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Abstract

Oral squamous cell carcinoma (OSCC) represents a significant global health challenge
characterized by high morbidity and mortality, frequently driven by therapeutic resistance
and tumor aggressiveness. Metabolic reprogramming has emerged as a hallmark of OSCC,
enabling tumor cells to sustain proliferation, survive under adverse microenvironmental
conditions, and evade therapeutic stress. Recent advances in cancer metabolism have
identified metabolic plasticity as a central determinant of OSCC progression and treat-
ment failure, highlighting the need to integrate evidence on metabolic vulnerabilities and
therapeutic opportunities. This narrative review aims to provide an updated overview of
metabolic reprogramming in OSCC, with particular emphasis on the interplay between
glycolysis, mitochondrial metabolism, glutamine metabolism, and fatty acid oxidation, and
to discuss how these interconnected pathways may be therapeutically exploited. Although
OSCC cells exhibit enhanced aerobic glycolysis, mitochondria remain functionally active
and play critical roles in energy production, redox homeostasis, and metabolic adapta-
tion. The therapeutic potential of targeting tumor metabolism is discussed, highlighting
dichloroacetate (DCA) as a promising metabolic modulator capable of inhibiting pyruvate
dehydrogenase kinase (PDK), restoring mitochondrial glucose oxidation, and partially
reversing the glycolytic phenotype. The review also examines the current translational
limitations of DCA, including toxicity, pharmacokinetic constraints, and compensatory
metabolic adaptations that restrict its efficacy as a standalone therapy. Furthermore, poten-
tial synergistic strategies are explored, particularly the combination of DCA with paclitaxel,
which enhances therapeutic efficacy through concurrent disruption of cytoskeletal integrity
and metabolic homeostasis, thereby increasing cellular susceptibility to apoptosis and
overcoming chemoresistance.

Keywords: oral cancer; Warburg effect; tumor metabolism; dichloroacetate; drug resistance

1. Introduction

Oral squamous cell carcinoma (OSCC), the most prevalent subtype of oral cancer,
remains a major global public health concern, characterized by high morbidity and mortality
despite advances in early detection and multimodal therapy [1]. Prognosis is particularly
poor in advanced stages, where conventional treatments often fail to achieve durable

Curr. Issues Mol. Biol. 2026, 48, 724

https:/ /doi.org/10.3390/cimb48070724


https://crossmark.crossref.org/dialog?doi=10.3390/cimb48070724&domain=pdf&date_stamp=2026-07-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cimb
https://www.mdpi.com
https://orcid.org/0000-0002-0694-7321
https://orcid.org/0000-0001-5912-3409
https://orcid.org/0000-0002-3012-1079
https://doi.org/10.3390/cimb48070724

Curr. Issues Mol. Biol. 2026, 48, 724

20f19

responses. Among the biological features that drive tumor aggressiveness, altered cellular
metabolism has emerged as a central hallmark of cancer, influencing tumor initiation,
progression, and resistance to therapy [2—4]. A deeper understanding of the metabolic
reprogramming that sustains oral cancer, particularly glycolytic rewiring and mitochondrial
regulation, is therefore essential for identifying innovative therapeutic strategies capable of
improving clinical outcomes [5].

One of the earliest recognized and most extensively studied metabolic alterations in
cancer cells, particularly relevant to OSCC, is the Warburg effect, a phenomenon in which
tumor cells preferentially rely on glycolysis for adenosine triphosphate (ATP) production
even under normoxic conditions [4]. This metabolic shift from oxidative phosphorylation
(OXPHOS) to aerobic glycolysis leads to increased glucose uptake and elevated lactate
production [3,6,7]. The consequent acidification is a well-established driver of tumor ag-
gressiveness, promoting invasion, metastasis, immune evasion, and resistance to standard
therapies [7,8]. In OSCC, these metabolic adaptations support rapid cellular prolifera-
tion while contributing to treatment resistance, highlighting the therapeutic potential of
targeting glycolytic dependence as a strategy to overcome metabolic vulnerabilities in
cancer cells [9].

Given the limitations of current treatment modalities, particularly in advanced or
recurrent OSCC, there is growing interest in metabolism-targeted therapeutic strategies
that disrupt key pathways involved in glycolysis, lactate transport, and mitochondrial
regulation [5,6]. Glycolytic inhibitors and metabolic modulators have emerged as promising
candidates, either as standalone agents or as adjuvants to conventional therapies [10].
By interfering with metabolic plasticity, a key driver of tumor adaptation, survival, and
chemoresistance, these strategies may enhance therapeutic efficacy and overcome resistance
mechanisms [9].

This review integrates current knowledge on metabolic plasticity in OSCC, empha-
sizing the interplay between glycolysis, mitochondrial metabolism, glutaminolysis, and
fatty acid oxidation. Furthermore, it critically discusses the translational limitations of
dichloroacetate (DCA) and highlights the rationale for biomarker-driven and combination-
based metabolic therapies as future therapeutic strategies in OSCC.

2. Material and Methods

This work was conducted as a narrative review to provide a comprehensive overview
of metabolic reprogramming in OSCC, with particular emphasis on the therapeutic po-
tential of DCA and emerging metabolism-targeted therapeutic strategies. The literature
search was performed using the PubMed database. Search terms included combinations of
OSCC, Warburg effect, tumor metabolism, glycolysis, DCA, pyruvate dehydrogenase ki-
nase (PDK), glutaminolysis, fatty acid oxidation (FAO), and drug resistance. Publications in
English available up to June 2026 were considered. To provide contemporary perspectives,
seminal studies describing fundamental concepts in cancer metabolism, including Otto
Warburg’s original work, were considered alongside recent publications reflecting current
advances in the field. The review included peer-reviewed original research articles, review
articles, clinical studies, and clinical trial reports relevant to the metabolic biology of OSCC
and metabolism-targeted therapeutic approaches. Studies were selected based on their
scientific relevance to the objectives of the review, with particular attention to evidence
addressing glycolytic reprogramming, mitochondrial plasticity, glutaminolysis, FAO, and
the therapeutic opportunities and translational limitations of DCA. This approach enabled
an integrated discussion of the metabolic adaptability of OSCC and its implications for the
development of biomarker-driven and combination-based therapeutic strategies.
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3. Tumor Cell Metabolism and the Glycolytic Phenotype

Although cancers arise from diverse tissues and exhibit substantial genetic and pheno-
typic variability, tumor cells share a set of fundamental biological capabilities, including
uncontrolled proliferation, evasion of apoptosis, and the ability to invade and metasta-
size [3]. The Hallmarks of Cancer framework offers a widely accepted model for explaining
the biological trait that enable tumor initiation, progression, and dissemination [11]. The
updated model recognizes metabolic reprogramming as a central feature of malignant
progression, reflecting the ability of cancer cells to adapt their energy production and
biosynthetic pathways to support growth, survival, and dissemination. Among these
adaptations, the glycolytic phenotype represents a key metabolic hallmark associated with
tumor aggressiveness and therapeutic resistance, aligning with the focus of this review.

Within this framework, genomic instability and tumor-promoting inflammation act
as enabling characteristics that facilitate the acquisition of hallmark traits. Additional
conceptual dimensions have recently been proposed, further extending the framework and
the mechanisms through which malignant phenotypes emerge [11].

3.1. Metabolic Reprogramming in Oral Cancer: The Warburg Effect and Beyond

Cancer cells undergo profound metabolic reprogramming to sustain uncontrolled
proliferation, survival, and invasion. Among these alterations, the Warburg effect is one
of the most extensively characterized metabolic hallmarks of cancer, including in OSCC.
This metabolic adaptation confers a selective advantage by enabling tumor cells to thrive in
hypoxic environments, maintain biosynthetic activity, and evade apoptosis. First described
by Otto Warburg in the early 20th century, this phenomenon refers to the preferential use
of glycolysis over OXPHOS for ATP generation, even under normoxic conditions [4,12].
In OSCC, maintenance of the glycolytic phenotype is driven by increased expression of
metabolic enzymes, including hexokinase 2 (HK2), lactate dehydrogenase A (LDHA), and
pyruvate kinase M2 (PKM2), which together promote enhanced glucose utilization and
lactate generation [3,13]. These metabolic adaptations reshape the tumor microenvironment
and contribute to immune evasion, chemoresistance, and metastatic progression (Figure 1).

Several interconnected metabolic pathways sustain the aggressive phenotype of oral
cancer cells. At the glycolytic level, OSCC cells frequently overexpress glucose transporters
GLUT1 and GLUTS, facilitating elevated glucose uptake [3,14]. Conversion of pyruvate
to lactate via LDHA leads to accumulation of extracellular lactate and acidification of the
tumor microenvironment. This acidic milieu promotes angiogenesis, immune suppression,
and extracellular matrix degradation, enhancing invasion and metastasis [8,15]. Lactate
accumulation further impairs cytotoxic immune cell function, reinforcing tumor-promoting
mechanisms. Beyond aerobic glycolysis, mitochondrial metabolism also plays a relevant
role: although glycolysis predominates, subsets of OSCC cells retain functional mitochon-
drial respiration, contributing to metabolic plasticity and resistance to therapy [8,16]. While
aerobic glycolysis remains a dominant metabolic feature of OSCC, tumor cells rarely de-
pend on a single metabolic pathway. Instead, they exploit a network of interconnected
metabolic programs, including glutaminolysis, lipid metabolism, and FAO, which col-
lectively contribute to metabolic adaptability and therapeutic resistance. Mutations in
mitochondrial DNA (mtDNA) can impair electron transport chain activity, increase reactive
oxygen species (ROS) production, and promote tumor progression. Rather than a complete
shutdown, these alterations reflect a metabolic rewiring that supports redox balance and
biosynthesis [17]. In parallel, glutaminolysis provides anaplerotic input to the tricarboxylic
acid (TCA) cycle and supplies nitrogen for nucleotide and amino acid biosynthesis [18,19].
OSCC cells often exhibit elevated expression of glutaminase (GLS), reflecting a strong
dependence on glutamine for survival and proliferation [20]. Lipid metabolism represents

https:/ /doi.org/10.3390/cimb48070724


https://doi.org/10.3390/cimb48070724

Curr. Issues Mol. Biol. 2026, 48, 724

40f19

yet another dimension, along with FAO. Overexpression of fatty acid synthase (FASN) and
stearoyl-CoA desaturase (SCD1) has been associated with tumor progression, invasion,
and poor prognosis [21]. FAO provides an alternative energy source under hypoxic or
nutrient-limited conditions, supporting tumor survival and contributing to therapeutic
resistance [22]. Pharmacological inhibition of FAO, particularly through carnitine palmi-
toyltransferase 1 (CPT1) blockade with etomoxir, has demonstrated antitumor effects in
preclinical cancer models by impairing NADPH production, increasing ROS accumulation,
and inducing ATP depletion and cell death. However, the clinical development of etomoxir
has been limited by concerns regarding off-target effects and hepatotoxicity [23].
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Figure 1. Metabolic reprogramming and chemoresistance in cancer cells. This figure illustrates
key mechanisms underlying chemoresistance in the context of tumor metabolic reprogramming.
Cancer cells preferentially adopt a glycolytic metabolic phenotype, a phenomenon known as the
Warburg effect, characterized by enhanced glycolytic flux and increased lactate production even
in the presence of sufficient oxygen availability (the red cross indicates inhibition of OXPHOS)
(1). Lactate accumulation acidifies the tumor microenvironment, promoting tumor progression
and reducing drug efficacy (2). To survive in these acidic conditions, cancer cells upregulate drug
efflux pumps (such as P—glycoprotein), thereby decreasing intracellular drug accumulation (3). In
addition, mitochondrial dysfunction and mtDNA depletion (indicated by the downward red arrow)
enhance metabolic adaptation and resistance to apoptosis, ultimately contributing to tumor survival
and chemotherapy resistance (4), with an overall increase in tumor survival, aggressiveness and
chemoresistance (5). Black arrows indicate the direction of metabolic processes or molecular transport,
whereas blue arrows indicate the progression between the sequential mechanisms illustrated. Created
by the authors using Canva Pro.

Given the strong metabolic dependencies of OSCC, several therapeutic approaches are
under investigation. Glycolysis inhibitors (e.g., 2-deoxyglucose (2-DG) and DCA) disrupt
metabolic flux and promote mitochondrial reactivation, leading to apoptosis [24]. LDHA
inhibitors such as FX11 have demonstrated antitumor activity in preclinical models [25].
GLS inhibitors such as CB-839 are currently under clinical investigation in solid tumors,
including head and neck cancers [26]. FAO inhibitors such as etomoxir remain of interest
in preclinical settings [14].

Metabolic regulation in OSCC is a dynamic and highly adaptable process that con-
fers significant survival advantages to tumor cells [27]. Cancer cells exhibit pronounced
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metabolic plasticity, enabling continuous adaptation to environmental stress and thera-
peutic pressure [28]. Understanding these metabolic vulnerabilities is essential for the
development of novel therapeutic approaches that interfere with energy metabolism and
biosynthetic networks that sustain tumor growth [29]. Future research should prioritize
combination treatments that simultaneously target multiple metabolic pathways, as this
multi-layered approach may better overcome resistance mechanisms and improve clinical
outcomes [9].

3.2. Mitochondrial Reprogramming and Oxidative Metabolism

Recent evidence indicates that, in OSCC, mitochondria are not functionally suppressed
but instead undergo an adaptive metabolic reprogramming. These organelles retain sig-
nificant bioenergetic and biosynthetic activity, contributing to oncogenic signaling, redox
homeostasis, and metabolic plasticity [16]. Importantly, mitochondrial respiration is often
modulated rather than abolished, allowing tumor cells to balance ATP production and ROS
generation. This regulation prevents excessive ROS accumulation that could otherwise
trigger mitochondrial-dependent apoptosis [30,31].

Mitochondrial dysfunction in OSCC frequently arises from mutations in mtDNA and
deregulation of TCA cycle enzymes, including succinate dehydrogenase [32]. Notably, these
alterations do not abolish oxidative metabolism; instead, they modify electron transport
chain dynamics, leading to increased ROS production. Elevated ROS levels contribute to
genomic instability, activation of retrograde signaling pathways, and promotion of tumor
progression and invasive behavior [17,32].

This perspective aligns with the work of Tataranni et al., who emphasize that even in
highly glycolytic tumors, mitochondria remain essential hubs for supplying carbon skele-
tons through the TCA cycle to support the biosynthesis of lipids, amino acids, and other
macromolecules required for rapid proliferation [33]. Thus, OXPHOS does not disappear;
instead, it coexists with aerobic glycolysis, reflecting the metabolic flexibility characteristic
of OSCC cells. This dual bioenergetic capacity allows tumor cells to balance ATP production
with the generation of biosynthetic precursors. Such coexistence of glycolysis and OXPHOS
is increasingly recognized as a hallmark of metabolic plasticity in aggressive solid tumors.
Mitochondrial reprogramming also contributes to apoptosis resistance, partly through
modulation of mitochondrial membrane potential and the regulation of Bcl-2 family pro-
teins, which may reduce the effectiveness of conventional therapies [17]. Furthermore,
as highlighted by Wu et al., mitochondria function as a metabolic “safety net,” engaging
alternative pathways such as the GABA shunt, a metabolic bypass that converts the neuro-
transmitter GABA into succinate to fuel the TCA cycle, to maintain energy flux and cellular
integrity when the primary glycolytic routes are compromised [34,35]. Together, these
findings underscore that mitochondria remain dynamic and indispensable components of
OSCC metabolism. Their ability to sustain oxidative metabolism, buffer metabolic stress,
and regulate cell survival pathways provides tumor cells with the metabolic robustness
necessary for progression, therapeutic resistance, and adaptation to fluctuating microen-
vironmental conditions. Consequently, targeting mitochondrial signaling and oxidative
metabolism, alone or in combination with glycolytic inhibition, offers a potential means of
overcoming metabolic resilience in OSCC [36].

3.3. Metabolic Plasticity and Alternative Fuel Pathways

The metabolic phenotype of OSCC is shaped by a complex network of signaling
pathways that confer tumor cell plasticity and enable rapid adaptation to fluctuating mi-
croenvironmental conditions. A central component of this regulatory system involves
mitochondria-associated membranes (MAMs), specialized contact sites linking the endo-
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plasmic reticulum and mitochondria that regulate calcium (Ca2+) transfer, lipid metabolism,
and stress-response signaling [37,38].

In malignant cells, dysregulation of MAMs structure and function enhances metabolic
flexibility, facilitating dynamic shifts between glycolysis and OXPHOS in response to
hypoxia, nutrient deprivation, or therapeutic pressure [33]. Controlled Ca?* flux into
mitochondria is essential for the activation of TCA cycle dehydrogenases and sustaining
oxidative metabolism. In contrast, disruption of Ca** homeostasis promotes a glycolytic
phenotype, reduces mitochondrial apoptotic signaling, and enhances survival under stress.

Hypoxia-inducible factor 1-alpha (HIF-1«x) also contributes to metabolic adaptation
and epithelial-mesenchymal transition (EMT) through induction of transcription factors
such as Snail and mesenchymal markers, including Vimentin [39-41].

Mitochondrial signaling further integrates metabolic adaptation through ROS and
metabolite-driven pathways [17]. Thus, metabolic signaling in OSCC extends far beyond
energy production: it functions as an integrated regulatory network governing tumor
progression and resistance to therapy [5]. Recent studies highlight metabolic plasticity
as a key mechanism of therapeutic escape. While Zong et al. emphasize the genomic
instability and chemoresistant phenotypes driven by ROS-mediated signaling, Tubbs &
Rieusset underscore the structural resilience of MAMs as a determinant of metabolic
adaptability [17,37]. Together, these findings illustrate how OSCC cells can rewire metabolic
fluxes to bypass targeted inhibitors when underlying signaling networks remain intact.

The ability of OSCC cells to dynamically reprogram their metabolism underscores
the need for therapeutic strategies that target adaptive metabolic pathways rather than
isolated metabolic nodes [17,37]. As long as mitochondrial signaling crosstalk remains
functional, tumor cells may compensate for metabolic inhibition through activation of
alternative metabolic pathways. Therefore, future multi-target approaches must account
for this metabolic flexibility to effectively prevent therapeutic resistance and limit tumor
progression [9].

4. Therapeutic Targeting of Metabolic Reprogramming in Oral Squamous
Cell Carcinoma

As described in Section 3, OSCC cells frequently exhibit a glycolytic phenotype driven
by HIF-1« signaling [12]. This metabolic shift is not merely a by-product of rapid prolifera-
tion but a central driver of tumorigenesis. In OSCC, glycolytic reprogramming is frequently
intensified by stabilization of HIF-1«, a transcription factor activated under intratumoral
hypoxia. As originally demonstrated by Semenza et al., hypoxic regions within solid
tumors initiate a transcriptional program that upregulates glucose transporters such as
GLUT1 and key rate-limiting enzymes, thereby reinforcing a high glycolytic flux [15].

Different studies highlight complementary roles for glycolysis in cancer. Heiden et al.,
emphasize that glycolysis supports rapid ATP generation required for proliferation [4]. In
parallel, Hsu et al. argue that glycolysis functions as a biosynthetic hub, with intermediates
diverted into pathways such as the pentose phosphate pathway (PPP) to produce NADPH
and ribose-5-phosphate, essential for redox balance and nucleotide synthesis [32]. Addition-
ally, Doherty et al. highlight the impact of lactate secretion on the tumor microenvironment,
where extracellular acidification promotes invasion, matrix degradation, and immune
suppression [8].

Targeting rate-limiting glycolytic enzymes has emerged as a promising therapeutic
strategy, as many malignant cells, including OSCC, exhibit a strong dependence on aerobic
glycolysis [4]. These enzymes (e.g., HK2 and LDHA) represent well-recognized metabolic
vulnerabilities in OSCC, supporting the rationale for glycolysis-targeted therapeutic strate-
gies [4,42]. Collectively, these effects reduce ATP availability and restrict the supply of
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biosynthetic intermediates [4]. In OSCC research, 2-DG remains a widely studied glycolytic
inhibitor, acting as a glucose analog that competitively inhibits HK2 and induces energetic
stress [43]. Compounds such as Lonidamine have also been explored for their ability to
interfere with glycolytic enzymes and mitochondrial function, sensitizing tumor cells to
apoptosis [44].

Metabolic Plasticity as a Source of Therapeutic Vulnerabilities in Oral Squamous Cell Carcinoma

Despite the therapeutic potential of glycolytic inhibition, clinical efficacy is often
limited by the remarkable metabolic plasticity of OSCC cells. Under metabolic stress,
tumor cells can compensate by increasing their dependance on glutaminolysis and other
alternative pathways, highlighting glutamine metabolism as an attractive therapeutic tar-
get [5]. When glycolysis is impaired, OSCC can activate alternative metabolic pathways,
particularly glutaminolysis and fatty acid metabolism, to preserve energy production
and biosynthetic capacity [22,26,45]. These compensatory pathways highlight the lim-
itations of single-agent glycolytic inhibitors and underscore the need for multi-target
metabolic strategies capable of disrupting the interconnected metabolic networks that
sustain OSCC progression.

Several pharmacological strategies have been developed to exploit these metabolic
vulnerabilities. Numerous inhibitors have been developed to target these key enzymes: CB-
839 (telaglenastat), an allosteric inhibitor of GLS1 currently in phase I and II clinical trials;
BPTES; V-9302 targeting ASCT2; and combinatorial approaches associating glutaminolysis
inhibition with glycolysis blockade or immunotherapy [20,46,47]. Recent evidence has also
highlighted the role of mitochondrial dynamics in regulating glutaminolysis and cancer
stem cell properties in OSCC, suggesting novel therapeutic synergies [48].

Beyond its role in nucleotide and amino acid synthesis, glutamine serves as a precursor
of mitochondrial citrate, which is subsequently used as a substrate for de novo lipogenesis
through the enzymes ACLY and FASN, a process particularly relevant in the context of
tumor hypoxia. Overexpression of Fatty Acid Synthase (FASN), a central enzyme in de
novo lipogenesis, has been robustly documented in OSCC, with a direct correlation with
cervical lymph node metastasis and overall patient survival [49]. In parallel, alterations in
fatty acid profiles, sphingolipid homeostasis, and cholesterol accumulation in the tumor mi-
croenvironment have been identified as additional pro-tumorigenic mechanisms [50]. More
recently, lipid droplets have been described as active pro-metastatic organelles acting via
EMT and the PI3K/AKT/mTOR pathway [51]. The oncogene c-Myc, widely documented
as overexpressed in OSCC, simultaneously coordinates glutamine uptake and utilization,
through regulation of the transporter SLC1A5 and GLS, and the activation of de novo
lipogenesis via FASN and ACLY [52,53]. This dual metabolic regulation promotes glu-
tathione synthesis, reduces cisplatin-induced oxidative stress, and sustains lipid production
required for cell proliferation and survival under adverse conditions [52-54].

FAO has emerged as an additional metabolic adaptation mechanism in OSCC. Recent
evidence indicates that enhanced FAO may support tumor progression and metastatic
dissemination by providing metabolic flexibility under conditions of energetic stress [55].
In particular, Pang et al. demonstrated that IRF2BP2 overexpression promotes lymph
node metastasis in OSCC through Drpl-dependent mitochondrial fission, leading to in-
creased CPT1A expression and FAO activity. Genetic silencing of IRF2BP2 reduced FAQ,
invasion, lymphovascular invasion, epithelial-mesenchymal transition and lymph node
metastasis, whereas CPT1A overexpression partially rescued these effects, highlighting
CPT1A-dependent FAO as a potential therapeutic vulnerability in metastatic OSCC [55,56].
Moreover, recent evidence suggests that FAO may function as a metabolic compensatory
pathway when glutamine availability is limited. Cai et al. demonstrated that glutamine-
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deprived OSCC cells enhance lipid utilization through increased LDL uptake and activation
of PPAR« signaling, with FAO supplying substrates to the TCA cycle while sustaining
cellular energy production. These adaptations enabled tumor cell survival despite impaired
glutamine metabolism, illustrating the remarkable metabolic flexibility of OSCC cells [57].
Collectively, these findings demonstrate that OSCC cells exhibit remarkable metabolic
flexibility, enabling them to switch between glycolysis, glutaminolysis, and FAO according
to nutrient availability and therapeutic pressure. This adaptability may contribute to treat-
ment failure by enabling tumor cells to maintain ATP production, redox homeostasis, and
biosynthetic capacity despite inhibition of a single metabolic pathway. Consequently, thera-
peutic strategies targeting glycolysis alone are unlikely to achieve durable responses in all
patients. Instead, combinatorial approaches simultaneously targeting multiple metabolic
dependencies may be required to overcome compensatory adaptations and improve treat-
ment efficacy in metabolically heterogeneous OSCC tumors.

Table 1 summarizes the main metabolism-targeted therapeutic strategies explored
in OSCC.

Table 1. Summary of the principal metabolism-targeted therapeutic strategies investigated in OSCC,
highlighting their molecular targets, mechanisms of action, reported antitumor effects, translational

limitations, and current stage of evidence.

Therapeutic Molecular Mechanism of Principal Reported Current Stage of Evidence
Strategy Target Action Effects in OSCC Limitations &
Neurotoxicity;
Shifts Reduces cell viability; pharmacokinetic
metabolism from increases apoptosis gap; Preclinical
. an roduction; autoinhibition imite
DCA PDK lveolvsis to d ROS producti inhibiti (OSCC)/Limited
& (})IXPYHOS tumor growth via GSTZ1, clinical evidence
inhibition modest efficacy
as monotherapy
Inhibits early .Promotes. Metabolic
lycolytic flux; mitochondrial plasticity allows
2-DG HK2 &Y , reactivation; . Preclinical
induces energetic sensitizes cells to bypass via other
stress . . pathways
cisplatin
Inl:l;g;;he Targeted to suppress Compensatory
ASCT?2 transporter to tumor progression metabolic
V-9302 (SLC1A5) block tlkjle uptake and potentially flexibility (e.g., Preclinical
of olu taminlz into abolish cancer switching to
& the cell stemness. FAO).
Compensatory
Glutaminase congzecl)‘(s:fn of ilépE£§:f§;~t§$,(js adaptation to Clinical trials
Inhibitors GLS1 . PTogress AR lipids or ongoing (Phase
(.., CB-839) glutamine to ferroptosis; abolishes enhanced 1/11)
& glutamate stemness .
glycolysis
FAO Blocks fatty acid ~ Reduces invasion and Significant Preclinical/Limited
Inhibitors CPT1 oxidation; leads lymph node off-target effects clinical
(e.g., to ATP/NADPH metastasis; induces and development
Etomoxir) depletion cell death hepatotoxicity p
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Table 1. Cont.

Therapeutic Molecular Mechanism of Principal Reported Current Stage of Evidence
Strategy Target Action Effects in OSCC Limitations 8
Concurrent Synergistic antitumor Effect§ largely
PDK and metabolic and effect; reduces restricted to
DCA +PTX  Cytoskeletal - . laboratory Preclinical
! structural chemoresistance in .
Microtubules di . . models; requires
isruption resistant cells N
validation
Weakens No 51gn1f1cz-1nt
PDK and . . overall survival
DCA + metabolic Improved initial . . .
. DNA- benefit; Clinical evidence
chemoradio- damagin defenses; tumor response rates drue-related (Phase II study)
therapy 58 reduces TME in HNSCC patients 5T y
mechanisms acidi ty toxicities

(fever/thrombocytopenia)

2-DG, 2-deoxyglucose; ATP, adenosine triphosphate; CPT1, carnitine palmitoyltransferase 1, DCA, dichloroac-
etate; FAO, fatty acid oxidation; GLS1, Glutaminase 1; HK2, hexokinase 2; HNSCC, head and neck squamous
cell carcinoma; PDK, Pyruvate Dehydrogenase Kinase; PTX, paclitaxel; OSCC, oral squamous cell carcinoma;
OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species; TME, tumor microenvironment.

5. DCA as a Potential Therapeutic Agent

DCA has emerged as a promising metabolic modulator in preclinical studies, capable
of partially reversing the Warburg effect by promoting mitochondrial glucose oxidation. Its
therapeutic rationale is based on the inhibition of PDK, resulting in decreased inhibitory
phosphorylation of the pyruvate dehydrogenase (PDH) complex and enhanced conversion
of pyruvate into acetyl-CoA, thereby promoting mitochondrial oxidative phosphorylation
(OXPHOS) over aerobic glycolysis [24,33].

In OSCC, several PDK isoforms, particularly PDK1 and PDKS3, are frequently overex-
pressed, contributing to metabolic reprogramming characterized by sustained glycolysis
and lactate production even under normoxic conditions. In this context, PDK inhibition by
DCA has been proposed to restore PDH activity and redirect pyruvate toward mitochon-
drial oxidative metabolism [10] (Figure 2).

5.1. Preclinical Evidence in Oral Squamous Cell Carcinoma

The biomedical effects of PDK inhibition have translated into encouraging antitumor
activity in preclinical models. This metabolic reprogramming has been associated in pre-
clinical models with increased mitochondrial activity, ROS production, and destabilization
of mitochondrial membrane potential, potentially promoting cytochrome c release and
activation of intrinsic apoptotic pathways [17]. Importantly, however, the extent to which
these metabolic effects translate into selective tumor cell death in clinically relevant settings
remains uncertain. While DCA may preferentially affect highly glycolytic tumor cells, its
therapeutic selectivity in heterogeneous tumor populations and in vivo human tumors is
not fully established [10].

Preclinical studies using OSCC cell lines such as SCC-9 and CAL-27 have demon-
strated dose-dependent reductions in cell viability following DCA exposure, typically in
the millimolar range (10-50 mM), with associated changes in apoptotic markers, including
decreased Bcl-2 expression and increased cleavage of pro-caspase-3, consistent with acti-
vation of apoptotic signaling pathways. Similar findings have been reported across other
cancer models, where DCA has been shown to influence mitochondrial polarization and
oxidative metabolism. However, it is important to note that these concentrations are sub-
stantially higher than plasma levels achievable in clinical settings (approximately 0.5-1 mM
in therapeutic dosing), which raises concerns regarding pharmacological relevance and
translational validity of many in vitro findings [58,59]. In vivo xenograft models, using
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doses of approximately 200-500 mg/kg/day, further corroborate these findings, showing
significant tumor growth inhibition [17].

Beyond its direct metabolic effects, DCA has been associated with modulation of tumor
microenvironment acidification and increased sensitivity to cytotoxic agents. Preclinical
studies suggest that DCA may enhance the activity of conventional chemotherapeutic
agents, paclitaxel (PTX), through metabolic reprogramming that increases oxidative stress
and impairs energy-dependent resistance mechanisms [10,60]. While these combinatorial
effects are mechanistically plausible, they remain largely restricted to preclinical models.
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Figure 2. Dichloroacetate (DCA), partially reverses the Warburg effect and restores mitochondrial
oxidative metabolism in oral squamous cell carcinoma (OSCC). This figure illustrates the metabolic
reprogramming induced by DCA. In OSCC, enhanced glycolysis and suppression of mitochondrial
oxidative phosphorylation (OXPHOS) promote the Warburg phenotype, whereby glucose is prefer-
entially metabolized to lactate despite oxygen availability, leading to increased lactate production,
accumulation of lactate, acidification of the tumor microenvironment (TME), and reduced mitochon-
drial oxidative phosphorylation (OXPHOS), resulting in low ATP production and promoting tumor
progression, survival, and chemoresistance. Following treatment with DCA, inhibition of pyruvate
dehydrogenase kinase (PDK), leads to reactivation of pyruvate dehydrogenase (PDH), facilitating the
conversion of pyruvate into acetyl-CoA and restoring mitochondrial TCA cycle activity and OXPHOS.
This metabolic shift reduces lactate production and tumor activity, thereby promoting apoptosis,
suppressing OSCC tumor growth, and enhancing chemosensitivity. Created by the authors using
Canva Pro.

5.2. Challenges and Limitations of DCA-Based Anticancer Therapy

Despite these encouraging experimental findings, the clinical translation of DCA
remains significantly constrained by toxicity concerns and pharmacokinetic limitations.
The most frequently reported adverse effect is reversible peripheral neuropathy, which may
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occur in a dose-dependent manner and represents the principal factor limiting long-term
administration [61]. Clinical manifestations include distal numbness, gait disturbances,
and, in some cases, ataxia [62]. Proposed mechanisms involve impaired myelination
resulting from DCA-mediated metabolic alterations in Schwann cells, which rely heavily on
glycolytic metabolism [63]. Additional adverse effects reported in clinical studies include
gastrointestinal symptoms such as nausea, vomiting, anorexia, and abdominal pain, as well
as elevations in hepatic transaminases, highlighting the need for careful monitoring during
prolonged treatment [62—65].

Although severe hepatotoxicity appears less common in humans than in animal mod-
els, chronic exposure may still pose safety concerns, particularly at higher doses [63].
Another important limitation relates to the pharmacological gap between the concentra-
tions required to achieve robust antitumor effects in vitro and those safely attainable in
patients. Most preclinical studies demonstrating marked reductions in tumor cell viability
employ DCA concentrations in the millimolar range, whereas clinically achievable plasma
levels are substantially lower [63]. Consequently, DCA is generally considered to exert
predominantly cytostatic rather than directly cytotoxic effects at therapeutic doses [63].
Moreover, DCA inhibits its own metabolism through inactivation of glutathione transferase
zeta 1 (GSTZ1), resulting in progressive drug accumulation and reduced clearance during
repeated administration, which may further increase the risk of chronic toxicity [62,63].

Beyond toxicity and pharmacokinetic constraints, theoretical concerns have also been
raised regarding the potential impact of DCA on antitumor immunity, since activated T
cells and natural killer cells depend on glycolytic metabolism for optimal function [66,67].
Collectively, these factors may contribute to the discrepancy between the promising pre-
clinical activity of DCA and the modest efficacy observed in clinical settings. Nevertheless,
these limitations do not preclude its therapeutic use, but rather support the rationale
for exploring DCA in combination-based approaches, where lower and potentially safer
doses may enhance the efficacy of conventional anticancer therapies [63,68]. Furthermore,
tumor cells can activate compensatory metabolic pathways that attenuate the effects of
PDK inhibition. These include upregulation of the pentose phosphate pathway (PPP), en-
hanced antioxidant defense systems, and alternative anaplerotic routes such as the GABA
shunt, all of which contribute to metabolic plasticity and may reduce susceptibility to
DCA-induced metabolic stress [33,69]. Such adaptive mechanisms likely represent a key
reason why DCA monotherapy has shown limited and inconsistent efficacy in translational
and clinical contexts.

Taken together, current evidence suggests that DCA, while mechanistically well-
founded as a PDK inhibitor and metabolic modulator, has limited therapeutic efficacy
as a standalone agent in OSCC. Its greatest clinical potential may lie in rational combi-
nation strategies designed to exploit metabolic vulnerabilities while preventing compen-
satory adaptation. These may include co-targeting glycolysis, glutamine metabolism, or
antioxidant defense systems to amplify metabolic stress and overcome tumor plasticity.
However, these strategies require validation in clinically relevant preclinical models and
well-designed translational studies before their therapeutic potential can be fully estab-
lished [70,71].

6. Combination-Based Therapeutic Approaches and Clinical Translation

Growing evidence suggests that the clinical effectiveness of metabolism-targeted ther-
apies in OSCC depends largely on their integration with standard therapeutic modalities.
Recent evidence highlights a potent synergy between glycolytic inhibitors and platinum-
based chemotherapy [17]. By reducing ATP availability and disrupting the acidic mi-
croenvironment generated by lactate secretion, agents such as 2-DG and DCA have been
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shown to enhance the cytotoxic effects of DNA-damaging compounds, like cisplatin, in
preclinical cancer models [24,72]. This combined approach weakens the metabolic defenses
that underlie chemoresistance in advanced oral tumors, thereby enhancing therapeutic
efficacy [9].

6.1. Metabolic Plasticity and Immunometabolic Strategies

The interplay between tumor metabolism and immunotherapy has also emerged as
a critical area of investigation. As described by Doherty et al., the high glycolytic flux
characteristic of OSCC leads to substantial extracellular lactate accumulation, acidifying
the tumor microenvironment [8]. This low pH suppresses the activity of cytotoxic T
cells and natural killer (NK) cells, effectively creating an immunosuppressive niche [9].
Metabolic inhibitors that neutralize this acidity may therefore restore immune cell function
and improve the performance of immune checkpoint inhibitors such as anti-PD-1/PD-L1
agents, particularly in aggressive or treatment-refractory carcinomas [73].

Although glucose metabolism is a primary therapeutic target, OSCC cells exhibit
remarkable metabolic flexibility. As demonstrated by Gross et al., glutaminolysis serves as
a crucial compensatory pathway that sustains cell survival when glycolysis is inhibited [26].
This has led to the development of dual-blockade strategies that simultaneously target
glucose and glutamine metabolism to prevent metabolic escape. Additionally, Carracedo
et al. emphasize the importance of FAO as an alternative energy reservoir, particularly
under nutrient stress or therapeutic pressure. These findings underscore the need for
therapeutic approaches that consider the full metabolic network of OSCC rather than
isolated pathways [22].

Together, these insights suggest that durable therapeutic responses in OSCC will
likely require multi-target metabolic interventions, combining glycolytic inhibitors with
agents that disrupt glutamine metabolism, FAO, or immune suppression. Such integrated
strategies may overcome the metabolic plasticity that characterizes oral cancer cells and
improve long-term treatment outcomes [5].

6.2. Clinical Applications and Translation Perspectives

The clinical relevance of these combinations is supported by ongoing research. For
instance, the use of DCA has been evaluated in clinical trials for head and neck squamous
cell carcinoma (HNSCC), including a phase II study combining DCA with cisplatin-based
chemoradiotherapy in locally advanced disease (NCT01386632) [74]. Eligible patients were
adults (>18 years) with previously untreated, histologically or cytologically confirmed
stage III-IVB head and neck squamous cell carcinoma, with measurable disease, adequate
organ and marrow function, who were candidates for concurrent chemoradiotherapy.
Key exclusions included prior HNSCC treatment or recent other malignancies, diabetes
requiring hypoglycemic therapy, significant peripheral neuropathy or malabsorption, im-
munosuppression, allergy to compounds similar to DCA, pregnancy or breastfeeding,
and concurrent anticancer therapies outside the study protocol. The addition of DCA to
cisplatin-based chemoradiotherapy did not result in a significant increase in grade 3/4 ad-
verse events, although it was associated with a higher frequency of lower-grade toxicities,
particularly drug-related fever and thrombocytopenia. While DCA was associated with
improved initial tumor response rates, this effect did not translate into a statistically signifi-
cant improvement in survival outcomes. Although the addition of DCA to cisplatin-based
chemoradiotherapy did not result in a statistically significant survival benefit, the improved
initial tumor response rates provide a rationale for further investigating metabolic modu-
lators as adjuncts to conventional chemoradiotherapy, namely in OSCC. In addition, the
synergy between metabolic modulators and immunotherapy is also a growing field of

https:/ /doi.org/10.3390/cimb48070724


https://doi.org/10.3390/cimb48070724

Curr. Issues Mol. Biol. 2026, 48, 724

13 of 19

interest, as it has been demonstrated that the excessive production of lactic acid in the tumor
microenvironment blunts the anti-tumor activity of T and NK cells [51]. Therefore, by
using agents like DCA to redirect pyruvate towards mitochondrial oxidation, it is possible
to reduce lactate-mediated immunosuppression, effectively “reawakening” the immune
system to attack the tumor more efficiently.

7. Evidence-Based Findings

This section summarizes the main evidence identified throughout this narrative re-
view and highlights the current strengths, and limitations regarding metabolism-targeted
therapies in OSCC. Figure 3 provides an integrated overview of the metabolic reprogram-
ming that characterizes OSCC and illustrates how inhibition of glycolysis by DCA may
be bypassed through compensatory metabolic pathways, supporting the rationale for
combination-based therapeutic strategies.

Metabolic Reprogramming Metabolic Plasticity
Warburg effect with mitochondrial plasticity & Escape Routes
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Figure 3. Metabolic reprogramming in oral squamous cell carcinoma (OSCC) and metabolism-
targeted therapeutic strategies. The diagram illustrates the Warburg effect, characterized by increased
aerobic glycolysis (tHK2, 1TLDHA), where glucose is converted into pyruvate and subsequently
lactate, alongside suppression of oxidative phosphorylation (OXPHOS). Despite this metabolic shift,
tumor cells maintain mitochondrial plasticity, enabling bioenergetic activity, redox homeostasis,
and survival under metabolic stress. In addition, metabolic escape routes such as glutaminolysis,
fatty acid oxidation, and other adaptive pathways contribute to tumor progression, therapeutic
resistance, and survival. In the lower panel, a metabolism-targeted therapeutic strategy is presented.
Dichloroacetate (DCA) inhibits pyruvate dehydrogenase kinase (PDK), thereby activating pyruvate
dehydrogenase (PDH) and redirecting pyruvate toward mitochondrial oxidation, restoring OXPHOS
and reactivating apoptotic signaling pathways. When combined with paclitaxel, which disrupts
cytoskeletal integrity, the treatment produces a synergistic antitumor effect by concurrently disturbing
metabolic homeostasis and cellular structure, increasing apoptosis and reducing chemoresistance.
Created by the authors using Canva Pro.

Recent studies indicate that OSCC is characterized by remarkable metabolic plastic-
ity rather than exclusive dependence on aerobic glycolysis [1]. Although the Warburg
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effect remains a defining metabolic hallmark, mitochondria retain essential bioenergetic
and biosynthetic functions that contribute to redox homeostasis, metabolic adaptation,
and tumor survival [16,30,31,33]. In response to therapeutic pressure, OSCC cells can
dynamically reprogram their metabolism by engaging alternative pathways, including
glutaminolysis and FAO, thereby maintaining ATP production and biosynthetic capac-
ity [22,26,45,55-57]. Among metabolism-targeted approaches, DCA has emerged as one
of the most extensively investigated metabolic modulators. By inhibiting PDK, DCA re-
stores PDH activity, promotes mitochondrial glucose oxidation, and partially reverses the
glycolytic phenotype [10,24,33]. Furthermore, preclinical studies suggest that combining
DCA with conventional chemotherapy, particularly PTX or platinum-based regimens,
may enhance therapeutic efficacy through complementary metabolic and cytotoxic mecha-
nisms [10,17,24,60,72].

Most available evidence derives from in vitro studies using OSCC cell lines and from
preclinical animal models. These studies consistently demonstrate that metabolic modula-
tion can impair tumor cell proliferation, promote apoptosis, and increase sensitivity to con-
ventional therapies. In contrast, clinical evidence remains limited [10,17,24,33,58-60,72,74].
Although early-phase clinical trials in HNSCC have suggested acceptable safety profiles
and improvements in initial tumor response, these findings have not translated into signifi-
cant improvements in long-term survival outcomes [74]. Consequently, the current level of
clinical evidence remains insufficient to support routine implementation of metabolism-
targeted therapies in OSCC [63,74].

Several limitations currently hinder the clinical translation of metabolism-based thera-
pies. First, most antitumor effects of DCA have been demonstrated using concentrations
substantially higher than those safely achievable in humans [58,59,63]. Second, chronic ad-
ministration remains limited by pharmacokinetic constraints and dose-dependent toxicities,
particularly peripheral neuropathy [61-63]. In addition, DCA undergoes self-inhibition of
its metabolism through GSTZ1, resulting in drug accumulation during prolonged treat-
ment [62,63]. Perhaps most importantly, the remarkable metabolic flexibility of OSCC
allows tumor cells to activate compensatory pathways, including glutaminolysis, FAO, the
pentose phosphate pathway, and alternative anaplerotic pathways, thereby reducing the
efficacy of single-pathway metabolic inhibition [5,22,26,33,69].

8. Conclusions

Current evidence supports the concept that the metabolic adaptability of OSCC repre-
sents both a hallmark of disease progression and a major obstacle to effective metabolic in-
tervention. The coexistence of glycolytic activity with functional mitochondrial metabolism
enables tumor cells to adapt to environmental stress, sustain biosynthetic demands, and de-
velop resistance to therapeutic interventions [1]. Consequently, targeting a single metabolic
pathway is unlikely to provide durable therapeutic benefit in this highly adaptable disease.

Among the metabolism-targeted strategies explored to date, DCA represents one
of the most extensively investigated metabolic modulators. By inhibiting pyruvate de-
hydrogenase kinase, DCA promotes the restoration of mitochondrial glucose oxidation,
partially reverses the glycolytic phenotype, and induces metabolic stress in highly gly-
colytic tumor cells. Preclinical studies consistently demonstrate reduced tumor cell viability,
increased apoptosis, and enhanced sensitivity to conventional therapies. However, these
encouraging findings have not yet translated into consistent clinical benefit and its role
remains investigational, with clinical validation still lacking. Pharmacokinetic limita-
tions, dose-dependent toxicities, and the ability of OSCC cells to activate compensatory
metabolic pathways substantially limit the efficacy of DCA as a standalone therapeutic
agent. Rather than diminishing its therapeutic relevance, these limitations reinforce the
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concept that metabolism-targeted therapies should be integrated into rational combina-
tion strategies. Combining DCA with chemotherapy, radiotherapy, immunotherapy, or
inhibitors of complementary metabolic pathways may enhance antitumor efficacy while
overcoming metabolic adaptation and therapeutic resistance.

Future research should therefore prioritize the identification and clinical validation
of metabolic biomarkers capable of stratifying patient according to tumor metabolic phe-
notype and predicting therapeutic response. In parallel, combination-based strategies
simultaneously targeting glycolysis, mitochondrial metabolism, glutaminolysis, and lipid
metabolism are likely to provide greater therapeutic benefit rather than single-target ap-
proaches. Improved preclinical models that more accurately recapitulate the metabolic
heterogeneity of human OSCC, together with integration of metabolic modulators like
DCA with chemoradiotherapy and immunotherapy, will be essential to facilitate the clinical
translation of metabolism-based therapeutic strategies. Finally, well-designed clinical trials
testing DCA in combination with standard-of-care therapies in OSCC will be critical for
determining its true clinical value.
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Abbreviations

The following abbreviations are used in this manuscript:

2-DG 2-deoxyglucose

ATP adenosine triphosphate

CPT1 carnitine palmitoyltransferase 1
DCA dichloroacetate

EMT epithelial-mesenchymal transition
FAO fatty acid oxidation

FASN fatty acid synthase

GLS glutaminase

HIF-1a hypoxia-inducible factor 1-alpha

HK2 hexokinase 2

HNSCC  head and neck squamous cell carcinoma
LDHA lactate dehydrogenase A

MAMs mitochondria-associated membranes
mtDNA mitochondrial DNA

NK natural killer

osccC oral squamous cell carcinoma
OXPHOS  oxidative phosphorylation

PTX paclitaxel
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PDH Pyruvate Dehydrogenase

PDK Pyruvate Dehydrogenase Kinase
PDK1 Pyruvate Dehydrogenase Kinase 1
PDK3 Pyruvate Dehydrogenase Kinase 3

PPP pentose phosphate pathway
PKM2 pyruvate kinase M2
ROS reactive oxygen species
SCD1 stearoyl-CoA desaturase
TCA tricarboxylic acid cycle
TME tumor microenvironment
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