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Colorectal cancer (CRC) remains a significant oncological challenge, being among the foremost contributors to cancer-related
mortality worldwide. This review summarizes our current knowledge regarding how metabolic reprogramming, specifically the
Warburg effect, contributes to CRC pathobiology and explores its therapeutic relevance. Metabolic reprogramming in CRC is
characterized by a shift from oxidative phosphorylation to glycolysis, termed the Warburg effect. Driven by the tumor
microenvironment (TME), this adaptation enhances cancer cell proliferation through accelerated ATP generation, biosynthesis
support, and redox balance. Key glycolytic enzymes, namely hexokinase, phosphofructokinase, pyruvate kinase, and lactate
dehydrogenase are now prioritized as therapeutic targets in CRC treatment strategies. Diagnostic modalities utilizing CRC’s altered
metabolism such as 18F-fluorodeoxyglucose positron emission tomography (18F-FDG PET/CT) and metabolomic analysis of
circulating metabolites, improved early detection through enhanced sensitivity and specificity. These approaches reveal CRC’s
distinct metabolic signatures, enabling precise disease stratification and management. Therapeutic strategies targeting the EMP
pathway show preclinical efficacy in overcoming CRC-associated chemoresistance and radioresistance. Modulation of EMP-
regulating pathways (AKT, AMPK, mTOR) provides additional therapeutic opportunities. However, CRC’s metabolic heterogeneity
demands multi-targeted approaches. The development of targeted therapies must consider the potential off-target effects on
normal tissues that rely on EMP, necessitating a careful balance between therapeutic efficacy and safety. In summary, this review
underscores the complexity of metabolic reprogramming in CRC and the need for a nuanced approach to target these pathways
effectively. Subsequent investigations should prioritize defining tumor-selective metabolic vulnerabilities and engineering multi-
pathway interventions that spare normal tissues, ultimately advancing therapeutic precision in CRC management.
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FACTS

● Metabolic reprogramming driven by dysregulated glucose,
lipid, and glutamine metabolism fuels CRC pathogenesis
through key enzymes, positioning multi-targeted EMP inhibi-
tion as a core therapeutic strategy.

● Persistent mitochondrial OXPHOS in CRC cells enables
metabolic compensation that undermines EMP-targeted
therapies, necessitating combinatorial inhibition of comple-
mentary pathways (e.g., TCA cycle, PPP) for durable efficacy.

● On-target toxicities of EMP inhibitors in glycolytic-dependent
normal tissues (e.g., brain, retina) mandate tumor-selective
strategies and multi-target regimens to optimize therapeutic
indices.

QUESTIONS

● How do dysregulated glucose, lipid, and glutamine metabolism
cooperatively drive CRC progression via specific metabolic
enzymes? What signaling networks integrate these pathways?

● To what extent does OXPHOS-mediated metabolic compensa-
tion limit EMP-targeted monotherapies in CRC? Which compen-
satory pathways (TCA/PPP/glutamine) are most critical?

● How can tumor-selective targeting of EMP nodes spare
glycolytic-dependent normal tissues? What delivery strategies
or combination regimens maximize therapeutic indices?

INTRODUCTION
Colorectal cancer (CRC) stands as a formidable malignancy,
commanding a significant position among the leading causes of
cancer-related mortality worldwide. Recent epidemiological data
from the United States (2023) estimate ~1 million annual CRC
deaths, positioning it as the second most prevalent cancer in
women and third in men [1]. Alarmingly, its incidence continues to
rise in adults, underscoring an urgent public health challenge [2].
CRC, being a prevalent tumor of the digestive system, is a prime

candidate for research into its metabolic reprogramming, a
hallmark of cancer that encompasses alterations in various
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metabolic pathways such as glycolysis, oxidative phosphorylation
(OXPHOS), etc [3]. These adaptions drive tumor proliferation,
survival, and migration by fundamentally reshaping cellular
biological characteristics [4]. The tumor microenvironment (TME)
is recognized as one of the most critical factors in the initiation
and progression of malignant tumors, with a profound interplay
with energy metabolism. Aerobic glycolysis, a predominant
glucose metabolism pathway, serves as the primary means by
which cells harness energy. However, the oncogenic transforma-
tion of normal cells is frequently accompanied by a profound
remodeling of metabolic pathways [5].
In CRC, tumor cells exhibit a hallmark metabolic shift toward the

Embden–Meyerhof–Parnas (EMP) pathway for energy production,
even under oxygen-replete conditions, a phenomenon termed the
Warburg effect [3]. By favoring EMP over OXPHOS, CRC cells
prioritize rapid ATP generation, biosynthesis of macromolecular
precursors (e.g., nucleotides, lipids), and maintenance of redox
homeostasis, enabling adaptation to dynamic microenvironmental
stresses. Notably, fructose metabolism synergistically amplifies this
metabolic reprogramming by bypassing EMP rate-limiting steps
(e.g., phosphofructokinase (PFK)) and enhancing nicotinamide
adenine dinucleotide phosphate (NADPH)-mediated redox buffer-
ing capacity, thereby exacerbating CRC aggressiveness and
positioning ALDOB inhibition as a therapeutic vulnerability [6, 7].
Elucidating the molecular drivers of this metabolic reprogramming
is crucial for developing therapies that target CRC’s unique
metabolic dependencies. Such reprogramming is inextricably
linked to genetic mutations, driven by dysregulated oncogenes
and inactivated tumor suppressors, which rewire cellular metabo-
lism to fuel carcinogenesis [8, 9].
Metabolomics, including metabolic imaging, and computa-

tional modeling have revolutionized CRC metabolic reprogram-
ming research, enabling novel therapeutic and preventive
strategy development. Metabolic-targeted therapies, including
pathway modulators, enzyme inhibitors, and metabolic agents,
represent a novel therapeutic frontier. This convergence with
tumor immunology has amplified exploration of CRC’s ther-
apeutic potential [10]. Recent studies identify self-renewing,
proliferative, and differentiation-capable cancer stem cells as
critical drivers of tumorigenesis, metastasis, and therapy
resistance [11].
This review aims to synthesize the current understanding of the

role of metabolic reprogramming in CRC, highlighting its
mechanisms and exploring its implications for targeted treatment
strategies. Through analyzing tumor-specific metabolic divergence
from normal cellular processes, we map actionable intervention
pathways for CRC prevention and treatment, while advancing
conceptual understanding of its pathobiological complexity.

GLUCOSE METABOLIC REPROGRAMMING IN CRC
Glucose catabolism is a pivotal process for cellular energy
production and is primarily conducted through three pathways:
glycolysis, OXPHOS, and the pentose phosphate pathway (PPP).
These interconnected pathways undergo pathological rewiring
during CRC oncogenesis, driving malignant transformation
through dysregulated energy flux [12].
The glucose metabolic reprogramming in CRC centers on the

EMP-TCA cycle nexus, glucose uptake is facilitated initiated by
glucose transporter 1 (GLUT1)-mediated glucose influx [13].
Hexokinase (HK) phosphorylates glucose to glucose-6-phosphate
(G6P), which is further metabolized to 2-phosphoglycerate by
enolase and then to phosphoenolpyruvate (PEP) [14]. Pyruvate
kinase-mediated (PKM) PEP-to-pyruvate conversion reveals dual
metabolic fate: pyruvate dehydrogenase (PDH)-dependent acetyl-
CoA production for TCA cycle entry versus lactate dehydrogenase
(LDH)-driven lactate (LA) generation, epitomizing the Warburg
phenotype.

The TCA cycle orchestrates metabolic plasticity through citrate-
mediated lipogenesis and α-ketoglutarate (αKG)-derived gluta-
mate synthesis via glutamate dehydrogenase, contributing to
amino acid metabolism [15]. The diagram underscores the
metabolic plasticity in CRC, where intermediates are rerouted for
anabolic purposes, supporting tumor growth and proliferation
(Fig. 1).

The Warburg effect in CRC
The Warburg effect, aerobic glycolysis under normoxic conditions,
is a distinctive metabolic trait observed in cancer cells. In CRC cells,
prioritized LA-generating glycolytic ATP production persists
despite oxygen sufficiency, fueling rapid proliferation and
biosynthesis demands [16]. Extensive research has indicated a
reduction in glucose oxidation and an enhancement of the
Warburg effect and PPP in CRC. Early-stage molecular upregula-
tion of hypoxia-inducible factor-1α (HIF-1α), GLUT1, pyruvate
kinase M2 (PKM2), and lactate dehydrogenase A1 (LDHA)
observed in premalignant lesions implies that Warburg effect
activation precedes malignant transformation [17, 18].
In CRC, overexpression of glucose transporters and key

glycolytic enzymes drives the Warburg effect, resulting in
accelerated glycolytic flux. The accumulation and diversion of
glycolytic intermediates are utilized for the synthesis of cancerous
biomass, rapid ATP production, and LA accumulation, which
collectively promote tumor progression. TME acidosis stemming
from this metabolic shift promotes tumor progression, induces
therapeutic resistance, and compromises antitumor immune
responses [19].
While glucose competition in the TME drives T cell dysfunction,

parallel depletion of amino acids (e.g., glutamine), and fatty acids
through transporters compromises immune cell activity. Addition-
ally, the high levels of LA, low pH, hypoxia, and reactive oxygen
species (ROS) prevalent in the TME can impair T cells and natural
killer cells while polarizing tumor-associated macrophages into a
pro-tumoral M2-like phenotype, collectively facilitating immune
evasion [20]. These findings collectively highlight therapeutic
potential in targeting Warburg effect regulators through pharma-
cological or epigenetic approaches, with key glycolytic enzymes
(HK2, PKM2, LDHA) representing strategic intervention points to
disrupt both metabolic fueling and immunosuppressive mechan-
isms in CRC [21].
Notably, fructose metabolism synergizes with the Warburg

effect to amplify CRC aggressiveness. While glucose-driven
aerobic glycolysis generates LA via LDHA, fructose bypasses
glycolysis rate-limiting steps (e.g., PFK), ensuring sustained ATP
and biomass production under nutrient stress [22]. This
metabolic crosstalk enhances redox balance through NADPH
generation and stabilizes hypoxia-inducible factors, collectively
promoting tumor survival, immune evasion, and metastasis.
Therapeutic strategies targeting ALDOB or fructose uptake could
disrupt these interconnected pathways, offering a promising
approach to counteract CRC’s metabolic resilience and improve
clinical outcomes [23].

Oxidative phosphorylation in CRC
Emerging studies delineate metabolic bifurcation in cancer cells,
where a subset preferentially engages OXPHOS over glycolysis.
This divergence is amplified through intratumoral heterogeneity
that sustains coexisting metabolic states. Empirical evidence has
established that CRC cells exhibit a greater reliance on OXPHOS
versus normal colonocytes, exceeding conventional glycolytic
predilection [24]. Crucially, stromal interactomes, particularly
cancer-associated fibroblasts (CAFs), are of significant conse-
quence in the facilitation of tumor progression.
The “reverse Warburg effect” delineates bidirectional metabolic

crosstalk between cancer cells and stromal cells, wherein cancer
cell-derived ROS induce oxidative stress in CAFs. This triggers CAF
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metabolic reprogramming towards aerobic glycolysis, generating
energy-rich metabolites, including pyruvate, LA, fatty acids, and
ketone bodies. MicroRNA-1 downregulation coordinates this
stromal adaptation, while monocarboxylate transporter upregula-
tion facilitates LA transfer from CAFs to tumor cells. This
intercellular metabolic symbiosis suggests a stromal cell-cancer
cell metabolic axis that is instrumental in fostering tumorigenesis
[25, 26].
The seminal work by Nenkov et al. [27] elucidates the intricate

crosstalk between colon cancer cells and stromal cells, underscoring
the reverse Warburg effect. Their study delineates how perivascular
TME fluctuations drive metabolic remodeling, creating nutrient-
oxygen gradients that spatially regulate oxygen availability. Notably,
perivascular cancer cells exhibit elevated OXPHOS activity compared
to distal counterparts, revealing microenvironment-governed meta-
bolic zonation [28]. These findings underscore the spatial hetero-
geneity of metabolic activity within tumors and its implications for
tumor biology and therapeutic targeting.
These studies emphasize the significance of OXPHOS in CRC,

the role of the reverse Warburg effect, and the metabolic
heterogeneity within tumors, offering a comprehensive founda-
tion for further investigation into the metabolic underpinnings of
cancer progression and therapeutic resistance.

The multifaceted role of the pentose phosphate pathway in
CRC and Its therapeutic potential
The PPP, alternatively termed the phosphogluconate pathway
branches from glycolysis at G6P to generate fructose-6-phosphate
and glyceraldehyde-3-phosphate [29]. Unlike glycolysis and
aerobic glucose oxidation, the PPP does not generate ATP;
instead, it produces reduced NADPH for cellular redox balance and
ribose-5-phosphate for nucleic acid synthesis, respectively [30].

In the context of CRC, the PPP serves multiple critical roles.
NADPH, a product of the PPP, maintains cellular antioxidant
defenses by reducing glutathione, protecting cancer cells from
oxidative damage. Concurrently, ribose-5-phosphate, another PPP
product, provides essential precursors for nucleotide synthesis
required for rapid cancer cell proliferation [31, 32].
Recent studies have underscored the critical involvement of the

PPP in CRC. Elevated expression of rate-limiting enzyme glucose-
6-phosphate dehydrogenase drives PPP activation, promoting
tumorigenesis and progression. The pathway sustains genomic
stability in aneuploid cells through mitotic NADPH production that
prevents chromosomal aberrations while directly fueling CRC
proliferation via nucleotide biosynthesis. Additionally, the PPP’s
involvement in nucleotide synthesis is directly associated with the
proliferation and survival of CRC cells. The transketolase, a non-
oxidative PPP component regulating ribose-5-phosphate and
NADPH homeostasis, has surfaced as a promising therapeutic
target [33].
The PPP’s integration with CRC metabolism is exemplified

through cysteine metabolism, a glutathione synthesis prerequisite
requiring substantial NADPH from PPP-mediated cystine-to-
cysteine conversion. This reliance underscores the metabolic
vulnerability of CRC cells, particularly those with high SLC7A11
expression, offering a potential avenue for targeted therapeutic
interventions [34, 35].
The PPP’s significance extends to the broader scope of cancer

prevention and treatment. NADPH and ribose-5-phosphate,
products of the PPP, are vital in modulating the DNA damage
response, cellular metabolism, and the proliferation of cancer
cells. Consequently, multiple PPP enzymes have been identified
as promising therapeutic targets, functioning dually as meta-
bolic catalysts and regulators of diverse cellular processes,

Fig. 1 Metabolic reprogramming in CRC: interplay of EMP, PPP, oxidative phosphorylation, and TCA cycle. Glucose enters via GLUT1 and
is phosphorylated by HK to G6P, which feeds into PPP (providing nucleotide precursors) or glycolysis. Glycolysis is enhanced by fructose-2,6-
bisphosphate activating PFK1. The resulting pyruvate is converted to lactate by LDHA or enters mitochondria for the TCA cycle, generating
energy and biosynthesis intermediates. Glutamine imported via ASCT2 undergoes glutaminolysis to replenish TCA cycle metabolites. Solid
lines: metabolic processes; Dashed lines: metabolite transport across cellular membranes.
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positioning them as strategic targets for anticancer drug
development [36].

DIAGNOSTIC METHODS BASED ON METABOLIC
REPROGRAMMING IN CRC
The metabolic reprogramming in CRC creates diagnostic oppor-
tunities by exploiting cancer-specific metabolic alterations. These
approaches elucidate tumor biology, enabling stage-specific
identification and metabolic profiling. Subsequent sections detail
advanced imaging and metabolomic applications that utilize
CRC’s distinct metabolic signatures to enhance detection accuracy
and therapeutic management.

Positron emission tomography (PET) with 18F-
fluorodeoxyglucose (18F-FDG)
18F-fluorodeoxyglucose positron emission tomography combined
with computed tomography (18F-FDG PET/CT) has become a
cornerstone in CRC diagnostics, offering insights beyond mere
morphological changes. It provides a comprehensive view into the
glycolytic metabolism of glucose uptake across various tissue cells,
which is crucial for early and accurate diagnosis of malignant
tumors. This advanced imaging technique has been shown to
outperform traditional CT or MRI in detecting recurrent lesions,
with particular clinical utility in CRC surveillance [37]. Integration
with serum biomarkers like carcinoembryonic antigen augments
its diagnostic precision, making it an indispensable asset in the
diagnostic arsenal for CRC. Moreover, PET/CT’s diagnostic value
extends to the identification of metastatic lesions, critically
informing stage-appropriate treatment stratification [38].
The advent of 18F-labeled glutamine tracers expands diagnostic

capabilities for 18F-FDG-negative CRC tumors, addressing pre-
vious metabolic imaging limitations. This innovative approach has
been validated in both CRC patients and animal models,
demonstrating its effectiveness [39, 40]. Concurrently, PET/
magnetic resonance imaging (PET/MRI) emerges as a safer and
more effective alternative to PET/CT with enhanced soft-tissue
resolution and multimodal functional imaging. While primarily
oncological tools, both PET/CT and PET/MRI demonstrate expand-
ing utility in cardiovascular and neurological disease diagnostics,
broadening their clinical applicability [41, 42].
Future studies must comprehensively evaluate imaging mod-

alities’ clinical potential in CRC, particularly defining optimal
applications where PET/CT and PET/MRI demonstrate maximal
diagnostic superiority. Critical priorities include establishing
integration protocols for routine screening pathways, assessing
cost-effectiveness across healthcare systems, and evaluating
longitudinal impacts on treatment personalization and survival
metrics. These areas of research will not only enhance our
understanding of CRC but also guide the development of more
targeted and effective diagnostic and treatment strategies [43].

Circulating metabolite detection
Circulating metabolite detection holds promise as a diagnostic
method for CRC. Metabolomic profiling enables the detection of
endogenous small-molecule metabolites integral to physiological
processes, whose concentration patterns mirror systemic biochem-
ical states. By collecting and analyzing changes in these metabolites,
potential biomarkers associated with diseases can be identified,
facilitating clinical diagnosis and disease stratification [44].
Comparative plasma metabolite analysis between CRC patients

and healthy controls identifies differentially expressed species:
leucine-enkephalin, 5-hydroxytryptamine, and propionic acid
imidazole that are upregulated, while perfluorooctanesulfonic
acid, 2-linoleoylglycerol (18:2), and sphingosine that are down-
regulated [45]. This indicates that metabolomics-based circulating
biomarkers have the potential to serve as early diagnostic
indicators for CRC.

INHIBITION OF GLYCOLYSIS PATHWAY FOR THE
TREATMENT OF CRC
The pronounced glycolysis dependency of CRC cells under
normoxic conditions constitutes an exploitable metabolic vulner-
ability. Targeting the key enzymes of this pathway holds promise
for disrupting the energy supply and biosynthetic needs of CRC
cells, offering a strategic approach to combat the disease.

Inhibition of key enzymes in the EMP pathway in CRC
Elevated expression of critical EMP pathway enzymes drives
therapeutic resistance in CRC, particularly to radiotherapy and
chemotherapy [46]. Emerging evidence demonstrates that phar-
macologically inhibiting these enzymes—HK, PFK, and PK, all
overexpressed in CRC—effectively suppresses tumor proliferation,
positioning them as prime therapeutic targets for EMP-directed
CRC treatment.
HK, the first rate-limiting enzyme of the EMP pathway, has four

isoforms with distinct distributions, with HKII showing predomi-
nant association with malignancy and marked overexpression in
CRC [47]. Phosphorylation of HKII’s hydrophobic N-terminus
enables outer mitochondrial membrane binding via voltage-
dependent anion channel (VDAC) interaction, driving glycolytic
flux while competitively inhibiting pro-apoptotic Bax-VDAC
binding. This dual mechanism reduces cytochrome C release
and mitochondrial membrane potential, conferring apoptosis
resistance. Studies have shown that silencing HKII in CRC cell
lines such as HT-29, SW480, HCT-15, RKO, and HCT-116 can
effectively halt their proliferation and high EMP activity [48].
Clinical evidence links elevated HKII expression to advanced CRC
features including tumor volume, invasion depth, staging, and
lymph node metastasis, establishing its dual role as both a
prognostic marker and therapeutic target.
PFK, the most important rate-limiting enzyme of the EMP

pathway, exists as PFK1 and PFK2 isoforms. The PFK2 subtype
PFKFB3 shows marked overexpression in malignancies including
CRC, with its regulation linked to oncogenic activation (e.g., RAS,
CDH1) [49]. Zhao et al. [50] found that interleukin-6 (IL-6) blockade
disrupts EMP-mediated CRC progression: the transcription of key
EMP genes in CRC cells is upregulated by IL-6 stimulation,
promoting proliferation and metastasis; knocking out PFKFB3 can
eliminate the above effects of IL-6. Augmented EMP flux in tumors
induces concomitant upregulation of PFK1 expression, demon-
strating a positive correlation with pathway metabolic efficiency
[51]. Although PFK-targeted therapies show growing therapeutic
promise, their tissue-specific mechanisms and EMP inhibition
modalities require further elucidation.
PK, the EMP’s rate-limiting enzyme, converts PEP to pyruvate

through substrate-level phosphorylation, yielding ATP. Among the
four PK isoforms (PKL, PKR, PKM1, and PKM2), PKM2 is
predominantly present in most tumor cells [52]. Beyond its
canonical EMP role, PKM2 exhibits reduced catalytic activity,
leading to the accumulation of intermediates and their diversion
to the PPP for macromolecule biosynthesis, accelerating the
proliferation of tumor cells. PTBP1 knockdown triggers PKM2-to-
PKM1 isoform switching and a high proportion of PKM1/
PKM2 suppress EMP, inhibiting cell growth, and inducing
apoptosis [53]. Ginés et al. [54] demonstrate that PKM2 silencing
in HT29, SW480, and HCT116 enhanced oxaliplatin sensitivity
proportional to PKM2 suppression levels. These findings establish
PKM2 downregulation as a strategic approach to inhibit EMP and
restore chemosensitivity in CRC treatment resistance.
LDH comprises three isoforms (A, B, C), with LDHA demonstrat-

ing predominant overexpression in CRC tissue [55]. It promptly
catalyzes the transfer of LA produced by PA to the outside of the
cell, reducing the accumulation of LA and promoting efficient
EMP. Qin et al. [13] identified nutmeg extracts as LDHA-targeting
inhibitors that suppress EMP-driven ATP production and glucose
uptake in CRC cells. In 5-Fluorouracil (5-Fu)-resistant CRC models,
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LDHA upregulation correlates with chemoresistance, while miR-
34a-mediated LDHA inhibition restores 5-Fu sensitivity through
EMP suppression [56]. These findings position LDHA inhibition as a
strategic approach to overcome treatment resistance via meta-
bolic targeting in CRC therapeutics.
Glucose transporters protein (Gluts) mediate glucose transport

across cell membranes along concentration gradients. Among
these, Glut1 is most closely related to sugar metabolism and is
overexpressed in various solid tumors [57]. HIF-1α pathway
inhibition reduces Glut1 transcription in CRC cells, suppressing
glucose uptake and inducing apoptosis [13]. Glut1 drives multi-
drug resistance through dual mechanisms: upregulating drug
efflux pumps (P-gp, MRP) to maintain subtherapeutic intracellular
drug concentrations and elevating the Bcl-2/Bax ratio to enhance
anti-apoptosis capacity. Drug-resistant CRC cells exhibit Glut1
overexpression compared to parental lines, with low-dose 5-Fu
inducing dose-dependent Glut1 upregulation to accelerate
glucose uptake. Using a specific inhibitor WZB117 to silence
Glut1, drug-resistant cells regain sensitivity to 5-Fu [58]. As a
potential target for CRC treatment, Glut1 has important clinical
value, and its study is expected to provide important molecular
biological information for the diagnosis and treatment of CRC.
Glucose transport across the endoplasmic reticulum (ER)

membrane is governed by glucose transporter proteins (GLUTs)
and the glucose-6-phosphate transporter (G6PT). ER membrane-
integrated GLUTs mediate unidirectional glucose transport along
concentration gradients, while G6PT catalyzes G6P/glucose anti-
port to sustain the electrochemical gradient. This process is
integral to glucose metabolism, ensuring the cell’s supply of
glucose for energy production and biosynthetic processes (Fig. 2).

Inhibition of key signaling pathways in EMP of CRC
The metabolic reprogramming in CRC is significantly influenced by
the activity of various signaling pathways that regulate the EMP
pathway.
AKT, also known as protein kinase B, a PI3K-dependent serine/

threonine kinase, critically regulates energy metabolism in CRC

cells. AKT enhances glucose uptake by increasing the expression
of Glut1, thereby promoting EMP [59]. Inhibition of the TGF-β/
PI3K-AKT-mTOR signaling pathway in CRC cells downregulates
Glut1, significantly reducing glucose uptake and blocking EMP.
Furthermore, AKT activates HIF-1α to transcriptionally upregulate
glycolytic effectors including HKII, PDHK1, and LDHA [12]. The
natural compound wogonin reverses acquired drug resistance by
dual PI3K/AKT pathway inhibition and HIF-1α downregulation,
thereby silencing metabolic genes and impairing hypoxic adapta-
tion in CRC cells. AKT also directly phosphorylates and activates
the rate-limiting enzyme PK, enhancing EMP [60]. Collectively, AKT
pathway targeting disrupts CRC bioenergetics, inducing metabolic
starvation as a therapeutic strategy.
AMP-activated protein kinase (AMPK) is a highly conserved

heterotrimer composed of catalytic subunits α (α1/α2) and
regulatory subunits β (β1/β2) and γ (γ1/γ2/γ3), functions as a
central cellular energy sensor coordinating ATP production-
consumption balance. Activated AMPK can phosphorylate down-
stream substrates, upregulate Glut1, and increase glucose uptake,
promoting EMP in CRC cells, synergistically modulated through its
mammalian target of rapamycin (mTOR) pathway interactions [61].
Beyond canonical AMP-triggered activation, glucose deprivation
also activates AMPK to shift metabolism toward catabolism. In CRC
cells, the inhibition of AMPKα/p53 signaling pathway can promote
metabolic transformation, leading to the transcriptional expres-
sion of phosphoglycerate mutase (PGM) and an increase in EMP.
The degree of this defect is positively correlated with the
efficiency of EMP and the malignancy of CRC [62]. AMPK also
regulates the expression and activity of Glut and other EMP rate-
limiting enzymes such as PFK, affecting EMP and glucose uptake
in CRC cells. These findings elucidate the AMPK-EMP crosstalk in
CRC, demonstrating how CRC cells modulate energy metabolism
via AMPK-regulated glycolytic reprogramming.
The mTOR is a highly conserved serine/threonine protein

kinase, functions through two distinct complexes: mTOR complex
1 (mTORC1; comprising mTOR, Raptor, AKT1, and mLST8/GβL)
governing nutrient sensing and energy metabolism and mTOR

Fig. 2 Glucose transport mechanism across the endoplasmic reticulum membrane. Cytosolic glucose-6-phosphate (G6P) enters the ER via
glucose-6-phosphate translocase (G6PT/SLC37A4), where glucose-6-phosphatase (G6PC) hydrolyzes it to glucose and inorganic phosphate
(Pi). Glucose is recycled or exported. Associated disorders include GSD1b (G6PT/G6PC1 mutations), G6PC2 deficiency (pancreas-specific), and
ubiquitously expressed G6PC3 defects.
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complex 2 (mTORC2; consisting of mTOR, mLST8/GβL, Rictor, and
Sin1) regulating cytoskeletal dynamics and survival. Approxi-
mately 40% of CRC cases exhibit dysregulated mTOR signaling
pathway components [63]. PI3K/AKT-activated mTORC1 enhances
glucose uptake via Glut1 upregulation. mTORC1 can also target
the regulation of HIF-1α-mediated EMP to modulate the energy
metabolism of HT-29 cells. Therefore, effectively inhibiting the
mTOR/HIF-1α axis is one of the important means of anti-CRC
therapy. mTORC2 influences CRC metabolism through AKT
hyperactivation and c-Myc upregulation, linking oncogenic
signaling to metabolic adaptation [64]. Targeting the mTOR
signaling axis represents a pivotal therapeutic strategy in CRC, as
its inhibition disrupts tumor bioenergetics metabolism, suppresses
glycolytic flux (EMP), and ultimately constrains neoplastic pro-
liferation and metastasis.

Inhibition of key transcription factors in EMP of CRC
As master epigenetic modulators, transcription factors govern
CRC’s metabolic rewiring through direct EMP pathway
modulation.
The tumor suppressor p53 regulates cell cycle progression and

apoptosis while orchestrating metabolic reprogramming in
malignancies by balancing OXPHOS and glycolysis. TIGAR, a
p53-induced gene, has been identified as an effective inhibitor of
EMP, redirecting energy utilization towards the PPP. TIGAR
reduces the cellular levels of fructose-2,6-bisphosphate (FRU-2,6-
P2), which drives metabolism towards EMP and inhibits gluco-
neogenesis, thus suppressing EMP and elevating NADPH levels
[65]. However, p53 mutations/deletions in CRC cells enhance
glycolytic dependency, driving cell cycle progression (G2/M→ G1
transition) and energy production predominantly through glyco-
lysis [66]. Additionally, PGM, another p53 target gene, catalyzes
EMP when p53 is downregulated, thereby promoting EMP [67]
(Fig. 3).
p53’s metabolic functions are multifaceted, as it suppresses

anabolic pathways (de novo fatty acid/nucleotide synthesis) and
activates catabolic processes (OXPHOS, lipolysis, β-oxidation),
thereby restraining cancer cell proliferation through metabolic
control [68]. However, the role of p53 in metabolic regulation is

complex and can exhibit bidirectional activities, reflecting the
intricate nature of p53’s functions. For instance, p53 can
demonstrate antioxidant activity at physiological ROS levels to
preserve cellular integrity but paradoxically amplifies ROS under
oxidative stress to eliminate irreparably damaged cells while
protecting neighboring tissues [69].
In CRC, the p53-induced gene TIGAR (TP53-induced glycolysis

and apoptosis regulator) has been identified as an effective
inhibitor of the EMP, redirecting energy utilization towards the
PPP [70]. TIGAR suppresses EMP and elevates NADPH levels
through dual mechanisms: reducing cellular levels of fructose-2,6-
bisphosphate (FRU-2,6-P2), a key driver of metabolism towards the
EMP, and inhibiting gluconeogenesis. This regulatory axis is
clinically significant, as in CRC cells where p53 is silenced, the
EMP becomes more active, promoting cell transition from G2~M
to G1 phase and relying primarily on the EMP for energy supply
[71]. Additionally, PGM, another p53 target gene, amplifies EMP
activity under p53 loss, thereby promoting the EMP.
The coordinated regulation of EMP by the p53-TIGAR-PGM axis

positions these transcriptional regulators and their metabolic
effectors as actionable therapeutic targets in CRC. Future research
directions could focus on understanding the precise mechanisms
by which p53 and its associated proteins regulate the EMP in CRC,
translating these mechanistic insights into dependency-targeting
therapeutics that offer alternative treatment paradigms.
c-Myc overexpressed in ~70% of CRC patients [72], orchestrates

glutamine, serine, and glycogen metabolism. Its phosphorylation
sustains tumor proliferation under hypoxia, while pharmacological
inhibition via acetoacetate suppresses downstream glycolytic flux,
crippling CRC energy production [73]. c-Myc also regulates several
key EMP enzymes, including Glut1, PKM2, and LDHA [74],
increasing tumor cell uptake of glucose and production of
pyruvate. Furthermore, c-Myc is implicated in the regulation of
tumor cell energy metabolism through other metabolic pathways.
Hypoxia-inducible NDRG2 disrupts this axis by downregulating
ASCT2 glutamine transporters and glutaminase I via β-catenin-
mediated c-Myc suppression, thereby blocking glycolytic adapta-
tion. Collectively, targeting c-Myc and its downstream metabolic
effects could offer a promising approach to disrupt the metabolic
dependencies of CRC cells, potentially leading to novel therapeu-
tic interventions.
Hypoxia-inducible factor 1α (HIF-1α) is a transcription factor

induced under hypoxic conditions, enabling cells to adapt to low
oxygen or anoxic conditions. CRC’s dysregulated proliferation
fosters hypoxic TME driving HIF-1α overexpression [75]. HIF-1α
induces the expression of EMP-related genes and enzymes to
provide ample energy, mediated in CRC by HIF-1α-regulated Glut1
and Glut4. HIF-1α further interacts with Smad3 via microRNA-
mediated regulation to upregulate the transcriptional levels of
HKII and MCT4, intensifying glycolytic metabolism. HIF-1α inhibi-
tion (e.g., IDF-11774) in HCT116 cells suppresses LA and ATP
production while elevating AMP/ATP ratios, confirming its
glycolytic regulatory role [76]. These findings establish HIF-1α as
a druggable nexus in CRC’s energy rewiring, offering rational
targeting opportunities from an energy metabolism perspective.

METABOLIC REPROGRAMMING AND IMMUNOTHERAPY IN CRC
CRC pathogenesis involves oncogene-driven metabolic rewiring, a
process that adaptively reconstitutes metabolic networks to
sustain tumor proliferation and viability. As the metabolic
cornerstone of cancer adaptation, Warburg-driven aerobic glyco-
lysis propagates tumor expansion and concomitantly engineers
immunosuppressive TME architectures. This oncometabolite
impairs cytotoxic T-cells function while CRC cells’ preference for
glycolysis over OXPHOS further reinforces immune evasion
mechanisms, critically shaping therapeutic responses to
immunotherapy.

Fig. 3 Inhibition targets in the EMP pathway of CRC cells.
Converts glucose to pyruvate via enzymatic steps (e.g., enolase
produces phosphoenolpyruvate). Inhibiting LDHA reduces lactate
formation; PKM inhibition blocks phosphoenolpyruvate-to-pyruvate
conversion. Half the flux diverts to mitochondrial acetyl-CoA for the
TCA cycle. This balances energy production and metabolic
intermediates under cellular demands. Solid lines: direct conversion
of metabolites; Dashed lines: multi-step transformation of
metabolites.
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Immune checkpoint inhibitors (ICIs; e.g., anti-PD-1/PD-L1 anti-
bodies), demonstrate clinical efficacy in CRC, particularly micro-
satellite instability-high (MSI-H) subtypes. However, the response
to ICIs is heterogeneous, and biomarkers like PD-L1 expression
levels have been correlated with treatment outcomes. CRC
immunogenicity is metabolically regulated, for example,
O-GlcNAcylated enolase 1 (ENO1) coordinates glycolytic flux and
immune checkpoint expression to facilitate immune evasion.
Therapeutic targeting of glycolytic enzymes (HK, phosphofructo-
kinase, and PK) can disrupt the metabolic fitness of CRC cells,
making them more susceptible to immune-mediated killing.
Additionally, these metabolic interventions can potentially reverse
the immunosuppressive phenotype of the TME, enhancing the
efficacy of ICIs [77, 78].
The metabolic heterogeneity of CRC dictates immunotherapy

responses. MSI-H CRC tumors, which have a high mutational
burden, are more likely to respond to ICIs due to increased antigen
presentation. In contrast, microsatellite-stable CRC tumors, repre-
senting most cases, are less immunogenic and pose a greater
challenge for immunotherapy. Deciphering subtype-specific meta-
bolic signatures is crucial for developing personalized immu-
notherapeutic strategies.
Despite the potential of metabolic targeting in CRC, several

clinical challenges remain due to tumor heterogeneity and
microenvironment complexity, necessitating multidimensional
strategies combining metabolic inhibitors with ICIs. Clinical trials
are needed to identify biomarkers that predict response to
metabolic interventions and to determine the optimal combina-
tion therapies that can overcome resistance mechanisms. Future
research should focus on understanding the metabolic depen-
dencies of CRC subtypes and developing combinatorial therapies
that target both metabolic and immunological pathways. Meta-
bolic reprogramming in CRC is intricately linked to immune
evasion and response to immunotherapy. Emerging evidence
reinforces the metabolic-immune interplay in CRC progression,
where metabolic rewiring offers synergistic potential to potentiate
immunotherapy efficacy, particularly in ICI-refractory subtypes. As
our understanding of the metabolic-immunological axis in CRC
advances, so too will our ability to develop personalized treatment
strategies that harness the immune system to combat this disease
[79, 80].

CONCLUSION
Metabolic reprogramming critically drives CRC pathogenesis.
Current research indicates that dysregulated glucose, lipids, and
glutamine fuel CRC cell proliferation, invasion, and migration
through key metabolic enzymes. This mechanistic understanding
positions metabolic pathway targeting as a strategic focus in CRC
therapeutic development.
Enzymes governing glycolytic flux in CRC cells exhibit crosstalk

with TME dynamics, while EMP inhibitors demonstrate potential to
mitigate treatment resistance to radiotherapy and chemotherapy.
These findings position multi-targeted EMP enzyme inhibition as a
promising therapeutic strategy. However, monotherapeutic
approaches risk incomplete pathway suppression and multidrug
resistance induction, necessitating development of combinatorial
regimens targeting multiple EMP nodes to achieve durable
therapeutic efficacy.
While EMP remains the predominant metabolic pathway for

energy metabolism in CRC cells, most tumor cells’ mitochondrial
function persists, enabling partial independence from glycolytic
metabolism. OXPHOS-mediated metabolic compensation in CRC
cells may compromise EMP-targeted drugs. Concurrent targeting
of complementary pathways, such as the tricarboxylic acid cycle,
PPP, and glutamine metabolism, represents a critical research
frontier for comprehensive CRC metabolic intervention.

EMP inhibitors carry on-target toxicities for normal tissues
dependent on glycolytic metabolism (e.g., brain, retina, and
testes), necessitating tumor-selective therapeutic strategies. Cri-
tical research priorities include elucidating mechanisms for CRC-
specific glycolytic blockade that spares normal cell viability,
coupled with the development of multi-target regimens co-
inhibiting EMP and complementary pathways to optimize
therapeutic indices.
In conclusion, while substantial advances have elucidated

metabolic reprogramming’s role in CRC, therapeutic development
demands precision strategies addressing pathway complexity and
TME crosstalk. Advancing CRC therapeutics requires systematic
identification of context-specific metabolic targets and synergistic
combination regimens that maximize antitumor efficacy while
preserving normal tissue homeostasis.
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