive signaling can serve to stabilize HIF under
normoxic conditions by perturbing their regulatory apparatus. Mutations in tricarboxylic
acid cycle enzymes, including succinate dehydrogenase and fumarate hydratase, result in
accumulation of succinate or fumarate, which inhibit HIF prolyl hydroxylases and thus
stabilize HIF [48]. In a similar manner, inactivation of the von Hippel-Lindau (VHL) tumor
suppressor leads to HIF stabilization, except loss contributes [37]. This pseudo-hypoxic
profile causes metabolic reprogramming even in oxygenated tumor areas and proves how
genetics, but also environmental factors, work together to shape the metabolism of tumors.
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3.4. Epigenetic Control of Metabolic Gene Expression

Metabolism—epigenetics crosstalk has been recognized as one of the important axes in
cancer biology. Metabolic pathways produce vital substrates for epigenetic alteration, such
as S-adenosylmethionine and acetyl-CoA, which are involved in methylation reactions and
histone acetylation, respectively [49]. On the other hand, since transcription of metabolic en-
zymes is also epigenetically regulated, feedback loops are formed to connect metabolic state
to gene expression programs. It was with the finding that isocitrate dehydrogenase (IDH)
mutations cause glioma and acute myeloid leukemia by generating the oncometabolite 2-
hydroxyglutarate that much of the interest in metabolism-mediated epigenetic modification
was stimulated [17]. 2HG is an inhibitor of a-ketoglutarate-dependent dioxygenases, such
as TET DNA demethylases and Jumonji-domain histone demethylases, which can result in
changes in the chromatin structure and ultimately gene expression [15]. The same process
works in tumors with succinate dehydrogenase or fumarate hydratase mutations, resulting
in an accumulation of succinate or fumarate and the inhibition of the same class of epige-
netic enzymes [48]. In addition to these mutation-mediated transformations, more subtle
alterations in the availability of metabolites can also reconfigure epigenetic landscapes.
Changes in acetyl-CoA levels directly influence global histone acetylation, and changes
in S-adenosylmethionine impact DNA and histone methylation patterns [50]. Metabolites
like x-ketoglutarate, succinate, fumarate and lactate are capable of directly influencing
the activity of chromatin-modifying enzymes [51]. Such examples of metabolic-epigenetic
crosstalk represent potential therapeutic targets where targeted metabolic manipulation
could reprogram epigenetic landscapes, restore differentiation or overcome resistance
to treatment [34,52]. The key metabolites that are cofactors or inhibitors for epigenetic
enzymes are listed in Table 2.

Table 2. Metabolic—epigenetic interactions in cancer: mechanisms and therapeutic implications.

Epigenetic Therapeutic

Metabolite Source Pathway Target Function Relevance Refs.
TET, JmjC IDH inhibitors
x-Ketoglutarate (x-KG) TCA cycle demethylase Cofactor restore levels [17,34]
2-Hydroxyglutarate TET, JmjC o Oncometabolite
(2-HG) Mutant IDH demethylase Inhibitor direct target [17,34,52]
. Links metabolism to
Acetyl-CoA Multiple HATs Cofactor o [49,50,53]
transcription
S-Adenosylmethionine One-carbon DNMTs, HMTs Cofactor Methlomn'e cycle [22,29]
(SAM) targeting
. TET, JmjC o Accumulation in
Succinate TCA cycle demethylase Inhibitor SDH mutants [48]
Fumarate TCA cycle TET, JmjC Inhibitor Accumulation in FH [48]
demethylase mutants
Metabolic—-
. Histone . . epigenetic crosstalk,
Lactate G(IE];(I)_II}:; ° lactylation Eggggir;ieetic novel target for gene [51,54]
(H3K18la) expression
regulation
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3.5. Metabolic Rheostats: Post-Translational Modifications

The main function of protein PTMs is to modulate the abundance, activity and inter-
action network of proteins in response to stress and changing nutrient conditions. Post-
translational modifications offer immediate, reversible mechanisms for tuning metabolic
enzyme activity in response to dynamic changes in cellular status. Post-translational modi-
fications, including phosphorylation, one of the most well-studied modifications in biology,
regulate the activity of many metabolic enzymes, such as those involved in rate-limiting
steps of glycolysis, the TCA cycle and biosynthetic pathways, etc. Oncogenic activation,
as well as growth factor signaling, frequently modulates cellular metabolism by the di-
rect phosphorylation of metabolic enzymes by oncogene-associated kinases, including
AKT. By contrast, metabolic stress induces stimulation of AMPK and phosphorylation
of metabolic enzymes to return energy homeostasis [53]. Acetylation is currently one of
the most critical posttranslational modifications in metabolism. Mitochondrial proteins
are known to be heavily modified by lysine acetylation, a posttranslational modification
that can have profound effects on enzymatic activity and protein stability. The acetylation
alteration is also subject to dynamic control by NAD"-dependent deacetylases, sirtuins
that remove acetyl groups according to cellular redox and energy level [45]. Hence, the
acetylation status of metabolic enzymes represents a direct molecular mechanism by which
shifts in NAD™ availability may be translated into changes in mitochondrial metabolism.
Members of the histone deacetylase (HDAC) class, independent of sirtuins, are other pro-
teins involved in controlling metabolic enzyme activity through a deacetylation reaction.
Very importantly, the acetylation of metabolic enzymes is not always enzyme-catalyzed.
This non-enzymatic acetylation process can proceed as a result of the intrinsic reactivity
of acetyl-CoA, thus establishing a direct biochemical connection between cellular metabo-
lite levels and protein modification [38]. Thus, the metabolic state can be stamped on
the proteome without transcriptional regulation. In addition to acetylation, a plethora of
post-translational modifications, including methylation, ubiquitination, succinylation, and
lactylation, orchestrate metabolic enzyme function, localization, and stability [51]. Rapid,
fine-tuned control of metabolic flux is made possible by the reversible and diversified
nature of these modifications. In cancer, the deregulation of enzymes that add or remove
these modifications can even be a driver of metabolic rewiring per se. For instance, changes
in sirtuin expression/activity influence the mitochondrial metabolism and cellular stress
response. The author’s work is motivated by the central question of how post-translational
regulation interacts with genetic and transcriptional mechanisms in the control of tumor
metabolism, which continues to be an area under intensive study.

4. Mitochondrial Dynamics and Dysfunction
4.1. Mitochondrial Metabolism and Biogenesis in Cancer

Early conceptions of cancer metabolism, predominantly based on glycolysis, have
overlooked the central role of mitochondria in transformed cells. It is now evident that
the majority of tumor cells maintain functional mitochondria, which are essential for
cell fitness and survival [5]. Even in cancers with high glycolytic activity, mitochondrial
respiration is retained as a source of ATP production (and biosynthetic intermediates
through the TCA cycle) and for redox homeostasis. The relative reliance on glycolysis
versus oxidative phosphorylation varies to a large extent between cancer types and even
within tumors, owing in part to intrinsic genetic programs as well as adaptation based
on microenvironment conditions [13]. The mitochondrial biogenesis is tightly controlled
by transcriptional co-activator PGC-1« and its related family members, which coordinate
nuclear and mitochondrial gene expression to guarantee correct formation of the respiratory
complexes. Changes in PGC-1a levels or activity are detected in various malignancies,
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and some tumors take advantage of increased mitochondrial biogenesis to meet high
energetic as well as anabolic needs [55]. Oncogenic MYC positively regulates mitochondrial
biogenesis as a centerpiece of its more general program for promoting growth, and other
oncogenic pathways like RAS signaling also have the same effect on mitochondrial mass
and function [56]. The balance between glycolytic and oxidative metabolism in tumor cells
is subject to regulation by multiple parameters, including oncogenic mutations, oxygen
and nutrient availability, as well as the stage of the tumor. Some cancers, including certain
types of leukemias and pancreatic tumors, exhibit an increased dependence on OXPHOS,
which can in turn be therapeutically targeted [13,39]. Interestingly, in glycolysis-orientated
tumors, certain cell populations, including cancer stem-like cells, may rely dominantly
on mitochondrial respiration [57]. Such intratumoral metabolic diversity could have
important implications for therapy, because treatments can differ in their killing potential
towards various subpopulations depending on which metabolic pathway they target.

Understanding how pathway choice is determined still represents a major challenge in
the field.

4.2. Fission, Fusion, and Quality Control

Mitochondria are a dynamic network of organelles that constantly move apart from
and fuse together with each other, events that promote their function, distribution and
integrity. Division is mainly governed by the dynamin-related GTPase DRP1, and fusion is
regulated by the mitofusins (MFN) and OPA1 (inner membrane protein) [58]. The interplay
of these two processes determines mitochondrial bioenergetics capacity, calcium handling
and the tendency to undergo apoptosis. In many cancers, mitochondrial dynamics are de-
ranged, and often, fission becomes dominant with fragmented mitochondria networks [59].
The effects of modulating mitochondrial dynamics in cancer are context-specific. Increased
fission may accelerate cell division by allowing efficient mitochondrial inheritance during
mitosis. Dysfunctional mitochondria may also be less efficient at using oxidative phos-
phorylation for producing ATP yet support anabolic metabolism by redistributing and
compartmentalizing metabolites. Mitochonderial fission is also crucial for mitophagy, which
results in the segregation and elimination of defective mitochondrial entities when cells are
stressed [47]. In contrast, fusion mitochondrial function complementation and mitochon-
drial dysfunction thereby exchange materials among linked mitochondria. As fission and
fusion form the basis of mitochondrial health, these proteins controlling their dynamics
have been suggested as potential therapeutic targets. DRP1 has also been suggested as
a novel and interesting target because the pharmacological inhibition of this protein is
able to block tumor progression in preclinical models, although there are still unknowns
about how it works [59]. Aberrant mitochondrial dynamics also modulate susceptibility to
chemotherapy and targeted agents [10,11], and there is even some evidence that fused mi-
tochondrial networks enhance a cell’s resistance to drug-induced apoptosis. The crosstalk
among mitochondrial dynamics, metabolism, and therapeutic response presents an area of
great potential for future study. A schematic representation of mitochondrial heterogeneity
and intercellular transfer in the TME is shown in Figure 2.
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Figure 2. Proposed mechanisms of mitochondrial heterogeneity and intercellular mitochondrial trans-
fer in the tumor microenvironment. The schematic summarizes putative routes by which functional
mitochondria may be transferred from stromal cells (MSCs, CAFs, endothelial cells) to metabolically
compromised cancer cells via tunnelling nanotubes, extracellular vesicles, and cell fusion, with pro-
posed restoration of OXPHOS capacity and a suggested contribution to chemoresistance. The reverse
transfer of damaged mitochondria from cancer to stromal cells is also depicted. The supporting
evidence derives predominantly from in vitro and selected in vivo models; the indicated molecular
targets of the transfer machinery are therefore based on an exploratory concept and have not been
clinically validated. Created in BioRender. Wali, A. F. (2026). BioRender.com/odkmmuy.

4.3. Intercellular Mitochondrial Transfer and Therapeutic Resistance

A new paradigm, the different methods by which mitochondria can be transferred
among cells, has been summarized above. In this section, we provide an overview of the
key processes for which evidence is emerging. It should be emphasized that although these
observations are striking, the evidence base relies mostly on in vitro co-culture systems and
limited in vivo models. Consequently, intercellular mitochondrial transfer therefore should
be viewed as an emerging and still exploratory concept rather than a validated mechanism
of clinical resistance. One of the most surprising developments in modern cancer research
is the realization that mitochondria can be transferred between cells with profound impli-
cations for tumor bioenergetics and treatment response [60]. Tumor cells are reported to
receive mitochondria from the surrounding stroma, including MSCs, endothelial cells and
immune cells via routes such as TnTs, EVs, and cell fusion [61,62]. Intercellular transfer
of mitochondria may rescue mitochondrial function in metabolically challenged cancer
cells and restore oxidative functionality as well as drive resistance to agents targeting
mitochondrial metabolism [63]. The implications are broader than that with mitochondrial
transfer. Functional mitochondria are transferred from beclin1 (-/-) cells to recipient cells
with the transfer of mitochondrial DNA and are capable of impacting metabolic phenotype,
as well as the response to stress. Experimental studies have demonstrated that cancer cells
take up stromal mitochondria to promote chemoresistance, maintain metastatic capacity
and augment stem-like features [63,64]. On the other hand, cancer cells may transfer dam-
aged mitochondria to stromal cells that alter the metabolic environment of the tumor to
become pro-tumorigenic. Despite increasing attention, the molecular mechanisms that
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control mitochondrial transfers (donor—recipient choice and direction of transfer) are still
poorly understood. Cellular stress such as hypoxia or chemotherapeutic agents induce
mitochondrial transfer, indicating that this process is an adaptive strategy to metabolic
challenge [65]. Therapeutically, mitochondrial transfer can be a resistance mechanism that
counters the effectiveness of metabolic therapies. In the future, it is possible that therapeutic
intervention targeting the machinery responsible for mitochondrial transfer or selectively
eliminating cells that accept foreign mitochondria from CD47low BMDMs may provide
new treatment opportunities.

4.4. Mitochondrial DNA Mutations and Heteroplasmy and cGAS-STING Activation

Mitochondrial DNA (mtDNA) is a small circular genome that encodes 13 subunits
of the electron transport chain as well as rRNAs and tRNAs. However, combined with
the fact that mtDNA is less protected against reactive oxygen species and has limited
capability for DNA repair, this causes a higher rate of mutations in mtDNA than in nuclear
DNA [66]. The frequency of occurrence of mtDNA mutations is considerable and can
range from point mutations to large deletions, and the variants occur along with high
levels of heteroplasmy, where wild-type and mutant forms coexist within a single cell [67].
Their metabolic effects are a function of their functional severity, frequency and the cellular
environment in which they occur. Although a severe defect in ETC could lead to an
inhibition of oxidative phosphorylation and stimulation of glycolytic dependency, the
association between mtDNA mutations and cancer metabolism can be more complex.
Some of the mtDNA mutations that cause tumorigenesis impact the bioenergetic system
indirectly, via ROS signaling effect, calcium homeostasis or metabolite production, rather
than through direct bioenergetic failure. The observations that there is evidence of positive
selection for some mtDNA mutations during tumor progression indicate that their context-
specific fitness affectivity varies from beneficial to neutral [68]. Therapeutically, mtDNA
mutations could define metabolic liabilities. Other tumors showing defective oxidative
phosphorylation because of reduced reaction activity (in the case of FH-deficient cells)
may show increased sensitivity to inhibition of glycolysis as well, because this would limit
metabolic flexibility [43]. In turn, tumors of this type may be resistant to therapies that
inhibit mitochondprial respiration. Heteroplasmy is complicated by its dynamic nature: the
percentage of mutant mtDNA varies in response to selective pressures, such as anticancer
therapies [69]. The role of mtDNA mutations in regulating metabolic dependencies and
responses to therapeutic interventions is a critical frontier.

4.5. Reactive Oxygen Species: Signaling, Liability and Therapeutic Context

From signaling molecules to bioenergetic modulators, mitochondrial electron trans-
port chain (ETC)-derived reactive oxygen species (ROS) have recently gained extensive
attention as important signaling molecules in cancer [10]. While excessive ROS mediate
oxidative damage to DNA, proteins and lipids, moderate levels of ROS serve as second
messengers governing signaling cascades, transcriptional programs and the activity of
metabolic enzymes. Cancer cells generally exhibit increased baseline ROS levels com-
pared to normal cells due to metabolic demands, oncogenic signals and mitochondrial
changes. Such heightened oxidative status may have liabilities, as well as adaptive bene-
fits. For resistance against cytotoxic conditions, cancer cells are dependent on antioxidant
mechanisms such as glutathione, thioredoxin and superoxide dismutase. This reliance
generates therapeutic opportunities, as elevating ROS beyond this is even accompanied
by cellular buffering capacity; the latter can reach a limit too and initiate cell death [66].
Several agents are used in chemotherapy and radiotherapy based on capitalizing on this
weakness through triggering oxidative stress. Concurrently, ROS induce adaptive signaling
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cascades to support tumor survival and spread. Oxidative signals stimulate transcription
factors, such as NRF2 and HIF, to activate antioxidant- and metabolic-associated genes that
contribute to stress resistance [70]. ROS also promote genomic instability, promote tumor
evolution, and modulate immune and stromal cell function in the TME [10]. These context-
specific effects have confounded therapeutic interventions designed to alter ROS levels.
The value of strategies that increase or inhibit ROS should depend on tumor type and
genetic background and the environment/agents combined with these other treatments.

5. Tumor Microenvironment and Immunometabolism
5.1. Metabolic Rivalry and Communal Living in the TME

Tumors are complex systems consisting not only of cancerous cells but also other
non-cancerous types of cellular elements such as fibroblasts, endothelial cells, immune cells
and the extracellular matrix. These components collectively make up the tumor microen-
vironment, where metabolic crosstalk stands at the center of tuning tumor behavior [71].
This environment is also heavily remodeled by proliferating cancer cells, which have
high metabolic needs and consume substantial amounts of resources such as glucose and
glutamine and excrete the waste products lactate and ammonia. These alterations apply
selective forces that contribute to shaping tumor evolution and the function of stromal
cells. A major type of metabolic cooperation in the TME is that of nutrient competition [72].
Tumor-infiltrating lymphocytes are highly glucose-dependent on activation, proliferation
and effector function, while on the other hand, they must compete head-to-head with gly-
colytic cancer cells for this resource [73]. As the availability of glucose decreases, immune
cell activity is impaired and therefore promotes immune escape. The same competition
also occurs for other metabolites such as glutamine and essential amino acids, necessary
for both cancer and stromal cell populations [74]. The result of this competition provides a
basis for which cellular subsets are metabolically promoted and functionally repressed in
the tumor niche. Besides competition, tumor metabolism is also characterized by metabolic
cooperation. Cancer cells may actively reprogram the adjacent stromal cells in order to
yield metabolites favorable for tumor support, thus generating a metabolically symbiotic
relationship [36]. Well-documented here is the “reverse Warburg effect”, whereby CAFs
hijack a glycolytic phenotype and consequently produce lactate, which can then be taken up
and oxidized by cancer cells. Cancer cells can also activate autophagy in adjacent stromal
cells, thus escalating local amino acid and nutrient availability for the benefit of their own
excessive growth [11]. Together, these reciprocal interactions exemplify the bidirectional
and flexible metabolic crosstalk that occurs in tumors.

5.2. Cancer-Associated Fibroblasts and Metabolic Crosstalk

Cancer-associated fibroblasts (CAFs) are the most abundant stromal cell type in many
solid tumors and have diverse roles in promoting tumor progression, including regulating
invasive growth, angiogenesis, immune modulation and treatment resistance. Recent evi-
dence has pointed to the metabolic reprogramming of CAFs and their metabolic coupling
with cancer cells as major contributors to tumor aggressiveness [64]. Signals provided
by tumors, including ROS and transforming growth factor-f (TGF-f3), can elicit dramatic
metabolic remodeling in fibroblasts characterized by the upregulation of aerobic glycolysis
and autophagy to extents that are sometimes even higher than those of cancer cells, remain-
ing committed to oxidative metabolism. The metabolites produced by CAFs are the main
nutrients for cancer cells. Lactate produced in fibroblasts via glycolysis can be imported
by cancer cells and is utilized in both the TCA cycle for energy (ATP) synthesis and as a
biosynthetic intermediate [54]. Autophagy-mediated digestion of cellular substrates in
fibroblasts releases amino acids to promote growth and the synthesis of proteins by tumor
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cells [36]. In addition, in specific conditions, CAFs produce ketone bodies burnt by tumor
cells as an alternative energy source. This metabolic division of labor enables spatial and
functional segregation within the tumor, which improves global metabolic performance.
Aside from nutrient supply, the metabolism of tumors is moderated by CAFs via other
pathways. Fibroblasts affect tissue stiffness, nutrient diffusion and cell migration through
extracellular matrix deposition. CAFs produce growth factors and cytokines that influence
signaling pathways and metabolic programs in cancer and immune cells. Of note, the
metabolic phenotype of CAFs is proportional to their ability to promote tumors, as fibrob-
lasts showing high glycolytic activity effectively exert more pro-tumorigenic effects. Indeed,
targeting CAF metabolism, or the disturbance of metabolic support led by fibroblasts on
tumor cells, has been lately proposed as a shining path to be pursued from a therapeutic
standpoint. The major metabolic and immunologic crosstalk in the TME is presented
in Table 3.

Table 3. Metabolic immune interactions in tumor microenvironment: mechanisms and clinical

experience.
Metabolic Source Mechanism Immune Impact Therapeutic Clinical Status Refs.
Factor Target
Acidification, T cell inhibition, Treg MCT1/4
Lactate Tumor MCT1 . .
(10-30 mM) glycolysis competition promotion, M2 inhibitors Phase I/11 [54,75-77]
. . polarization (AZD3965)
signaling
Trp depletion
. . (GCN2 T cell suppression, IDO1 inhibitors Failed Phase
Kynurenine IDO1 activity activation), AhR Treg activation (epacadostat) 1T (ECHO-301) (78]
signaling
. CD39/CD73 A2A receptor Broad CD73 inhibitors ~ Phase I/II
Adenosine signaling . . . [79]
pathway (TeAMP) immunosuppression (oleclumab) (ongoing)
Arginine Areinase Protein synthesis Arginase
de gle tion (M%S Cs) block (T cells lack T cell dysfunction inhibitors Phase I/11 [80,81]
P ASS1) (CB-1158)
darg:liat‘g‘ifeCR Antioxidants,
ROS MDSCs, TAMs age o " T cell dysfunction MDSC Preclinical 7]
signaling d .
. . epletion
disruption
Glutamine Tumor Context-dependent Glutaminase Failed Phase
depletion consumption Metabolic stress (may impair T cells inhibitors + 111 [74,82]
p p or tumor) immune (CANTATA)
COX- EP2/EP4 receptor Immunosuppression COX-2 Preclinical /
PGE2 . . . ” inhibitors, EP4 [83,84]
2/mPGES-1 signaling Treg promotion . Phase I/11
antagonists

5.3. Metabolism of Immune Cells and Anti-Tumor Immunity

The discovery that immune cell function is closely intertwined with cellular metabolic
state has revolutionized the field of anti-tumor immunity and theories behind responses to
immunotherapy [85]. Adaptive immune cell populations have unique metabolic programs
that are directed towards their function [73]. Upon activation, effector T cells undergo a
significant increase in glucose uptake and glycolysis that supports their rapid proliferation
and cytokine production, reflecting cancer cell metabolic characteristics. On the other hand,
memory T cells preferentially use oxidative phosphorylation along with fatty acid oxidation
(a strategy of metabolism associated with durability and long life) [86]. Tregs show another
metabolic profile, with increased lipid consumption [87]. Metabolic competition between
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cancer cells and immune cells has a significant impact on immunity surveillance inside
the tumors [72]. Starvation for glucose by avidly glycolytic cancer cells also impairs
T cell activation and effector function, contributing to loss of control [73]. Excessive
production of lactate also increases immune suppression by acidifying the extracellular
environment, leading to downregulation in cytotoxic T cell function, thus promoting the
proliferation of immunosuppressive populations, including regulatory T cells and myeloid-
derived suppressor cells [54,75]. Sequestration of essential AAs, such as arginine and
tryptophan, is another mechanism through which tumors suppress immune responses [78].
Metabolic properties of the TME also affect the efficacy of other immunotherapies, such as
immune checkpoint inhibitors [85]. Tumors with high glycolytic rates and severe nutrient
deprivation are generally responsive to checkpoint blockade, but the response is often poor,
in part because T-cell metabolism and effector function are compromised [88]. On the other
hand, interventions aiming to restore the metabolic fitness of immune cells or antagonize
immunosuppressive metabolites might improve immunotherapy [74,82]. Accordingly,
combination strategies combining immunotherapy with metabolic therapy are actively
being pursued [89]. Countering the metabolic limitations enforced by the TME is a key
focus and opportunity in contemporary I-O.

5.4. Metabolic Signaling and Microenvironment Communication

Metabolites also act as signaling molecules involved in the communication between
cells in the tumor microenvironment, not only as driving energy needs and as precursors
for biosynthetic purposes. Lactate, traditionally considered a metabolic waste product, acts
through the G-protein coupled receptor 81 (GPR81) on various cells, such as cancer, endothe-
lial, and immune cells, to modulate angiogenesis, immunity, and metastasis of cancerous
cells [75]. Succinate may act as a signaling molecule via GPR91, thereby influencing im-
mune cell function and angiogenesis. Ketone bodies such as 3-hydroxybutyrate also affect
histone modifications and gene expression by modulating the activity of histone deacety-
lases. Metabolites derived from amino acids can also function as signaling molecules.
Kynurenine, which is generated during the degradation of tryptophan by indoleamine
2,3-dioxygenase, activates the aryl hydrocarbon receptor and contributes to immunosup-
pression [78]. The majority of tumors overexpress indoleamine 2,3-dioxygenase, leading to
production of the immunosuppressive metabolite kynurenine. Polyamines are synthesized
in the context of arginine and ornithine metabolism and modulate several cell processes
such as proliferation, differentiation, and immunity. The signaling function of metabolites
further adds another level of complexity to tumor microenvironment regulation, forming
crosstalk between metabolic and signaling networks that contribute to the modulation
of tumor progression and immune responses. Some metabolites are not just substrates
or products of metabolism but also extracellular messengers that drive cell behavior in
several stromal compartments. One such prominent example is the extracellular adenosine,
which accumulates in tumor sites due to ATP release from cells under stress, damaged
or dying. Extracellular ATP is converted by the ecto-enzymes CD39 and CD73 to adeno-
sine, which acts on adenosine receptors of both immune and tumor cells. In general,
adenosine signaling tends to antagonize anti-tumor immunity by impairing effector T
cells but not the tumor survival, eventually promoting neovascularization in addition to
immune escape. In line with these findings, CD39 and CD73 are often upregulated in
tumor tissues and have emerged as promising therapeutic targets [79]. Pharmacological
inhibition of CD73 or adenosine receptor signaling has shown promising anti-tumor effects
in preclinical models and is currently being tested in clinical trials, frequently along with
antitumoral checkpoint blockers. Collectively, these results demonstrate the intersection
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of metabolite-mediated signaling with canonical signaling cascades to influence tumor
growth and immune suppression.

5.5. Acidosis and pH Regulation in Tumors

Many tumors are dependent on accelerated glycolytic activity, which causes over-
production of lactate and protons that can acidify the TME. Thus, the extracellular pH in
tumors often drops in the range of 6.5 to 6.9, which is significantly lower than the normal
physiological pH of ~7.4. To endure under these conditions, cancer cells activate adaptive
mechanisms to maintain intracellular pH homeostasis, such as the upregulation of proton
pumps, ion exchangers, and monocarboxylate transporters that remove protons and lactate
out of the cell [90]. This apparent counterintuitive pH gradient, of a somewhat alkaline
intracellular and an acidic extracellular environment, has diverse biological impacts on
tumors. Tumor acidification increases EMT and metastatic potential through extracellular
matrix remodeling and protease activation. Acidosis itself changes the distribution and
effectiveness of drugs due to pH gradients that drive cell uptake of many cytotoxic agents,
especially weak acids or bases. In addition to cancer cells, extracellular acidosis is known to
exert an impressive influence on the behavior of both stromal and immune cells. Acidosis
inhibits the activation and cytotoxic function of T cells and promotes accumulation and
differentiation of immunosuppressive myeloid cell populations [54]. Additionally, acidosis
regulates the phenotype of CAFs and activates angiogenic signaling pathways. Moreover,
extracellular matrix stiffness and composition are pH-dependent, leading to sub-ideal
matrix properties that also impact cell migration and tissue material organization. Together,
these effects correlate with tumor acidosis as a master modulator of metabolic, immune
and therapeutic responses in the TME. The pH-regulating machinery in cancerous cells
can be used as a tool for pharmacological intervention. Carbonic anhydrase IX is over-
expressed in various tumors, especially under hypoxia, where it catalyzes the hydration
of carbon dioxide into bicarbonate and protons to maintain pH homeostasis. Preclini-
cal models have demonstrated antitumor activity of inhibitors to carbonic anhydrase IX.
Monocarboxylate transporters that export lactate/protons are also potential therapeutic
targets. Sodium-hydrogen exchangers and vacuolar ATPases that export protons have been
studied as potential targets [76,77]. A discordant pH balance could have direct negative
effects on cancer cell survival and activate antitumor immunity by alleviating acidosis-
related immunosuppression.

6. Therapeutic Strategies Targeting Metabolism
6.1. Glycolysis Inhibitors

The understanding that numerous cancers operate with increased glycolysis has
stimulated extensive efforts to pursue glycolytic inhibitors for cancer treatment [43]. Various
enzymes of the glycolytic pathway have been focused on, though with different levels
of conviction. 2-Deoxyglucose, a glucose analogue that inactivates both hexokinase and
phosphoglucose isomerase, has shown early promise but has been limited by modest
single-agent activity and dose-limiting toxicity [91]. Selective inhibitors that focus on
individual isoforms of glycolytic enzymes have also been generated in the hope they will
be able to produce an improved therapeutic index by leaving normal tissues unexposed.
Hexokinase 2 (HK2), a member of the glycolytic pathways highly upregulated in multiple
cancer types, has been increasingly demonstrated to be an attractive target. Unlike the other
HK isozymes, HK2 is often anchored to the mitochondrial outer membrane and coordinates
glucose phosphorylation with ATP generation in the mitochondria while dampening
apoptotic signaling. This localization is metabolically energy-efficient and protective
against cell death. Experimental agents that inhibit HK2 enzyme activity or prevent its
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binding to mitochondria have shown substantial anti-tumor effects in preclinical models.
However, HK2 is not strictly tumor-specific and is also present in a variety of normal
proliferative tissues, which gives rise to valid concerns with off-target toxicity. Therefore,
the development of glycolytic inhibitors, which possess even higher tumor selectivity,
is still the most significant field for future research [92]. Pyruvate kinase M2 (PKM2) is
another glycolytic enzyme that has been broadly investigated and is the isoform cancerous
cells preferentially express. PKM2 exhibits distinctive regulation with reversible alternation
in the highly active tetrameric form and the low-activity dimeric form. The dimer slows the
last step of glycolysis so that the earlier glycolytic intermediates build up and are shunted
into pathways that favor macromolecular synthesis and cell growth. Small molecules that
bind and stabilize PKM2 in the tetrameric state shift metabolism from biosynthesis toward
energy production and suppress tumor growth in vivo. In addition, LDHA therefore not
only can convert pyruvate to lactate, but it can regenerate NAD", required for maintaining
glycolytic flux as well [91]. While there have been many promising preclinical advances, no
compounds that inhibit glycolysis have received regulatory approval for cancer treatment
as of yet, highlighting the challenge in specifically targeting metabolic pathways that are
also required in normal dividing cells.

6.2. Glutaminase and Glutamine Metabolism Targeting

The requirement for glutamine as a carbon and nitrogen donor for the growth of
many tumors has driven the development of approaches to target glutamine utilization.
Major attention has been paid to glutaminase, an enzyme that initiates the catabolism of
glutamine to produce glutamate. CB-839 (telaglenastat), which inhibits the kidney-type
isoform GLS1 of glutaminase, has shown potent anti-tumor activity in several preclinical
models and is under investigation in various clinical trials [93,94]. Clinical trials have
shown CB-839 is generally well tolerated but displays minimal single-agent activity [95].
These findings have raised interest in the use of combinations, driven by understanding of
metabolic plasticity. Glutaminase inhibition frequently results in metabolic compensation
such as upregulation of glycolysis, autophagy or alternate amino acid uptake by cancer
cells [8]. Therapeutic strategies that target shutting down these adaptive pathways result
in better anti-cancer responses. For example, the combination of glutaminase inhibitors
with autophagy inhibitors or glucose metabolism blockade has demonstrated synergistic
activity in preclinical models [11,96]. The increasing use of targeted therapies and immune-
based treatments in oncology has recently opened exciting possibilities for the combination
with glutaminase blocking agents (Figure 2), which, being a part of multi-modal treatment
strategies, adds even more versatility to their initial value as single-agent therapy [74,82].
Outside of glutaminase itself, multiple other nodes of glutamine metabolism offer potential
therapeutic inroads. Transporters that mediate glutamine uptake, including ASCT2 and the
heterodimer LAT1, have also been exploited using small molecule inhibitors and antibody-
based strategies [14]. Additional enzymes that convert glutamate to intermediary TCA cycle
products, such as the oxidative deamination of glutamate-by-glutamate dehydrogenase and
other aminotransferases, are also candidates. In certain tumor settings, blockade of glutamine
synthetase to reduce local glutamine availability might even have an additional detrimental
effect on tumor growth. The diversity of targetable nodes in glutamine metabolism provides
numerous opportunities for therapeutic intervention, and the optimal target is likely to depend
on tumor lineage, metabolic state, and specific genetic lesions [15].

6.3. Targeting Amino Acid Dependencies

As discussed in more detail below, a body of work has suggested that tumors are se-
lectively dependent on some amino acids, leading to metabolic vulnerabilities that may be
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targeted therapeutically. L-asparaginase that interferes with the extracellular pool of as-
paragine has been routinely employed for acute lymphoblastic leukemia (ALL) therapy for
decades [20]. Asparaginase is effective because most cells express relatively low levels of
asparagine synthetase and are dependent on extracellular asparagine. Recent studies have
revealed asparagine availability as a factor in the metastatic potential of certain solid tumors,
raising the possibility for wider use of asparagine depletion [20,97]. An alternative amino acid-
targeted approach is represented by arginine deprivation, which has also been demonstrated
to be clinically effective [21]. The expression of argininosuccinate synthetase, the rate-limiting
enzyme for synthesizing arginine, has been lost in some cancers such as selected sarcomas,
hepatocellular carcinomas and mesotheliomas. Arginine auxotrophic tumors rely on ex-
tracellular arginine and are sensitive to the arginine-depleting enzymes pegylated arginine
deiminase and arginase [80]. Clinical trials of arginine depletion have demonstrated encourag-
ing evidence of activity against arginine auxotrophic tumors, especially in biomarker-selected
strategies [81]. Serine and glycine metabolism represents additional targets of therapy [18].
Phosphoglycerate dehydrogenase inhibitors, the first enzyme in the serine synthesis pathway;,
are active against cancers where expression of the serine synthesis pathway is increased [30].
Dietary restriction of serine and glycine sensitizes some chemotherapeutics in preclinical
models [19]. Methionine restriction (MR), which can be attained through nutritional means or
by enzyme depletion, is found to exhibit anti-cancer effects in certain tumor models [22]. These
approaches demonstrate how an understanding of tumor-specific amino acid dependencies
can be exploited to guide the design of novel therapies and patient selection. The therapeutic
targeting landscape of tumor metabolism, which reveals the druggable nodes in glucose,
glutamine, amino acid and lipid pathways, is described in Figure 3.

Glycolysis Glutaminolysis

) D)

TCA Cycle

| Mcm}/ \ o |

. . Therapeutic Targets
Lipogenesis

Figure 3. Comprehensive therapeutic targeting maps of tumoral metabolism. The diagram illustrates
druggable nodes within the interconnected metabolic network of cancer, encompassing glycolytic
enzymes (GLUT1, HK2, PKM2, LDHA, MCT1/4), TCA cycle components (IDH1/2, ACLY), lipogene-
sis enzymes (FASN, ACC), and glutaminolysis (GLS). Current clinical-stage inhibitors are mapped
to their respective targets, illustrating combinatorial therapeutic opportunities. Created in BioRender.
Wali, A. F. (2026). BioRender.com/odkmmuy.

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723

21 of 33

6.4. Lipid Metabolism Targeting

The increased lipid biosynthesis found in a variety of cancers, as well as the reliance
of certain tumors on fatty acid oxidation, has prompted interest in the targeting of lipids
for therapeutic intervention [9]. Inhibitors of fatty acid synthase have been developed
and tested in the clinic [28]. TVB-2640, an inhibitor of fatty acid synthase with acceptable
tolerability and preliminary signs of activity, particularly in combination with taxanes, has
been described [24]. The combination concept is based on the discovery that FAS inhibition
impairs microtubule function by affecting tubulin palmitoylation, which may form syner-
gies with taxanes due to their common target (microtubules) [98]. Acetyl-CoA carboxylase,
which mediates the committed step in fatty acid synthesis, is another candidate [24]. Acetyl-
CoA carboxylase inhibitors, originally developed for metabolic disorders, have anti-cancer
effects in preclinical models [24,99]. The two isotypes of acetyl-CoA carboxylase, ACC1
in the cytoplasm for fatty acid synthesis and ACC2 on the mitochondria modulating fatty
acid oxidation, represent potential targets for isoform-selective inhibition. Inhibiting ACC2
activates fatty acid oxidation, which may be either a good thing in the case of tumors
addicted to it or a bad thing in the case of tumors relying on fatty acid oxidation as an
escape route. Stearoyl-CoA desaturase (SCD), which initiates unsaturation in saturated
fatty acids, has recently emerged as an attractive metabolic liability in the context of cancer
because its suppression induces ferroptosis, an iron-facilitated non-apoptotic cell death
associated with lipid peroxidation [25,100]. Inhibition of SCD impacts the organization of
membrane lipids and redox homeostasis, leading to oxidative bursts in tumor cells. Cancer
cells with certain genetic defects, such as mutations in p53, exhibit particular hypersensitiv-
ity to ferroptosis induction, indicative of a genotype-selective therapeutic window [100].
Carnitine palmitoyltransferase 1 (CPT1), the rate-limiting step in mitochondrial fatty acid
[3-oxidation, is an additional candidate target, especially in cancers with high dependence
on lipid oxidation for energy and survival. Such dependence has been observed in subsets
of leukemias and in the prostate, where blockade of CPT1 disrupts metabolic homeostasis
and cancer growth [27]. The substantial diversity in the lipid metabolic dependencies of
cancer subtypes further supports biomarker-based patient stratification to facilitate effective
clinical application of lipid metabolism-targeting treatment strategies. Recently, ATP citrate
lyase (ACL), which generates cytoplasmic acetyl-CoA from citrate and is a major node that
connects glucose metabolism to lipid synthesis and histone acetylation architecture, has
been identified as an interesting potential target [49,99]. The compound inhibits ATP citrate
lyase, which serves as a rate-limiting enzyme in the lipogenesis pathway, and also reduces
histone acetylation, which could provide double-action anti-cancer protection. The clinical
development of ATP citrate lyase inhibitors was first performed in the cardiovascular field,
but these drugs are now tested for cancer treatment. Other routes of acetyl-CoA production,
such as through the use of acetate by acetyl-CoA synthetases, may also confer resistance to
ATP citrate lyase inhibition and could serve as additional therapeutic targets [101].

6.5. Mitochondrial Targeting Strategies

Notwithstanding the earlier focus on glycolysis as a source of energy or cellular
building blocks in cancer, retention of functional mitochondria by most cancer cells and
dependency by some cancer cells on glucose oxidation have focused effort on developing
mitochondrially targeted anticancer therapeutics [13] (Table 1). Metformin, an oral antihy-
perglycemic agent for type 2 diabetes that inhibits complex I in the mitochondrial electron
transport chain (ETC), exhibits anticancer effects in preclinical models [75,78,85-87], and
epidemiological studies indicate that use of metformin is associated with decreased inci-
dence of specific cancers in diabetic patients treated with metformin compared to control
diabetic patients not receiving such treatment [89,102]. Yet, metformin trials in cancer
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have given inconsistent findings, which might be due to the relatively moderate complex I
inhibition that is attained at tolerable clinical doses. Other, more potent complex I inhibitors,
such as JACS-010759, have been developed [13]. IACS-010759 has demonstrated exciting
preclinical activity specifically in oxidative phosphorylation-dependent tumors, and it has
entered clinical trials [103]. Clinical data to date show acceptable tolerability and early signs
of activity in some tumors, such as acute myeloid leukemia. The difficulty with complex I
inhibition, just like all other mitochondrial inhibitors, is having enough selectivity for the
cancer cells relative to normal cells, which also require functional mitochondria. Complex
III, complex V (ATP synthase), and mitochondrial chaperones are also potential MTSs
that are currently under study [35,104]. Another possibility is to challenge mitochondrial
translation by inhibition of the mitochondrial ribosomes. The mitochondrial protease
ClpP is another attractive candidate, as its activation results in selective impairment of
mitochondria only in cancer cells. Disparate effects toward cancer cells are evidenced after
targeting the mitochondrial dynamics by inhibition of DRP1 or other fission and fusion
regulators in preclinical models [59]. The variability in possible mitochondrial targets
and the conditional dependence of different cancers on mitochondrial activity point to
the necessity for patient stratification using biomarkers in the development of therapies
directed against mitochondria.

6.6. Combinations and Synthetic Lethality

Combination therapy with an HDAC inhibitor and radiotherapy could be superior
to either therapy alone [45]. The metabolic flexibility of cancer cells and their ability to
induce compensatory pathways in response to single-agent metabolic inhibitors have re-
quired the development of rational combination strategies [8]. Combinations might be
directed at the same time against two independent metabolic pathways or a metabolic
pathway and compensatory mechanisms, or combine metabolism-targeted therapy with
other therapeutic strategies. In other words, we want to generate synergistic behavior
such that the combination is orders of magnitude more effective than either therapy alone.
Some combinatorial approaches are especially promising. In addition, when the inhibition
of glycolysis is combined with glutaminase inhibition, cancer cells are obstructed from
compensating for their decreased glucose metabolism with elevated rates of glutamine
consumption [96]. The combination of metabolic inhibitors and autophagy inhibitors abro-
gates a significant adaptive response to metabolic stress [11]. The combination of metabolic
inhibitors with targeted therapies takes advantage of the heightened metabolic stress by
oncogenic pathway inhibition [105]. One example is the combination of inhibitors such
as PI3K or mTOR with metabolic blockers, which offers improved therapeutic efficiency
relative to the use of each approach on its own [43]. Recently, the concept of collateral
sensitivity (i.e., resistance to one agent conferring heightened susceptibility /responsiveness
to a second drug) has been extended to metabolic interventions. Cancers that develop
resistance to therapy via metabolic reprogramming may be further addicted to their new
metabolic situation, for which metabolic inhibitors could exploit their dependency on
this altered metabolism [42]. Delineating the metabolic reprogramming that is associ-
ated with resistance could inform rational therapeutic sequencing. The identification of
prognostic biomarkers capable of predicting the response of patients to metabolic inter-
ventions still represents a current challenge for their clinical translation [10]. Figure 4 illus-
trates the stages in the development of metabolism-based therapeutics from preclinical to
clinical studies.
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Figure 4. Clinical development timeline of principal metabolic therapeutics (2015-2025). The timeline
illustrates the progression of metabolism-directed agents from preclinical validation through phase
I-II clinical development, including FDA-approved IDH inhibitors (ivosidenib and enasidenib)
and investigational agents targeting glycolysis (2-DG), fatty acid synthesis (TVB-2640), glutaminase
(CB-839/telaglenastat), mitochondrial complex I (IACS-010759), MCT1 (AZD3965), and arginine
metabolism (ADI-PEG20).

6.7. Lessons from the Clinic: Success, Failures and Stratification

The clinical record of metabolism-directed therapies is one of contrast, as it describes
both notable successes and several instructive failures (summarized in Table 3 and Figure 4).
The primary success is the targeting of mutant isocitrate dehydrogenase, where ivosidenib
(IDH1) and enasidenib (IDH2) achieved regulatory approval in IDH-mutant acute myeloid
leukemia, and ivosidenib subsequently improved progression-free survival in IDH1-mutant
cholangiocarcinoma. These successes share a common trait in which efficacy relies on a
specific, testable genetic mutation that generates the actionable oncometabolite driving
tumor vulnerability, therefore allowing researchers to treat a genuinely dependent patient
population. Conversely, treatments without clear biomarkers have failed. For instance,
glutaminase inhibition with telaglenastat (CB-839) was well tolerated by the patients but
did not improve progression-free survival in combination regimens in metastatic renal cell
carcinoma, likely due to the above-discussed metabolic compensation and the lack of a
validated biomarker for glutamine dependence. Similarly, the immunometabolic IDO1
inhibitor epacadostat failed to improve outcomes in advanced melanoma when combined
with pembrolizumab, despite a strong mechanistic rationale, demonstrating that preclinical
models still poorly predict clinical results. Ultimately, metabolism targets are not inherently
flawed, but benefit has been realized only where a predictive biomarker permitted selec-
tion of dependent tumors. Without patient selection, tumor heterogeneity and metabolic
compensation eroded efficacy. Therefore, future clinical trials must prioritize validated
companion biomarkers, rational combination therapies designed to block alternative sur-
vival pathways, and resistance-informed sequencing rather than depending on single-agent
enzyme inhibitors.
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7. Critical Insights and Future Directions

Despite a strong mechanistic rationale and consistent preclinical activity, metabolism-
targeted agents have, with few exceptions, produced disappointing results in clinical trials,
and the recurrent reasons for this gap are largely mechanistic rather than operational. First,
the metabolic plasticity that defines cancer also enables rapid compensation, so that inhibi-
tion of one pathway is buffered by flux redistribution, as seen when glutaminase inhibition
triggers compensatory glycolysis, autophagy, and alternative amino-acid uptake [8,96].
Second, the therapeutic window is intrinsically narrow because proliferating normal tis-
sues share many of the same metabolic dependencies as tumors, limiting tolerable target
engagement, a constraint exemplified by complex I inhibition, where dose-limiting toxicity
restricts the achievable degree of pathway suppression [103]. Third, intratumoral metabolic
heterogeneity means that single-pathway inhibition may clear only a metabolically defined
subpopulation while sparing others, permitting outgrowth [10]. Fourth, the field still
largely lacks validated predictive biomarkers and pharmacodynamic readouts of target
engagement, so trials have frequently enrolled metabolically unselected populations [9,10].
Recognizing these causes reframes the principal knowledge gaps: how to predict the
compensatory route a given tumor will take, how to identify the patients whose tumors
are genuinely dependent on a targeted node, and how to widen the therapeutic window
through tumor-selective delivery or synthetic-lethal combinations.

7.1. Technologies Reshaping the Field

Cancer metabolism has been catalyzed by revolutionary technologies. Stable iso-
tope tracing with 13C labeled nutrient supply and mass spectrometry-based metabolomics
permits direct quantitative determinations of metabolic fluxes such that unanticipated
requirements and pathway utilizations are accessible when steady-state analyses do not
have sufficient resolution [3]. In vivo application of these methodologies, in both patient-
derived tumors and normal tissue, reveals new insights into cancer metabolism within
a more physiologically relevant environment. Spatial metabolomics methodologies can
image metabolites in intact tissues, revealing dramatic intra-tumoral metabolic heterogene-
ity [10]. Imaging techniques based on mass spectrometry, including MALDI and DESI,
allow several hundred metabolites to be observed at the subcellular level. Complementarily
to spatial transcriptomics and proteomics, OmniFISH gives a more all-round view of the in-
terplay between gene expression, protein concentration and metabolic state [71]. Single-cell
methodologies are technically demanding but provide key insights into metabolic diversity.
Methods such as mass cytometry, Raman spectroscopy and fluorescent biosensors can
assess the metabolic states of individual cells, and sequencing techniques—from RNA
(single-cell RNA seq) to protein (cytometry by time of flight; CIBER-seq3)—provide more
indirect information via RNA expression of metabolically relevant enzymes or transport
proteins. When combined with single-cell data, this approach has the potential to uncover
how genetic heterogeneity shapes metabolic diversity and cell fates.

The complexity of metabolic networks has led to the development of computational
approaches aimed at modeling and predicting metabolic dynamics [106]. Constraint-based
modeling approaches, such as flux balance analysis, determine metabolic fluxes on the
basis of stoichiometric and optimization principles. GSMMs offer an opportunity for sys-
tematic discovery of vulnerabilities and can be tailored with tumor-specific omics data.
Kinetic models include regulation and kinetics of enzymes to facilitate an even more
accurate prediction of perturbation effects. Metabolomics, leveraging machine learning
methods, allows identification of patterns that predict drug response and patient outcome.
Computational analysis of metabolic imaging and stable isotope tracing data helps to
extract relevant biological information from spatial as well as flux data. With the growth
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of metabolic datasets, computational integration is required for target prioritization and
hypothesis formulation. However, despite the preclinical excitement, metabolic therapies
have encountered translational hurdles [9]. Metabolic plasticity of cancer allows activation
of compensatory pathways due to similarities between cancer and normal proliferating
cells, which is a cause for concerns about toxicity [8]. Tumor metabolic heterogeneity
could facilitate the escape of resistant subpopulations from single-agent inhibitors [10].
The absence of predictive biomarkers adds to the complexity of their clinical translation.
Approaches that have been proposed to address these challenges include the design of
rational combinations to curb adaptive responses [11] and biomarker development for
metabolic dependency or target engagement [10]. Incorporation of metabolic imaging
with PET and MR spectroscopy in trials may also allow a non-invasive, dynamic assess-
ment of response to therapies. Drug repurposing with agents such as metformin, statins
and FAS inhibitors provides an opportunity to fast-track clinical translation; however,
oncology-specific dosing may contrast with indications for these agents on metabolic
indication [89,102,107].

7.2. The Personalized Metabolic Medicine Imperative

In view of the inter- and intratumoral metabolic heterogeneity, individualized modali-
ties are necessary [10]. Metabolomics of tissue or liquid biopsies, functional ex vivo assays
and metabolic imaging can be used to identify patient-specific vulnerabilities. Integrating
with genomic and transcriptomic data via multi-omics approaches, metabolic therapies can
be matched to tumor-specific dependencies [106]. Some genetic alterations, IDH mutations
or MTAP deletion, are predictive for metabolic sensitivities [108]. Guidelines for person-
alized metabolic therapy: Patients should be treated according to individual biochemical
phenotype, which can be used to establish personalized patient metabolic profiles allowing
selection of appropriate paths of OMT for therapy. Hopefully, future clinical decision
support tools will help in the integration of multi-omics data.

7.3. Unresolved Controversies and Priority Research Questions

Crucial questions that loom involve the underlying causes of glycolytic versus ox-
idative phenotypes among tumors [5,13], to what extent these reflect genetics versus
microenvironment [33], and what functional implications metabolic heterogeneity has for
therapeutic resistance [10]. It remains important to understand metabolic dependencies
throughout the spectrum of tumor cells from initiation to metastasis as well as in resis-
tant populations, including CSCs and dormant cells [20,57]. In addition, the association
between metabolism and other cancer hallmarks—genome instability, immune evasion
or therapy resistance—across these two temporal and molecular scales requires further
investigation [7,72,85]. Elucidation of the mechanisms by which metabolic adaptations
impact mutation rates, DNA repair, immune responses and therapy resistance is necessary
for successful translation.

8. Conclusions

In the past decade, tumor metabolism has shifted from backwater to the central dogma
of cancer biology. Metabolic reprogramming is a major hallmark of malignancy and im-
pacts tumor proliferation, survival, redox homeostasis and response to therapy. Although
establishing the Warburg effect is of historic importance, modern understanding includes
glucose, amino acid, lipid and one-carbon metabolism as well as retained and repurposed
mitochondrial function and dynamic TME interactions. Mechanistic understanding of how
oncogenic drivers, loss of tumor suppressors, hypoxia, and alterations to the epigenetic
landscape intersect can be elucidated from these studies to reprogram metabolism. PTM,
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metabolite signaling and metabolism—epigenetics crosstalk operates at various levels to
establish intricate regulatory hubs that underpin fast metabolic adaptation. The tumor mi-
croenvironment is key to metabolic behavior, with cancer and stromal cells competing and
cooperating to drive progression and treatment response, metabolic checkpoints, immune
function and immunotherapy synergy opportunities. Despite difficulties, translation of
metabolic findings into rational therapies is possible and currently ongoing. Rational com-
binations, predictive biomarkers, repurposed metabolic drugs and personalized metabolic
profiling are leading to the path of precision metabolic medicine. Integration of multi-omics
data with state-of-the-art imaging will continue to optimize patient selection and prioritize
therapeutic approaches. Finally, the vulnerabilities created by the metabolic stresses of
unrestrained proliferation and the local tumor microenvironment also offer themselves
as pickable Achilles” heels. Complemented by ongoing advances, metabolism-targeted
anticancer therapies should emerge as a revolutionary part of precision oncology over the
next few decades.
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The following abbreviations are used in this manuscript:

2-DG 2-Deoxyglucose

2-HG 2-Hydroxyglutarate

ACC Acetyl-CoA carboxylase

ACLY ATP-citrate lyase

AhR Aryl hydrocarbon receptor

AMPK AMP-activated protein kinase
ASS1 Argininosuccinate synthase 1

ATP Adenosine triphosphate

CAF Cancer-associated fibroblast
COX-2 Cyclooxygenase-2

CSC Cancer stem cell

DC Dendritic cell

DESI Desorption electrospray ionization
DNMT DNA methyltransferase

DRP1 Dynamin-related protein 1

EMT Epithelial-mesenchymal transition
ETC Electron transport chain

https://doi.org/10.3390/cimb48070723


https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723

27 of 33

EV

FAO
FASN
FH
GLS1
GPR81
GPX4
GSMM
HAT
HDAC
HIF
HK2
HMT
IDH
1DO1
JmjC
LDHA
LKB1
MCT
MDSC
mTOR
MEN
mtDNA
NADPH
NRF2
OPA1
OXPHOS
PGC-1x
PGE2
PHGDH
PI3K
PKM2
PTEN
PTM
RAS

RB

ROS
SAM
SCD
SDH
TAM
TCA
TET
TIGAR
TME
TnT
Treg
UPR
VHL

References

Warburg, O.; Wind, E,; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol. 1927, 8, 519-530. [CrossRef] [PubMed]
Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef] [PubMed]

1.
2.

Extracellular vesicle

Fatty acid oxidation

Fatty acid synthase

Fumarate hydratase

Glutaminase 1 (kidney-type)
G-protein coupled receptor 81
Glutathione peroxidase 4
Genome-scale metabolic model
Histone acetyltransferase

Histone deacetylase
Hypoxia-inducible factor

Hexokinase 2

Histone methyltransferase

Isocitrate dehydrogenase
Indoleamine 2,3-dioxygenase 1
Jumonji C domain-containing demethylase
Lactate dehydrogenase A

Liver kinase B1

Monocarboxylate transporter
Myeloid-derived suppressor cell
Mechanistic target of rapamycin
Mitofusin

Mitochondrial DNA

Nicotinamide adenine dinucleotide phosphate
Nuclear factor erythroid 2-related factor 2
Optic atrophy protein 1

Oxidative phosphorylation

PPAR gamma coactivator 1-alpha
Prostaglandin E2

Phosphoglycerate dehydrogenase
Phosphoinositide 3-kinase

Pyruvate kinase M2

Phosphatase and tensin homolog
Post-translational modification

Rat sarcoma protein

Retinoblastoma protein

Reactive oxygen species
S-adenosylmethionine

Stearoyl-CoA desaturase

Succinate dehydrogenase
Tumor-associated macrophage
Tricarboxylic acid cycle

Ten-eleven translocation
TP53-induced glycolysis & apoptosis regulator
Tumor microenvironment

Tunneling nanotube

Regulatory T cell

Unfolded protein response

Von Hippel-Lindau tumor suppressor

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.1085/jgp.8.6.519
https://www.ncbi.nlm.nih.gov/pubmed/19872213
https://doi.org/10.1126/science.1160809
https://www.ncbi.nlm.nih.gov/pubmed/19460998
https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723 28 of 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Jang, C.; Chen, L.; Rabinowitz, ].D. Metabolomics and isotope tracing. Cell 2018, 173, 822-837. [CrossRef] [PubMed]

Nong, S.; Han, X.; Xiang, Y.; Qian, Y.; Wei, Y.; Zhang, T.; Tian, K.; Shen, K.; Yang, ].; Ma, X. Metabolic reprogramming in cancer:
Mechanisms and therapeutics. MedComm 2023, 4, €218. [CrossRef] [PubMed]

Yu, Y,; Jiang, Y.; Glandorff, C.; Sun, M. Exploring the mystery of tumor metabolism: Warburg effect and mitochondrial metabolism
fighting side by side. Cell. Signal. 2024, 120, 111239. [CrossRef] [PubMed]

Rankin, E.B.; Giaccia, A.J]. Hypoxic control of metastasis. Science 2016, 352, 175-180. [CrossRef] [PubMed]

Piskounova, E.; Agathocleous, M.; Murphy, M.M.; Hu, Z.; Huddlestun, S.E.; Zhao, Z.; Leitch, A.M.; Johnson, T.M.; DeBerardinis,
R.J.; Morrison, S.J. Oxidative stress inhibits distant metastasis by human melanoma cells. Nature 2015, 527, 186-191. [CrossRef]
[PubMed]

Biancur, D.E.; Paulo, J.A.; Malachowska, B.; Quiles Del Rey, M.; Sousa, C.M.; Wang, X.; Sohn, A.S.W.; Chu, G.C.; Gygi, S.P.; Harper,
J.W,; et al. Compensatory metabolic networks in pancreatic cancers upon perturbation of glutamine metabolism. Nat. Commun.
2017, 8, 15965. [CrossRef] [PubMed]

Furukawa, T.; Tabata, S.; Minami, K.; Yamamoto, M.; Kawahara, K.; Tanimoto, A. Metabolic reprograming of cancer as a
therapeutic target. Biochim. Biophys. Acta Gen. Subj. 2022, 1866, 130301. [CrossRef]

Hensley, C.T.; Faubert, B.; Yuan, Q.; Lev-Cohain, N,; Jin, E.; Kim, J.; Jiang, L.; Ko, B.; Skelton, R.; Loudat, L.; et al. Metabolic
heterogeneity in human lung tumors. Cell 2016, 164, 681-694. [CrossRef] [PubMed]

Amaravadi, R.K,; Kimmelman, A.C.; Debnath, J. Targeting autophagy in cancer: Recent advances and future directions. Cancer
Discov. 2019, 9, 1167-1181. [CrossRef] [PubMed]

Faubert, B.; Li, K.Y,; Cai, L.; Hensley, C.T.; Kim, J.; Zacharias, L.G.; Yang, C.; Do, Q.N.; Doucette, S.; Burguete, D.; et al. Lactate
metabolism in human lung tumors. Cell 2017, 171, 358-371.e9. [CrossRef] [PubMed]

Molina, J.R; Sun, Y.; Protopopova, M.; Gera, S.; Bandi, M.; Bristow, C.; McAfoos, T.; Morlacchi, P.; Ackroyd, J.; Agip, A.A.; et al.
An inhibitor of oxidative phosphorylation exploits cancer vulnerability. Nat. Med. 2018, 24, 1036-1046. [CrossRef] [PubMed]
Schulte, M.L.; Fu, A.; Zhao, P; Li, ].; Geng, L.; Smith, S.T.; Kondo, J.; Coffey, R.J.; Johnson, M.O.; Rathmell, ].C.; et al. Pharmacolog-
ical blockade of ASCT2 dependent glutamine transport leads to antitumour efficacy in preclinical models. Nat. Med. 2018, 24,
194-202. [CrossRef] [PubMed]

Zhou, L.; Zhang, Q.; Zhu, Q.; Zhan, Y; Li, Y.; Huang, X. Role and therapeutic targeting of glutamine metabolism in non-small cell
lung cancer. Oncol. Lett. 2023, 25, 159. [CrossRef] [PubMed]

Jiang, L.; Shestov, A.A.; Swain, P; Yang, C.; Parker, S.J.; Wang, Q.A.; Terada, L.S.; Adams, N.D.; McCabe, M.T,; Pietrak, B.;
et al. Reductive carboxylation supports redox homeostasis during anchorage independent growth. Nature 2016, 532, 255-258.
[CrossRef] [PubMed]

Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A ; Driggers, E.M.; Fantin, V.R,; Jang, H.G,; Jin, S.; Keenan, M.C.; et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739-744. [CrossRef] [PubMed]

Pacold, M.E.; Brimacombe, K.R.; Chan, S.H.; Rohde, ].M.; Lewis, C.A.; Swier, L.J.; Possemato, R.; Chen, W.W.; Sullivan, L.B.;
Fiske, B.P; et al. A PHGDH inhibitor reveals coordination of serine synthesis and one carbon unit fate. Nat. Chem. Biol. 2016, 12,
452-458. Erratum in Nat. Chem. Biol. 2016, 12, 656. [CrossRef] [PubMed]

Maddocks, O.D.K.; Athineos, D.; Cheung, E.C.; Lee, P; Zhang, T.; van den Broek, N.J.F.; Mackay, G.M.; Labuschagne, C.F,; Gay,
D.; Kruiswijk, F; et al. Modulating the therapeutic response of tumours to dietary serine and glycine starvation. Nature 2017, 544,
372-376. Erratum in Nature 2017, 548, 122. [CrossRef] [PubMed]

Knott, S.R.V.; Wagenblast, E.; Khan, S.; Kim, S.Y.; Soto, M.; Wagner, M.; Turgeon, M.O.; Fish, L.; Erard, N.; Gable, A.L.; et al.
Asparagine bioavailability governs metastasis in a model of breast cancer. Nature 2018, 554, 378-381. Erratum in Nature 2018, 556,
135. [CrossRef] [PubMed]

Szlosarek, PW.; Steele, ].P.; Nolan, L.; Gilligan, D.; Taylor, P.; Spicer, J.; Lind, M.; Mitra, S.; Shamash, J.; Phillips, M.M.; et al.
Arginine deprivation with pegylated arginine deiminase in patients with argininosuccinate synthetase 1-deficient malignant
pleural mesothelioma: A randomized clinical trial. JAMA Oncol. 2017, 3, 58-66. [PubMed]

Gao, X,; Sanderson, S.M.; Dai, Z.; Reid, M.A.; Cooper, D.E.; Lu, M.; Richie, J.P, Jr.; Ciccarella, A.; Calcagnotto, A.; Mikhael, P.G;
et al. Dietary methionine influences therapy in mouse cancer models and alters human metabolism. Nature 2019, 572, 397—401.
[CrossRef] [PubMed]

Ventura, R.; Mordec, K.; Waszczuk, J.; Wang, Z.; Lai, J.; Fridlib, M.; Buckley, D.; Kemble, G.; Heuer, T.S. Inhibition of de novo
palmitate synthesis by fatty acid synthase induces apoptosis in tumour cells by remodeling cell membranes, inhibiting signalling
pathways, and reprogramming gene expression. eBioMedicine 2015, 2, 808-824. [CrossRef] [PubMed]

Svensson, R.U.; Parker, S.J.; Eichner, L.J.; Kolar, M.].; Wallace, M.; Brun, S.N.; Lombardo, P.S.; Van Nostrand, J.L.; Hutchins, A.;
Vera, L.; et al. Inhibition of acetyl-CoA carboxylase suppresses fatty acid synthesis and tumor growth of non-small-cell lung
cancer in preclinical models. Nat. Med. 2016, 22, 1108-1119. [CrossRef] [PubMed]

Tesfay, L.; Paul, B.T.; Konstorum, A.; Deng, Z.; Cox, A.O.; Lee, ].; Furdui, C.M.; Hegde, P,; Torti, EM.; Torti, S.V. Stearoyl CoA
desaturase 1 protects ovarian cancer cells from ferroptotic cell death. Cancer Res. 2019, 79, 5355-5366. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.1016/j.cell.2018.03.055
https://www.ncbi.nlm.nih.gov/pubmed/29727671
https://doi.org/10.1002/mco2.218
https://www.ncbi.nlm.nih.gov/pubmed/36994237
https://doi.org/10.1016/j.cellsig.2024.111239
https://www.ncbi.nlm.nih.gov/pubmed/38815642
https://doi.org/10.1126/science.aaf4405
https://www.ncbi.nlm.nih.gov/pubmed/27124451
https://doi.org/10.1038/nature15726
https://www.ncbi.nlm.nih.gov/pubmed/26466563
https://doi.org/10.1038/ncomms15965
https://www.ncbi.nlm.nih.gov/pubmed/28671190
https://doi.org/10.1016/j.bbagen.2022.130301
https://doi.org/10.1016/j.cell.2015.12.034
https://www.ncbi.nlm.nih.gov/pubmed/26853473
https://doi.org/10.1158/2159-8290.cd-19-0292
https://www.ncbi.nlm.nih.gov/pubmed/31434711
https://doi.org/10.1016/j.cell.2017.09.019
https://www.ncbi.nlm.nih.gov/pubmed/28985563
https://doi.org/10.1038/s41591-018-0052-4
https://www.ncbi.nlm.nih.gov/pubmed/29892070
https://doi.org/10.1038/nm.4464
https://www.ncbi.nlm.nih.gov/pubmed/29334372
https://doi.org/10.3892/ol.2023.13745
https://www.ncbi.nlm.nih.gov/pubmed/36936031
https://doi.org/10.1038/nature17393
https://www.ncbi.nlm.nih.gov/pubmed/27049945
https://doi.org/10.1038/nature08617
https://www.ncbi.nlm.nih.gov/pubmed/19935646
https://doi.org/10.1038/nchembio.2070
https://www.ncbi.nlm.nih.gov/pubmed/27110680
https://doi.org/10.1038/nature22056
https://www.ncbi.nlm.nih.gov/pubmed/28425994
https://doi.org/10.1038/nature25465
https://www.ncbi.nlm.nih.gov/pubmed/29414946
https://www.ncbi.nlm.nih.gov/pubmed/27584578
https://doi.org/10.1038/s41586-019-1437-3
https://www.ncbi.nlm.nih.gov/pubmed/31367041
https://doi.org/10.1016/j.ebiom.2015.06.020
https://www.ncbi.nlm.nih.gov/pubmed/26425687
https://doi.org/10.1038/nm.4181
https://www.ncbi.nlm.nih.gov/pubmed/27643638
https://doi.org/10.1158/0008-5472.can-19-0369
https://www.ncbi.nlm.nih.gov/pubmed/31270077
https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723 29 of 33

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Schlaepfer, LR.; Rider, L.; Rodrigues, L.U.; Gijéon, M.A.; Pac, C.T.; Romero, L.; Cimic, A,; Sirintrapun, S.J.; Glodé¢, L.M.; Eckel, R.H.;
et al. Lipid catabolism via CPT1 as a therapeutic target for prostate cancer. Mol. Cancer Ther. 2014, 13, 2361-2371. [CrossRef]
[PubMed]

Ricciardi, M.R.; Mirabilii, S.; Allegretti, M.; Licchetta, R.; Calarco, A.; Torrisi, M.R.; Foa, R.; Nicolai, R.; Peluso, G.; Tafuri, A.
Targeting the leukemia cell metabolism by the CPT1a inhibition: Functional preclinical effects in leukemias. Blood 2015, 126,
1925-1929. [CrossRef] [PubMed]

Falchook, G.; Infante, J.; Arkenau, H.-T.; Patel, M.R.; Dean, E.; Borazanci, E.; Brenner, A.; Cook, N.; Lopez, J.; Pant, S.; et al.
First-in-human study of the safety, pharmacokinetics, and pharmacodynamics of first-in-class fatty acid synthase inhibitor
TVB-2640 alone and with a taxane in advanced tumors. EClinicalMedicine 2021, 34, 100797. [CrossRef] [PubMed]

Maddocks, O.D.K.; Labuschagne, C.F.; Adams, P.D.; Vousden, K.H. Serine metabolism supports the methionine cycle and
DNA /RNA methylation through de novo ATP synthesis in cancer cells. Mol. Cell 2016, 61, 210-221. [CrossRef] [PubMed]
Mullarky, E.; Lucki, N.C.; Beheshti Zavareh, R.; Anglin, ].L.; Gomes, A.P,; Nicolay, B.N.; Wong, ].C.; Christen, S.; Takahashi, H.;
Singh, PK.; et al. Identification of a small molecule inhibitor of 3-phosphoglycerate dehydrogenase to target serine biosynthesis
in cancers. Proc. Natl. Acad. Sci. USA 2016, 113, 1778-1783. Erratum in Proc. Natl. Acad. Sci. USA 2016, 113, E1585. [CrossRef]
[PubMed]

Ducker, G.S.; Chen, L.; Morscher, R.].; Ghergurovich, ].M.; Esposito, M.; Teng, X.; Kang, Y.; Rabinowitz, J.D. Reversal of cytosolic
one carbon flux compensates for loss of the mitochondrial folate pathway. Cell Metab. 2016, 23, 1140-1153. [CrossRef] [PubMed]
Wang, Q.; Liberti, M.V,; Liu, P; Deng, X.; Liu, Y.; Locasale, ].W.; Lai, L. Rational design of selective allosteric inhibitors of PHGDH
and serine synthesis with anti-tumor activity. Cell Chem. Biol. 2017, 24, 55-65. [CrossRef] [PubMed]

Davidson, S.M.; Papagiannakopoulos, T.; Olenchock, B.A.; Heyman, J.E.; Keibler, M.A.; Luengo, A.; Bauer, M.R.; Jha, A K,;
O’Brien, ].P; Pierce, K.A ; et al. Environment impacts the metabolic dependencies of Ras-driven non-small cell lung cancer. Cell
Metab. 2016, 23, 517-528. [CrossRef] [PubMed]

DiNardo, C.D; Stein, E.M.; de Botton, S.; Roboz, G.J.; Altman, ].K.; Mims, A.S.; Swords, R.; Collins, R.H.; Mannis, G.N.; Pollyea,
D.A,; et al. Durable remissions with ivosidenib in IDH1-mutated relapsed or refractory AML. N. Engl. ]. Med. 2018, 378, 2386-2398.
[CrossRef] [PubMed]

Ke, E; Yu, J.; Chen, W,; Si, X,; Li, X;; Yang, E; Liao, Y.; Zuo, Z. The anti-malarial atovaquone selectively increases chemosensitivity
in retinoblastoma via mitochondrial dysfunction-dependent oxidative damage and Akt/ AMPK/mTOR inhibition. Biochem.
Biophys. Res. Commun. 2018, 504, 374-379. [CrossRef] [PubMed]

Sousa, C.M.; Biancur, D.E.; Wang, X.; Halbrook, C.J.; Sherman, M.H.; Zhang, L.; Kremer, D.; Hwang, R.F,; Witkiewicz, A K; Ying,
H.; et al. Pancreatic stellate cells support tumour metabolism through autophagic alanine secretion. Nature 2016, 536, 479—-483.
Erratum in Nature 2016, 540,150. [CrossRef] [PubMed]

Cho, H.; Du, X,; Rizzi, ].P; Liberzon, E.; Chakraborty, A.A.; Gao, W.; Carvo, L; Signoretti, S.; Bruick, RK.; Josey, J.A.; et al.
On-target efficacy of a HIF-2a antagonist in preclinical kidney cancer models. Nature 2016, 539, 107-111. [CrossRef] [PubMed]
Fernandes, J.; Weddle, A.; Kinter, C.S.; Humphries, K.M.; Mather, T.; Szweda, L.I; Kinter, M. Lysine acetylation activates
mitochondrial aconitase in the heart. Biochemistry 2015, 54, 4008-4018. [CrossRef] [PubMed]

Kuntz, E.M.; Baquero, P.; Michie, A.M.; Dunn, K; Tardito, S.; Holyoake, T.L.; Helgason, G.V.; Gottlieb, E. Targeting mitochondrial
oxidative phosphorylation eradicates therapy-resistant chronic myeloid leukemia stem cells. Nat. Med. 2017, 23, 1234-1240.
[CrossRef] [PubMed]

Camarda, R.; Zhou, A.Y,; Kohnz, R.A.; Balakrishnan, S.; Mahieu, C.; Anderton, B.; Eyob, H.; Kajimura, S.; Tward, A.; Krings, G.;
et al. Inhibition of fatty acid oxidation as a therapy for MYC-overexpressing triple-negative breast cancer. Nat. Med. 2016, 22,
427-432. [CrossRef] [PubMed]

Ricoult, S.J.H.; Yecies, ].L.; Ben-Sahra, I.; Manning, B.D. Oncogenic PI3K and KRAS stimulate de novo lipid synthesis through
mTORC1 and SREBP. Oncogene 2016, 35, 1250-1260. [PubMed]

Romero, R.; Sayin, V.I.; Davidson, S.M.; Bauer, M.R,; Singh, S.X.; LeBoeuf, S.E.; Karakousi, T.R; Ellis, D.C.; Bhutkar, A.; Sanchez-
Rivera, FJ.; et al. KEAP1 loss promotes KRAS-driven lung cancer and results in dependence on glutaminolysis. Nat. Med. 2017,
23, 1362-1368. [CrossRef] [PubMed]

Saxton, R.A.; Sabatini, D.M. mTOR signalling in growth, metabolism, and disease. Cell 2017, 168, 960-976. [CrossRef] [PubMed]
Liu, ].; Zhang, C.; Feng, Z.-. Tumor suppressor p53 and its gain-of-function mutants in cancer. Acta Biochim. Biophys. Sin. 2014, 46,
170-179. [CrossRef] [PubMed]

De Marchi, U.; Nuafiez Galindo, A.; Thevenet, ].; Hermant, A.; Bermont, F,; Lassueur, S.; Domingo, ].S.; Kussmann, M.; Dayon, L.;
Wiederkehr, A.-. Mitochondrial lysine deacetylation promotes energy metabolism and calcium signaling in insulin-secreting cells.
FASEB J. 2019, 33, 6109-6120.

Angus, S.P.; Wheeler, L.].; Ranmal, S.A.; Zhang, X.; Michael, M.P.; Mathews, C.K.; Knudsen, E.S. Retinoblastoma tumor suppressor
targets ANTP metabolism to regulate DNA replication. J. Biol. Chem. 2002, 277, 44376-44384. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.1158/1535-7163.mct-14-0183
https://www.ncbi.nlm.nih.gov/pubmed/25122071
https://doi.org/10.1182/blood-2014-12-617498
https://www.ncbi.nlm.nih.gov/pubmed/26276667
https://doi.org/10.1016/j.eclinm.2021.100797
https://www.ncbi.nlm.nih.gov/pubmed/33870151
https://doi.org/10.1016/j.molcel.2015.12.014
https://www.ncbi.nlm.nih.gov/pubmed/26774282
https://doi.org/10.1073/pnas.1521548113
https://www.ncbi.nlm.nih.gov/pubmed/26831078
https://doi.org/10.1016/j.cmet.2016.04.016
https://www.ncbi.nlm.nih.gov/pubmed/27211901
https://doi.org/10.1016/j.chembiol.2016.11.013
https://www.ncbi.nlm.nih.gov/pubmed/28042046
https://doi.org/10.1016/j.cmet.2016.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26853747
https://doi.org/10.1056/nejmoa1716984
https://www.ncbi.nlm.nih.gov/pubmed/29860938
https://doi.org/10.1016/j.bbrc.2018.06.049
https://www.ncbi.nlm.nih.gov/pubmed/29902460
https://doi.org/10.1038/nature19084
https://www.ncbi.nlm.nih.gov/pubmed/27509858
https://doi.org/10.1038/nature19795
https://www.ncbi.nlm.nih.gov/pubmed/27595393
https://doi.org/10.1021/acs.biochem.5b00375
https://www.ncbi.nlm.nih.gov/pubmed/26061789
https://doi.org/10.1038/nm.4399
https://www.ncbi.nlm.nih.gov/pubmed/28920959
https://doi.org/10.1038/nm.4055
https://www.ncbi.nlm.nih.gov/pubmed/26950360
https://www.ncbi.nlm.nih.gov/pubmed/26028026
https://doi.org/10.1038/nm.4407
https://www.ncbi.nlm.nih.gov/pubmed/28967920
https://doi.org/10.1016/j.cell.2017.02.004
https://www.ncbi.nlm.nih.gov/pubmed/28283069
https://doi.org/10.1093/abbs/gmt144
https://www.ncbi.nlm.nih.gov/pubmed/24374774
https://doi.org/10.1074/jbc.m205911200
https://www.ncbi.nlm.nih.gov/pubmed/12221087
https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723 30 of 33

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Strappazzon, F.; Nazio, F.; Corrado, M.; Cianfanelli, V.; Romagnoli, A.; Fimia, G.M.; Campello, S.; Nardacci, R.; Piacentini, M.;
Campanella, M.; et al. AMBRAL1 is able to induce mitophagy via LC3 binding, regardless of PARKIN and p62/SQSTM1. Cell
Death Differ. 2015, 22, 419-432. Erratum in Cell Death Differ. 2015, 22, 517. [CrossRef] [PubMed]

Sciacovelli, M.; Gongalves, E.; Johnson, T.I.; Zecchini, V.R.; da Costa, A.S.; Gaude, E.; Drubbel, A.V.; Theobald, S.J.; Abbo, S.R.;
Tran, M.G.; et al. Fumarate is an epigenetic modifier that elicits epithelial-to-mesenchymal transition. Nature 2016, 537, 544-547.
Erratum in Nature 2016, 540, 150. [CrossRef] [PubMed]

Wellen, K.E.; Hatzivassiliou, G.; Sachdeva, U.M.; Bui, T.V,; Cross, ].R.; Thompson, C.B. ATP-citrate lyase links cellular metabolism
to histone acetylation. Science 2009, 324, 1076-1080. [CrossRef] [PubMed]

Lee, J.V,; Carrer, A.; Shah, S.; Snyder, N.W.; Wei, S.; Venneti, S.; Worth, A.J.; Yuan, Z.E; Lim, HW.,; Liu, S; et al. Akt-dependent
metabolic reprogramming regulates tumor cell histone acetylation. Cell Metab. 2014, 20, 306-319. [CrossRef] [PubMed]

Zhang, D.; Tang, Z.; Huang, H.; Zhou, G.; Cui, C.; Weng, Y.; Liu, W.; Kim, S.; Lee, S.; Perez-Neut, M.; et al. Metabolic regulation of
gene expression by histone lactylation. Nature 2019, 574, 575-580. [CrossRef] [PubMed]

DiNardo, C.D.; Schuh, A.C.; Stein, E.M.; Montesinos, P.; Wei, A.H.; de Botton, S.; Zeidan, A.M.; Fathi, A.T.; Kantarjian, H.M.;
Bennett, ].M.; et al. Enasidenib plus azacitidine versus azacitidine alone in patients with newly diagnosed, mutant IDH2 acute
myeloid leukaemia (AG221-AML-005): A single-arm, phase 1b and randomized, phase 2 trial. Lancet Oncol. 2021, 22, 1597-1608.
[CrossRef] [PubMed]

Migita, T.; Okabe, S.; Ikeda, K.; Igarashi, S.; Sugawara, S.; Tomida, A.; Taguchi, R.; Soga, T.; Seimiya, H. Inhibition of ATP citrate
lyase induces an anticancer effect via reactive oxygen species: AMPK as a predictive biomarker for therapeutic impact. Am. J.
Pathol. 2013, 182, 1800-1810. [CrossRef] [PubMed]

Brand, A.; Singer, K.; Koehl, G.E.; Kolitzus, M.; Schoenhammer, G.; Thiel, A.; Matos, C.; Bruss, C.; Klobuch, S.; Peter, K.; et al.
LDHA-associated lactic acid production blunts tumor immunosurveillance by T and NK cells. Cell Metab. 2016, 24, 657-671.
[CrossRef] [PubMed]

Halling, J.F,; Pilegaard, H. PGC-1x-mediated regulation of mitochondrial function and physiological implications. Appl. Physiol.
Nutr. Metab. 2020, 45, 927-936. [CrossRef] [PubMed]

Popay, TM.; Wang, J.; Adams, C.M.; Howard, G.C.; Codreanu, S.G.; Sherrod, S.D.; McLean, J.A.; Thomas, L.R.; Lorey, S.L.;
Machida, YJ.; et al. MYC regulates ribosome biogenesis and mitochondrial gene expression programs through its interaction
with host cell factor-1. eLife 2021, 10, e6019. [CrossRef]

Sukumar, M.; Liu, J.; Mehta, G.U.; Patel, S.J.; Roychoudhuri, R.; Crompton, J.G.; Klebanoff, C.A.; Ji, Y,; Li, P; Yu, Z; et al.
Mitochondrial membrane potential identifies cells with enhanced stemness for cellular therapy. Cell Metab. 2016, 23, 63-76.
[CrossRef] [PubMed]

Hu, C.; Huang, Y.; Li, L. Drpl-dependent mitochondrial fission plays critical roles in physiological and pathological processes in
mammals. Int. J. Mol. Sci. 2017, 18, 144. [CrossRef] [PubMed]

Kashatus, ].A.; Nascimento, A.; Myers, L.].; Sher, A.; Byrne, F.L.; Hoehn, K.L.; Counter, C.M.; Kashatus, D.F. Erk2 phosphorylation
of Drpl promotes mitochondrial fission and MAPK-driven tumor growth. Mol. Cell 2015, 57, 537-551. [CrossRef] [PubMed]
Phinney, D.G.; Di Giuseppe, M.; Njah, J.; Sala, E.; Shiva, S.; St Croix, C.M.; Stolz, D.B.; Watkins, S.C.; Di, Y.P; Leikauf, G.D.; et al.
Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. Nat. Commun. 2015, 6, 8472.
[CrossRef] [PubMed]

Caicedo, A; Fritz, V.;; Brondello, ].M.; Ayala, M.; Dennemont, I.; Abdellaoui, N.; de Fraipont, F.; Moisan, A.; Prouteau, C.A,;
Boukhaddaoui, H.; et al. MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on
cancer cell metabolism and function. Sci. Rep. 2015, 5, 9073. [CrossRef] [PubMed]

Dong, L.E; Kovarova, J.; Bajzikova, M.; Bezawork-Geleta, A.; Svec, D.; Endaya, B.; Sachaphibulkij, K.; Coelho, A.R.; Sebkova, N.;
Ruzickova, A.; et al. Horizontal transfer of whole mitochondria restores tumorigenic potential in mitochondrial DNA-deficient
cancer cells. eLife 2017, 6, €22187. [CrossRef] [PubMed]

Tan, A.S.; Baty, ] W,; Dong, L.F,; Bezawork-Geleta, A.; Endaya, B.; Goodwin, J.; Bajzikova, M.; Kovarova, J.; Peterka, M.; Yan,
B.; et al. Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without
mitochondrial DNA. Cell Metab. 2015, 21, 81-94. [CrossRef] [PubMed]

Ippolito, L.; Morandi, A.; Taddei, M.L.; Parri, M.; Comito, G.; Iscaro, A.; Raspollini, M.R.; Magherini, F.; Rapizzi, E.; Masquelier,
J.; et al. Cancer-associated fibroblasts promote prostate cancer malignancy via metabolic rewiring and mitochondrial transfer.
Oncogene 2019, 38, 5339-5355. [CrossRef] [PubMed]

Pasquier, J.; Guerrouahen, B.S.; Al Thawadi, H.; Ghiabi, P.; Maleki, M.; Abu-Kaoud, N.; Jacob, A.; Mirshahi, M.; Galas, L.;
Rafii, S.; et al. Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates
chemoresistance. J. Transl. Med. 2013, 11, 94. [CrossRef] [PubMed]

Ju, Y.S.; Alexandrov, L.B.; Gerstung, M.; Martincorena, I.; Nik-Zainal, S.; Ramakrishna, M.; Davies, H.R.; Papaemmanuil, E.;
Gundem, G.; Shlien, A.; et al. Origins and functional consequences of somatic mitochondrial DNA mutations in human cancer.
eLife 2014, 3, €02935. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.1038/cdd.2014.190
https://www.ncbi.nlm.nih.gov/pubmed/25215947
https://doi.org/10.1038/nature19353
https://www.ncbi.nlm.nih.gov/pubmed/27580029
https://doi.org/10.1126/science.1164097
https://www.ncbi.nlm.nih.gov/pubmed/19461003
https://doi.org/10.1016/j.cmet.2014.06.004
https://www.ncbi.nlm.nih.gov/pubmed/24998913
https://doi.org/10.1038/s41586-019-1678-1
https://www.ncbi.nlm.nih.gov/pubmed/31645732
https://doi.org/10.1016/s1470-2045(21)00494-0
https://www.ncbi.nlm.nih.gov/pubmed/34672961
https://doi.org/10.1016/j.ajpath.2013.01.048
https://www.ncbi.nlm.nih.gov/pubmed/23506848
https://doi.org/10.1016/j.cmet.2016.08.011
https://www.ncbi.nlm.nih.gov/pubmed/27641098
https://doi.org/10.1139/apnm-2020-0005
https://www.ncbi.nlm.nih.gov/pubmed/32516539
https://doi.org/10.7554/elife.60191
https://doi.org/10.1016/j.cmet.2015.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26674251
https://doi.org/10.3390/ijms18010144
https://www.ncbi.nlm.nih.gov/pubmed/28098754
https://doi.org/10.1016/j.molcel.2015.01.002
https://www.ncbi.nlm.nih.gov/pubmed/25658205
https://doi.org/10.1038/ncomms9472
https://www.ncbi.nlm.nih.gov/pubmed/26442449
https://doi.org/10.1038/srep09073
https://www.ncbi.nlm.nih.gov/pubmed/25766410
https://doi.org/10.7554/elife.22187
https://www.ncbi.nlm.nih.gov/pubmed/28195532
https://doi.org/10.1016/j.cmet.2014.12.003
https://www.ncbi.nlm.nih.gov/pubmed/25565207
https://doi.org/10.1038/s41388-019-0805-7
https://www.ncbi.nlm.nih.gov/pubmed/30936458
https://doi.org/10.1186/1479-5876-11-94
https://www.ncbi.nlm.nih.gov/pubmed/23574623
https://doi.org/10.7554/elife.02935
https://www.ncbi.nlm.nih.gov/pubmed/25271376
https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723 31 of 33

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Reznik, E.; Miller, M.L.; Senbabaoglu, Y.; Riaz, N.; Sarungbam, J.; Tickoo, S.K.; Al-Ahmadie, H.A.; Lee, W.; Seshan, V.E.; Hakimi,
A.A.; et al. Mitochondrial DNA copy number variation across human cancers. eLife 2016, 5, €10769. [CrossRef] [PubMed]

Du, H; Xu, T; Yu, S.; Wu, S.; Zhang, ]. Mitochondrial metabolism and cancer therapeutic innovation. Signal Transduct. Target.
Ther. 2025, 10, 245. [CrossRef] [PubMed]

Kopinski, PK,; Janssen, K.A.; Schaefer, PM.; Trefely, S.; Perry, C.E.; Potluri, P,; Tintos-Hernandez, J.A.; Singh, L.N.; Karch, K.R,;
Campbell, S.L; et al. Regulation of nuclear epigenome by mitochondrial DNA heteroplasmy. Proc. Natl. Acad. Sci. USA 2019, 116,
16028-16035. [CrossRef] [PubMed]

Bae, T.; Hallis, S.P.; Kwak, M.K. Hypoxia, oxidative stress, and the interplay of HIFs and NRF2 signaling in cancer. Exp. Mol. Med.
2024, 56, 501-514. [CrossRef] [PubMed]

Reinfeld, B.I,; Madden, M.Z.; Wolf, M.M.; Chytil, A.; Bader, ].E.; Patterson, A.R.; Sugiura, A.; Cohen, A.S.; Ali, A.; Do, B.T.; et al.
Cell-programmed nutrient partitioning in the tumour microenvironment. Nature 2021, 593, 282-288. [CrossRef] [PubMed]
Chang, C.H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, ].D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt,
G.J.; et al. Metabolic competition in the tumor microenvironment is a driver of cancer progression. Cell 2015, 162, 1229-1241.
[CrossRef] [PubMed]

Ho, P.C,; Bihuniak, ].D.; Macintyre, A.N.; Staron, M.; Liu, X.; Amezquita, R.; Tsui, Y.C.; Cui, G.; Micevic, G.; Perales, ].C.; et al.
Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T cell responses. Cell 2015, 162, 1217-1228. [CrossRef] [PubMed]
Leone, R.D.; Zhao, L.; Englert, ] M.; Sun, LM.; Oh, M.H.; Sun, L.H.; Arwood, M.L.; Bettencourt, I.A.; Patel, C.H.; Wen, J.; et al.
Glutamine blockade induces divergent metabolic programmes to overcome tumour immune evasion. Science 2019, 366, 1013-1021.
[CrossRef] [PubMed]

Haas, R; Smith, J.; Rocher-Ros, V.; Nadkarni, S.; Montero-Melendez, T.; D’Acquisto, F,; Bland, E.J.; Bombardieri, M.; Pitzalis, C.;
Perretti, M.; et al. Lactate regulates metabolic and pro-inflammatory circuits in control of T cell migration and effector functions.
PLoS Biol. 2015, 13, €1002202. [CrossRef] [PubMed]

Noble, R.A.; Bell, N.; Blair, H.; Sikka, A.; Thomas, H.; Phillips, N.; Nakjang, S.; Miwa, S.; Crossland, R.; Rand, V.; et al. Inhibition
of monocarboxylate transporter 1 by AZD3965 as a novel therapeutic approach for diffuse large B-cell lymphoma and Burkitt
lymphoma. Haematologica 2017, 102, 1247-1257. [CrossRef] [PubMed]

Curtis, N.J.; Mooney, L.; Hopcroft, L.; Michopoulos, F; Whalley, N.; Zhong, H.; Murray, C.; Logie, A.; Revill, M.; Byth, K.F; et al.
Pre-clinical pharmacology of AZD3965, a selective inhibitor of MCT1: DLBCL, NHL and Burkitt’s lymphoma anti-tumor activity.
Oncotarget 2017, 8, 69219-69236. [CrossRef] [PubMed]

Long, G.V.; Dummer, R.; Hamid, O.; Gajewski, T.F,; Caglevic, C.; Dalle, S.; Arance, A.; Carlino, M.S.; Grob, J.J.; Kim, T.M.; et al.
Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with unresectable or metastatic melanoma
(ECHO-301/KEYNOTE-252): A phase 3, randomised, double-blind study. Lancet Oncol. 2019, 20, 1083-1097. [CrossRef] [PubMed]
Hay, C.M.; Suit, E.; Huang, Q.; Mulgrew, K.; Fuhrmann, S.R.; McGlinchey, K.A.; Hammond, S.A.; Rothstein, R.; Rios-Doria, J.;
Poon, E.; et al. Targeting CD73 in the tumor microenvironment with MEDI9447. Oncoimmunology 2016, 5, €1208875. [CrossRef]
[PubMed]

Papadopoulos, K.P; Tsai, EY.-C.; Bauer, T.M.; Muigai, L.; Liang, Y.; Bennett, M.K,; Orford, K.W,; Fu, S. A first-in-human phase
1 study of CB-1158, a small molecule inhibitor of arginase, as monotherapy and in combination with an anti-PD-1 checkpoint
inhibitor in patients (pts) with solid tumors. J. Clin. Oncol. 2017, 35, 3005. [CrossRef]

Cheng, C.T.; Qi, Y.; Wang, Y.C.; Chi, K.K.; Chung, Y.; Ouyang, C.; Chen, Y.R.; Oh, M.E,; Sheng, X.; Tang, Y.; et al. Arginine
starvation kills tumor cells through aspartate exhaustion and mitochondrial dysfunction. Commun. Biol. 2018, 1, 178. [CrossRef]
[PubMed]

Oh, M.H.; Sun, LH.; Zhao, L.; Leone, R.D.; Sun, ILM.; Xu, W,; Collins, S.L.; Tam, A.].; Blosser, R.L.; Patel, C.H.; et al. Targeting
glutamine metabolism enhances tumor-specific immunity by modulating suppressive myeloid cells. J. Clin. Investig. 2020, 130,
3865-3884. [CrossRef] [PubMed]

Punyawatthananukool, S.; Matsuura, R.; Wongchang, T.; Katsurada, N.; Tsuruyama, T.; Tajima, M.; Enomoto, Y.; Kitamura, T.;
Kawashima, M.; Toi, M,; et al. Prostaglandin E2-EP2/EP4 signaling induces immunosuppression in human cancer by impairing
bioenergetics and ribosome biogenesis in immune cells. Nat. Commun. 2024, 15, 9464. [CrossRef] [PubMed]

Zelenay, S.; van der Veen, A.G.; Bottcher, ].P; Snelgrove, K.J.; Rogers, N.; Acton, S.E.; Chakravarty, P.; Girotti, M.R.; Marais,
R.; Quezada, S.A.; et al. Cyclooxygenase-dependent tumor growth through evasion of immunity. Cell 2015, 162, 1257-1270.
[CrossRef] [PubMed]

Cerezo, M.; Rocchi, S. Cancer cell metabolic reprogramming: A keystone for the response to immunotherapy. Cell Death Dis. 2020,
11, 964. [CrossRef] [PubMed]

Gerriets, V.A,; Kishton, R.J.; Nichols, A.G.; Macintyre, A.N.; Inoue, M.; Ilkayeva, O.; Winter, P.S.; Liu, X.; Priyadharshini, B.;
Slawinska, M.E.; et al. Metabolic programming and PDHK1 control CD4" T cell subsets and inflammation. J. Clin. Investig. 2015,
125,194-207. [PubMed]

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.7554/elife.10769
https://www.ncbi.nlm.nih.gov/pubmed/26901439
https://doi.org/10.1038/s41392-025-02311-x
https://www.ncbi.nlm.nih.gov/pubmed/40754534
https://doi.org/10.1073/pnas.1906896116
https://www.ncbi.nlm.nih.gov/pubmed/31253706
https://doi.org/10.1038/s12276-024-01180-8
https://www.ncbi.nlm.nih.gov/pubmed/38424190
https://doi.org/10.1038/s41586-021-03442-1
https://www.ncbi.nlm.nih.gov/pubmed/33828302
https://doi.org/10.1016/j.cell.2015.08.016
https://www.ncbi.nlm.nih.gov/pubmed/26321679
https://doi.org/10.1016/j.cell.2015.08.012
https://www.ncbi.nlm.nih.gov/pubmed/26321681
https://doi.org/10.1126/science.aav2588
https://www.ncbi.nlm.nih.gov/pubmed/31699883
https://doi.org/10.1371/journal.pbio.1002202
https://www.ncbi.nlm.nih.gov/pubmed/26181372
https://doi.org/10.3324/haematol.2016.163030
https://www.ncbi.nlm.nih.gov/pubmed/28385782
https://doi.org/10.18632/oncotarget.18215
https://www.ncbi.nlm.nih.gov/pubmed/29050199
https://doi.org/10.1016/s1470-2045(19)30274-8
https://www.ncbi.nlm.nih.gov/pubmed/31221619
https://doi.org/10.1080/2162402x.2016.1208875
https://www.ncbi.nlm.nih.gov/pubmed/27622077
https://doi.org/10.1200/jco.2017.35.15_suppl.3005
https://doi.org/10.1038/s42003-018-0178-4
https://www.ncbi.nlm.nih.gov/pubmed/30393775
https://doi.org/10.1172/jci131859
https://www.ncbi.nlm.nih.gov/pubmed/32324593
https://doi.org/10.1038/s41467-024-53706-3
https://www.ncbi.nlm.nih.gov/pubmed/39487111
https://doi.org/10.1016/j.cell.2015.08.015
https://www.ncbi.nlm.nih.gov/pubmed/26343581
https://doi.org/10.1038/s41419-020-03175-5
https://www.ncbi.nlm.nih.gov/pubmed/33177494
https://www.ncbi.nlm.nih.gov/pubmed/25437876
https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723 32 0f 33

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Angelin, A.; Gil-de-Gémez, L.; Dahiya, S.; Jiao, J.; Guo, L.; Levine, M.H.; Wang, Z.; Quinn, W.]., 3rd; Kopinski, PK.; Wang, L.;
et al. Foxp3 reprograms T cell metabolism to function in low-glucose, high-lactate environments. Cell Metab. 2017, 25, 1282-1293.
[CrossRef] [PubMed]

Cascone, T.; McKenzie, ].A.; Mbofung, R.M.; Punt, S.; Wang, Z.; Xu, C.; Williams, L.J.; Wang, Z.; Bristow, C.A.; Carugo, A.; et al.
Increased tumor glycolysis characterizes immune resistance to adoptive T cell therapy. Cell Metab. 2018, 27, 977-987. [CrossRef]
[PubMed]

Scharping, N.E.; Menk, A.V.; Whetstone, R.D.; Zeng, X.; Delgoffe, G.M. Efficacy of PD-1 blockade is potentiated by metformin-
induced reduction of tumor hypoxia. Cancer Immunol. Res. 2017, 5, 9-16. [CrossRef] [PubMed]

Wu, H.; Ying, M.; Hu, X. Lactic acidosis switches cancer cells from aerobic glycolysis back to dominant oxidative phosphorylation.
Oncotarget 2016, 7, 40621-40629. [CrossRef] [PubMed]

Le, A.; Cooper, C.R.; Gouw, A.M.; Dinavahi, R.; Maitra, A.; Deck, L.M.; Royer, R.E.; Vander Jagt, D.L.; Semenza, G.L.; Dang, C.V.
Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor progression. Proc. Natl. Acad. Sci. USA 2010,
107,2037-2042. [CrossRef] [PubMed]

Siebeneicher, H.; Cleve, A.; Rehwinkel, H.; Neuhaus, R.; Heisler, I.; Miiller, T.; Bauser, M.; Buchmann, B. Identification and
optimization of the first highly selective GLUT1 inhibitor BAY-876. ChemMedChem 2016, 11, 2261-2271. [CrossRef] [PubMed]
Gross, M.I; Demo, S.D.; Dennison, ].B.; Chen, L.; Chernov-Rogan, T.; Goyal, B.; Janes, ].R.; Laidig, G.J.; Lewis, E.R.; Li, ].; et al.
Antitumor activity of the glutaminase inhibitor CB-839 in triple-negative breast cancer. Mol. Cancer Ther. 2014, 13, 890-901.
[CrossRef] [PubMed]

Emberley, E.; Bennett, M.; Chen, J.; Dang, R.; Gross, M.; Huang, T.; Li, W.; MacKinnon, A.; Singh, D.; Sotirovska, N.; et al.
CB-839, a selective glutaminase inhibitor, has anti-tumour activity in renal cell carcinoma and synergises with cabozantinib and
everolimus. Proc. Am. Assoc. Cancer Res. 2016, 76, 552. [CrossRef]

Meric-Bernstam, F,; Lee, R.].; Carthon, B.C.; Iliopoulos, O.; Mier, ].W.; Patel, M.R.; Tannir, N.M.; Owonikoko, T.K.; Haas, N.B.;
Voss, M.H.; et al. CB-839, a glutaminase inhibitor, in combination with cabozantinib in patients with clear cell and papillary
metastatic renal cell cancer (mRCC): Results of a phase I study. J. Clin. Oncol. 2019, 37, 549. [CrossRef]

Elgogary, A.; Xu, Q.; Poore, B.; Alt, J.; Zimmermann, 5.C.; Zhao, L.; Fu, J.; Chen, B.; Xia, S.; Liu, Y.; et al. Combination therapy
with BPTES nanoparticles and metformin targets the metabolic heterogeneity of pancreatic cancer. Proc. Natl. Acad. Sci. USA
2016, 113, E5328-E5336. [CrossRef] [PubMed]

Krall, A.S.; Mullen, PJ.; Surjono, F.; Momcilovic, M.; Schmid, E.W.; Halbrook, C.J.; Thambundit, A.; Mittelman, S.D.; Lyssiotis,
C.A; Shackelford, D.B.; et al. Asparagine couples mitochondrial respiration to ATF4 activity and tumor growth. Cell Metab. 2021,
33, 1013-1026. [CrossRef] [PubMed]

Heuer, T.S.; Ventura, R.; Mordec, K.; Lai, J.; Fridlib, M.; Buckley, D.; Kemble, G. FASN inhibition and taxane treatment combine to
enhance anti-tumor efficacy in diverse xenograft tumor models through disruption of tubulin palmitoylation and microtubule
organization and FASN inhibition-mediated effects on oncogenic signaling and gene expression. eBioMedicine 2017, 16, 51-62.
[CrossRef] [PubMed]

Lally, J.S.V,; Ghoshal, S.; DePeralta, D.K.; Moaven, O.; Wei, L.; Masia, R.; Erstad, D.J.; Fujiwara, N.; Leong, V.; Houde, V.P; et al.
Inhibition of acetyl-CoA carboxylase by phosphorylation or the inhibitor ND-654 suppresses lipogenesis and hepatocellular
carcinoma. Cell Metab. 2019, 29, 174-182. [CrossRef] [PubMed]

Jiang, L.; Kon, N.; Li, T.; Wang, S.J.; Su, T.; Hibshoosh, H.; Baer, R.; Gu, W. Ferroptosis as a p53-mediated activity during tumour
suppression. Nature 2015, 520, 57-62. [CrossRef] [PubMed]

Schug, Z.T.; Peck, B.; Jones, D.T.; Zhang, Q.; Grosskurth, S.; Alam, I.S.; Goodwin, L.M.; Smethurst, E.; Mason, S.; Blyth, K,; et al.
Acetyl-CoA synthetase 2 promotes acetate utilization and maintains cancer cell growth under metabolic stress. Cancer Cell 2015,
27,57-71. [CrossRef] [PubMed]

Birsoy, K.; Possemato, R.; Lorbeer, FK.; Bayraktar, E.C.; Thiru, P; Yucel, B.; Wang, T.; Chen, W.W.; Clish, C.B.; Sabatini, D.M.
Metabolic determinants of cancer cell sensitivity to glucose limitation and biguanides. Nature 2014, 508, 108-112. [CrossRef]
[PubMed]

Yap, T.A.; Daver, N.; Mahendra, M.; Zhang, ].; Kamiya-Matsuoka, C.; Meric-Bernstam, F.; Kantarjian, H.M.; Ravandi, E,; Collins,
M.E; Di Francesco, M.E.; et al. Complex I inhibitor of oxidative phosphorylation in advanced solid tumors and acute myeloid
leukemia: Phase I trials. Nat. Med. 2023, 29, 115-126. [CrossRef] [PubMed]

Fiorillo, M.; Lamb, R.; Tanowitz, H.B.; Mutti, L.; Krstic-Demonacos, M.; Cappello, A.R.; Martinez-Outschoorn, U.E.; Sotgia,
F.; Lisanti, M.P. Repurposing atovaquone: Targeting mitochondrial complex III and OXPHOS to eradicate cancer stem cells.
Oncotarget 2016, 7, 34084-34099. [CrossRef] [PubMed]

Tanaka, K.; Sasayama, T.; Iriye, T.; Takata, K.; Nagashima, H.; Satoh, N.; Kyotani, K.; Mizowaki, T.; Imahori, T.; Ejima, Y.; et al.
Compensatory glutamine metabolism promotes glioblastoma resistance to mTOR inhibitor treatment. J. Clin. Investig. 2015, 125,
1591-1602. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.1016/j.cmet.2016.12.018
https://www.ncbi.nlm.nih.gov/pubmed/28416194
https://doi.org/10.1016/j.cmet.2018.02.024
https://www.ncbi.nlm.nih.gov/pubmed/29628419
https://doi.org/10.1158/2326-6066.cir-16-0103
https://www.ncbi.nlm.nih.gov/pubmed/27941003
https://doi.org/10.18632/oncotarget.9746
https://www.ncbi.nlm.nih.gov/pubmed/27259254
https://doi.org/10.1073/pnas.0914433107
https://www.ncbi.nlm.nih.gov/pubmed/20133848
https://doi.org/10.1002/cmdc.201600276
https://www.ncbi.nlm.nih.gov/pubmed/27552707
https://doi.org/10.1158/1535-7163.mct-13-0870
https://www.ncbi.nlm.nih.gov/pubmed/24523301
https://doi.org/10.1158/1538-7445.am2016-552
https://doi.org/10.1200/jco.2019.37.7_suppl.549
https://doi.org/10.1073/pnas.1611406113
https://www.ncbi.nlm.nih.gov/pubmed/27559084
https://doi.org/10.1016/j.cmet.2021.02.001
https://www.ncbi.nlm.nih.gov/pubmed/33609439
https://doi.org/10.1016/j.ebiom.2016.12.012
https://www.ncbi.nlm.nih.gov/pubmed/28159572
https://doi.org/10.1016/j.cmet.2018.08.020
https://www.ncbi.nlm.nih.gov/pubmed/30244972
https://doi.org/10.1038/nature14344
https://www.ncbi.nlm.nih.gov/pubmed/25799988
https://doi.org/10.1016/j.ccell.2014.12.002
https://www.ncbi.nlm.nih.gov/pubmed/25584894
https://doi.org/10.1038/nature13110
https://www.ncbi.nlm.nih.gov/pubmed/24670634
https://doi.org/10.1038/s41591-022-02103-8
https://www.ncbi.nlm.nih.gov/pubmed/36658425
https://doi.org/10.18632/oncotarget.9122
https://www.ncbi.nlm.nih.gov/pubmed/27136895
https://doi.org/10.1172/jci78239
https://www.ncbi.nlm.nih.gov/pubmed/25798620
https://doi.org/10.3390/cimb48070723

Curr. Issues Mol. Biol. 2026, 48, 723 33 of 33

106. Yizhak, K.; Chaneton, B.; Gottlieb, E.; Ruppin, E. Modeling cancer metabolism on a genome scale. Mol. Syst. Biol. 2015, 11, 817.
[CrossRef] [PubMed]

107. Lawitz, E.J.; Coste, A.; Poordad, F.; Alkhouri, N.; Loo, N.; McColgan, B.J.; Tarrant, ].M.; Nguyen, T.; Han, L.; Chung, C.; et al.
Acetyl-CoA carboxylase inhibitor GS-0976 for 12 weeks reduces hepatic de novo lipogenesis and steatosis in patients with
nonalcoholic steatohepatitis. Clin. Gastroenterol. Hepatol. 2018, 16, 1983-1991. [CrossRef] [PubMed]

108. Marjon, K.; Cameron, M.].; Quang, P; Clasquin, M.F,; Mandley, E.; Kunii, K.; McVay, M.; Choe, S.; Kernytsky, A.; Gross, S.;
et al. MTAP deletions in cancer create vulnerability to targeting of the MAT2A /PRMT5/RIOK1 axis. Cell Rep. 2016, 15, 574-587.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/cimb48070723


https://doi.org/10.15252/msb.20145307
https://www.ncbi.nlm.nih.gov/pubmed/26130389
https://doi.org/10.1016/j.cgh.2018.04.042
https://www.ncbi.nlm.nih.gov/pubmed/29705265
https://doi.org/10.1016/j.celrep.2016.03.043
https://www.ncbi.nlm.nih.gov/pubmed/27068473
https://doi.org/10.3390/cimb48070723

	Introduction 
	Signatures of Metabolic Reprogramming in Cancer 
	The Warburg Effect Revisited: Beyond a Single ‘Warburg’s Metabolism’ 
	Amino Acid Metabolism: Dependencies Beyond Glucose 
	Lipid Metabolism Reprogramming 
	One-Carbon Metabolism and Nucleotide Synthesis 
	Spatial and Temporal Metabolic Heterogeneity 

	Molecular Regulators of Tumoral Metabolism 
	Oncogene-Driven Metabolic Reprogramming 
	Tumor Suppressor Loss and Metabolic Deregulation 
	Response to Hypoxia and HIF-Dependent Metabolic Adaptation 
	Epigenetic Control of Metabolic Gene Expression 
	Metabolic Rheostats: Post-Translational Modifications 

	Mitochondrial Dynamics and Dysfunction 
	Mitochondrial Metabolism and Biogenesis in Cancer 
	Fission, Fusion, and Quality Control 
	Intercellular Mitochondrial Transfer and Therapeutic Resistance 
	Mitochondrial DNA Mutations and Heteroplasmy and cGAS-STING Activation 
	Reactive Oxygen Species: Signaling, Liability and Therapeutic Context 

	Tumor Microenvironment and Immunometabolism 
	Metabolic Rivalry and Communal Living in the TME 
	Cancer-Associated Fibroblasts and Metabolic Crosstalk 
	Metabolism of Immune Cells and Anti-Tumor Immunity 
	Metabolic Signaling and Microenvironment Communication 
	Acidosis and pH Regulation in Tumors 

	Therapeutic Strategies Targeting Metabolism 
	Glycolysis Inhibitors 
	Glutaminase and Glutamine Metabolism Targeting 
	Targeting Amino Acid Dependencies 
	Lipid Metabolism Targeting 
	Mitochondrial Targeting Strategies 
	Combinations and Synthetic Lethality 
	Lessons from the Clinic: Success, Failures and Stratification 

	Critical Insights and Future Directions 
	Technologies Reshaping the Field 
	The Personalized Metabolic Medicine Imperative 
	Unresolved Controversies and Priority Research Questions 

	Conclusions 
	References

