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Even with sufficient oxygen, tumor cells use glycolysis to obtain the energy and
macromolecules they require to multiply, once thought to be a characteristic of
tumor cells known as the “Warburg effect”. In fact, throughout the process of
carcinogenesis, immune cells and stromal cells, two major cellular constituents
of the tumor microenvironment (TME), also undergo thorough metabolic
reprogramming, which is typified by increased glycolysis. In this review, we
provide a full-scale review of the glycolytic remodeling of several types of
TME cells and show how these TME cells behave in the acidic milieu created
by glucose shortage and lactate accumulation as a result of increased tumor
glycolysis. Notably, we provide an overview of putative targets and inhibitors of
glycolysis alongwith the viability of using glycolysis inhibitors in combination with
immunotherapy and chemotherapy. Understanding the glycolytic situations in
diverse cells within the tumor immunological milieu will aid in the creation of
subsequent treatment plans.
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1 Introduction

In healthy cells, the main energy source is the mitochondrial oxidative phosphorylation
reaction (OXPHOS). In contrast to normal cells, tumor cells choose glycolysis as a source of
energy, even in well-oxygenated environments. This process is referred to as the “Warburg
effect”, or aerobic glycolysis or metabolic reprogramming (Hanahan and Weinberg, 2011).
Tumors are regarded as proliferative diseases of cells that are detached from the normal
growth state and need more energy to achieve self-differentiation and highly active
biological behavior; consequently, one of the key characteristics of tumors is the
disruption of cellular energy metabolism. In addition to dysregulated energy
metabolism, aerobic glycolysis is a crucial indicator of malignant transformation in
tumor cells (Wang et al., 2023).
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The TME is a highly ordered ecosystem mostly composed of
tumor cells, extracellular matrix, and a variety of noncancerous cells,
including immunological and stromal cells (de Visser and Joyce,
2023). Glycolysis not only promotes tumor growth but also modifies
the TME by impacting immune cell and stromal cell development,
activation, and function. Nonmalignant cells, such as immune cells
(Kirchmair et al., 2023) and cancer-associated fibroblasts (Yan et al.,
2018), undergo metabolic reprogramming during carcinogenesis
that is notable for its increased dependence on glycolysis.
Additionally, by promoting the production of metabolites and
signaling chemicals, glycolysis of tumor cells can positively alter
the TME (Guo et al., 2022; Liu et al., 2023). Antitumor immune cells,
including CD4+ T cells, CD8+ T cells, and dendritic cells (DCs), are
inhibited from absorbing enough glucose for their own glycolysis by
extracellular acidosis. This leads to substrate competition and a
reduction in antitumor activity (Krawczyk et al., 2010; Michalek
et al., 2011). Tumor-associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs), on the other hand, are protumor
immune cells that continuously suppress the tumor immune
response and are more tolerant of high lactic acid levels in the
environment (Jian et al., 2017; Zhang D. et al., 2019).

Targeting pathways associated with glycolysis presents novel
treatment prospects for malignancies, given the critical role that
glycolysis plays in the progression of cancers. According to a
substantial body of research, targeting important proteins in
tumor cells that are involved in glucose uptake, glycolysis, lactate
generation, and transport may have a substantial therapeutic impact
on a number of malignancies. Furthermore, controlling metabolic
reprogramming of the immune system and stromal cells opens up
new avenues for anticancer treatment. This review aims to clarify the
glycolytic environment in tumor cells and TME cells and to
enumerate potential targets, offering suggestions for additional
studies and potential therapeutic uses of targeted glycolysis
in cancers.

2 Why is there a preference for
glycolysis?

2.1 Advantages provided by glycolysis

Only two molecules of ATP are produced by the oxidation of
glucose to pyruvate, whereas 31 to 38 molecules of ATP can be
produced by complete oxidation to CO2 by oxidative
phosphorylation. Although aerobic glycolysis is a less efficient
producer of ATP than OXPHOS, rapidly proliferating tumor
cells, as well as other cells dependent on the “Warburg effect”,
are still able to maintain ATP levels similar to those of normal cells
(Barba et al., 2024).

To elucidate why cancer cells employ aerobic glycolysis despite
its obvious energetic disadvantage, it has been argued that the idea
that OXPHOS produces energy more efficiently than aerobic
glycolysis may not be plausible, or at least that the idea has a
premise. Do not take into account the time required for the reaction,
the breakdown of 1 mol of glucose by OXPHOS theoretically
produces more ATP than does anaerobic glycolysis. For tumor
cells, however, the availability of sufficient energy in a relatively
short period of time is critical. It has been suggested that glycolysis

produces energy faster than OXPHOS. This means that aerobic
glycolysis produces more energy per unit time than OXPHOS under
a steady supply of glucose (Pfeiffer et al., 2001).

Another view emphasizes that for actively proliferating tumor
cells, meeting the energy demand is only one of the necessary aspects
to ensure their biological activity. As cell division requires the
consumption of massive amounts of biomolecules, tumor cells
need to maintain a minimum energy supply based on ensuring
the synthesis of biomolecules required for proliferation. Based on
this view, it is understandable that tumor cells choose to inhibit
OXPHOS in favor of aerobic glycolysis. Because the intermediates of
the glycolytic process can be used as substrates for the synthesis of
biomolecules required for proliferation, such as nicotinamide
adenine dinucleotide phosphate (NADPH), ribose phosphate, and
a number of nonessential amino acids, these biomolecules are used
by tumor cells as raw materials for the synthesis of nucleic acids,
lipids, and proteins (Vander Heiden et al., 2009).

2.2 The state of glycolysis in tumors

Glucose is the most significant energy source in the human body.
The glucose transporter (Glut) transports glucose into the cell,
where it is then transformed by a sequence of glycolytic enzymes
into pyruvate, which is subsequently processed into lactate by lactate
dehydrogenase (LDH). Eventually, the monocarboxylic acid
transporter (MCT) takes the produced lactate outside of the cell,
causing the cell to consume a significant amount of glucose and
secrete a large amount of lactate. In tumors, these steps of glycolysis,
including glucose uptake, the glycolytic process (from glucose to
pyruvate), and lactate production and transport, are generally
enhanced to sustain biological progression, as described in more
detail below (Figure 1).

2.2.1 Glucose uptake
Glucose uptake requires the assistance of the glucose

transporter protein (Glut), and 14 kinds of Glut proteins have
been identified, among which Glut1 serves as the primary carrier
for glucose uptake in cells. In addition, the subcellular localization
of Glut, especially its placement on the membrane, is critical for
determining whether highly expressed Glut within cells can
perform its transport functions (Zhang et al., 2021). By
regulating the expression and localization of Glut (e.g., Glut1),
tumor cells exhibit enhanced glucose uptake and provide sufficient
substrates for enhanced glycolysis (Ganapathy-Kanniappan and
Geschwind, 2013). PI3K/Akt, HIF-1, p53, Ras and c-Myc are
involved in the regulation of Glut1 (Barron et al., 2016).
Moreover, there is a correlation between the overexpression of
Glut1 and the poor prognosis of various tumors (Kawamura et al.,
2001; Deng et al., 2018; Xiao et al., 2018). Thus, Glut has become a
focal point in the field of tumor research in recent years as an
important target for the gene-targeted treatment of malignant
tumors. The promoting effect of Glut1 on tumor progression
may be related to the enhanced glycolysis and lactate
accumulation. Excess lactate then increases Rheb-GTP levels
(mTORC1 activator) by inhibiting the binding of TSC2 and
Rheb, ultimately activating the mTORC1 signaling pathway and
tumor progression (Chen H. et al., 2021).
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2.2.2 Glycolytic process
The process of glycolysis is central to the energetic metabolism

of tumor cells, providing most of the energy required by the cells. In
this process, enzymatic reactions catabolize glucose into pyruvate.
The three enzymes that are responsible for rate limitations in the
glycolytic process are pyruvate kinase (PK), phosphofructokinase 1
(PFK1), and hexokinase (HK). HK2 and PKM2, the predominant
isoforms of pyruvate kinase and hexokinase, respectively, are
upregulated in tumor cells. These isoforms are crucial for the
development and progression of tumors (Mathupala et al., 1995;
Liu et al., 2016). Notably, PKM2 also possesses protein kinase
activity, which, after nuclear translocation, activates gene
transcription by phosphorylating histones and exerting
nonmetabolic functions in tumor cells (Chen et al., 2020). For
example, the PKM2/β-catenin complex is recruited to the
CCND1 promoter, which encodes cyclin D1, and promotes
cyclin D1 expression, which promotes tumorigenesis and tumor
cell proliferation (Yang et al., 2011). In contrast to the other two key
enzymes, aberrant PFK1 expression is usually not obvious in tumors.
Fructose-2,6-bisphosphate, the catalytic product of PFK2, is an
allosteric activator of PFK1, and tumor cells indirectly control

the activity of PFK1 by upregulating PFK2 expression, which in
turn promotes glycolysis (Yalcin et al., 2009; Bartrons et al., 2018). In
addition, albeit infrequently, tumor cells can also enhance glycolysis
by upregulating the expression or activity of noncritical enzymes,
such as phosphoglycerate mutase (PGM) and phosphoglycerate
kinase 1(PGK1).

2.2.3 Lactate production and transport
Increased glucose intake and enhanced glycolytic processes lead

to increased pyruvate production. Under normal conditions,
pyruvate enters the mitochondria and can be catalyzed by the
pyruvate dehydrogenase complex (PDHx) for reduction to acetyl
coenzyme a, which eventually enters the tricarboxylic acid cycle for
complete oxidation to carbon dioxide and water. However, in tumor
cells, the rate of pyruvate production often exceeds the rate of
PDHx-mediated pyruvate catabolism (Curi et al., 1988), and in
some tumors, the activity of PDHx is inhibited by pyruvate
dehydrogenase kinase (PDK) (Zuo et al., 2021). By upregulating
lactate dehydrogenase and monocarboxylate transporter proteins,
which convert pyruvate into lactate and exclude it from the cell,
tumor cells ensure that their own glycolysis continues. And in this

FIGURE 1
The “Warburg effect” in cancer. Under normoxic conditions, cells take up glucose and oxidize it to CO2 and H2O through glycolysis and oxidative
phosphorylation (OXPHOS). However, for tumor cells, even in the presence of sufficient oxygen, glycolysis is the primary way to produce energy. The
upregulation of glucose transporter (Glut) increases the ability of tumor cells to compete for glucose. By upregulating key enzymes involved in the
glycolytic process, commonly including hexokinase (HK), phosphofructokinase 2 (PFK2), and pyruvate kinase (PK), tumor cells rapidly breakdown
glucose into pyruvate. The accumulated pyruvate can be simply reduced to lactate by lactate dehydrogenase (LDH) and transported out of the cell by
monocarboxylate transporter (MCT), or it can enter the mitochondria, where it is catalyzed by pyruvate dehydrogenase (PDH) to produce acetyl-CoA,
which enters into a complex oxidative pathway for complete oxidation to CO2 andH2O. Pyruvate dehydrogenase kinase (PDK) inhibits the activity of PDH.
The upregulation of PDK, LDH and MCT restricts the entry of pyruvate into the tricarboxylic acid cycle, resulting in greater conversion to lactate.
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process, NADH is converted to NAD+, and the redox balance in
tumor cells is maintained. Thus, it is easy to determine the
connection between the upregulation of LDHa and MCT1/
MCT4 expression levels and tumor progression (Cai et al., 2020;
Zhao et al., 2018; Dell’Anno et al., 2020; Todenhöfer et al., 2018).

2.3 Mechanisms of enhanced glycolysis

The mechanisms underlying the regulation of tumor aerobic
glycolysis energy metabolism mainly include oncogenic metabolic
regulation and tumor suppressor metabolic regulation (Figure 2).
Oncogenic metabolic regulation mainly includes oncogenes (PI3K,
MYC, Ras) and signaling pathways (Wnt). Tumor suppressor
metabolic regulation mainly involves tumor suppressor genes
such as PTEN and P53. Mutations in these key genes or aberrant
activation of signaling pathways regulate glycolysis through a variety
of pathways, including 1. Increasing the expression and the
membrane localization of Glut1, which enhances the ability of
the cell to take up glucose; 2. Upregulating the expression of
glycolysis-related proteins or enhancing their activity, which
enhances the ability of the cell to metabolize glucose into lactate;
and 3. Inhibiting mitochondrial respiration, which causes cells to

upregulate and depend on glycolysis. Moreover, there are also
complex interactions between these genes or pathways that
synergistically regulate tumor glycolysis. The details are described
as follows.

2.3.1 PI3K mutation
The PI3K/AKT signaling pathway is an important signaling

regulatory pathway for protein synthesis, and its aberration will
promote the switch of tumor metabolism to aerobic glycolysis
(Edinger and Thompson, 2002; Elstrom et al., 2004).
Furthermore, the enhanced glycolytic activity caused by the
activation of this pathway can be observed in various solid
tumors (Zhang T. et al., 2019; Feng et al., 2020; Chakraborty
et al., 2022; Dong et al., 2022). When this pathway is consistently
activated, it can increase the expression of Glut (Plas et al., 2001),
stimulate the expression and activity of enzymes related to glycolysis
(Deprez et al., 1997; Rathmell et al., 2003), and improve the capacity
of tumor cells to metabolize glucose and engage in glycolysis. In
addition, interactions between the ROS/PI3K/Akt pathway and the
Wnt/β-catenin signaling pathway will promote the expression of
HIF-1α, another factor that promotes glycolysis. The upregulation of
HIF-1α expression further increases glycolytic activity, enabling
tumors to develop a drug-resistant phenotype (Dong et al., 2022).

FIGURE 2
Enhanced glycolysis induced by oncogenic events. Mutation of oncogenes (e.g., RAS and MYC) and inactivation of tumor suppressor genes (e.g.,
p53 and PTEN) frequently occur in various tumor cells. Alterations in these genes subsequently upregulate the expression of key enzymes involved in
glycolysis directly, and glycolysis is enhanced in tumor cells accordingly.
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2.3.2 PTEN mutation
In essence, PTEN is a protein phosphatase that functions as a

tumor suppressor by breaking down phosphatidylinositol-3,4,5-
trisphosphate (PIP3) and suppressing the PI3K/AKT pathway,
which is also its primary mechanism for inhibiting glycolysis.
The activation of AKT induced by PTEN deletion can enhance
glycolysis (Zhai et al., 2022). In addition, PTEN can directly regulate
glycolysis in tumors. The glycolysis-associated enzyme
phosphoglycerate kinase 1 (PGK1), which has protein kinase
activity, can catalyze autophosphorylation, and phosphorylated
PGK1 exhibits enhanced enzyme activity. PTEN inhibits the
autophosphorylation of PGK1, thereby directly inhibiting tumor
glycolysis (Qian et al., 2019). Moreover, prostate cancer patients
harboring PTEN/P53 mutations exhibit significantly enhanced
intracellular HK2-mediated glycolysis and are resistant to
castration therapy (Deng and Lu, 2015).

2.3.3 p53 mutation
p53 is a very important tumor suppressor gene in the human

body and its mutations are common inmany types of cancer. Studies
have shown that the promoters of Glut1 and Glut4 are directly
regulated by p53. However, the inhibitory effect of p53 on the
promoter of Glut4 is significantly stronger than that on Glut1. This
is because Glut1 is a widely available glucose transporter
(Schwartzenberg-Bar-Yoseph et al., 2004). Moreover, p53 can
inhibit glycolysis by interfering with the transport of Glut1 to the
membrane. p53 mutations promote tumorigenesis by activating the
RhoA/ROCK signaling-mediated translocation of Glut1 to the
plasma membrane to stimulate the “Warburg effect" (Zhang
et al., 2013). PFK1 is metabolically activated by fructose-2,6-
bisphosphate (F-2,6-BP), and as F-2,6-BP accumulates, it
becomes more active and encourages glycolysis. TIGAR, a p53-
induced protein, catalyzes the breakdown of F-2,6-BP, inhibiting
PFK1 enzyme activity and glycolysis (Bensaad et al., 2006).
Furthermore, by controlling the production of phosphoglycerate
mutase (PGM), another glycolysis-related enzyme, p53 prevents
glycolysis (Kondoh et al., 2005). Moreover, p53 can also regulate
mitochondrial function and oxygen consumption and reduce
glycolysis. The control of the mitochondrial cytochrome c
oxidase (COX) complex depends on the p53-dependent
production of cytochrome c oxidase 2 (SCO2). Deficiency in
p53 leads to impairment of the mitochondrial oxidative
respiratory chain and promotes the conversion of OXPHOS to
glycolysis. Another study showed that p53 was able to restore
colorectal cancer cell chemosensitivity to fluorouracil (5-FU) via
miR-149-3p/PDK2-mediated inhibition of glycolysis (Liang
et al., 2020).

2.3.4 MYC mutation
MYC family genes are a group of oncogenes that are frequently

and abnormally active in human cancers. Glucose metabolism
genes, primarily Glut1, HK2, PFK and LDHa, are directly
regulated by c-Myc (Shim et al., 1997; Osthus et al., 2000).
Studies focusing on glucose metabolism inhibitors targeting
c-Myc have shown that they can repress the expression of
Glut1 and LDHa in cancer cells. In addition, in a hypoxic state,
c-Myc interacts with HIF-1, which induces PDK1 production. This
inhibits the conversion of pyruvate to acetyl-CoA catalyzed by PDH,

thereby suppressing mitochondrial respiration and ultimately
promoting anaerobic glycolysis (Dang et al., 2009).

2.3.5 RAS mutation
RAS mutations are among the most common carcinogenesis

factors (Chen J. et al., 2021). The regulation of glycolysis by RAS is
common. On the one hand, the translocation of mutant RAS to
mitochondria results in the abnormal opening of ion channels,
impaired mitochondrial membrane potential and oxidative
phosphorylation, and the cell is forced to increase its demand for
glycolysis (Hu et al., 2012). On the other hand, the glycolytic fluxes
of RAS mutant cells were equilibrated at higher levels by
upregulating Glut1 and PFK2 expression (Yun et al., 2009;
Telang et al., 2006). In addition, there is extensive cooperation
between RAS and Myc and AMPK pathways in regulating glycolysis
(Ying et al., 2012).

2.3.6 Wnt pathway
In malignant tumors, hyperactivation of the Wnt pathway

affects the regulation of proliferation, angiogenesis, migration,
epithelial–mesenchymal transition (EMT), and cell survival
(Parsons et al., 2021). More recently, Wnt signaling has been
linked to metabolic reprogramming in cancer cells. Differently,
the Wnt pathway induces compensatory enhancement of
glycolysis mainly by inhibiting mitochondrial respiration. By
regulating the expression of downstream mitochondria-associated
genes such as cytochrome C oxidase (COX) and pyruvate
dehydrogenase kinase 1 (PDK1), Wnt controls glycolysis (Lee
et al., 2012; Pate et al., 2014; Zuo et al., 2021). The Wnt pathway
promotes the expression of PDK1 and inhibits the expression of
COX, which limits the supply of pyruvate to mitochondria and
mitochondrial OXPHOS activity, respectively. This results in a
compensatory increase in glycolysis to offset ATP loss. Moreover,
Wnt signaling inhibits FTO-mediated downregulation of m6A on
Myc mRNA and promotes the translation of Myc mRNA, which in
turn regulates glycolysis, proliferation, and carcinogenesis in tumor
cells via Myc.

2.3.7 AMPK pathway
AMPK, a key energy state sensor and regulator of energy

homeostasis, consists of catalytic α, regulatory β, and γ subunits.
AMPK is involved in regulating tumor glycolysis, but the results of
this regulation are inconsistent. The majority of related research
points to a negative relationship between the rate of glycolysis and
the activation of AMPK signaling (Bi et al., 2021). In colorectal
cancer, AMPK downregulates PDK4 expression and restricts the
flow of pyruvate to mitochondria for OXPHOS(Wei et al., 2023).
Another study indicated that AMPK-mediated phosphorylation of
the pyruvate dehydrogenase complex (PDHc) catalytic subunit
(PDHA) S295 during tumor metastasis restored PDHc activity
through spatial competition for inhibition of PDK-mediated
suppression of PDHA S293 phosphorylation, promoted a shift in
cellular metabolism from glycolysis to OXPHOS, and enhanced
metabolic adaptation in metastatic cells (Cai et al., 2020). However,
there is also support that AMPK activation promotes tumor
glycolysis. Activated AMPK enhances PFK2 activity by
phosphorylating PFK2, inducing F-2,6-BP accumulation and
enhancing glycolysis (Doménech et al., 2015). This result is in
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line with the function of AMPK in muscle tissue (Marsin et al.,
2002). The relationship between AMPK and tumor glycolysis
deserves further investigation.

2.3.8 HIF-1 pathway
In addition to oncogenic signals, tumor cell metabolism is

regulated by the hypoxic TME. The hypoxia phenotype is
intimately associated with the HIF-1 pathway. HIF-1α and HIF-
1β are the two subunits that make up HIF. Intracellular HIF-1β
expression is stable, whereas prolyl hydroxylase controls HIF-1α
expression. Hydroxylated HIF-1α undergoes ubiquitination-
mediated degradation by VHL, so the HIF-1 signaling pathway is
tightly regulated. Under hypoxic conditions, prolyl hydroxylase
activity is inhibited by mitochondria-generated ROS, and HIF-1α
is upregulated and forms a complex with HIF-1β to act as a
transcriptional regulator to regulate the transcription of
downstream genes. The targets of HIF-1 include genes encoding
Glut, glycolysis-related enzymes, and LDHa, and elevated
expression of these genes promotes glycolysis and lactate
production (Semenza et al., 1994). Furthermore, the HIF-1
signaling pathway suppresses pyruvate dehydrogenase activity,
limits OXPHOS, and causes the reduction of more pyruvate to
lactate by controlling the expression of pyruvate dehydrogenase
kinase (Kim et al., 2006).

2.3.9 mTOR pathway
The mTOR pathway, which includes mTOR complex 1

(mTORC1), mTOR complex 2 (mTORC2), and putative mTOR
complex 3 (mTORC3), has important roles in mammalian
metabolism and physiology (Liu and Sabatini, 2020). Because its
catalytic structural domain resembles PI3K, mTOR is sometimes
classified as an atypical member of the PI3K-related kinase family.
However, unlike the PI3K pathway, direct regulation of glycolysis by
the mTOR pathway has rarely been reported. In general, the mTOR
pathway interacts extensively with other signaling pathways and in
this way is involved in the regulation of tumor metabolism. For
example, PI3K/AKT/mTORC1/HIF-1alpha are usually considered
as a whole and are involved in the regulation of tumor glycolysis
(Düvel et al., 2010). mTORC2 is also involved in the regulation of
glycolysis through a different mechanism. Although it can also be
activated by AKT, mTORC2 controls glycolysis by affecting the
expression of c-Myc. mTORC2 regulates the expression of c-Myc by
inhibiting the deacetylation of histone proteins, which ultimately
regulates glycolysis (Xu et al., 2019).

3 What about glycolysis
reprogramming in the TME?

The coevolutionary process involving the tumor and the TME
leads to tumor growth. Many nontumor cells inside the TME
experience metabolic changes akin to the “Warburg effect” as
tumors advance, and they increasingly rely on glycolysis to carry
out their biological tasks. This means that to fulfill their functional
needs, TME cells will all have to engage in competition for limited
glucose and need to learn to adapt to the high-lactate environment
that results from enhanced glycolysis. This section will then
concentrate on how TME cells behave differently in the face of

this metabolic challenge and how they interact with tumor cells.
Typically, antitumor TME cells have difficulty adapting to the
hostile environment resulting from enhanced glycolysis, whereas
the tumor-promoting TME component sustains enhanced glycolysis
and adapts more readily to the high-lactate environment with the
support of tumor cells. The details are described as
follows (Figure 3).

3.1 Glycolysis reprogramming in
stromal cells

3.1.1 Cancer-associated fibroblasts
One significant stromal cell type in the TME is cancer-

associated fibroblasts (CAFs). Like in tumor cells, glycolysis is
enhanced in CAFs, known as the “reverse Warburg effect”.
Glycolysis of CAFs is induced and permitted by tumor cells.
Tumor cells hijack CAFs and reprogram their metabolism for
aerobic glycolysis through multiple pathways, secreting
metabolites such as pyruvate and lactate, which are taken up
by cancer cells as alternative carbon sources to support their
metabolic needs. In vitro experiments demonstrated that the
glycolytic activity of CAFs was enhanced after coculture with
cancer cells. Mechanistically, tumor cells produce and secrete
hydrogen peroxide, which induces oxidative stress in nearby
CAFs, decreasing mitochondrial activity and increasing
glucose uptake (Martinez-Outschoorn et al., 2011).
Additionally, cytokines found in the TME, such as PDGF and
TGF-β1, are also involved in the metabolic reprogramming of
CAFs. By downregulating isocitrate dehydrogenase expression in
CAFs, these cytokines modify the ratio of tricarboxylic acid cycle
intermediate metabolites. This inhibits prolyl hydroxylase
activity and stabilizes the HIF-1 signaling pathway, which in
turn promotes glycolysis in CAFs(D. Zhang et al., 2015). In
addition, tumor-produced exosomes harboring the
ITGB4 protein (Sung et al., 2020) or miR-105 (Yan et al.,
2018) are taken up by CAFs and promote glycolysis by
affecting mitochondrial autophagy or the Myc pathway in
CAFs, respectively.

In some tumors, such as prostate, gastric, pancreatic, and
breast cancers, CAFs are thought to be receptors for lactate in
the TME. Lactate can induce stromal cells such as normal
fibroblasts (Linares et al., 2022), mesenchymal stem cells
(MSCs) (Bhagat et al., 2019), and even adipocytes (Andreucci
et al., 2023) to acquire the CAF phenotype. As a metabolite, lactate
can affect the NAD+/NADH balance, downregulating NAD+ and
thus inhibiting PARP-1 activity, promoting fibroblast transition to
CAFs(Linares et al., 2022). Lactate can also be converted to other
metabolic intermediates, such as fumarate and succinate, through
the metabolic cycle, thereby affecting the balance between
fumarate, succinate and α-ketoglutarate, which ultimately affects
TETase activity, causes changes in DNA methylation levels and
promotes the expression of certain protumor factors in
CAFs(Andreucci et al., 2023). The “Warburg effect” is
particularly prominent in drug-resistant tumor cells, where
lactate production also promotes the secretion of BDNF(Jin
et al., 2021) and HGF (Bhagat et al., 2019) from CAFs, which
are molecules that promote drug tolerance.
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3.1.2 Endothelial cells
Endothelial cells (ECs) are ubiquitous in tumors and are

necessary for vascular development and function, providing
oxygen and nutrients for tumor growth and participating in
tumor metastasis (Ghiabi et al., 2014). Although ECs are located
in the inner layer of blood vessels and lymphatic vessels and have
easy access to oxygen, activated ECs are highly dependent on
glycolysis (De Bock et al., 2013). The glycolysis dependence of
ECs in tumor vessels is even greater than that of ECs in the
normal activated state, accompanied by enhanced expression of
Glut1 and HK2(Cantelmo et al., 2016). Several signals in the TME,
including hypoxia and proinflammatory cytokines (Yu et al., 2017)
or hormonal signals (Trenti et al., 2017), can upregulate glycolysis in
ECs. By activating the PI3K/AKT pathway, VEGF (vascular
endothelial growth factor) released by tumor cells enhances
Glut1 expression in ECs(Yeh et al., 2008). Indeed, the expression
of genes associated with glycolysis is frequently upregulated in ECs,
and PFK2 is a crucial glycolysis regulating gene. Downregulation of
PFK2 expression in ECs normalizes the tumor vasculature, which

can effectively reduce tumor metastasis and enhance the effect of
chemotherapy (Cantelmo et al., 2016).

In addition, the glycolysis product lactate can regulate the
function of ECs through a variety of pathways. First, lactate acts
as a signaling molecule to enhance VEGF signaling and stimulate
angiogenesis by activating the HIF-1 (Hunt et al., 2007) and PI3K/
AKT pathways (Hunt et al., 2007). Second, lactate, a metabolic
substrate, is taken up by ECs to activate the autocrine NF-κB/IL-8
(CXCL8) pathway by upregulating intracellular ROS levels, driving
cell migration and tubule formation (Végran et al., 2011). Finally,
the acidic tumor microenvironment induced by lactate
accumulation induces endoplasmic reticulum stress in endothelial
cells via the proton-sensing G protein-coupled receptor GPR4,
which regulates vascular growth and inflammatory responses in
the acidic microenvironment (Dong et al., 2017).

3.1.3 Adipocytes
Adipocytes are present in many tissues, including tumor tissues.

Tumor-associated adipocytes (TAAs) are an important part of the

FIGURE 3
The glycolysis landscape of the TME. Tumor cells can induce a protumor phenotype in the TME by secreting metabolites and signaling molecules
such as cytokines and lactate, thus further contributing to cancer progression. For example, stromal cells activated by tumor cells undergo glycolytic
enhancement, and their glycolytic products can serve as an energy source for tumor cells. In addition, lactate produced by tumor cell glycolysis can also
induce CAFs to produce protumor cytokines, promoting tumor growth, metastasis and drug resistance. Tumor-infiltrating T cells, B cells, DCs and
NK cells also showed enhanced glycolysis. However, with powerful ability to plunder glucose, tumor cells restrict glycolysis in T cells, B cells, DCs and NK
cells, which leads to dysfunction of these cells. Similarly, glycolysis is involved in regulating the polarization and functional phenotype of TAMs. Tregs take
up lactate for OXPHOS, avoiding glucose competition and adapting to the environment of high lactate, which is conducive to fully exploiting their tumor-
promoting effect. In summary, glycolysis promotes crosstalk between tumor cells and TME cells and alters the functional phenotype of TME cells.
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TME (Pallegar and Christian, 2020). Like in CAFs, there is an active
exchange of metabolites between adipocytes and tumor cells. Upon
coculture with tumor cells, adipocytes exhibit a characteristic
cellular morphology and phenotype similar to that of fibroblasts,
accompanied by increased lactate secretion (Simiczyjew et al., 2023).
Adipocytes tend to enhance glycolysis in the TME, as in renal clear
cell carcinoma, where the browning of adipocytes is activated by
parathyroid hormone-related proteins secreted by cancer cells,
leading to the production of excess lactate (Wei et al., 2021),
which is taken up and utilized by cancer cells as an energy
source (Micallef et al., 2021). In addition, there is positive
feedback between the glycolytic product lactate and adipocytes
that promotes tumor progression. In a high-lactate environment,
adipocytes can dedifferentiate toward myofibroblasts and secrete
more free fatty acids, among other factors, to exert their tumor-
promoting ability (Andreucci et al., 2023). Lactate has been reported
to be taken up by adipocytes as a raw material for fat synthesis
(Saggerson et al., 1988) or to promote fat synthesis via the lactate-
GPR81 axis (Ahmed et al., 2010) and ultimately benefit tumor cells.

3.2 Glycolysis reprogramming in
immune cells

Typically, glycolytic remodeling also occurs in immune cells in
the TME. With the exception of Treg cells, which are relatively
flexible in metabolism, all other immune cells use glycolysis as the
primary mode of sugar metabolism in their active state. However,
tumor cells promote glycolysis in cells associated with tumor
immunosuppression through various mechanisms, whereas
antitumor immune cells need to compete with tumor cells for
glucose to maintain glycolysis. In addition, immune cells that
exert antitumor effects seem to have difficulties adapting to the
high-lactate TME.

3.2.1 Tumor-infiltrating lymphocytes
Tumor-infiltrating lymphocytes (TILs) are important members

of the immune surveillance system for tumors and are mainly
divided into CD8+ T cells and CD4+ helper T cells. Target cells
are eliminated by CD8+ T lymphocytes via FASL-FAS-mediated cell
death or granzyme- and perforin-mediated apoptosis.
Unfortunately, CD8+ T lymphocytes are typically impaired or
diminished in malignancies (Philip and Schietinger, 2022). The
functions of CD4+ T cells in malignancies are dual. Th1 CD4+

T cells directly kill cancer cells by producing interferon gamma
(IFN-γ) and TNF-α, and they also assist cytotoxic CD8+ T cells and
B cells in their antitumor activities. However, CD4+ T cells of the
Th2 subtype release anti-inflammatory molecules that have tumor-
promoting properties (Borst et al., 2018).

One indicator of the activation of CD8+ T cells is the transition
from OXPHOS to aerobic glycolysis, and the mTORC1-HIF-
1 pathway is critical for mediating this metabolic transition
(Finlay et al., 2012; Kirchmair et al., 2023). The expression of
glycolytic proteins and the rate of glycolysis were greater in
differentiated CD8+ effector T cells than in naïve T cells.
Increased aerobic glycolysis is essential for promoting the
production of biosynthetic precursors required for the
proliferation of effector T cells and the production of effector

molecules such as IFN-γ, IL-2, IL-17 and granzyme B in
T cells. When glycolysis in CD8+ effector T cells is restricted,
dysfunction results (Cham and Gajewski, 2005). Research
indicates that after the inhibition of glycolysis through glucose
deprivation or 2-deoxy-D-glucose (2-DG), the expression of genes
induced by TCR/CD28 signaling in CD8+ effector T cells is
partially inhibited, which includes the expression of IFN-
γ(Cham et al., 2008). Mechanistically, the glycolysis-associated
enzyme GAPDH acts as an mRNA-binding protein to bind to IFN-
γ mRNA and limit its translation when glycolysis is inhibited in
CD8+ effector T cells (Chang et al., 2013). Limiting glucose intake
inhibits CD4+ T cells’ ability to perform immunological
surveillance because activated CD4+ T cells are likewise
dependent on glycolysis (Michalek et al., 2011). The glycolytic
intermediate phosphoenolpyruvate safeguards the normal
antitumor function of Th1 CD4+ T cells by inhibiting Serca-
mediated endoplasmic reticulum calcium uptake activity and
maintaining intracellular calcium flux and Ca2

+-
NFAT1 pathway activation (Ho et al., 2015). Ensuring the
supply of glucose and maintaining the level of glycolysis are
essential for the antitumor immune effects of tumor-infiltrating
lymphocytes. However, in the TME, T cells are at a disadvantage in
terms of glucose competition. In addition, tumor cells encourage
effector T cells to substantially express miR-26a and miR-101 by
controlling glucose in the TME, which leads to a decrease in
EZH2 expression and dysfunction of effector T cells, including
decreased glycolysis (Zhao et al., 2016).

In addition, lactate accumulation in the TME has a negative
impact on the function of T cells. It has been reported that the lactate
concentration, which is inversely related to the degree of CD8+ T-cell
infiltration, can be used to predict immunological function in breast
cancer patients (Yin et al., 2022). Lactate exposure significantly
reduces IFN-γ production in a dose-dependent manner in CD8+

T cells (Huang et al., 2023). Succinate autocrine acts on CD8+ T cells
via the SUCNR1 receptor to maintain their function. Lactate can
affect the metabolism of CD8+ T cells and inhibit pyruvate
carboxylase activity, thereby reducing the production and
autocrine secretion of succinate and inhibiting the cytotoxic
activity of CD8+ T cells (Elia et al., 2022). Lactate produced by
tumor cells increases the susceptibility of tumor-specific cytotoxic
CD8+ T lymphocytes to activation-induced cell death via NF-κB
inactivation, and blocking lactate production can overcome tumor
resistance to immunotherapy and improve therapeutic effects (Liu
et al., 2023).

3.2.2 B cells
The main humoral immune mediators are B lymphocytes.

Through complement activation and antibody-dependent
cytotoxicity, B cells in malignancies produce anticancer effects
(Laumont et al., 2022). In contrast to other cells, activated B cells
exhibit enhanced both OXPHOS and glycolysis (Blair et al., 2012;
Caro-Maldonado et al., 2014). However, the “best-of-both-worlds”
metabolic strategy of B cells does not give them a metabolic
advantage because the suppression of either glycolysis or
oxidative phosphorylation can inhibit the growth and function of
B cells (Diaz-Muñoz et al., 2015; Jayachandran et al., 2018). Even
worse, the low-glucose/low-oxygen TME may concurrently block
glycolysis and OXPHOS in B cells. However, more information
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needs to be obtained, as our knowledge of the metabolism of B cells
in malignancies is still lacking.

3.2.3 Tregs
Regulatory T cells (Tregs), which are the guardians of

immunological homeostasis, are a highly immunosuppressive
fraction of CD4+ T cells. In cancer, Tregs suppress antitumor
immunity through different mechanisms. Tregs are less
dependent on glycolysis and rely on oxidative phosphorylation
for energy production (Gerriets et al., 2015).

Foxp3 is a signature gene of Tregs. Moreover, Foxp3 represses
Myc gene expression and shuts down glycolysis, inducing OXPHOS
in Tregs (Angelin et al., 2017). Indeed, Tregs take up lactate as their
main energy substance, and the uptake process is mediated by
MCT1. Lactate enters Tregs and is converted to pyruvate to enter
the tricarboxylic acid cycle, where part of it is metabolized to
produce energy and the other part is converted to
phosphoenolpyruvate via the gluconeogenesis pathway, which is
used to replenish upstream glycolytic intermediates (Watson et al.,
2021). Thus, instead of limiting Treg function, the low-glucose/high-
lactate TME confers a metabolic advantage to Treg cells because of
lactate accumulation. Additionally, the acidic milieu produced by
lactic acid—rather than lactate itself—helps CD4+ T cells
differentiate into Tregs when stimulated by TGF-β(Rao et al.,
2023). In addition, lactate-derived phosphoenolpyruvate
modulates intracellular calcium ion levels and promotes
NFAT1 translocation into the nucleus, thereby upregulating the
expression of PD-1 in Treg cells by affecting the Ca2

+-
NFAT1 pathway (Cham and Gajewski, 2005).

3.2.4 Tumor-associated macrophages
Another crucial element of the TME is tumor-associated

macrophages (TAMs), which are mainly divided into antitumor
M1 macrophages and protumor M2 macrophages (DeNardo and
Ruffell, 2019). M1 macrophages exhibit “Warburg effect"-like
alterations, including increased glucose consumption and lactate
release and decreased oxygen consumption. Whereas IL-4 and IL-13
induce another activation program in macrophages, macrophages
(M2) activated in this mode mainly adopt the metabolic pathway of
OXPHOS(Zhu et al., 2015).

In the early stages of cancer, TAMs exhibit a proinflammatory
M1 phenotype to exert antitumor effects. However, these cells
eventually transform into an immunosuppressive and
angiogenesis-promoting M2 phenotype, which promotes tumor
growth and evasion of immune surveillance (Yeung et al., 2015).
There are many reasons for the phenotypic shift of macrophages,
such as specific cytokines produced by tumor cells (Soki et al., 2014),
hypoxia (Leblond et al., 2016) and glycolysis (Zhang D. et al., 2019;
Jiang et al., 2022), and more recent studies have suggested that
progressively accumulating lactate may also play a role in this
process. Lactate-derived histone lysine lactylation is a novel
posttranslational modification that directly stimulates the
transcription of modified genes. Enhanced glycolysis in
M1 macrophages leads to the accumulation of the metabolite
lactate, causing the transcriptional start regions of homeostasis-
associated genes (the signature genes of the M2 phenotype) to
undergo increased histone lactylation and encouraging the
production of these homeostasis-associated genes (Zhang T.

et al., 2019). Furthermore, the expression of the macrophage-
specific vacuolar ATPase subunit (ATP6V0d2), which is
facilitated by TFEB, was suppressed by lactate-activated
mTORC1 signaling. This prevents HIF-2α from being degraded
by lysosomes and guarantees the expression of the HIF-2α
downstream gene VEGF, which promotes tumor angiogenesis
(Liu et al., 2019). In addition, other studies have indicated that
lactate inhibits the production of inflammatory factors by activating
the receptor GPR81 on the surface of macrophages. Lactate/
GPR81 activates downstream AMKP and LATS signaling, which
phosphorylate YAP, resulting in the retention of YAP in the
cytoplasm without further stimulation of NF-κB activation or
TNF-α production (Yang K. et al., 2020).

3.2.5 Dendritic cells
As antigen-presenting cells that initiate and control adaptive

immune responses by ensnaring antigens in infections or tumors
and presenting them to T cells, dendritic cells (DCs) serve as a link
between innate and adaptive immunity. The process of TLR agonist-
induced metabolic switching in DCs is responsible for its activation
and involves a shift from OXPHOS to aerobic glycolysis.

Further studies showed that the glycolytic process in activated
DCs was activated and maintained by different mechanisms at
different stages. In the early phase after receiving an effective
stimulus, the activation of glycolysis is more regulated by the
TBK1/IKKε/Akt pathway (Everts et al., 2014). In the early stages,
the mitochondrial activity of DCs is not significantly inhibited;
instead, glycolysis supplies pyruvate for mitochondrial OXPHOS.
This finding also suggested that decoupling the processes of
glycolysis and lactate production might be a therapeutic strategy
given the adverse effects of lactate on tumor therapy. Long-term
sustained increases in glycolysis rely on iNOS-mediated NO
production, which damages mitochondria. After exposure to TLR
agonists for a period of time, unlike the symbiosis of glycolysis and
OXPHOS in the early phase, activated DCs showed increased iNOS-
mediated NO production accompanied by impaired mitochondrial
function and OXPHOS, and the cells relied heavily on glycolysis for
ATP production, at which time the activation of DCs was impaired if
glycolysis was restricted (Everts et al., 2012).

DCs capture tumor-specific antigens and subsequently transfer
to local lymph nodes, where they present antigens to T cells, leading
to the initiation of effector T-cell responses against tumor-specific
antigens. Studies have shown that glycolysis is required for the
motility and migration of DCs. Under glucose-restricted conditions,
DCs exhibit significantly reduced motility, and the cellular
morphology becomes rounder due to dendritic constriction,
which is detrimental for DCs to migrate to localized lymph
nodes (Guak et al., 2018).

In addition, lactate in the TME can also negatively affect the
activation and functional realization of DCs through multiple
pathways. Lactate activates the GPR81 receptor on the surface of
DCs, which on the one hand inhibits cell-surface
MHC2 presentation and prevents tumor-specific antigen
presentation (Brown et al., 2020) and, on the other hand, affects
intracellular free calcium levels, limiting the production of type I
interferon through calcium/calcineurin phosphatase (CALN)
signaling. Activated DCs are dependent on glycolysis, and lactate
from the TME entering DCs via MCTs can negatively regulate
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glycolysis via feedback (Raychaudhuri et al., 2019). Lactate inhibits
TLR3 and its downstream IFN-I and interferon gene-stimulating
factor (STING), accelerating antigenic degradation and affecting the
cross-presentation capacity of DCs (Caronni et al., 2018). In
addition, some reports emphasize that lactic acid (but not lactate)
impairs the viability and ability of DCs to produce type I interferon
(Monti et al., 2020). The acidic environment brought about by lactic
acid affects the stabilization of the antigen-MHC-I complex and is
not conducive to antigen presentation (Burgdorf et al., 2020).
Moreover, the lysosomal pathway is thought to be the major
pathway for antigen processing and presentation in DCs, whereas
lysosomal function can be modulated by lactate (Trombetta et al.,
2003; Brisson et al., 2016). In addition, lactate also enhances
tryptophan metabolism and kynurenine production in DCs,
thereby promoting Treg induction and indirectly exerting an
immunosuppressive effect (Raychaudhuri et al., 2019). C-C
chemokine receptor type 7 (CCR7) facilitates the migration of
DCs to adjacent lymph nodes, and lactate exposure
downregulates the expression of CCR7, which affects the
translocation of DCs to the local lymph and interferes with the
normal process of antigen presentation (Sangsuwan et al., 2020).

3.2.6 NK cells
NK cells are innate lymphoid-like cells with cytotoxicity, and the

initiation of their cytotoxic function does not depend on antigen
presentation; this ability allows NK cells to play an essential role in
the early stage of the fight against cancer, with potent antitumor and
tumor metastasis inhibition capabilities.

In the context of MCMV infection, TNFα-TNFR2 signaling
upregulates NK cell glycolysis, and IL-8 contributes to this
process in a complementary way by promoting
TNFR2 expression upregulation. Although the study context
was infection, TNFα and IL-8 are also common signaling
molecules in the TME (Khan et al., 2023). After receiving
effective stimulation, NK cells undergo rapid enhancement of
glycolysis, and this process precedes that of CD8+ T cells. Upon
inhibition of glycolysis, NK cells are not able to exert their
antitumor effects properly (Sheppard et al., 2021).
Unfortunately, because of the powerful glucose uptake by
tumor cells, NK cell glycolysis is likely to be inhibited.

In addition, lactate produced by tumor cell metabolism can
also inhibit the antitumor activity of NK cells through multiple
pathways. Lactate disrupts NAD+ homeostasis in NK cells by
inhibiting NAMPT transcription, disrupting the antitumor
activity and capacity of NK cells (Guo et al., 2023). The acidic
TME prevents NK cells from expressing perforin, granzyme, and
NKp46, thereby impeding their full cytotoxic function. Lactate
also inhibits the production of IFN-γ by affecting the nuclear
factor of activated T cells (NFAT) in NK cells, causing
acidification and disturbed energy metabolism in NK cells
(Brand et al., 2016), and an acid‒base imbalance in NK cells
can lead to mitochondrial stress and apoptosis (Harmon et al.,
2019). Lactate can also indirectly inhibit NK cell function by
promoting the infiltration of MDSCs. Fortunately, NK cells also
fight the adverse effects of lactate. Lactate-treated NK cells
upregulate CaMKK2 expression, which contributes to the
maintenance of NK cell viability and proliferation (Juras
et al., 2023).

3.2.7 Myeloid-derived suppressor cells
Myeloid-derived suppressor cells (MDSCs) are considered to be

pathologically activated monocytes and neutrophils and are
therefore divided into two main categories: mononuclear MDSCs
(M-MDSCs) and polymorphonuclear MDSCs (PMN-MDSCs).
MDSCs inhibit the activity of antitumor immune cells through
paracrine signaling or intercellular contact mechanism and are
crucial in forming the immunosuppressive milieu (Veglia
et al., 2021).

Glycolysis was also upregulated in activated MDSCs. Similar to
that in CAFs, the activation of glycolysis in MDSCs occurs in
response to tumor cell regulation. When stimulated by tumor-
derived factors, MDSCs upregulate glycolysis-related genes and
exhibit higher glycolysis rates than normal cells, which
contributes to the expansion of MDSCs in hosts (Jian et al.,
2017). Mechanistically, the glycolytic intermediate
phosphoenolpyruvate is a potent antioxidant that prevents the
apoptosis induced by excessive accumulation of ROS. High
glycolysis is also a way in which MDCSs exert
immunosuppressive effects. By producing excess lactate, MDSCs
induce lactate accumulation within CD4+ T cells, resulting in the
inhibition of glycolysis and other cellular functions by impairing
NAD+ cycling (Goldmann and Medina, 2023). Inhibiting other
glycolysis-dependent cells through enhanced self-glycolysis is
similar to the modus operandi of tumor cells.

In addition, the glycolysis product lactate induces MDSC
amplification and activation in tissues and enhances tissue
immunosuppression. The amplification of immunosuppressive
MDSCs is greatly increased when lactate is added to the MDSC
culture system (Goldmann andMedina, 2023). Through the GPR81/
mTOR/HIF-1a/STAT3 pathway, lactate stimulates the activity of
MDSCs, leading to increased expression of genes that promote
tumor growth and immunosuppressive effects on T cells (Yang
X. et al., 2020). Lactate interacts with intracellular c-Jun and protects
it from FBW7-mediated degradation, thereby promoting MDSC
differentiation toward an immunosuppressive phenotype (Zhao
et al., 2022).

4 Integrated tumor therapy strategies
targeting glycolysis

A characteristic of malignancy is enhanced glycolysis, which
promotes tumor development (Li et al., 2023), invasion,
immunological escape, and treatment resistance. For example, in
pancreatic cancer, overexpression of FOXD1 enhances
Glut1 expression and promotes tumor cell proliferation, invasion
and metastasis in an aerobic glycolysis-dependent manner (Cai
et al., 2022). In a variety of tumor cells, Glut1-dependent
enhancement of glycolysis was shown to counteract CTL-
mediated cytotoxic effects by reducing ROS production and
downregulating c-FLIP, a key inhibitor of TNF-α-induced cell
death, and targeting Glut1 contributed to the improvement of
tumor immune infiltration and sensitivity to ICB therapy (Wu
et al., 2023). A study in glioblastoma also supported the negative
impact of glycolysis on tumor immunity. Enhanced glycolysis
facilitates tumor immune escape by promoting IκBα
phosphorylation degradation and NF-κB activation-dependent
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induction of PD-L1 expression in an HK2-dependent manner (Guo
et al., 2022). Furthermore, enhanced glycolysis is strongly associated
with the acquisition of drug-resistant phenotypes in tumors (Chen
et al., 2022a; Wang et al., 2023).

In brief, increased glycolysis is a poor prognostic feature that is
important for several aspects of tumor development, metastasis,
drug resistance, and immune evasion. Conversely, therapeutic
regimens targeting glycolysis are expected to inhibit tumor
progression in multiple ways. Some of the integrated tumor
therapy strategies targeting glycolysis are summarized below.

4.1 Tumor therapeutic strategies targeting
glycolysis

As mentioned earlier, glycolysis can be divided into three major
steps, namely, glucose uptake, glycolytic process, and lactate production
and transport, and key enzymes or molecules involved in these steps
have become potential targets for cancer treatment (Figure 4).

4.1.1 Targeting glucose uptake
Glut mediates the cellular uptake of glucose, and tumor cells

often upregulate Glut1 expression to ensure adequate glycolytic
feedstock. BAY-876 and SMI277 are drugs that target Glut with in
vivo experimental support (Wu et al., 2020; Chen et al., 2022b).
After intraperitoneal injection of Glut1 inhibitors, tumor growth
was significantly limited, and tumor size was reduced.
Interestingly, according to flow cytometry reports, the use of
SMI277 also increased the activity of antitumor immune cells in
tumor tissue. This is clearly not due to the direct action of
Glut1 inhibitors because GLUT1 inhibitors similarly inhibit
glycolytic processes in glycolysis-dependent antitumor immune
cells, thereby inhibiting the normal function of these cells as well
(Chen et al., 2023). It is suspected that such glycolysis inhibitors, by
decreasing the amount of glucose that tumor cells take up,
relatively alleviate the competitive pressure for glucose in tumor
tissues, improving immune cells’ access to glucose, which may lead
to an increase in the quantity and degree of activation of antitumor
immune cells, such as CD8+ T cells.

FIGURE 4
Glycolysis-targeted therapy combined with chemotherapy and immunotherapy. The enhancement of intratumor glycolysis not only promotes
tumor progression and drug resistance but also plays a crucial role in the formation of immunosuppressive microenvironments. This provides a
theoretical basis for a comprehensive treatment strategy targeting tumor glycolysis. In a large number of preclinical studies, glycolysis inhibitors
combined with chemotherapy and immunotherapy have shown significant antitumor effects that are superior to those of single-target therapy. The
main targets of these inhibitors include glucose uptake (Glut1), key glycolytic enzymes (HK, FPK, PK) and lactate production and transport enzymes (LDH,
MCT). These findings provide valuable insights for optimizing current therapeutic strategies.
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4.1.2 Targeting key glycolysis-related enzymes
Hexokinase (HK), phosphofructokinase 1 (PFK1), and pyruvate

kinase (PK) are the three rate-limiting enzymes of the glycolytic
process. Hexokinase catalyzes the generation of glucose-6-
phosphate from glucose, the first step of the glycolytic reaction,
and 2-DG and 3-BrPA specifically inhibit the enzymatic activity of
HK. Numerous studies have demonstrated the stable antitumor
capacity of 2-DG and 3-BrPA, and neither drug has toxic effects on
normal cells in other organs at therapeutic doses (Fan et al., 2019;
Pajak et al., 2019). PFK1 is the second restricting enzyme in
glycolysis, and its activity is regulated by the catalytic product of
PFK2. PFK2 phosphorylates fructose-6-phosphate to produce F-2,6-
BP, a metabolic activator of PFK1, and significantly increases the
catalytic activity of PFK1. In vivo and ex vivo experiments have
demonstrated that 3PO, PFK15, and PFK158 exert antitumor effects
by inhibiting the activity of PFKFB3, a common isoform of
PFK2(Kotowski et al., 2021). PKM2 is the last rate-limiting
enzyme of glycolysis, and shikonin can inhibit tumor growth in
mice by inhibiting PKM2-mediated aerobic glycolysis (Zhao
et al., 2018).

4.1.3 Targeting lactate production and transport
LDHa catalyzes the formation of lactate from pyruvate, a process

that produces NAD+ that is reused to maintain glycolysis. FX-11
inhibits LDHa and is a reliable and safe therapeutic regimen for
LDHa-dependent tumors (Le et al., 2010). MCTs are responsible for
transporting lactate out of the cell to avoid product accumulation
and intracellular acidification. Studies have shown that knockdown
of MCT1 inhibits cancer cell proliferation and migration, thereby
suppressing tumor progression (Li et al., 2021). There are many
inhibitors of MCT, but few have been tested in vivo. CHCwas shown
to inhibit the MCT1-induced switch from OXPHOS to glycolysis,
effectively slowing tumor growth in mice (Sonveaux et al., 2008).

There are also many drugs targeting glycolysis that are not listed,
and their antitumor effects have only been demonstrated in vitro,
with a lack of in vivo experimental evidence to support them.
Considering that normal cells also undergo glycolysis, the toxic
effects of these drugs, which act by inhibiting glycolysis, on the
whole organism should be investigated.

4.2 Targeting glycolysis in combination with
chemotherapy

Malignant tumors usually rely on aerobic glycolysis for rapid
growth and chemotherapy resistance. Compared with oxaliplatin-
sensitive cells, oxaliplatin-resistant colorectal cancer cells exhibit
upregulated expression levels of PKM2, a key enzyme in glycolysis,
and increased levels of glycolysis. By the uptake of exosomes
containing the circRNA hsa_circ_0005963 (which acts as a
sponge for miR-122) secreted by drug-resistant cells, PKM2-
mediated enhancement of glycolysis and drug resistance was also
observed in sensitive cells (Wang et al., 2020). In glioblastoma
(GBM), HK2 expression is correlated with chemoresistance, and
HK2 deficiency increases glioblastoma susceptibility to
temozolomide (TMZ) (Zhang et al., 2020). Furthermore, in
estrogen receptor-positive breast cancer, PKM2-dependent
upregulation of glycolysis leads to decreased adriamycin

sensitivity in tumors. However, chemosensitivity was restored
after treatment with the glycolysis inhibitor 2-DG (Qian et al.,
2018). Another study reported that LDHa activity and expression
were upregulated in adriamycin-resistant osteosarcoma cells and
that the resistant cells exhibited highly activated glycolysis and were
more dependent on the glucose supply. In vitro and in vivo, the
combination of adriamycin and the glycolysis inhibitor oxamate has
synergistic effects on the treatment of osteosarcoma (Hua et al.,
2014). These findings show that glycolysis plays a major role in
chemotherapy resistance, and the combination of glycolysis
inhibitors and chemotherapeutic agents might increase the
effectiveness of tumor chemotherapy. According to recent
studies, the targeted delivery of the chemotherapeutic agents
HCPT and siMCT-4 to tumors with the help of silica
nanoparticles effectively suppressed tumor growth through
chemotherapy and the inhibition of lactate efflux, and this
approach restored the tumor-associated macrophage (TAM)
M1 phenotype and CD8+ T-cell activity in vivo, which greatly
improved the tumor immune microenvironment (Li et al., 2020).

4.3 Targeting glycolysis in combination with
immunotherapy

Cancer immunotherapies include checkpoint inhibitors (ICIs)
and adoptive cell therapy (ACT). ACT enhances antitumor
immunity by directly delivering therapeutically modified immune
cells. In contrast, immune checkpoint inhibitors are essentially a
class of monoclonal antibodies that target key proteins of the
immunosuppressive pathway called checkpoints, such as
programmed cell death protein 1 (PD-1), cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), and programmed
death ligand 1 (PD-L1).

Overexpression of glycolysis-related proteins leads tumor
cells to tolerate T-cell-mediated cytotoxic effects, while
inhibiting glycolysis enhances T-cell-mediated antitumor
immunity (Cascone et al., 2018). Higher lactate levels in the
TME hinder the proliferation and generation of cytokines in
T cells. Therefore, in preclinical studies, attempts were made to
combine bicarbonate (neutralizing lactic acid) with anti-CTLA-
4, anti-PD-1 or ACT, a strategy that greatly improved the
efficacy of tumor immunotherapy (Pilon-Thomas et al.,
2016). Enhancing the metabolic adaptation of T cells in
nutrient-competitive TMEs is also a strategy for improving
the efficacy of ACT. As previously described,
FOXP3 promotes the aerobic oxidation of Treg cells by
facilitating lactate uptake, which greatly enhances the
adaptability of Treg cells. It has been shown that
overexpression of FOXP3 also enhances the metabolic
adaptation of CD8+ T cells, which facilitates their tumor
recruitment, proliferation and cytotoxicity and improves the
therapeutic efficacy of ACT (Conde et al., 2023). Recent data
indicate that in situ injection of the thermogel Gel@B-B
containing the Glut1 inhibitor BAY-876 and a blocker of PD-
1/PD-L1 BMS-1 significantly delays tumor growth, prolongs
survival time and improves ICB treatment outcomes in an in situ
mouse model of GBM by dual modulation of metabolism and
immunity in glioblastoma (GBM) (Li et al., 2024).

Frontiers in Cell and Developmental Biology frontiersin.org12

Zhao et al. 10.3389/fcell.2024.1416472

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1416472


5 Conclusion and outlook

Enhanced glycolysis is a hallmark of malignancy characterized
by a generalized enhancement of glucose uptake, glycolytic process,
and lactate production and transport, which influences tumor
progression, invasion, immune escape, and drug resistance.
Mutations in key genes or aberrant activation of signaling
pathways are important drivers that promote enhanced glycolysis
in tumor cells. Metabolic shifts in tumor cells further modify the
TME and affect the glycolysis and the functional phenotype of TME
cells. Through the establishment of glycolytic dominance, for
example, tumor cells inhibit glycolysis and the function of
antitumor immune cells, such as CD8+ T cells, DCs, and NK
cells, to form a tumor-immunosuppressive microenvironment,
which ultimately promotes tumor progression and leads to tumor
immune escape and therapeutic resistance. Therefore, targeting
glycolysis is a promising multidimensional therapeutic approach.
However, drugs targeting the glycolytic pathway are still in the
preclinical stage, despite strong animal experimental data
supporting the enhanced antitumor effect of glycolysis inhibitors
when combined with immunotherapy or chemotherapy. Owing to
the complexity of metabolism, there is still much remaining to be
done in the development of efficient medications that target tumor
glycolysis.

Author contributions

JZ: Investigation, Resources, Visualization, Writing–original
draft, Writing–review and editing. DJ: Resources, Validation,
Writing–original draft, Writing–review and editing. MH:
Validation, Writing–original draft, Writing–review and editing.
JJ: Conceptualization, Data curation, Visualization,
Writing–review and editing. XX: Validation, Visualization,
Writing–review and editing. FW: Visualization, Writing–review
and editing. LZ: Data curation, Writing–review and editing.
Baijun Bao: Resources, Validation, Writing–review and editing.
FJ: Conceptualization, Validation, Writing–review and editing.
WX: Supervision, Writing–review and editing. XL: Supervision,
Writing–review and editing. MX: Resources, Supervision,
Writing–review and editing.

Funding

The author(s) declare that financial support was received
for the research, authorship, and/or publication of this article.
This study was supported by grants from National Natural
Science Foundation of China (No. 82272624), Natural
Science Foundation of Jiangsu Province (No. BK20211105),
Jiangsu Provincial Research Hospital (YJXYY202204), the
Plan of Jiangsu Provincial Medical Key Discipline (No.
ZDXK202240), the Social Development Foundation of
Nantong City (JC22022001, JCZ2022027, MS2023086), the
Health Project of Nantong City (MS2023009, MS2022056),
the Postgraduate Research and Practice Innovation Program
of Jiangsu Province (KYCX23_3419, KYCX24_3593), and
Teaching Research Project of Affiliated Hospital of Nantong
University (Tfj22002).

Acknowledgments

We thank all the contributors to this special Research Topic
entitled Glycolysis in the Tumor Microenvironment: a driver of
cancer progression and a promising therapeutic target. Figure
courtesy of Figdraw.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmed, K., Tunaru, S., Tang, C., Müller, M., Gille, A., Sassmann, A., et al.
(2010). An autocrine lactate loop mediates insulin-dependent inhibition of
lipolysis through GPR81. Cell Metab. 11 (4), 311–319. doi:10.1016/j.cmet.2010.
02.012

Andreucci, E., Fioretto, B. S., Rosa, I., Matucci-Cerinic, M., Biagioni, A., Romano, E.,
et al. (2023). Extracellular lactic acidosis of the tumor microenvironment drives
adipocyte-to-myofibroblast transition fueling the generation of cancer-associated
fibroblasts. Cells 12 (6), 939. doi:10.3390/cells12060939

Angelin, A., Gil-de-Gómez, L., Dahiya, S., Jiao, J., Guo, L., Levine, M. H., et al. (2017).
Foxp3 reprograms T cell metabolism to function in low-glucose, high-lactate
environments. Cell Metab. 25 (6), 1282–1293. doi:10.1016/j.cmet.2016.12.018

Barron, C. C., Bilan, P. J., Tsakiridis, T., and Tsiani, E. (2016). Facilitative glucose
transporters: Implications for cancer detection, prognosis and treatment.Metabolism 65
(2), 124–139. doi:10.1016/j.metabol.2015.10.007

Barba, I., Carrillo-Bosch, L., and Seoane, J. (2024). Targeting the Warburg effect in
cancer: where do we stand? Int. J. Mol. Sci. 25 (6), 3142. doi:10.3390/ijms25063142

Bartrons, R., Rodríguez-García, A., Simon-Molas, H., Castaño, E., Manzano, A., and
Navarro-Sabaté, À. (2018). The potential utility of PFKFB3 as a therapeutic target.
Expert Opin. Ther. Targets 22 (8), 659–674. doi:10.1080/14728222.2018.1498082

Bensaad, K., Tsuruta, A., Selak, M. A., Vidal, M. N., Nakano, K., Bartrons, R., et al.
(2006). TIGAR, a p53-inducible regulator of glycolysis and apoptosis. Cell 126 (1),
107–120. doi:10.1016/j.cell.2006.05.036

Bhagat, T. D., Von Ahrens, D., Dawlaty, M., Zou, Y., Baddour, J., Achreja, A., et al.
(2019). Lactate-mediated epigenetic reprogramming regulates formation of human
pancreatic cancer-associated fibroblasts. Elife 8, e50663. doi:10.7554/eLife.50663

Bi, L., Ren, Y., Feng, M., Meng, P., Wang, Q., Chen, W., et al. (2021).
HDAC11 regulates glycolysis through the LKB1/AMPK signaling pathway to
maintain hepatocellular carcinoma stemness. Cancer Res. 81 (8), 2015–2028. doi:10.
1158/0008-5472.Can-20-3044

Blair, D., Dufort, F. J., and Chiles, T. C. (2012). Protein kinase Cβ is critical for the
metabolic switch to glycolysis following B-cell antigen receptor engagement. Biochem. J.
448 (1), 165–169. doi:10.1042/bj20121225

Frontiers in Cell and Developmental Biology frontiersin.org13

Zhao et al. 10.3389/fcell.2024.1416472

https://doi.org/10.1016/j.cmet.2010.02.012
https://doi.org/10.1016/j.cmet.2010.02.012
https://doi.org/10.3390/cells12060939
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.metabol.2015.10.007
https://doi.org/10.3390/ijms25063142
https://doi.org/10.1080/14728222.2018.1498082
https://doi.org/10.1016/j.cell.2006.05.036
https://doi.org/10.7554/eLife.50663
https://doi.org/10.1158/0008-5472.Can-20-3044
https://doi.org/10.1158/0008-5472.Can-20-3044
https://doi.org/10.1042/bj20121225
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1416472


Borst, J., Ahrends, T., Bąbała, N., Melief, C. J. M., and Kastenmüller, W. (2018).
CD4(+) T cell help in cancer immunology and immunotherapy. Nat. Rev. Immunol. 18
(10), 635–647. doi:10.1038/s41577-018-0044-0

Brand, A., Singer, K., Koehl, G. E., Kolitzus, M., Schoenhammer, G., Thiel, A., et al.
(2016). LDHA-associated lactic acid production blunts tumor immunosurveillance by T
and NK cells. Cell Metab. 24 (5), 657–671. doi:10.1016/j.cmet.2016.08.011

Brisson, L., Bański, P., Sboarina, M., Dethier, C., Danhier, P., Fontenille, M. J., et al.
(2016). Lactate dehydrogenase B controls lysosome activity and autophagy in cancer.
Cancer Cell 30 (3), 418–431. doi:10.1016/j.ccell.2016.08.005

Brown, T. P., Bhattacharjee, P., Ramachandran, S., Sivaprakasam, S., Ristic, B., Sikder,
M. O. F., et al. (2020). The lactate receptor GPR81 promotes breast cancer growth via a
paracrine mechanism involving antigen-presenting cells in the tumor
microenvironment. Oncogene 39 (16), 3292–3304. doi:10.1038/s41388-020-1216-5

Burgdorf, S., Porubsky, S., Marx, A., and Popovic, Z. V. (2020). Cancer acidity and
hypertonicity contribute to dysfunction of tumor-associated dendritic cells: potential
impact on antigen cross-presentation machinery. Cancers (Basel) 12 (9), 2403. doi:10.
3390/cancers12092403

Cai, K., Chen, S., Zhu, C., Li, L., Yu, C., He, Z., et al. (2022). FOXD1 facilitates
pancreatic cancer cell proliferation, invasion, and metastasis by regulating GLUT1-
mediated aerobic glycolysis. Cell Death Dis. 13 (9), 765. doi:10.1038/s41419-022-
05213-w

Cai, Z., Li, C. F., Han, F., Liu, C., Zhang, A., Hsu, C. C., et al. (2020). Phosphorylation
of PDHA by AMPK drives TCA cycle to promote cancer metastasis. Mol. Cell 80 (2),
263–278. doi:10.1016/j.molcel.2020.09.018

Cantelmo, A. R., Conradi, L. C., Brajic, A., Goveia, J., Kalucka, J., Pircher, A., et al.
(2016). Inhibition of the glycolytic activator PFKFB3 in endothelium induces tumor
vessel normalization, impairs metastasis, and improves chemotherapy. Cancer Cell 30
(6), 968–985. doi:10.1016/j.ccell.2016.10.006

Caro-Maldonado, A., Wang, R., Nichols, A. G., Kuraoka, M., Milasta, S., Sun, L. D.,
et al. (2014). Metabolic reprogramming is required for antibody production that is
suppressed in anergic but exaggerated in chronically BAFF-exposed B cells. J. Immunol.
192 (8), 3626–3636. doi:10.4049/jimmunol.1302062

Caronni, N., Simoncello, F., Stafetta, F., Guarnaccia, C., Ruiz-Moreno, J. S., Opitz, B.,
et al. (2018). Downregulation of membrane trafficking proteins and lactate conditioning
determine loss of dendritic cell function in lung cancer. Cancer Res. 78 (7), 1685–1699.
doi:10.1158/0008-5472.Can-17-1307

Cascone, T., McKenzie, J. A., Mbofung, R. M., Punt, S., Wang, Z., Xu, C., et al. (2018).
Increased tumor glycolysis characterizes immune resistance to adoptive T cell therapy.
Cell Metab. 27 (5), 977–987. doi:10.1016/j.cmet.2018.02.024

Chakraborty, G., Nandakumar, S., Hirani, R., Nguyen, B., Stopsack, K. H., Kreitzer, C.,
et al. (2022). The impact of PIK3R1 mutations and insulin-PI3K-glycolytic pathway
regulation in prostate cancer. Clin. Cancer Res. 28 (16), 3603–3617. doi:10.1158/1078-
0432.Ccr-21-4272

Cham, C. M., Driessens, G., O’Keefe, J. P., and Gajewski, T. F. (2008). Glucose
deprivation inhibits multiple key gene expression events and effector functions in CD8+
T cells. Eur. J. Immunol. 38 (9), 2438–2450. doi:10.1002/eji.200838289

Cham, C. M., and Gajewski, T. F. (2005). Glucose availability regulates IFN-gamma
production and p70S6 kinase activation in CD8+ effector T cells. J. Immunol. 174 (8),
4670–4677. doi:10.4049/jimmunol.174.8.4670

Chang, C. H., Curtis, J. D., Maggi, L. B., Jr., Faubert, B., Villarino, A. V., O’Sullivan, D.,
et al. (2013). Posttranscriptional control of T cell effector function by aerobic glycolysis.
Cell 153 (6), 1239–1251. doi:10.1016/j.cell.2013.05.016

Chen, H., Gao, S., Liu, W., Wong, C. C., Wu, J., Wu, J., et al. (2021a). RNA m6A
methyltransferase METTL3 facilitates colorectal cancer by activating m6A-GLUT1-
mTORC1 axis and is a therapeutic target. Gastroenterology 160 (4), 1284–1300.e1216.
doi:10.1053/j.gastro.2020.11.013

Chen, J., Wang, Y., Zhang, W., Zhao, D., Zhang, L., Zhang, J., et al. (2021b).
NOX5 mediates the crosstalk between tumor cells and cancer-associated fibroblasts
via regulating cytokine network. Clin. Transl. Med. 11 (8), e472. doi:10.1002/ctm2.472

Chen, X., Chen, S., and Yu, D. (2020). Protein kinase function of pyruvate kinase
M2 and cancer. Cancer Cell Int. 20 (1), 523. doi:10.1186/s12935-020-01612-1

Chen, X., Luo, R., Zhang, Y., Ye, S., Zeng, X., Liu, J., et al. (2022a). Long noncoding
RNA DIO3OS induces glycolytic-dominant metabolic reprogramming to promote
aromatase inhibitor resistance in breast cancer. Nat. Commun. 13 (1), 7160. doi:10.
1038/s41467-022-34702-x

Chen, X., Zhao, Y., He, C., Gao, G., Li, J., Qiu, L., et al. (2022b). Identification of a
novel GLUT1 inhibitor with in vitro and in vivo anti-tumor activity. Int. J. Biol.
Macromol. 216, 768–778. doi:10.1016/j.ijbiomac.2022.07.123

Chen, Z., Vaeth, M., Eckstein, M., Delgobo, M., Ramos, G., Frantz, S., et al. (2023).
Characterization of the effect of the GLUT-1 inhibitor BAY-876 on T cells and
macrophages. Eur. J. Pharmacol. 945, 175552. doi:10.1016/j.ejphar.2023.175552

Conde, E., Casares, N., Mancheño, U., Elizalde, E., Vercher, E., Capozzi, R., et al.
(2023). FOXP3 expression diversifies the metabolic capacity and enhances the efficacy
of CD8 T cells in adoptive immunotherapy of melanoma. Mol. Ther. 31 (1), 48–65.
doi:10.1016/j.ymthe.2022.08.017

Curi, R., Newsholme, P., and Newsholme, E. A. (1988). Metabolism of pyruvate by
isolated rat mesenteric lymphocytes, lymphocyte mitochondria and isolated mouse
macrophages. Biochem. J. 250 (2), 383–388. doi:10.1042/bj2500383

Dang, C. V., Le, A., and Gao, P. (2009). MYC-induced cancer cell energy metabolism
and therapeutic opportunities. Clin. Cancer Res. 15 (21), 6479–6483. doi:10.1158/1078-
0432.Ccr-09-0889

De Bock, K., Georgiadou, M., Schoors, S., Kuchnio, A., Wong, B. W., Cantelmo, A. R.,
et al. (2013). Role of PFKFB3-driven glycolysis in vessel sprouting. Cell 154 (3), 651–663.
doi:10.1016/j.cell.2013.06.037

Dell’Anno, I., Barone, E., Mutti, L., Rassl, D. M., Marciniak, S. J., Silvestri, R., et al.
(2020). Tissue expression of lactate transporters (MCT1 and MCT4) and prognosis of
malignant pleural mesothelioma (brief report). J. Transl. Med. 18 (1), 341. doi:10.1186/
s12967-020-02487-6

DeNardo, D. G., and Ruffell, B. (2019). Macrophages as regulators of tumour
immunity and immunotherapy. Nat. Rev. Immunol. 19 (6), 369–382. doi:10.1038/
s41577-019-0127-6

Deng, Y., and Lu, J. (2015). Targeting hexokinase 2 in castration-resistant prostate
cancer. Mol. Cell Oncol. 2 (3), e974465. doi:10.4161/23723556.2014.974465

Deng, Y., Zou, J., Deng, T., and Liu, J. (2018). Clinicopathological and prognostic
significance of GLUT1 in breast cancer: a meta-analysis. Med. Baltim. 97 (48), e12961.
doi:10.1097/md.0000000000012961

Deprez, J., Vertommen, D., Alessi, D. R., Hue, L., and Rider, M. H. (1997).
Phosphorylation and activation of heart 6-phosphofructo-2-kinase by protein kinase
B and other protein kinases of the insulin signaling cascades. J. Biol. Chem. 272 (28),
17269–17275. doi:10.1074/jbc.272.28.17269

de Visser, K. E., and Joyce, J. A. (2023). The evolving tumor microenvironment: from
cancer initiation to metastatic outgrowth. Cancer Cell 41 (3), 374–403. doi:10.1016/j.
ccell.2023.02.016

Diaz-Muñoz, M. D., Bell, S. E., Fairfax, K., Monzon-Casanova, E., Cunningham,
A. F., Gonzalez-Porta, M., et al. (2015). The RNA-binding protein HuR is essential
for the B cell antibody response. Nat. Immunol. 16 (4), 415–425. doi:10.1038/ni.
3115

Doménech, E., Maestre, C., Esteban-Martínez, L., Partida, D., Pascual, R., Fernández-
Miranda, G., et al. (2015). AMPK and PFKFB3 mediate glycolysis and survival in
response to mitophagy during mitotic arrest. Nat. Cell Biol. 17 (10), 1304–1316. doi:10.
1038/ncb3231

Dong, L., Krewson, E. A., and Yang, L. V. (2017). Acidosis activates endoplasmic
reticulum stress pathways through GPR4 in human vascular endothelial cells. Int.
J. Mol. Sci. 18 (2), 278. doi:10.3390/ijms18020278

Dong, S., Liang, S., Cheng, Z., Zhang, X., Luo, L., Li, L., et al. (2022). ROS/PI3K/Akt
and Wnt/β-catenin signalings activate HIF-1α-induced metabolic reprogramming to
impart 5-fluorouracil resistance in colorectal cancer. J. Exp. Clin. Cancer Res. 41 (1), 15.
doi:10.1186/s13046-021-02229-6

Düvel, K., Yecies, J. L., Menon, S., Raman, P., Lipovsky, A. I., Souza, A. L., et al. (2010).
Activation of a metabolic gene regulatory network downstream of mTOR complex 1.
Mol. Cell 39 (2), 171–183. doi:10.1016/j.molcel.2010.06.022

Edinger, A. L., and Thompson, C. B. (2002). Akt maintains cell size and survival by
increasing mTOR-dependent nutrient uptake.Mol. Biol. Cell 13 (7), 2276–2288. doi:10.
1091/mbc.01-12-0584

Elia, I., Rowe, J. H., Johnson, S., Joshi, S., Notarangelo, G., Kurmi, K., et al. (2022).
Tumor cells dictate anti-tumor immune responses by altering pyruvate utilization and
succinate signaling in CD8(+) T cells. Cell Metab. 34 (8), 1137–1150.e6. doi:10.1016/j.
cmet.2022.06.008

Elstrom, R. L., Bauer, D. E., Buzzai, M., Karnauskas, R., Harris, M. H., Plas, D. R., et al.
(2004). Akt stimulates aerobic glycolysis in cancer cells. Cancer Res. 64 (11), 3892–3899.
doi:10.1158/0008-5472.Can-03-2904

Everts, B., Amiel, E., Huang, S. C., Smith, A. M., Chang, C. H., Lam, W. Y., et al.
(2014). TLR-driven early glycolytic reprogramming via the kinases TBK1-IKKε
supports the anabolic demands of dendritic cell activation. Nat. Immunol. 15 (4),
323–332. doi:10.1038/ni.2833

Everts, B., Amiel, E., van der Windt, G. J., Freitas, T. C., Chott, R., Yarasheski, K. E.,
et al. (2012). Commitment to glycolysis sustains survival of NO-producing
inflammatory dendritic cells. Blood 120 (7), 1422–1431. doi:10.1182/blood-2012-03-
419747

Fan, T., Sun, G., Sun, X., Zhao, L., Zhong, R., and Peng, Y. (2019). Tumor energy
metabolism and potential of 3-bromopyruvate as an inhibitor of aerobic glycolysis:
implications in tumor treatment. Cancers (Basel) 11 (3), 317. doi:10.3390/
cancers11030317

Feng, J., Li, J., Wu, L., Yu, Q., Ji, J., Wu, J., et al. (2020). Emerging roles and the
regulation of aerobic glycolysis in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 39
(1), 126. doi:10.1186/s13046-020-01629-4

Finlay, D. K., Rosenzweig, E., Sinclair, L. V., Feijoo-Carnero, C., Hukelmann, J. L.,
Rolf, J., et al. (2012). PDK1 regulation of mTOR and hypoxia-inducible factor
1 integrate metabolism and migration of CD8+ T cells. J. Exp. Med. 209 (13),
2441–2453. doi:10.1084/jem.20112607

Frontiers in Cell and Developmental Biology frontiersin.org14

Zhao et al. 10.3389/fcell.2024.1416472

https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.ccell.2016.08.005
https://doi.org/10.1038/s41388-020-1216-5
https://doi.org/10.3390/cancers12092403
https://doi.org/10.3390/cancers12092403
https://doi.org/10.1038/s41419-022-05213-w
https://doi.org/10.1038/s41419-022-05213-w
https://doi.org/10.1016/j.molcel.2020.09.018
https://doi.org/10.1016/j.ccell.2016.10.006
https://doi.org/10.4049/jimmunol.1302062
https://doi.org/10.1158/0008-5472.Can-17-1307
https://doi.org/10.1016/j.cmet.2018.02.024
https://doi.org/10.1158/1078-0432.Ccr-21-4272
https://doi.org/10.1158/1078-0432.Ccr-21-4272
https://doi.org/10.1002/eji.200838289
https://doi.org/10.4049/jimmunol.174.8.4670
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1053/j.gastro.2020.11.013
https://doi.org/10.1002/ctm2.472
https://doi.org/10.1186/s12935-020-01612-1
https://doi.org/10.1038/s41467-022-34702-x
https://doi.org/10.1038/s41467-022-34702-x
https://doi.org/10.1016/j.ijbiomac.2022.07.123
https://doi.org/10.1016/j.ejphar.2023.175552
https://doi.org/10.1016/j.ymthe.2022.08.017
https://doi.org/10.1042/bj2500383
https://doi.org/10.1158/1078-0432.Ccr-09-0889
https://doi.org/10.1158/1078-0432.Ccr-09-0889
https://doi.org/10.1016/j.cell.2013.06.037
https://doi.org/10.1186/s12967-020-02487-6
https://doi.org/10.1186/s12967-020-02487-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.4161/23723556.2014.974465
https://doi.org/10.1097/md.0000000000012961
https://doi.org/10.1074/jbc.272.28.17269
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1038/ni.3115
https://doi.org/10.1038/ni.3115
https://doi.org/10.1038/ncb3231
https://doi.org/10.1038/ncb3231
https://doi.org/10.3390/ijms18020278
https://doi.org/10.1186/s13046-021-02229-6
https://doi.org/10.1016/j.molcel.2010.06.022
https://doi.org/10.1091/mbc.01-12-0584
https://doi.org/10.1091/mbc.01-12-0584
https://doi.org/10.1016/j.cmet.2022.06.008
https://doi.org/10.1016/j.cmet.2022.06.008
https://doi.org/10.1158/0008-5472.Can-03-2904
https://doi.org/10.1038/ni.2833
https://doi.org/10.1182/blood-2012-03-419747
https://doi.org/10.1182/blood-2012-03-419747
https://doi.org/10.3390/cancers11030317
https://doi.org/10.3390/cancers11030317
https://doi.org/10.1186/s13046-020-01629-4
https://doi.org/10.1084/jem.20112607
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1416472


Ganapathy-Kanniappan, S., and Geschwind, J. F. (2013). Tumor glycolysis as a target
for cancer therapy: progress and prospects. Mol. Cancer. (12), 152. doi:10.1186/1476-
4598-12-152

Gerriets, V. A., Kishton, R. J., Nichols, A. G., Macintyre, A. N., Inoue, M., Ilkayeva, O.,
et al. (2015). Metabolic programming and PDHK1 control CD4+ T cell subsets and
inflammation. J. Clin. Invest. 125 (1), 194–207. doi:10.1172/jci76012

Ghiabi, P., Jiang, J., Pasquier, J., Maleki, M., Abu-Kaoud, N., Rafii, S., et al. (2014).
Endothelial cells provide a notch-dependent pro-tumoral niche for enhancing breast
cancer survival, stemness and pro-metastatic properties. PLoS One 9 (11), e112424.
doi:10.1371/journal.pone.0112424

Goldmann, O., andMedina, E. (2023). Myeloid-derived suppressor cells impair CD4+
T cell responses during chronic Staphylococcus aureus infection via lactate metabolism.
Cell Mol. Life Sci. 80 (8), 221. doi:10.1007/s00018-023-04875-9

Guak, H., Al Habyan, S., Ma, E. H., Aldossary, H., Al-Masri, M., Won, S. Y., et al.
(2018). Glycolytic metabolism is essential for CCR7 oligomerization and dendritic cell
migration. Nat. Commun. 9 (1), 2463. doi:10.1038/s41467-018-04804-6

Guo, D., Tong, Y., Jiang, X., Meng, Y., Jiang, H., Du, L., et al. (2022). Aerobic glycolysis
promotes tumor immune evasion by hexokinase2-mediated phosphorylation of IκBα.
Cell Metab. 34 (9), 1312–1324.e6. doi:10.1016/j.cmet.2022.08.002

Guo, X., Tan, S., Wang, T., Sun, R., Li, S., Tian, P., et al. (2023). NAD+ salvage governs
mitochondrial metabolism, invigorating natural killer cell antitumor immunity.
Hepatology 78 (2), 468–485. doi:10.1002/hep.32658

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144 (5), 646–674. doi:10.1016/j.cell.2011.02.013

Harmon, C., Robinson, M. W., Hand, F., Almuaili, D., Mentor, K., Houlihan, D. D.,
et al. (2019). Lactate-mediated acidification of tumor microenvironment induces
apoptosis of liver-resident NK cells in colorectal liver metastasis. Cancer Immunol.
Res. 7 (2), 335–346. doi:10.1158/2326-6066.Cir-18-0481

Ho, P. C., Bihuniak, J. D., Macintyre, A. N., Staron, M., Liu, X., Amezquita, R., et al.
(2015). Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T cell responses.
Cell 162 (6), 1217–1228. doi:10.1016/j.cell.2015.08.012

Hu, Y., Lu, W., Chen, G., Wang, P., Chen, Z., Zhou, Y., et al. (2012). K-ras(G12V)
transformation leads to mitochondrial dysfunction and a metabolic switch from
oxidative phosphorylation to glycolysis. Cell Res. 22 (2), 399–412. doi:10.1038/cr.
2011.145

Hua, G., Liu, Y., Li, X., Xu, P., and Luo, Y. (2014). Targeting glucose metabolism in
chondrosarcoma cells enhances the sensitivity to doxorubicin through the inhibition of
lactate dehydrogenase-A. Oncol. Rep. 31 (6), 2727–2734. doi:10.3892/or.2014.3156

Huang, C., Chen, B., Wang, X., Xu, J., Sun, L., Wang, D., et al. (2023). Gastric cancer
mesenchymal stem cells via the CXCR2/HK2/PD-L1 pathway mediate
immunosuppression. Gastric Cancer 26 (5), 691–707. doi:10.1007/s10120-023-
01405-1

Hunt, T. K., Aslam, R. S., Beckert, S., Wagner, S., Ghani, Q. P., Hussain, M. Z., et al.
(2007). Aerobically derived lactate stimulates revascularization and tissue repair via
redox mechanisms. Antioxid. Redox Signal 9 (8), 1115–1124. doi:10.1089/ars.2007.1674

Husain, Z., Huang, Y., Seth, P., and Sukhatme, V. P. (2013). Tumor-derived lactate
modifies antitumor immune response: effect on myeloid-derived suppressor cells and
NK cells. J. Immunol. 191 (3), 1486–1495. doi:10.4049/jimmunol.1202702

Jayachandran, N., Mejia, E. M., Sheikholeslami, K., Sher, A. A., Hou, S., Hatch, G. M.,
et al. (2018). TAPP adaptors control B cell metabolism by modulating the
phosphatidylinositol 3-kinase signaling pathway: a novel regulatory circuit
preventing autoimmunity. J. Immunol. 201 (2), 406–416. doi:10.4049/jimmunol.
1701440

Jian, S. L., Chen, W. W., Su, Y. C., Su, Y. W., Chuang, T. H., Hsu, S. C., et al. (2017).
Glycolysis regulates the expansion of myeloid-derived suppressor cells in tumor-bearing
hosts through prevention of ROS-mediated apoptosis. Cell Death Dis. 8 (5), e2779.
doi:10.1038/cddis.2017.192

Jiang, H., Wei, H., Wang, H., Wang, Z., Li, J., Ou, Y., et al. (2022). Zeb1-induced
metabolic reprogramming of glycolysis is essential for macrophage polarization in
breast cancer. Cell Death Dis. 13 (3), 206. doi:10.1038/s41419-022-04632-z

Jin, Z., Lu, Y., Wu, X., Pan, T., Yu, Z., Hou, J., et al. (2021). The cross-talk between
tumor cells and activated fibroblasts mediated by lactate/BDNF/TrkB signaling
promotes acquired resistance to anlotinib in human gastric cancer. Redox Biol. 46,
102076. doi:10.1016/j.redox.2021.102076

Juras, P. K., Racioppi, L., Mukherjee, D., Artham, S., Gao, X., Akullian D’Agostino, L.,
et al. (2023). Increased CaMKK2 expression is an adaptive response that maintains the
fitness of tumor-infiltrating natural killer cells. Cancer Immunol. Res. 11 (1), 109–122.
doi:10.1158/2326-6066.Cir-22-0391

Kawamura, T., Kusakabe, T., Sugino, T., Watanabe, K., Fukuda, T., Nashimoto, A.,
et al. (2001). Expression of glucose transporter-1 in human gastric carcinoma:
association with tumor aggressiveness, metastasis, and patient survival. Cancer 92
(3), 634–641. doi:10.1002/1097-0142(20010801)92:3<634::aid-cncr1364>3.0.co;2-x
Khan, A. U. H., Ali, A. K., Marr, B., Jo, D., Ahmadvand, S., Fong-McMaster, C., et al.

(2023). The TNFα/TNFR2 axis mediates natural killer cell proliferation by promoting
aerobic glycolysis. Cell Mol. Immunol. 20 (10), 1140–1155. doi:10.1038/s41423-023-
01071-4

Kim, J. W., Tchernyshyov, I., Semenza, G. L., and Dang, C. V. (2006). HIF-1-mediated
expression of pyruvate dehydrogenase kinase: a metabolic switch required for cellular
adaptation to hypoxia. Cell Metab. 3 (3), 177–185. doi:10.1016/j.cmet.2006.02.002

Kirchmair, A., Nemati, N., Lamberti, G., Trefny, M., Krogsdam, A., Siller, A., et al.
(2023). (13)C tracer analysis reveals the landscape of metabolic checkpoints in human
CD8(+) T cell differentiation and exhaustion. Front. Immunol. 14, 1267816. doi:10.
3389/fimmu.2023.1267816

Kondoh, H., Lleonart, M. E., Gil, J., Wang, J., Degan, P., Peters, G., et al. (2005).
Glycolytic enzymes can modulate cellular life span. Cancer Res. 65 (1), 177–185. doi:10.
1158/0008-5472.177.65.1

Kotowski, K., Rosik, J., Machaj, F., Supplitt, S., Wiczew, D., Jabłońska, K., et al. (2021).
Role of PFKFB3 and PFKFB4 in cancer: genetic basis, impact on disease development/
progression, and potential as therapeutic targets. Cancers (Basel) 13 (4), 909. doi:10.
3390/cancers13040909

Krawczyk, C. M., Holowka, T., Sun, J., Blagih, J., Amiel, E., DeBerardinis, R. J., et al.
(2010). Toll-like receptor-induced changes in glycolytic metabolism regulate dendritic
cell activation. Blood 115 (23), 4742–4749. doi:10.1182/blood-2009-10-249540

Laumont, C. M., Banville, A. C., Gilardi, M., Hollern, D. P., and Nelson, B. H. (2022).
Tumour-infiltrating B cells: immunological mechanisms, clinical impact and
therapeutic opportunities. Nat. Rev. Cancer 22 (7), 414–430. doi:10.1038/s41568-
022-00466-1

Le, A., Cooper, C. R., Gouw, A. M., Dinavahi, R., Maitra, A., Deck, L. M., et al. (2010).
Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor
progression. Proc. Natl. Acad. Sci. U. S. A. 107 (5), 2037–2042. doi:10.1073/pnas.
0914433107

Leblond, M. M., Gérault, A. N., Corroyer-Dulmont, A., MacKenzie, E. T., Petit, E.,
Bernaudin, M., et al. (2016). Hypoxia induces macrophage polarization and re-
education toward an M2 phenotype in U87 and U251 glioblastoma models.
Oncoimmunology 5 (1), e1056442. doi:10.1080/2162402x.2015.1056442

Lee, S. Y., Jeon, H. M., Ju, M. K., Kim, C. H., Yoon, G., Han, S. I., et al. (2012). Wnt/
Snail signaling regulates cytochrome C oxidase and glucose metabolism. Cancer Res. 72
(14), 3607–3617. doi:10.1158/0008-5472.Can-12-0006

Li, K., Lin, C., He, Y., Lu, L., Xu, K., Tao, B., et al. (2020). Engineering of cascade-
responsive nanoplatform to inhibit lactate efflux for enhanced tumor chemo-
immunotherapy. ACS Nano 14 (10), 14164–14180. doi:10.1021/acsnano.0c07071

Li, M., Long, X., Wan, H., Yin, M., Yang, B., Zhang, F., et al. (2021). Monocarboxylate
transporter 1 promotes proliferation and invasion of renal cancer cells by mediating
acetate transport. Cell Biol. Int. 45 (6), 1278–1287. doi:10.1002/cbin.11571

Li, T., Xu, D., Ruan, Z., Zhou, J., Sun, W., Rao, B., et al. (2024). Metabolism/immunity
dual-regulation thermogels potentiating immunotherapy of glioblastoma through
lactate-excretion inhibition and PD-1/PD-L1 blockade. Adv. Sci. (Weinh) 11,
e2310163. doi:10.1002/advs.202310163

Li, X., Xie, L., Zhou, L., Gan, Y., Han, S., Zhou, Y., et al. (2023). Bergenin inhibits
tumor growth and overcomes radioresistance by targeting aerobic glycolysis. Am.
J. Chin. Med. 51 (7), 1905–1925. doi:10.1142/s0192415x23500842

Liang, Y., Hou, L., Li, L., Li, L., Zhu, L., Wang, Y., et al. (2020). Dichloroacetate
restores colorectal cancer chemosensitivity through the p53/miR-149-3p/PDK2-
mediated glucose metabolic pathway. Oncogene 39 (2), 469–485. doi:10.1038/
s41388-019-1035-8

Linares, J. F., Cid-Diaz, T., Duran, A., Osrodek, M., Martinez-Ordoñez, A., Reina-
Campos, M., et al. (2022). The lactate-NAD(+) axis activates cancer-associated fibroblasts
by downregulating p62. Cell Rep. 39 (6), 110792. doi:10.1016/j.celrep.2022.110792

Liu, G. Y., and Sabatini, D. M. (2020). mTOR at the nexus of nutrition, growth, ageing
and disease. Nat. Rev. Mol. Cell Biol. 21 (4), 183–203. doi:10.1038/s41580-019-0199-y

Liu, H., Liang, Z., Cheng, S., Huang, L., Li, W., Zhou, C., et al. (2023). Mutant
KRAS drives immune evasion by sensitizing cytotoxic T-cells to activation-
induced cell death in colorectal cancer. Adv. Sci. (Weinh) 10 (6), e2203757.
doi:10.1002/advs.202203757

Liu, N., Luo, J., Kuang, D., Xu, S., Duan, Y., Xia, Y., et al. (2019). Lactate inhibits
ATP6V0d2 expression in tumor-associated macrophages to promote HIF-2α-mediated
tumor progression. J. Clin. Invest. 129 (2), 631–646. doi:10.1172/jci123027

Liu, Y., Wu, K., Shi, L., Xiang, F., Tao, K., and Wang, G. (2016). Prognostic
significance of the metabolic marker hexokinase-2 in various solid tumors: a meta-
analysis. PLoS One 11 (11), e0166230. doi:10.1371/journal.pone.0166230

Marsin, A. S., Bouzin, C., Bertrand, L., and Hue, L. (2002). The stimulation of
glycolysis by hypoxia in activated monocytes is mediated by AMP-activated protein
kinase and inducible 6-phosphofructo-2-kinase. J. Biol. Chem. 277 (34), 30778–30783.
doi:10.1074/jbc.M205213200

Martinez-Outschoorn, U. E., Lin, Z., Trimmer, C., Flomenberg, N., Wang, C.,
Pavlides, S., et al. (2011). Cancer cells metabolically "fertilize" the tumor
microenvironment with hydrogen peroxide, driving the Warburg effect: implications
for PET imaging of human tumors. Cell Cycle 10 (15), 2504–2520. doi:10.4161/cc.10.15.
16585

Mathupala, S. P., Rempel, A., and Pedersen, P. L. (1995). Glucose catabolism in cancer
cells. Isolation, sequence, and activity of the promoter for type II hexokinase. J. Biol.
Chem. 270 (28), 16918–16925. doi:10.1074/jbc.270.28.16918

Frontiers in Cell and Developmental Biology frontiersin.org15

Zhao et al. 10.3389/fcell.2024.1416472

https://doi.org/10.1186/1476-4598-12-152
https://doi.org/10.1186/1476-4598-12-152
https://doi.org/10.1172/jci76012
https://doi.org/10.1371/journal.pone.0112424
https://doi.org/10.1007/s00018-023-04875-9
https://doi.org/10.1038/s41467-018-04804-6
https://doi.org/10.1016/j.cmet.2022.08.002
https://doi.org/10.1002/hep.32658
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1158/2326-6066.Cir-18-0481
https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1038/cr.2011.145
https://doi.org/10.1038/cr.2011.145
https://doi.org/10.3892/or.2014.3156
https://doi.org/10.1007/s10120-023-01405-1
https://doi.org/10.1007/s10120-023-01405-1
https://doi.org/10.1089/ars.2007.1674
https://doi.org/10.4049/jimmunol.1202702
https://doi.org/10.4049/jimmunol.1701440
https://doi.org/10.4049/jimmunol.1701440
https://doi.org/10.1038/cddis.2017.192
https://doi.org/10.1038/s41419-022-04632-z
https://doi.org/10.1016/j.redox.2021.102076
https://doi.org/10.1158/2326-6066.Cir-22-0391
https://doi.org/10.1002/1097-0142(20010801)92:3<634::aid-cncr1364>3.0.co;2-x
https://doi.org/10.1038/s41423-023-01071-4
https://doi.org/10.1038/s41423-023-01071-4
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.3389/fimmu.2023.1267816
https://doi.org/10.3389/fimmu.2023.1267816
https://doi.org/10.1158/0008-5472.177.65.1
https://doi.org/10.1158/0008-5472.177.65.1
https://doi.org/10.3390/cancers13040909
https://doi.org/10.3390/cancers13040909
https://doi.org/10.1182/blood-2009-10-249540
https://doi.org/10.1038/s41568-022-00466-1
https://doi.org/10.1038/s41568-022-00466-1
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1080/2162402x.2015.1056442
https://doi.org/10.1158/0008-5472.Can-12-0006
https://doi.org/10.1021/acsnano.0c07071
https://doi.org/10.1002/cbin.11571
https://doi.org/10.1002/advs.202310163
https://doi.org/10.1142/s0192415x23500842
https://doi.org/10.1038/s41388-019-1035-8
https://doi.org/10.1038/s41388-019-1035-8
https://doi.org/10.1016/j.celrep.2022.110792
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1002/advs.202203757
https://doi.org/10.1172/jci123027
https://doi.org/10.1371/journal.pone.0166230
https://doi.org/10.1074/jbc.M205213200
https://doi.org/10.4161/cc.10.15.16585
https://doi.org/10.4161/cc.10.15.16585
https://doi.org/10.1074/jbc.270.28.16918
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1416472


Micallef, P., Wu, Y., Bauzá-Thorbrügge, M., Chanclón, B., Vujičić, M., Peris, E., et al.
(2021). Adipose tissue-breast cancer crosstalk leads to increased tumor lipogenesis
associated with enhanced tumor growth. Int. J. Mol. Sci. 22 (21), 11881. doi:10.3390/
ijms222111881

Michalek, R. D., Gerriets, V. A., Jacobs, S. R., Macintyre, A. N., MacIver, N. J., Mason,
E. F., et al. (2011). Cutting edge: distinct glycolytic and lipid oxidative metabolic
programs are essential for effector and regulatory CD4+ T cell subsets. J. Immunol. 186
(6), 3299–3303. doi:10.4049/jimmunol.1003613

Monti, M., Vescovi, R., Consoli, F., Farina, D., Moratto, D., Berruti, A., et al. (2020).
Plasmacytoid dendritic cell impairment in metastatic melanoma by lactic acidosis.
Cancers (Basel) 12 (8), 2085. doi:10.3390/cancers12082085

Osthus, R. C., Shim, H., Kim, S., Li, Q., Reddy, R., Mukherjee, M., et al. (2000).
Deregulation of glucose transporter 1 and glycolytic gene expression by c-Myc. J. Biol.
Chem. 275 (29), 21797–21800. doi:10.1074/jbc.C000023200

Pajak, B., Siwiak, E., Sołtyka, M., Priebe, A., Zieliński, R., Fokt, I., et al. (2019). 2-
Deoxy-d-Glucose and its analogs: from diagnostic to therapeutic agents. Int. J. Mol. Sci.
21 (1), 234. doi:10.3390/ijms21010234

Pallegar, N. K., and Christian, S. L. (2020). Adipocytes in the tumour
microenvironment. Adv. Exp. Med. Biol. 1234, 1–13. doi:10.1007/978-3-030-37184-
5_1

Parsons, M. J., Tammela, T., and Dow, L. E. (2021). WNT as a driver and dependency
in cancer. Cancer Discov. 11 (10), 2413–2429. doi:10.1158/2159-8290.Cd-21-0190

Pate, K. T., Stringari, C., Sprowl-Tanio, S., Wang, K., TeSlaa, T., Hoverter, N. P., et al.
(2014). Wnt signaling directs a metabolic program of glycolysis and angiogenesis in
colon cancer. Embo J. 33 (13), 1454–1473. doi:10.15252/embj.201488598

Pfeiffer, T., Schuster, S., and Bonhoeffer, S. (2001). Cooperation and competition in
the evolution of ATP-producing pathways. Science 292 (5516), 504–507. doi:10.1126/
science.1058079

Philip, M., and Schietinger, A. (2022). CD8(+) T cell differentiation and dysfunction
in cancer. Nat. Rev. Immunol. 22 (4), 209–223. doi:10.1038/s41577-021-00574-3

Pilon-Thomas, S., Kodumudi, K. N., El-Kenawi, A. E., Russell, S., Weber, A. M.,
Luddy, K., et al. (2016). Neutralization of tumor acidity improves antitumor responses
to immunotherapy. Cancer Res. 76 (6), 1381–1390. doi:10.1158/0008-5472.Can-15-
1743

Plas, D. R., Talapatra, S., Edinger, A. L., Rathmell, J. C., and Thompson, C. B. (2001).
Akt and Bcl-xL promote growth factor-independent survival through distinct effects on
mitochondrial physiology. J. Biol. Chem. 276 (15), 12041–12048. doi:10.1074/jbc.
M010551200

Qian, X., Li, X., Shi, Z., Xia, Y., Cai, Q., Xu, D., et al. (2019). PTEN suppresses
glycolysis by dephosphorylating and inhibiting autophosphorylated PGK1.Mol. Cell 76
(3), 516–527. doi:10.1016/j.molcel.2019.08.006

Qian, Y., Bi, L., Yang, Y., and Wang, D. (2018). Effect of pyruvate kinase M2-
regulating aerobic glycolysis on chemotherapy resistance of estrogen receptor-
positive breast cancer. Anticancer Drugs 29 (7), 616–627. doi:10.1097/cad.
0000000000000624

Rao, D., Stunnenberg, J. A., Lacroix, R., Dimitriadis, P., Kaplon, J., Verburg, F., et al.
(2023). Acidity-mediated induction of FoxP3(+) regulatory T cells. Eur. J. Immunol. 53
(6), e2250258. doi:10.1002/eji.202250258

Rathmell, J. C., Fox, C. J., Plas, D. R., Hammerman, P. S., Cinalli, R. M., and
Thompson, C. B. (2003). Akt-directed glucose metabolism can prevent Bax
conformation change and promote growth factor-independent survival. Mol. Cell
Biol. 23 (20), 7315–7328. doi:10.1128/mcb.23.20.7315-7328.2003

Raychaudhuri, D., Bhattacharya, R., Sinha, B. P., Liu, C. S. C., Ghosh, A. R., Rahaman,
O., et al. (2019). Lactate induces pro-tumor reprogramming in intratumoral
plasmacytoid dendritic cells. Front. Immunol. 10, 1878. doi:10.3389/fimmu.2019.01878

Saggerson, E. D., McAllister, T. W., and Baht, H. S. (1988). Lipogenesis in rat brown
adipocytes. Effects of insulin and noradrenaline, contributions from glucose and lactate
as precursors and comparisons with white adipocytes. Biochem. J. 251 (3), 701–709.
doi:10.1042/bj2510701

Sangsuwan, R., Thuamsang, B., Pacifici, N., Allen, R., Han, H., Miakicheva, S., et al.
(2020). Lactate exposure promotes immunosuppressive phenotypes in innate immune
cells. Cell Mol. Bioeng. 13 (5), 541–557. doi:10.1007/s12195-020-00652-x

Schwartzenberg-Bar-Yoseph, F., Armoni, M., and Karnieli, E. (2004). The tumor
suppressor p53 down-regulates glucose transporters GLUT1 and GLUT4 gene
expression. Cancer Res. 64 (7), 2627–2633. doi:10.1158/0008-5472.can-03-0846

Semenza, G. L., Roth, P. H., Fang, H. M., and Wang, G. L. (1994). Transcriptional
regulation of genes encoding glycolytic enzymes by hypoxia-inducible factor 1. J. Biol.
Chem. 269 (38), 23757–23763. doi:10.1016/s0021-9258(17)31580-6

Sheppard, S., Santosa, E. K., Lau, C. M., Violante, S., Giovanelli, P., Kim, H., et al.
(2021). Lactate dehydrogenase A-dependent aerobic glycolysis promotes natural killer
cell anti-viral and anti-tumor function. Cell Rep. 35 (9), 109210. doi:10.1016/j.celrep.
2021.109210

Shim, H., Dolde, C., Lewis, B. C., Wu, C. S., Dang, G., Jungmann, R. A., et al. (1997).
c-Myc transactivation of LDH-A: implications for tumor metabolism and growth. Proc.
Natl. Acad. Sci. U. S. A. 94 (13), 6658–6663. doi:10.1073/pnas.94.13.6658

Simiczyjew, A., Wądzyńska, J., Pietraszek-Gremplewicz, K., Kot, M., Ziętek, M.,
Matkowski, R., et al. (2023). Melanoma cells induce dedifferentiation and metabolic
changes in adipocytes present in the tumor niche. Cell Mol. Biol. Lett. 28 (1), 58. doi:10.
1186/s11658-023-00476-3

Soki, F. N., Koh, A. J., Jones, J. D., Kim, Y. W., Dai, J., Keller, E. T., et al. (2014).
Polarization of prostate cancer-associated macrophages is induced by milk fat globule-
EGF factor 8 (MFG-E8)-mediated efferocytosis. J. Biol. Chem. 289 (35), 24560–24572.
doi:10.1074/jbc.M114.571620

Sonveaux, P., Végran, F., Schroeder, T., Wergin, M. C., Verrax, J., Rabbani, Z. N., et al.
(2008). Targeting lactate-fueled respiration selectively kills hypoxic tumor cells in mice.
J. Clin. Invest. 118 (12), 3930–3942. doi:10.1172/jci36843

Sung, J. S., Kang, C.W., Kang, S., Jang, Y., Chae, Y. C., Kim, B. G., et al. (2020). ITGB4-
mediated metabolic reprogramming of cancer-associated fibroblasts. Oncogene 39 (3),
664–676. doi:10.1038/s41388-019-1014-0

Telang, S., Yalcin, A., Clem, A. L., Bucala, R., Lane, A. N., Eaton, J. W., et al. (2006).
Ras transformation requires metabolic control by 6-phosphofructo-2-kinase. Oncogene
25 (55), 7225–7234. doi:10.1038/sj.onc.1209709

Todenhöfer, T., Seiler, R., Stewart, C., Moskalev, I., Gao, J., Ladhar, S., et al. (2018).
Selective inhibition of the lactate transporter MCT4 reduces growth of invasive bladder
cancer. Mol. Cancer. Ther. 17 (12), 2746–2755. doi:10.1158/1535-7163.Mct-18-0107

Trenti, A., Tedesco, S., Boscaro, C., Ferri, N., Cignarella, A., Trevisi, L., et al. (2017).
The glycolytic enzyme PFKFB3 is involved in estrogen-mediated angiogenesis via
GPER1. J. Pharmacol. Exp. Ther. 361 (3), 398–407. doi:10.1124/jpet.116.238212

Trombetta, E. S., Ebersold, M., Garrett, W., Pypaert, M., and Mellman, I. (2003).
Activation of lysosomal function during dendritic cell maturation. Science 299 (5611),
1400–1403. doi:10.1126/science.1080106

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding
the Warburg effect: the metabolic requirements of cell proliferation. Science 324 (5930),
1029–1033. doi:10.1126/science.1160809

Veglia, F., Sanseviero, E., and Gabrilovich, D. I. (2021). Myeloid-derived suppressor
cells in the era of increasing myeloid cell diversity. Nat. Rev. Immunol. 21 (8), 485–498.
doi:10.1038/s41577-020-00490-y

Végran, F., Boidot, R., Michiels, C., Sonveaux, P., and Feron, O. (2011). Lactate influx
through the endothelial cell monocarboxylate transporter MCT1 supports an NF-κB/
IL-8 pathway that drives tumor angiogenesis. Cancer Res. 71 (7), 2550–2560. doi:10.
1158/0008-5472.Can-10-2828

Wang, S., Zhou, L., Ji, N., Sun, C., Sun, L., Sun, J., et al. (2023). Targeting ACYP1-
mediated glycolysis reverses lenvatinib resistance and restricts hepatocellular carcinoma
progression. Drug Resist Updat 69, 100976. doi:10.1016/j.drup.2023.100976

Wang, X., Zhang, H., Yang, H., Bai, M., Ning, T., Deng, T., et al. (2020). Exosome-
delivered circRNA promotes glycolysis to induce chemoresistance through the miR-
122-PKM2 axis in colorectal cancer. Mol. Oncol. 14 (3), 539–555. doi:10.1002/1878-
0261.12629

Watson, M. J., Vignali, P. D. A., Mullett, S. J., Overacre-Delgoffe, A. E., Peralta, R. M.,
Grebinoski, S., et al. (2021). Metabolic support of tumour-infiltrating regulatory T cells
by lactic acid. Nature 591 (7851), 645–651. doi:10.1038/s41586-020-03045-2

Wei, G., Sun, H., Dong, K., Hu, L., Wang, Q., Zhuang, Q., et al. (2021). The
thermogenic activity of adjacent adipocytes fuels the progression of ccRCC and
compromises anti-tumor therapeutic efficacy. Cell Metab. 33 (10), 2021–2039.e8.
doi:10.1016/j.cmet.2021.08.012

Wei, W., Zhang, Z. Y., Shi, B., Cai, Y., Zhang, H. S., Sun, C. L., et al. (2023).
METTL16 promotes glycolytic metabolism reprogramming and colorectal cancer
progression. J. Exp. Clin. Cancer Res. 42 (1), 151. doi:10.1186/s13046-023-02732-y

Wu, L., Jin, Y., Zhao, X., Tang, K., Zhao, Y., Tong, L., et al. (2023). Tumor aerobic
glycolysis confers immune evasion through modulating sensitivity to T cell-mediated
bystander killing via TNF-α. Cell Metab. 35 (9), 1580–1596.e9. doi:10.1016/j.cmet.2023.
07.001

Wu, Q., Ba-Alawi, W., Deblois, G., Cruickshank, J., Duan, S., Lima-Fernandes, E.,
et al. (2020). GLUT1 inhibition blocks growth of RB1-positive triple negative breast
cancer. Nat. Commun. 11 (1), 4205. doi:10.1038/s41467-020-18020-8

Xiao, H., Wang, J., Yan, W., Cui, Y., Chen, Z., Gao, X., et al. (2018). GLUT1 regulates
cell glycolysis and proliferation in prostate cancer. Prostate 78 (2), 86–94. doi:10.1002/
pros.23448

Xu, Z., Xu, M., Liu, P., Zhang, S., Shang, R., Qiao, Y., et al. (2019). The mTORC2-akt1
cascade is crucial for c-myc to promote hepatocarcinogenesis in mice and humans.
Hepatology 70 (5), 1600–1613. doi:10.1002/hep.30697

Yalcin, A., Telang, S., Clem, B., and Chesney, J. (2009). Regulation of glucose
metabolism by 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases in cancer.
Exp. Mol. Pathol. 86 (3), 174–179. doi:10.1016/j.yexmp.2009.01.003

Yan, W., Wu, X., Zhou, W., Fong, M. Y., Cao, M., Liu, J., et al. (2018). Cancer-cell-
secreted exosomal miR-105 promotes tumour growth through the MYC-dependent
metabolic reprogramming of stromal cells. Nat. Cell Biol. 20 (5), 597–609. doi:10.1038/
s41556-018-0083-6

Yang, K., Xu, J., Fan, M., Tu, F., Wang, X., Ha, T., et al. (2020a). Lactate suppresses
macrophage pro-inflammatory response to LPS stimulation by inhibition of YAP and

Frontiers in Cell and Developmental Biology frontiersin.org16

Zhao et al. 10.3389/fcell.2024.1416472

https://doi.org/10.3390/ijms222111881
https://doi.org/10.3390/ijms222111881
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.3390/cancers12082085
https://doi.org/10.1074/jbc.C000023200
https://doi.org/10.3390/ijms21010234
https://doi.org/10.1007/978-3-030-37184-5_1
https://doi.org/10.1007/978-3-030-37184-5_1
https://doi.org/10.1158/2159-8290.Cd-21-0190
https://doi.org/10.15252/embj.201488598
https://doi.org/10.1126/science.1058079
https://doi.org/10.1126/science.1058079
https://doi.org/10.1038/s41577-021-00574-3
https://doi.org/10.1158/0008-5472.Can-15-1743
https://doi.org/10.1158/0008-5472.Can-15-1743
https://doi.org/10.1074/jbc.M010551200
https://doi.org/10.1074/jbc.M010551200
https://doi.org/10.1016/j.molcel.2019.08.006
https://doi.org/10.1097/cad.0000000000000624
https://doi.org/10.1097/cad.0000000000000624
https://doi.org/10.1002/eji.202250258
https://doi.org/10.1128/mcb.23.20.7315-7328.2003
https://doi.org/10.3389/fimmu.2019.01878
https://doi.org/10.1042/bj2510701
https://doi.org/10.1007/s12195-020-00652-x
https://doi.org/10.1158/0008-5472.can-03-0846
https://doi.org/10.1016/s0021-9258(17)31580-6
https://doi.org/10.1016/j.celrep.2021.109210
https://doi.org/10.1016/j.celrep.2021.109210
https://doi.org/10.1073/pnas.94.13.6658
https://doi.org/10.1186/s11658-023-00476-3
https://doi.org/10.1186/s11658-023-00476-3
https://doi.org/10.1074/jbc.M114.571620
https://doi.org/10.1172/jci36843
https://doi.org/10.1038/s41388-019-1014-0
https://doi.org/10.1038/sj.onc.1209709
https://doi.org/10.1158/1535-7163.Mct-18-0107
https://doi.org/10.1124/jpet.116.238212
https://doi.org/10.1126/science.1080106
https://doi.org/10.1126/science.1160809
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1158/0008-5472.Can-10-2828
https://doi.org/10.1158/0008-5472.Can-10-2828
https://doi.org/10.1016/j.drup.2023.100976
https://doi.org/10.1002/1878-0261.12629
https://doi.org/10.1002/1878-0261.12629
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1016/j.cmet.2021.08.012
https://doi.org/10.1186/s13046-023-02732-y
https://doi.org/10.1016/j.cmet.2023.07.001
https://doi.org/10.1016/j.cmet.2023.07.001
https://doi.org/10.1038/s41467-020-18020-8
https://doi.org/10.1002/pros.23448
https://doi.org/10.1002/pros.23448
https://doi.org/10.1002/hep.30697
https://doi.org/10.1016/j.yexmp.2009.01.003
https://doi.org/10.1038/s41556-018-0083-6
https://doi.org/10.1038/s41556-018-0083-6
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1416472


NF-κB activation via GPR81-mediated signaling. Front. Immunol. 11, 587913. doi:10.
3389/fimmu.2020.587913

Yang, W., Xia, Y., Ji, H., Zheng, Y., Liang, J., Huang, W., et al. (2011). Nuclear
PKM2 regulates β-catenin transactivation upon EGFR activation. Nature 480 (7375),
118–122. doi:10.1038/nature10598

Yang, X., Lu, Y., Hang, J., Zhang, J., Zhang, T., Huo, Y., et al. (2020b). Lactate-
modulated immunosuppression of myeloid-derived suppressor cells contributes to the
radioresistance of pancreatic cancer. Cancer Immunol. Res. 8 (11), 1440–1451. doi:10.
1158/2326-6066.Cir-20-0111

Yang, X., Shao, F., Guo, D., Wang, W., Wang, J., Zhu, R., et al. (2021). WNT/β-
catenin-suppressed FTO expression increases m(6)A of c-Myc mRNA to promote
tumor cell glycolysis and tumorigenesis. Cell Death Dis. 12 (5), 462. doi:10.1038/s41419-
021-03739-z

Yeh, W. L., Lin, C. J., and Fu, W. M. (2008). Enhancement of glucose transporter
expression of brain endothelial cells by vascular endothelial growth factor derived from
glioma exposed to hypoxia.Mol. Pharmacol. 73 (1), 170–177. doi:10.1124/mol.107.038851

Yeung, O. W., Lo, C. M., Ling, C. C., Qi, X., Geng, W., Li, C. X., et al. (2015).
Alternatively activated (M2) macrophages promote tumour growth and invasiveness in
hepatocellular carcinoma. J. Hepatol. 62 (3), 607–616. doi:10.1016/j.jhep.2014.10.029

Yin, T. T., Huang, M. X., Wang, F., Jiang, Y. H., Long, J., Li, L., et al. (2022). Lactate
score predicts survival, immune cell infiltration and response to immunotherapy in
breast cancer. Front. Genet. 13, 943849. doi:10.3389/fgene.2022.943849

Ying, H., Kimmelman, A. C., Lyssiotis, C. A., Hua, S., Chu, G. C., Fletcher-Sananikone,
E., et al. (2012). Oncogenic Kras maintains pancreatic tumors through regulation of
anabolic glucose metabolism. Cell 149 (3), 656–670. doi:10.1016/j.cell.2012.01.058

Yu, P., Wilhelm, K., Dubrac, A., Tung, J. K., Alves, T. C., Fang, J. S., et al. (2017). FGF-
dependent metabolic control of vascular development. Nature 545 (7653), 224–228.
doi:10.1038/nature22322

Yun, J., Rago, C., Cheong, I., Pagliarini, R., Angenendt, P., Rajagopalan, H., et al.
(2009). Glucose deprivation contributes to the development of KRAS pathway
mutations in tumor cells. Science 325 (5947), 1555–1559. doi:10.1126/science.1174229

Zhai, Z., Mu, T., Zhao, L., Li, Y., Zhu, D., and Pan, Y. (2022). MiR-181a-5p facilitates
proliferation, invasion, and glycolysis of breast cancer through NDRG2-mediated
activation of PTEN/AKT pathway. Bioengineered 13 (1), 83–95. doi:10.1080/
21655979.2021.2006974

Zhang, C., Liu, J., Liang, Y., Wu, R., Zhao, Y., Hong, X., et al. (2013). Tumour-
associated mutant p53 drives the Warburg effect. Nat. Commun. 4, 2935. doi:10.1038/
ncomms3935

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., et al. (2019a). Metabolic
regulation of gene expression by histone lactylation.Nature 574 (7779), 575–580. doi:10.
1038/s41586-019-1678-1

Zhang, D., Wang, Y., Shi, Z., Liu, J., Sun, P., Hou, X., et al. (2015). Metabolic
reprogramming of cancer-associated fibroblasts by IDH3α downregulation. Cell Rep. 10
(8), 1335–1348. doi:10.1016/j.celrep.2015.02.006

Zhang, J., Chen, G., Gao, Y., and Liang, H. (2020). HOTAIR/miR-125 axis-mediated
Hexokinase 2 expression promotes chemoresistance in human glioblastoma. J. Cell Mol.
Med. 24 (10), 5707–5717. doi:10.1111/jcmm.15233

Zhang, T., Zhu, X., Wu, H., Jiang, K., Zhao, G., Shaukat, A., et al. (2019b). Targeting
the ROS/PI3K/AKT/HIF-1α/HK2 axis of breast cancer cells: combined administration
of Polydatin and 2-Deoxy-d-glucose. J. Cell Mol. Med. 23 (5), 3711–3723. doi:10.1111/
jcmm.14276

Zhang, Z., Li, X., Yang, F., Chen, C., Liu, P., Ren, Y., et al. (2021). DHHC9-mediated
GLUT1 S-palmitoylation promotes glioblastoma glycolysis and tumorigenesis. Nat.
Commun. 12 (1), 5872. doi:10.1038/s41467-021-26180-4

Zhao, E., Maj, T., Kryczek, I., Li, W., Wu, K., Zhao, L., et al. (2016). Cancer mediates
effector T cell dysfunction by targeting microRNAs and EZH2 via glycolysis restriction.
Nat. Immunol. 17 (1), 95–103. doi:10.1038/ni.3313

Zhao, J. L., Ye, Y. C., Gao, C. C., Wang, L., Ren, K. X., Jiang, R., et al. (2022). Notch-
mediated lactate metabolism regulates MDSC development through the Hes1/MCT2/
c-Jun axis. Cell Rep. 38 (10), 110451. doi:10.1016/j.celrep.2022.110451

Zhao, X., Zhu, Y., Hu, J., Jiang, L., Li, L., Jia, S., et al. (2018). Shikonin inhibits tumor
growth in mice by suppressing pyruvate kinase M2-mediated aerobic glycolysis. Sci.
Rep. 8 (1), 14517. doi:10.1038/s41598-018-31615-y

Zhu, L., Zhao, Q., Yang, T., Ding, W., and Zhao, Y. (2015). Cellular metabolism and
macrophage functional polarization. Int. Rev. Immunol. 34 (1), 82–100. doi:10.3109/
08830185.2014.969421

Zuo, Q., He, J., Zhang, S., Wang, H., Jin, G., Jin, H., et al. (2021). PPARγ coactivator-
1α suppresses metastasis of hepatocellular carcinoma by inhibiting Warburg effect by
pparγ-dependent WNT/β-Catenin/Pyruvate dehydrogenase kinase isozyme 1 Axis.
Hepatology 73 (2), 644–660. doi:10.1002/hep.31280

Frontiers in Cell and Developmental Biology frontiersin.org17

Zhao et al. 10.3389/fcell.2024.1416472

https://doi.org/10.3389/fimmu.2020.587913
https://doi.org/10.3389/fimmu.2020.587913
https://doi.org/10.1038/nature10598
https://doi.org/10.1158/2326-6066.Cir-20-0111
https://doi.org/10.1158/2326-6066.Cir-20-0111
https://doi.org/10.1038/s41419-021-03739-z
https://doi.org/10.1038/s41419-021-03739-z
https://doi.org/10.1124/mol.107.038851
https://doi.org/10.1016/j.jhep.2014.10.029
https://doi.org/10.3389/fgene.2022.943849
https://doi.org/10.1016/j.cell.2012.01.058
https://doi.org/10.1038/nature22322
https://doi.org/10.1126/science.1174229
https://doi.org/10.1080/21655979.2021.2006974
https://doi.org/10.1080/21655979.2021.2006974
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.celrep.2015.02.006
https://doi.org/10.1111/jcmm.15233
https://doi.org/10.1111/jcmm.14276
https://doi.org/10.1111/jcmm.14276
https://doi.org/10.1038/s41467-021-26180-4
https://doi.org/10.1038/ni.3313
https://doi.org/10.1016/j.celrep.2022.110451
https://doi.org/10.1038/s41598-018-31615-y
https://doi.org/10.3109/08830185.2014.969421
https://doi.org/10.3109/08830185.2014.969421
https://doi.org/10.1002/hep.31280
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1416472

	Glycolysis in the tumor microenvironment: a driver of cancer progression and a promising therapeutic target
	1 Introduction
	2 Why is there a preference for glycolysis?
	2.1 Advantages provided by glycolysis
	2.2 The state of glycolysis in tumors
	2.2.1 Glucose uptake
	2.2.2 Glycolytic process
	2.2.3 Lactate production and transport

	2.3 Mechanisms of enhanced glycolysis
	2.3.1 PI3K mutation
	2.3.2 PTEN mutation
	2.3.3 p53 mutation
	2.3.4 MYC mutation
	2.3.5 RAS mutation
	2.3.6 Wnt pathway
	2.3.7 AMPK pathway
	2.3.8 HIF-1 pathway
	2.3.9 mTOR pathway


	3 What about glycolysis reprogramming in the TME?
	3.1 Glycolysis reprogramming in stromal cells
	3.1.1 Cancer-associated fibroblasts
	3.1.2 Endothelial cells
	3.1.3 Adipocytes

	3.2 Glycolysis reprogramming in immune cells
	3.2.1 Tumor-infiltrating lymphocytes
	3.2.2 B cells
	3.2.3 Tregs
	3.2.4 Tumor-associated macrophages
	3.2.5 Dendritic cells
	3.2.6 NK cells
	3.2.7 Myeloid-derived suppressor cells


	4 Integrated tumor therapy strategies targeting glycolysis
	4.1 Tumor therapeutic strategies targeting glycolysis
	4.1.1 Targeting glucose uptake
	4.1.2 Targeting key glycolysis-related enzymes
	4.1.3 Targeting lactate production and transport

	4.2 Targeting glycolysis in combination with chemotherapy
	4.3 Targeting glycolysis in combination with immunotherapy

	5 Conclusion and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


