Review

Therapeutic Strategies Targeting Aerobic Glycolysis in Cancer
and Dynamic Monitoring of Associated Metabolites

Mengjie Hu, Kaijie Zheng, Lijiao Zhang, Yue Kan, Jiaqian Zhao * and Dajing Chen *

check for
updates

Academic Editor: Amancio Carnero

Received: 8 July 2025
Revised: 30 July 2025
Accepted: 18 August 2025
Published: 19 August 2025

Citation: Hu, M.; Zheng, K.; Zhang,

L.;Kan, Y;; Zhao, J.; Chen, D.
Therapeutic Strategies Targeting
Aerobic Glycolysis in Cancer and
Dynamic Monitoring of Associated
Metabolites. Cells 2025, 14, 1288.
https://doi.org/10.3390/
cells14161288

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

School of Pharmacy, Hangzhou Normal University, Hangzhou 311121, China;
2023112025042@stu.hznu.edu.cn (M.H.); 2024112025088@stu.hznu.edu.cn (K.Z.);
2024112025070@stu.hznu.edu.cn (L.Z.); 2023112025052@stu.hznu.edu.cn (Y.K.)

* Correspondence: 20230121@hznu.edu.cn (J.Z.); djchen@hznu.edu.cn (D.C.)

Abstract

Cancer cells predominantly utilize aerobic glycolysis for energy production, preferentially
converting glucose (Glu) to pyruvate (PA) and subsequently to lactate (LA). This metabolic
reprogramming results in extracellular LA accumulation, acidifying the tumor microen-
vironment (TME) and facilitating tumor invasion and metastasis. The dynamics of Glu,
PA, and LA are pivotal to tumor initiation and progression. This review comprehensively
discussed therapeutic strategies targeting these key metabolites and systematically eval-
uates electrochemical and fluorescence-based techniques for their dynamic monitoring.
We highlight the critical role of these monitoring approaches in advancing early cancer
diagnosis, enabling personalized treatment, and accelerating anticancer drug development.

Keywords: metabolic reprogramming; aerobic glycolysis; metabolic biomarkers; targeted
therapy; electrochemical biosensor; fluorescent biosensor

1. Introduction

Cancer encompasses a diverse spectrum of complex diseases characterized by the
uncontrolled proliferation of genetically altered or mutated cells. A defining feature of
cancer cells is their rapid growth, frequent division, and uncontrolled proliferation. Unlike
normal cells that maintain tightly regulated metabolic pathways, cancer cells harbor genetic
mutations that lead to the expression of dysfunctional proteins. These aberrant proteins
disrupt intracellular signaling pathways and drive metabolic reprogramming [1]. By
rewiring energy metabolism, cancer cells disrupt metabolic homeostasis to support rapid
proliferation. This metabolic shift also promotes their invasive and metastatic potential [2].

Under physiologic conditions, normal cells preferentially generate adenosine triphos-
phate (ATP) via mitochondrial oxidative phosphorylation (OXPHOS), a highly efficient
process fueled by the oxidation of glucose in the presence of oxygen. In contrast, hypoxic
environments induce a metabolic shift towards anaerobic glycolysis for energy production.
However, cancer cells exhibit a distinct metabolic preference in which they preferentially
utilize glycolysis for energy production even under oxygen-rich conditions. This phe-
nomenon, first described by Otto Warburg, is known as the “Warburg effect’ or aerobic
glycolysis [3,4].

As illustrated in Figure 1, aerobic glycolysis enables tumor cells to convert a substantial
portion of PA into LA via lactate dehydrogenase (LDH) even under oxygen-rich conditions.
The increased generation of LA facilitates the regeneration of oxidized nicotinamide adenine
dinucleotide (NAD™), thereby sustaining continuous glycolytic flux [5,6]. However, it
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is important to note that metabolic phenotypes exhibit high heterogeneity both among
different tumor types and within the same tumor. The degree of glycolytic activation and
its impact on energy metabolism can vary significantly [7].
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Figure 1. Comparison of Glycolytic Pathways in Normal and Cancer Cells. This figure illustrates
the differences in glycolytic flux between normal and cancer cells, which represent a key feature of
metabolic reprogramming in cancer. To meet increased anabolic and energetic demands, cancer cells
significantly enhance glycolytic flux by upregulating key glycolytic enzymes and transporters. Abbre-
viations: GLUTS, glucose transporters; G-6-P, glucose-6-phosphate; PEP, phosphoenolpyruvate; HK,
hexokinase; PK, pyruvate kinase; LDH, lactate dehydrogenase; NAD™, oxidized nicotinamide adenine
dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; PDC, pyruvate dehydrogenase
complex; TCA, tricarboxylic acid; MCTs, monocarboxylate transporters; ACC, acetyl-coenzyme A
carboxylase; FASN, fatty acid synthase.

Alterations in tumor glucose metabolism biomarkers such as Glu, PA, and LA sig-
nificantly impact the TME and immune cell activity, thereby facilitating tumor growth
and progression [8]. Studies have shown that intracellular glucose depletion coupled with
extracellular LA accumulation synergistically enhances tumor invasiveness, particularly
correlating with high rates of distant metastasis in early tumor stages. Therefore, the
dynamic fluctuations of metabolites such as Glu, PA, and LA within tumor cells and the
TME serve as critical indicators of tumor metabolism and malignancy [9]. Real-time or
continuous monitoring of these key metabolites offers profound insights into tumor devel-
opment and provides more data for early diagnosis, prognosis evaluation, and targeted
therapy, thereby advancing personalized cancer treatment and new drug development.

This review focuses on the dynamic changes in key glycolytic metabolites—Glu, PA,
and LA—in tumor cells, systematically exploring their roles in metabolic reprogramming,
TME modulation, and disease progression. This review summarizes various therapeutic
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strategies and drugs targeting glycolysis, assessing their potential to inhibit metabolic
abnormalities and impede tumor development. Importantly, this review emphasizes the
critical importance of dynamic monitoring of these metabolites (Figure 2). It highlights
the distinct advantages of electrochemical and fluorescence techniques for achieving high-
sensitivity, non-invasive, dynamic detection at the cellular level. This work aims to provide
theoretical and technical support for understanding tumor metabolism mechanisms and
advancing early diagnosis, personalized therapy, and targeted drug development.
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Figure 2. Overview of key glycolytic metabolites and their regulation in tumor metabolism, associ-
ated therapeutic targets, and representative detection technologies for dynamic monitoring at the
cellular level.

2. The Mechanisms of Key Glycolytic Enzymes and Transport Proteins in
Tumor Cells

Glycolysis is the primary pathway through which tumor cells obtain energy and
biosynthetic precursors, activated by the coordinated regulation of multiple key enzymes
and transporters. Glucose enters tumor cells via glucose transporters (GLUTs), which are
commonly upregulated in various cancers. Once inside the cell, glucose is phosphorylated
by hexokinase (HK), especially the highly expressed HK2, to glucose-6-phosphate (G6P),
initiating glycolysis and preventing glucose efflux. G6P undergoes multiple enzymatic
reactions to produce key intermediates, including 3-phosphoglycerate (3-PG) and phos-
phoenolpyruvate (PEP), which serve as precursors for energy production and biosynthesis.
Pyruvate kinase (PK) catalyzes the rate-limiting step of glycolysis, converting PEP to pyru-
vate and generating ATP. The low-activity dimeric form of PK promotes the accumulation
of metabolic intermediates to meet cellular biosynthetic demands [10,11]. The fate of pyru-
vate primarily involves mitochondrial import or cytosolic reduction to lactate. Pyruvate is
transported into the mitochondrial matrix via the mitochondrial pyruvate carrier (MPC) to
fuel the tricarboxylic acid (TCA) cycle and support aerobic metabolism. Under hypoxic
conditions or glycolysis-dominant states, pyruvate metabolism is regulated by pyruvate
dehydrogenase kinase (PDK). PDK phosphorylates and inhibits the pyruvate dehydroge-
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nase complex (PDC), blocking pyruvate entry into the TCA cycle. This inhibition promotes
the reduction in pyruvate to lactate in the cytosol by lactate dehydrogenase enzyme, con-
currently regenerating NAD* to sustain glycolytic flux. Lactate is exported extracellularly
via monocarboxylate transporters (MCTs), maintaining intracellular pH homeostasis. Fur-
thermore, lactate accumulation acidifies the TME, enhancing tumor immune evasion and
invasive potential [12].

3. Targeted Therapeutic Strategies for Tumor Glucose
Metabolic Pathways

Glucose metabolism is fundamental to sustaining the rapid proliferation and survival
of tumor cells. Despite adequate oxygen availability, tumor cells undergo metabolic re-
programming that favors aerobic glycolysis. The initial phase of this altered metabolism
is characterized by enhanced glucose uptake, driven primarily by the overexpression of
GLUTs [13]. The first step of aerobic glycolysis involves the conversion of Glu to PA,
generating reduced nicotinamide adenine dinucleotide (NADH) and a net gain of two
ATP molecules [14,15]. Beyond energy supply, glycolysis provides essential biosynthetic
precursors, such as G6P for the pentose phosphate pathway and 3-PG for amino acid syn-
thesis. Additionally, glycolysis contributes to maintaining redox homeostasis by regulating
the NAD*/NADH ratio, thereby ensuring metabolic balance and cellular function [16].
Although aerobic glycolysis yields fewer ATP molecules per glucose molecule compared
to OXPHOS, its ATP generation rate significantly surpasses that of OXPHOS. Addition-
ally, glycolysis provides abundant biosynthetic precursors, which critically support the
biosynthetic demands associated with rapid tumor proliferation [17,18]. Importantly, the
upregulation of glucose metabolism in tumors presents not only a diagnostic marker but
also an attractive therapeutic target for cancer treatment [19].

3.1. GLUT5-Targeted Therapeutic Agents

GLUT-mediated transmembrane transport of glucose constitutes the initial and rate-
limiting step of glycolysis [20]. Encoded by the solute carrier 2A gene family, GLUTs
function as facilitative unidirectional transporters, moving glucose along its concentration
gradient. Notably, overexpression of GLUT1 and GLUTS3 is frequently observed across
various cancer types [21,22]. Due to their critical role in glucose uptake, GLUTs have
emerged as highly attractive targets for anticancer therapy, including natural products,
natural product analogs, and synthetic small-molecule inhibitors [23]. These inhibitors
suppress tumor cell proliferation primarily by blocking glucose uptake, thereby depleting
intracellular glucose levels and impairing energy metabolism. Natural products have
emerged as a significant and growing source of potential anticancer agents. Compounds
such as curcumin [24], quercetin [25], resveratrol [26], and apigenin [27] have been identified
as potential GLUT inhibitors.

The rational design of novel small-molecule GLUT inhibitors constitutes another
promising therapeutic strategy aimed at reducing glucose levels in cancer cells. WZB117
is a synthetic GLUT1 inhibitor that blocks glucose uptake and suppresses tumor cell
proliferation. Its combination with apatinib exhibits synergistic activity in melanoma,
significantly reducing both intracellular glucose and lactate production [28,29]. Moreover,
WZB117 exhibits as a radiosensitizer, enhancing tumor cell response to radiotherapy.
However, its clinical translation is limited by the instability of its ester bond under aqueous
physiological conditions and its selectivity exclusively toward GLUT1 [30]. Similarly, Miller
et al. reported BAY-876, a high-affinity GLUT1 inhibitor (ICs59 ~ 2 nM), which potently
suppresses glucose uptake and cellular viability in head and neck squamous cell carcinoma
(HNSCC) cells [31].
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The design of lead compounds based on natural product fragments offers a novel
approach to the development of GLUT inhibitors. Ceballos et al. introduced the concept
of pseudo-natural products and developed Glupin, a compound that selectively inhibits
GLUT1 and GLUTS, effectively reducing intracellular glucose levels and suppressing
cancer cell growth [32]. Similarly, Karageorgis et al. designed chromopynone by fusing
chromane and tetrahydropyrimidinone fragments, exhibiting potent inhibitory activity
against colorectal adenocarcinoma cells [33].

3.2. HK-Targeted Therapeutic Agents

HK catalyzes the critical first step of glucose metabolism, phosphorylating glucose
to G6P. Among the five human HK isoforms been identified, HK2 is frequently overex-
pressed in diverse cancer cells and largely absent in normal tissues, making it a promising
selective target for cancer therapy [34]. Reported HK2 inhibitors include metformin (Met),
2-deoxyglucose (2-DG), and 3-bromopyruvate (3-BrPA). However, Met exhibits only weak
antitumor activity both in vitro and in vivo as a HK2 inhibitor. Moreover, high doses of
2-DG may induce neurotoxic effects while inhibiting glycolysis in cancer cells [35], and
3-BrPA’s clinical potential is limited by dose-dependent toxicity [36].

Benserazide (BENZ) and benitrobenrazide (BNBZ) are hydrazone derivatives that
share a common 2,3 4-trihydroxybenzaldehyde moiety, which mimics the glucose ring and
completely occupies the glucose-binding site of HK2 [37,38]. Zheng et al. demonstrated
that BNBZ inhibits HK2 (ICsp = 0.53 £ 0.13 uM), reducing cellular glucose metabolism and
intracellular glucose levels. In addition to inhibiting glycolytic flux, BNBZ significantly
suppresses serine—glycine-associated amino acid biosynthesis by reducing the production
of G6P and one-carbon donors, thereby further exacerbating metabolic reprogramming
in cancer cells [39]. Li et al. reported BENZ exhibits higher selectivity toward HK2,
with an ICsj of 5.52 £ 0.17 uM, and significantly reduces glucose uptake in SW480 cells
compared to metformin-treated controls [40]. Beyond direct inhibitors, certain natural
products can modulate HK2 expression or activity indirectly. Identified natural compounds
with significant HK2 inhibitory effects include tylophorine [41], xanthohumol [42,43],
chrysin [44], matrine [45], daurisoline [46], and kaempferol [47]. These findings provide
important clues for developing novel anticancer drugs based on glycolysis inhibition.

Although current representative HK2 inhibitors demonstrate tumor growth suppres-
sion and enhance chemotherapy efficacy in animal models, their clinical translation remains
significantly limited. These inhibitors commonly exhibit systemic toxicity and lack cancer
cell-specific targeting, resulting in pronounced off-target effects and limited therapeutic
benefit. Future efforts should focus on improving the selectivity of HK2 inhibitors and
exploring their synergy with chemotherapeutic agents such as doxorubicin and pacli-
taxel, as well as novel metabolic inhibitors, to advance their application in combination
therapies [48].

4. Targeted Therapeutic Strategies for Tumor Pyruvate
Metabolic Pathways

In glycolysis, PK catalyzes the conversion of PEP to pyruvate, generating one molecule
of ATP. Pyruvate serves as a key metabolic node, linking cytoplasmic and mitochondrial
pathways in tumor cells. It can be utilized in biosynthetic reactions, reduced to lactate by
LDH, and exported from the cell via MCTs or transported into the mitochondrial matrix by
the MPC. Within mitochondria, PDC oxidizes pyruvate to acetyl-coenzyme A (Ac-CoA),
fueling the TCA cycle to generate ATP, reducing equivalents, and biosynthetic precur-
sors [49]. Tumor cells enhance glycolytic flux, accumulating lactate by increasing pyruvate
production and redirecting its utilization. This metabolic reprogramming supports rapid
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proliferation, adaptation to hypoxia, and contributes to drug resistance, invasiveness,
and metastasis. Consequently, targeting pyruvate metabolism represents a promising
therapeutic strategy.

4.1. PKM2-Targeted Therapeutic Agents

Pyruvate is produced through glycolysis via an irreversible phosphorylation reaction
catalyzed by PK. Among the four PK isoforms, PKM2 is predominantly expressed in
highly proliferative cells, including cancers. PKM2 promotes the accumulation of glycolytic
intermediates that support tumor growth [50]. Due to its upregulation across various
tumor types, PKM2 is regarded as a promising therapeutic target. Several small molecules
targeting PKM2 have been developed to inhibit tumor growth. Tetrameric PKM2 favors
complete glucose oxidation via OXPHOS, while the dimer facilitates the Warburg effect [51].
Therefore, some studies suggest that PKM2 activators can stabilize the tetrameric form
of PKM2, thereby inhibiting tumor initiation and progression [52]. So far, several PKM2
tetramer activators have been reported, including N,N'-diarylsulfonamide (DASA-58) and
[3,2-b]pyrrole [3,2-d]pyridazinones (TEPP-46) [53].

Conversely, PKM2 inhibitors suppress glycolysis and cancer cell proliferation by
downregulating expression or inhibiting dimeric PKM2. The natural compound shikonin
inhibits PKM2, reducing glucose uptake and lactate production, ultimately inducing tumor
cell death [54-56]. BENZ directly binds and selectively inhibits PKM2 activity, suppress-
ing aerobic glycolysis and melanoma cell proliferation, invasion, and metastasis [57].
Dimitrijevs et al. developed a series of isomer-selective PKM2 inhibitors containing a
carbonyl-[1,2]isothiazole[2,3-a]pyridinium moiety. These inhibitors were found to reduce
the proportion of PKM2 dimers and induce unstable conformations. The most active
compound exhibited an ICs( value of 0.35 £ 0.07 uM [58].

4.2. PDK-Targeted Therapeutic Agents

In mitochondria, pyruvate undergoes oxidative decarboxylation by the PDC to gen-
erate Ac-CoA, carbon dioxide, and NADH. NADH enters the electron transport chain
and drives ATP synthesis via OXPHOS, meeting cellular energy demands [59,60]. PDC
activity is negatively regulated by PDK [61]. Cancer metabolic reprogramming frequently
upregulates PDK, making PDK inhibition to restore PDC activity a promising therapeutic
strategy [59].

The PDK family comprises four mitochondrial matrix isoforms (PDK1-4) sharing ~70%
sequence homology [62]. To date, several PDK inhibitors have been developed, including
the pyruvate analog dichloroacetate (DCA), which binds the pyruvate site. However,
DCA'’s low binding affinity requires high therapeutic doses, and it exhibits significant
neurotoxicity [63]. Based on DCA, Zhang et al. synthesized analogs (e.g., compounds
15, 26, and 39, Figure 3A) that inhibit cancer cell proliferation at micromolar levels and
reprogram glucose metabolism from lactate production toward OXPHOS [64]. She et al.
designed and synthesized hybrid DCA-arsenic inhibitors, with compound 1f (Figure 3B)
exhibiting superior PDK inhibition versus DCA at cellular and enzymatic levels. Com-
pound 1f also significantly affects alanine—aspartate-glutamate metabolism and central
carbon metabolism in cancer cells. These pathways are directly involved in cellular carbon
utilization and ATP production, indicating that 1f effectively disrupts the fundamental
energy metabolism of tumor cells [65].
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Figure 3. PDK inhibitors: (A) Structures of compounds 15, 26 and 39 (adapted from [64]);
(B) Structures of compound 1f and DCA (adapted from [65]); (C) Structures and activities of com-
pounds 1 (adapted from [66]); (D) Structures of compounds 9 and 10 (adapted from [67]).

Recent compound library screening identified more PDK inhibitors with anticancer
potential. Structure-based virtual screening yielded a PDK1-3 inhibitor (compound 1,
Figure 3C) that suppressed A549 cell proliferation, invasion, migration, and induced
apoptosis [66]. Additionally, Zhang et al. developed a high-throughput screening system
based on the ChemBridge compound library and identified compounds 9 and 10 (Figure 3D)
as micromolar level PDK1 inhibitors that restored mitochondrial function, suppressed
glycolysis, and blocked proliferation [67]. Plant-derived natural products also demonstrate
PDK inhibitory potential. Quercetin [68,69], thymol [70], and thymoquinone [71] exhibit
strong PDK3 affinity and anticancer effects.

5. Targeted Therapeutic Strategies for Tumor Lactate Metabolic Pathways

In aerobic glycolysis, glucose is primarily metabolized to pyruvate, which is rapidly
reduced to LA by LDH as the terminal glycolytic product [72]. Tumor cells exhibit ex-
cessive LA production and efflux, driven by hypoxia-inducible factor-1oc (HIF-1x) and
cellular Myc upregulation, which promotes aberrant expression of glycolytic enzymes and
MCTs [73]. HIF-1« is activated under hypoxic conditions and induces the expression of key
glycolytic enzymes such as hexokinase II (HKII), phosphofructokinase 1 (PFK1), LDHA,
and GLUT1/3, thereby promoting glucose metabolic reprogramming. Additionally, HIF-1c
transcriptionally activates PDK1 and MAX-interacting protein 1 (MXI1), which inhibit
mitochondrial oxidative phosphorylation and enhance glycolytic dependency. As another
key transcription factor, c-Myc promotes glucose uptake and metabolism by upregulat-
ing multiple glycolysis-related genes. It also supports glycolysis by activating glutamine
metabolism to supply carbon sources [74] MCT overexpression accelerates LA secretion
from the cytosol to the extracellular microenvironment [75]. In addition, multiple signaling
pathways are aberrantly activated in the regulation of tumor metabolism, among which
the PI3K/AKT/mTOR pathway is particularly critical. This pathway enhances the activity
of key glycolytic enzymes, promoting glucose uptake and lactate production in cancer
cells [76]. High levels of LA lower the pH of the TME, fostering angiogenesis, proteolytic
activity, metastasis, and drug resistance. Recent studies have uncovered metabolic symbio-
sis within tumors, where hypoxic cells produce large amounts of LA via aerobic glycolysis,
and adjacent normoxic cells use this LA as an oxidative fuel through the LA shuttle, en-
abling metabolic cooperation [77]. This metabolic heterogeneity not only maintains the
metabolic flexibility of tumor cells but also contributes to LA accumulation in the TME.
LA accumulation suppresses effector immune cells, promotes immunosuppressive cell
populations, inhibits antitumor immune responses, and accelerates tumor progression, ulti-
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mately resulting in poor prognosis [78,79]. Therefore, as a critical byproduct of metabolic
reprogramming in tumors, LA and its associated metabolic enzymes and transporters have
emerged as promising therapeutic targets for cancer treatment.

5.1. LDH-Targeted Therapeutic Agents

LDH, an oxidoreductase composed of LDHA and LDHB subunits, catalyzes glycolytic
redox reactions. LDHA primarily converts pyruvate to lactate, while LDHB catalyzes
the reverse reaction [80]. LDHA inhibitors are classified by their mechanism: pyruvate
substrate-competitive, NADH cofactor-competitive, or dual-competitive [81]. Oxalate, a
pyruvate analog, acts as a substrate-competitive LDHA inhibitor validated in vitro. It sup-
presses brain tumor cell proliferation, invasion, and lactate production [82-84]. However,
its high polarity and poor membrane permeability necessitate excessively high concen-
trations, preventing in vivo application and clinical translation [85]. Kim et al. identified
selenophenyl compounds that inhibit LDHA activity. Among them, 1-(phenylseleno)-
4-(trifluoromethyl) benzene (PSTMB) exhibited the strongest activity and significantly
reduced LA production under hypoxia. Notably, the ICsy of PSTMB (145.2 nM) is much
lower than that of oxalate (130.6 uM) [86].

NADH-competitive LDHA inhibitors include FX11 and derivatives of quinoline-3-
sulfonamides [87]. FX11, a derivative of gossypol, exhibits selective inhibitation towards
LDHA [88]. It shows preclinical efficacy in breast cancer and prostate cancer [89,90]. How-
ever, studies have shown that although FX11 exhibits some in vivo activity, its limited
selectivity toward LDH and pronounced off-target effects hinder further application [91].
Quinoline-3-sulfonamides demonstrate high LDHA selectivity and activity in hepatocellu-
lar carcinoma and breast cancer [92].

Dual-competitive inhibitors, such as N-hydroxyindole (NHI) derivatives, target both
substrate and cofactor sites [93,94]. NHI-sugar conjugates exhibit potent antiproliferative
activity against lung and cervical cancer cells, reducing lactate levels by over 50% [95].
Several peptides as competitive LDHA inhibitors are designed to target both the NADH
and pyruvate binding sites. The study revealed that KVVYNVA and IYNLLK peptides
significantly decreased lactate production in cancer cells [96]. Despite promising preclinical
anticancer activity, no LDHA inhibitor has advanced to clinical trials. Future efforts must
prioritize addressing safety and selectivity to develop viable candidates.

Although small-molecule LDHA inhibitors have demonstrated significant antitumor
potential in preclinical studies, no true clinical benefits have been observed thus far. To
date, only one phase III clinical trial (NCT01977209) has evaluated the efficacy of gossypol
in combination with docetaxel and cisplatin in patients with advanced non-small cell lung
cancer characterized by high expression of apurinic/apyrimidinic endonuclease 1 [97].
Future efforts should focus on addressing key issues such as drug safety to facilitate the
development of more effective and less toxic LDHA inhibitors.

5.2. MCTs-Targeted Therapeutic Agents

LA, a hydrophilic weak acid, requires MCTs for transmembrane transport. Encoded by
solute carrier family 16 genes, MCT1-4 facilitate proton-linked monocarboxylate transport,
with directionality determined by proton gradients and substrate concentrations [98,99]. LA
efflux via MCT1 and MCT4 acidifies the TME, suppresses effector T and natural killer cell
functions, sustains regulatory T cell immunosuppression, and stimulates tumor-associated
macrophages to release pro-tumor factors. Together, these actions promote immune evasion
and reduce immunotherapy efficacy [100]. Thus, MCT-mediated LA efflux is both a crucial
metabolic regulator and a key driver of tumor immune escape. Current MCT inhibitors,
including stilbene sulfonates, quercetin, phloretin, lack selectivity and affect off-target
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proteins [101]. Hence, the development of selective and potent MCT1 and MCT4 inhibitors
is urgently needed.

AR-C155858 (AstraZeneca) is a potent nanomolar-range MCT1 inhibitor demonstrat-
ing anticancer efficacy in multiple myeloma and breast cancer models [102,103]. Its orally
bioavailable analog, AZD3965, exhibits comparable potency and specificity, with prefer-
ential MCT1 inhibition. Moreover, AZD3965 significantly reduces phosphocholine levels,
indicating its regulation of phospholipid metabolism, which in turn affects cell membrane
composition and the balance of related metabolic intermediates [104]. AZD3965 is currently
in Phase I trials for advanced solid tumors and lymphomas (NCT01791595) [105-107].
Moreover, increasing attention has been given to the development of MCT4 inhibitors.
The triazolopyrimidine AZDO0095 potently inhibits proliferation in MCT4-overexpressing
tumor cells, suppressing lactate export with minimal effect on cells with high MCT1 ex-
pression [108].

Besides selective inhibitors, dual MCT1/MCT4 inhibitors such as NGY-B have demon-
strated promising efficacy in the treatment of melanoma and triple-negative breast can-
cer [109,110]. Syrosingopine, a derivative of reserpine, also demonstrates notable anticancer
activity combined with metformin across various cancer types [111]. These inhibitors dis-
rupt lactate transport, reducing intracellular lactate accumulation and TME acidification,
thereby suppressing tumor metabolic adaptation and invasion.

MCT1 and MCT4 play critical roles in lactate metabolism and tumor immunity, making
combined inhibition strategies increasingly important. Currently, programmed cell death
protein 1 (PD-1) immunotherapy is a standard treatment for various cancers. However,
lactate transported via MCT1/MCT4 in the TME induces a dual immunosuppressive
mechanism in immune cells, leading to therapeutic resistance [112]. Studies show that
inhibiting MCTs can reverse immune suppression and synergize with anti-PD-1 therapy,
demonstrating promising clinical potential.

6. Dynamic Monitoring of Metabolic Biomarkers

Disruptions in energy metabolism is characterized by enhanced glucose uptake, ac-
cumulation of pyruvate that escapes mitochondrial oxidative metabolism, and excessive
lactate secretion. Notably, alterations in key glycolytic intermediates, including Glu, PA,
and LA, exhibit significant potential as cancer diagnostic biomarkers [113,114]. The concen-
trations of these metabolic biomarkers within tumors and the TME dynamically change
with tumor progression, metabolic activity, and therapy. Cells are the fundamental units
of metabolic regulation, and significant metabolic heterogeneity exists among different
tumor cells; therefore, sensing and monitoring metabolites at the cellular level is crucial
for accurately assessing tumor metabolic states and therapeutic responses. Metabolite
variations serve as critical indicators of tumor biology and inform pharmacodynamic as-
sessment and targeted therapeutic strategies. Many anticancer agents act by modulating
specific metabolite levels, highlighting the clinical value of real-time monitoring systems for
timely efficacy assessment and personalized treatment optimization. Current monitoring
methods include spectroscopy, mass spectrometry, electrochemical detection, and positron
emission tomography (PET) [115]. PET indirectly reflects tumor glucose metabolism by
imaging the radioactive glucose analog fluorine-18 fluorodeoxyglucose but has limited
resolution, cannot track downstream metabolites, and involves radiation risks, restricting
its widespread use [19]. Mass spectrometry offers high sensitivity and broad detection
range, making it a key technique for analyzing cellular metabolic heterogeneity; however,
complex sample preparation limits its real-time application [116]. Spectroscopy provides
rapid and sensitive detection suitable for simultaneous multi-component analysis, but
nuclear magnetic resonance (NMR) spectroscopy has low sensitivity and high equipment
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costs, while Raman spectroscopy suffers from weak signals and susceptibility to inter-
ference [117]. Fluorescence and electrochemical methods are particularly promising for
real-time cellular monitoring due to their high sensitivity, rapid response, and operational
simplicity [118,119].

6.1. Electrochemical Methods

Electrochemical methods offer a powerful platform for cancer diagnostics, enabling
real-time, highly sensitive detection of electrochemical signals arise from biorecognition at
the electrode interface [120]. Electrochemical biosensors are extensively studied for their
low cost, ease of fabrication and miniaturization, scalability, continuous monitoring of
cancer biomarker dynamics and chemotherapy efficacy [121]. Advances in nanomaterials,
interface modification, and microfluidics are expected to further enhance their sensitivity
and selectivity.

6.1.1. Oxidase-Based Electrochemical Biosensors

Enzymes are biological catalysts that accelerate reaction rates by lowering activation
energy with high substrate specificity [122]. Oxidase-based electrochemical biosensors
quantify analytes via electrical signals generated by redox-active species during catalysis.
Enzymes immobilized on electrode surfaces mediate redox processes, producing signals
proportional to analyte concentration [123]. Nanomaterials serve as ideal enzyme carri-
ers due to their high surface area and favorable physicochemical properties, increasing
enzyme loading and facilitating electron transfer between enzymes and electrodes [124].
Nanocarriers can be categorized by material properties into inorganic materials, organic
polymers, carbon-based materials, and hybrid composites.

Organic polymer matrices are widely used for stable enzyme immobilization on elec-
trodes [125]. Ma et al. developed a polyethersulfone hollow fiber (PHF) with dual functions
of sensing and cell culture. Human lung cancer PC9 cells were cultured on the PHF outer
surface, while glucose oxidase (GOx) and nanocatalyst were immobilized within the PHF
lumen (Figure 4A). This sensor enabled continuous monitoring of glucose metabolism
and has been successfully applied to evaluate osimertinib on the PC9 proliferation [126].
Similarly, microneedle array electrodes were constructed by crosslinking polyterthiophene
and GOx via amide bonds, enabling efficient monitoring of glucose levels in both cancer
cells and normal cells [127].

Inorganic nanocarriers are extensively studied as enzyme immobilization supports
due to their superior biocompatibility, electrocatalytic activity, and structural stability [128].
Wang et al. fabricated printable GOx-nanoparticle composite electrodes via a manganese
carbonate co-precipitation method (Figure 4B). These electrodes exhibited high sensitivity
and stability, with a glucose detection range of 0-30 mM and stable glucose monitoring
period in H1299 tumor cells over two days [129]. Lin et al. developed a self-powered lactate
sensor by immobilizing lactate oxidase (LOx) on a zinc oxide (ZnO) nanowire array. This
sensor detected lactate secreted by 4T1 breast cancer cells with a detection limit of 1.3 mM
and a linear range up to 27 mM [130].

Carbon-based nanomaterials, including carbon nanotubes (CNTs), graphene, and their
derivatives, have been widely reported as enzyme immobilization supports due to their
conductivity and stability [131]. Carbon materials are often combined with organic or
inorganic functional materials, improving both enzyme immobilization and sensor sensi-
tivity. For example, an electrochemical sensor utilizing a composite carrier of single-walled
carbon nanotubes and palladium nanoparticles (Pd NPs) achieved efficient glucose detec-
tion in gastric cancer MGC803 cells [132]. Yao et al. constructed a three-dimensional (3D)
enzymatic electrochemical sensor on a conductive CNT scaffold incorporating Prussian
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blue nanoparticles (PB NPs) and LOx (Figure 4C). The sensor exhibits a linear response to
lactate in the range of 0.02-1 mM, with a detection limit of 0.75 uM, and can be integrated
with C6 glioma cell collagen hydrogels for dynamic lactate release monitoring [133]. Mi
et al. developed a microchannel biosensor by modifying electrodes with Prussian blue and
applying a chitosan-LOx-CNT composite for enzyme immobilization and signal amplifi-
cation, enabling sensitive monitoring of lactate metabolism and drug-response in HepG2
cells [134]. Additionally, a transistor sensor utilized three-dimensional porous carbon
loaded with cerium oxide nanoparticles (JACM/CeO,) (Figure 4D). Covalent grafting of
LOx ensured stable immobilization and signal enhancement, achieving cellular lactate
detection with a detection limit of 300 nM [135].
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Figure 4. Oxidase-based electrochemical biosensors: (A) Schematic illustration of the PHF electrode
structure and sensing principle of the electrochemical reaction catalyzed by GOx and PB (adapted
from [126]); (B) Manufacturing process and detection schematic diagram of GOx MPs sensors
(adapted from [129]); (C) Schematic of the fabrication processes of the 3D electrochemical sensor
and collagen hydrogel integrated platform (adapted from [133]); (D) The schematic diagram of a
solution-gated graphene transistor (adapted from [135]).

While oxidase-based electrochemical sensors have advanced significantly in detecting
Glu and LA at cellular level. However, monitoring another key metabolic intermediate,
PA, remains challenging. Current methods primarily analyze biofluids and serum samples,
hindering dynamic cellular-level pyruvate concentration monitoring. Therefore, devel-
oping next-generation electrochemical sensors compatible with cellular environments is
crucial. Achieving high spatio-temporal resolution detection of metabolites like pyruvate
will be essential for elucidating metabolic regulation mechanisms, enabling early disease
diagnosis, and guiding metabolic interventions. To summarize recent progress, Table 1 lists
representative oxidase-based electrochemical biosensors for detecting Glu and LA at the
cellular level, as well as PA in serum.



Cells 2025, 14,1288 12 0f 24
Table 1. Oxidase-based electrochemical sensors for Glu, PA, and LA.
i . Practical Monitoring
Analyte Electrode Composition Linear Range LOD Analysis Sample Characteristics Ref.
PHF-MWNT-PB-GOx 0-32 mM / PC9 cells 3-day continuous ., )
monitoring
GOx MPs 0-30 mM / H1299 cells Z'dfg’oi‘i’tn;rlgl‘;ous [129]
SWNT-GOx-GA /Pd intermittent
NPo.Pt 2-1000 pM 0.5 uM MGC803 cells monitoring [132]
Clu GC/GO-Ph-AuNP/GOx  0.3-20mM 03 mM HeLa cells intermittent 3]
monitoring
P(VI-AA)-Os/GOx/CNE 0-4 mM / NG108-15 cells mntermittent [137]
monitoring
MDA-MB-231; intermittent
PLL-GA-GOx/QNP 0.1-8 mM / NCE7 colls monitoring [138]
GCE/CNT-GR-GOx 0-21 mM 2.99 M MiaPaCa2 cells intermittent [139]
monitoring
LOx/ZnO NWs/Ti 0-27 mM 13mM 4T1-luc cells intermittent [130]
monitoring
LOx/PCP 0.02-1 mM 0.75 uM C6 glioma cells continuous [133]
monitoring
CS/CNTs/LOx/PB/Pt 0-1 mM 45 uM HepG2 cells i‘fj;ﬁ‘(‘f:fr’f; [134]
JACM/CeO, NPs/ HepG2; A549; intermittent
LA LOx/CS 3-300 uM 300 nM Hela cells monitoring [155]
LOx/MWCNT-PEDOT: intermittent
PSS,/ Nafion 1-10 mM 40 +5uM MCEF-7 cells monitoring [140]
LOx/Au/CNT/RGO/Pt  0.05-100 mM 23 uM A549 cells i‘fgﬁ:ﬁ; [141]
PS/LOx/PEDOT-HFM /Pt intermittent
NPs-PANI-HEM 0.1-6 mM 10 uM PC9 cells monitoring [142]
POx NPs/PGE 0.001-6000 M 0.58 uM serum intermittent [143]
monitoring
PA POx NPs/AuE 0.01-5000 M 0.67 uM serum intermittent [144]
monitoring
POx NPs/PtE 10-5000 M 5 uM serum intermittent [145]
monitoring

Abbreviations:/, the original article did not mention or report the relevant content; LOD, limit of detection; GA,
glutaraldehyde; MPs, microparticles; GC, glassy carbon; GO-Ph-AuNP, gold nanoparticles decorated graphene
oxide nanocomposites; CNE, carbon nanofiber electrode; P(VI-AA)-Os, poly(1-vinylimidazole-co-acrylhydrazide)-
osmium; PLL, poly-l-lysine; QNP, quartz nanopipette; GCE, glassy carbon electrode; GR, graphene; PCP, Prussian
Blue nanoparticles—carbon nanotubes—poly(3,4-ethylenedioxythiophene); JACM, Jerusalem artichoke carbon
material; CeO, NPs, cerium dioxide nanoparticles; CS, chitosan; PEDOT: PSS, poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate; ZnO NWs, zinc oxide nanowires; Ti, titanium; PS, polystyrene; HFM, hollow fiber
membrane; PANI, polyaniline; POx, pyruvate oxidase; PGE, pencil graphite electrode; AuE, gold electrode; PtE,
platinum electrode.

6.1.2. Nanozyme Based Electrochemical Biosensors

Nanozymes refer to nanomaterials with enzyme-like catalytic activities, capable of
performing catalytic reactions under conditions where natural enzymes are unstable. As
a type of artificial enzyme, nanozymes combine the functional properties of enzymes
with the physicochemical advantages of nanomaterials, and have been widely applied in
the construction of biosensors [146]. Nanozyme sensors are electrochemical devices that
convert chemical changes into electrical signals via direct interaction between analytes and
the electrode surface materials. Compared to oxidase-based sensors, nanozyme sensors
offer superior stability and streamlined fabrication processes suited for clinical applications.
These sensors demonstrate insensitivity to oxygen fluctuations, improved tolerance to
environmental variations, and extended operational lifetimes [147]. Continuous refinement
of synthetic strategies for multifunctional, morphologically diverse nanomaterials has
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significantly broadened electrochemical sensor design possibilities. Materials commonly
employed in the construction of nanozyme sensors include metals and their compounds,
inorganic carbon materials, conductive polymers, and metal-organic frameworks [148].

Metals” excellent electrical conductivity and thermal stability have driven the develop-
ment of diverse metal-based nanozyme sensors. Their electrochemical behavior facilitates
efficient electron transfer between analyte redox centers and transducer surfaces [149]. At
present, noble metals such as gold (Au), platinum (Pt), and Pd, as well as transition metals
like cobalt and nickel and their compounds, have been widely employed in the design of
nanozyme sensors [150].

Recent studies demonstrate nanozyme sensors enabling in situ, real-time glucose mon-
itoring at the tumor cell level, sensitively reflecting dynamic metabolic changes. AuNPs,
functioning as nanozymes mimicking natural oxidases catalysis, have been widely utilized
in biosensors for the detection of Glu, LA, and other biomolecules [151]. For instance, a
glucose sensing system using a gold-sputtered porous film electrode enabled in situ moni-
toring within MCF-7 breast tumor spheroids. This system distinguished glucose uptake
under varying conditions, detecting ~12% differences post-GLUT1 inhibitor treatment,
highlighting its drug screening potential [152].

Nanozyme sensors also enable in situ lactate monitoring in tumor cells, allowing
real-time tracking of concentration changes. Li et al. developed a platinum microneedle
platform modified with Au/polydopamine nanohybrids, featuring a lactate detection limit
of 50 uM with a linear range of 0.375-12 mM [153]. While nickel oxide (NiO) nanoparticles
exhibit excellent electrocatalytic activity, their poor conductivity necessitates integration
with materials like reduced graphene oxide (RGO) to form performance-enhancing compos-
ites. Wang et al. developed a microfluidic system using NiO/RGO-modified screen-printed
electrodes for rapid, continuous lactate monitoring in MCF-7 cell culture medium, achiev-
ing a 0.1-30 mM linear range and a 0.05 mM detection limit with excellent stability [154].
Despite significant progress in in vitro metabolite detection, the application of nanozyme
electrochemical sensors at the cellular level remains relatively limited. Real-time moni-
toring of key metabolites like Glu and LA within live-cell microenvironments using these
sensors is still absent. Therefore, further research into design strategies for cellular-level
nanozyme sensors is essential to advance their utility in cellular metabolism studies and
disease diagnostics.

6.2. Fluorescence-Based Methods

Fluorescence sensing has emerged as a pivotal methodology for tracking dynamic
changes in the biological environment [155]. Its high contrast and real-time imaging capabil-
ities permit precise monitoring key physicochemical parameters and molecular components.
This technique not only facilitates quantitative analysis of ions and biomolecules but also
enables noninvasive, continuous monitoring of multiple parameters in tumor cells and
TME. These capabilities offer comprehensive insights into complex biological processes
and disease progress, driving the development of diverse fluorescent probes—including
small-molecule fluorophores, fluorescent proteins, and fluorescent nanoparticles—that
specifically recognize targets and generate detectable fluorescence signal change [156,157].

6.2.1. Small-Molecule Fluorescent Probes

Fluorescent probes typically comprise a signaling unit and a recognition unit, emitting
fluorescence upon specific wavelength excitation to visualize biomolecules and subcellular
structures. These probes are widely employed in pathological tissue imaging and functional
studies [158]. Small-molecule fluorescent probes, chemically synthesized fluorophores,
interact with specific biological targets to generate detectable signal changes, enabling
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real-time monitoring and high-resolution imaging of biological processes. These probes
offer advantages such as tunable structures, synthetic accessibility, ultrasensitive detection,
and exceptional spatial-temporal resolution, making them indispensable tools for cellular
imaging, drug screening, and disease diagnosis [159,160].

Glucose-conjugated fluorescent probes, including fluorescently labeled 2-deoxyglucose
analogs, have been widely used to monitor GLUT-mediated glucose uptake, assess anti-
cancer drug efficacy, and investigate novel antidiabetic therapeutic strategies. Representa-
tive probes are commonly modified with fluorophores at the C1, C2, and C6 positions
of the glucose molecule [161]. Cheng et al. developed a C1-type fluorescent probe Glu-1-
O-DCSN, which enters cells via GLUT1 mediation. Changes in its fluorescence intensity
enable real-time monitoring of intracellular glucose uptake and utilization, highlighting the
elevated glucose metabolism of tumor cells [162]. Another near-infrared fluorescent glucose
tracer, Glc-SiR-CO,H (Figure 5A), was developed by modifying the C2 amino group of
glucosamine. Its small molecular weight and strong brightness enable clear visualization
of intracellular glucose uptake, permitting real-time monitoring of metabolic inhibition
following anticancer drug treatment [163]. Wang et al. designed Mc-CDBA probe leverag-
ing reversible boronate esters formation between phenyl(di)boronic acid (PDBA) and 1,2-
or 1,3-diols (Figure 5B). Visualization of glucose consumption in HeLa cells showed that
prolonged starvation led to decreased fluorescence intensity, indicating that the probe can
sensitively monitor dynamic changes in intracellular glucose level [164].

Given pyruvate’s critical role in tumor metabolism, several small-molecule fluorescent
probes have been developed for selective detection and visualization of intracellular pyru-
vate dynamics. Li et al. developed the 1,8-naphthalimide-based probe FPA for selective
pyruvate recognition. Experiments demonstrated FPA’s capability for real-time visualiza-
tion of intracellular pyruvate fluctuations during glucose-stimulated glycolysis in HeLa
cells, highlighting its metabolic imaging potential [165]. Another probe, QSB, operates
through Lewis acid-base reactions between diphenylboronate and pyruvate, enabling real-
time fluorescent monitoring. QSB successfully tracked dynamic pyruvate levels in HeLa
cells, providing direct visualization of cellular metabolic processes [166].
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Figure 5. Synthesis and mechanism of fluorescent probes: (A) Schematic illustration of the sensing
mechanism of the Gle-SiR-CO, H fluorescent probe (adapted from [163]); (B) Schematic illustration of
the sensing mechanism of Mc-CDBA for glucose and its bioimaging applications (adapted from [164]);
(C) Schematic illustration of lactate sensing by a Nile Blue-functionalized CdTe QD hydrogel (adapted
from [167]); (D) Synthesis of ZIF-8 and enzyme@ZIF-8 (adapted from [168]).
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6.2.2. Nano-Fluorescent Probes

Nano-fluorescent probes represent fluorescence-based sensors engineered from nano-
materials, offering distinct advantages including high sensitivity, target specificity, and bio-
compatibility. These properties have enabled their widespread application across biosens-
ing, medical imaging, and environmental monitoring. Representative categories include
quantum dots (QDs), carbon dots, and metal-organic frameworks (MOFs) [169].

Quantum dots, possessing exceptional optical properties, have emerged as valuable
fluorescent nanoprobes for tumor metabolism imaging studies [170,171]. For instance, a
glucose-sensitive QD-APBA probe was fabricated by covalently conjugating aminophenyl-
boronic acid (APBA) to CdSe/ZnS QD surfaces, exhibited fluorescence lifetime increases
proportional to intracellular glucose concentration [172]. Zhang et al. developed a Nile
blue-modified CdTe QDs hydrogel probe with excellent biocompatibility and tunable poros-
ity (Figure 5C). This system enabled 3D encapsulation of HeLa cells, utilizing LDH/NAD*
to catalyze lactate conversion into NADH, which modulated QD fluorescence for real-time
lactate concentration monitoring [167].

MOFs are a class of porous crystalline materials with tunable structures and di-
verse properties. Zeolitic imidazolate frameworks (ZIFs), in particular, exhibit excellent
crystallinity and stability, showing significant potential for applications in fluorescent
sensing [173]. A dual-enzyme ZIF-8 fluorescent probe system was developed based on
LOx&HRP@ZIF-8 and GOx@ZIF-8, for fluorescence detection of LA and Glu (Figure 5D).
When integrated into the SingMAC chip, with stronger fluorescence signals in MCF-7 breast
cancer cells indicating elevated lactate secretion and glucose uptake [168]. In addition, a
multi-enzyme nano-fluorescent probe (LOx/HRP-aZIF) fabricated from amorphous ZIF
permitted highly sensitive, specific intracellular lactate detection in A549 cancer cells when
combined with Amplex Red [174]. Owing to their high stability and excellent intracel-
lular biocompatibility, such MOF-based probes provide robust platforms for dynamic,
continuous metabolite monitoring in living systems.

6.2.3. Genetically Encoded Fluorescent Probes

Genetically encoded fluorescent probes are autonomous sensors that can be targeted to
specific cells or subcellular organelles using signal peptides, enabling real-time imaging and
monitoring of metabolic activities in live cells. These probes typically comprise two funda-
mental modules: a substrate-binding protein and a fluorescent protein. Target biomolecule
interaction with the sensing protein induces conformational changes that modulate the
fluorescence intensity or spectral characteristics of the fluorescent reporter [175,176].

Given LA’s pleiotropic roles in physiological processes, genetically encoded lactate-
specific probes have been developed as powerful tools for investigating dynamic lactate
changes in cells and tissues [177]. Researchers reported the genetically encoded biosensor
eLACCOL1.1 (Figure 6A) for imaging endogenous lactate in glioma T98G cells. Glucose
stimulation enhanced eLACCOL1.1 fluorescence, while glycolysis inhibitors significantly
reduced the signal, confirming the probe’s high lactate sensitivity and specificity [178].
Furthermore, spectrally and functionally orthogonal sensors were developed: the green-
fluorescent eLACCO2.1 for extracellular lactate and the red-fluorescent R-iLACCO1 for
intracellular lactate (Figure 6B). Co-expression in T98G cells enabled real-time monitoring
of cytoplasmic lactate production and its extracellular transport [179]. In addition, the
probe FiLa (Figure 6C)—comprising the lactate-sensing protein LIdR embedded within a
circularly permuted yellow fluorescent protein (cpYFP)—facilitated dynamic monitoring
of lactate uptake, accumulation, and clearance in H1299 and HeLa cells [180].
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Figure 6. Genetically encoded lactate fluorescent probes: (A) Schematic representation of eLACCO1.1
and its mechanism of response to lactate (adapted from [178]); (B) Schematic of eLACCO2.1 and
R-iILACCO1.2 response mechanisms to lactate (adapted from [179]); (C) Schematic illustration of the
sensing mechanism of FiLa sensor and its application in lactate imaging in living cells and in vivo
(adapted from [180]).

While fluorescence detection technology enables valuable visualization of cellular
metabolites, particularly for studying uptake and spatial distribution, significant limita-
tions persist. Most probes detect only single metabolites, precluding high-throughput
multiplexed detection. Fluorophore size can also interfere with downstream metabolic
utilization. Challenges in sensitivity and specificity further restrict trace metabolite detec-
tion and increase vulnerability to nonspecific background fluorescence [181]. Critically, the
limited variety of available metabolite-specific probes underscores the need for developing
novel, highly selective, and sensitive probes to advance fluorescence-based applications in
cellular metabolism research.

7. Discussion

Prospects: Metabolites including Glu, PA, and LA play pivotal roles in tumor metabolic
reprogramming. Dynamic monitoring of these metabolites provides deeper insights into
tumor metabolic characteristics and delivers crucial biochemical evidence for assessing
tumor invasiveness, metastatic potential, and immune evasion. Targeting key enzymes
and transport proteins to modulate metabolic states can alleviate TME acidification and
improve TME homeostasis. Furthermore, as a critical technology, dynamic monitoring
facilitates targeted drug screening by providing essential data for drug efficacy evaluation
and lead compound optimization, thereby advancing precision medicine and personalized
therapeutic strategies.

Challenges: Current monitoring techniques, including electrochemical and fluores-
cence methods, face persistent limitations in sensitivity, stability, and operational simplicity
due to factors such as background interference, photobleaching, and electrode fouling.
Concurrently, most drugs targeting aerobic glycolysis remain at preclinical stages, hindered
by inconsistent efficacy, significant side effects, and poor specificity, which collectively
limit clinical translation. Additionally, TME heterogeneity imposes stringent demands
on both monitoring and screening technologies. Future research should prioritize opti-
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mizing detection platforms to enhance resolution and selectivity, accelerating the clinical
implementation and translational progress of metabolism-targeted therapies.
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