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ABSTRACT 

Cancer has traditionally been viewed as a genetic disease driven by accumulated 

mutations; however, growing evidence indicates that metabolic dysregulation also plays 

an important role in tumor initiation and progression. This review aims to evaluate the 

evidence supporting a systemic metabolic perspective of cancer by integrating 

molecular, cellular, and clinical findings related to tumor metabolism. Key metabolic 

alterations such as aerobic glycolysis (Warburg effect), mitochondrial dysfunction, 

altered lipid and amino acid metabolism, and redox imbalance are critically examined 

in the context of cancer development. In addition, to clarify the bidirectional relationship 

between genetic and metabolic changes, the interaction between metabolic 

reprogramming and oncogenic signaling pathways, and clinical evidence supporting 

metabolic interventions such as metabolic inhibitors and retargeted drugs targeting 

tumor bioenergy are also discussed. The common conclusion drawn from all these 

parameters in light of the current findings is that explaining cancer metabolism solely 

as a consequence of genetic mutations is insufficient; current evidence suggests that 

metabolic alterations may actively contribute to tumor initiation and progression. 

Therefore, incorporating systemic metabolic perspectives may facilitate future advances 

in early diagnosis, therapeutic targeting, and personalized oncology. 
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INTRODUCTION 

Cancer remains one of the leading causes of morbidity and 

mortality worldwide. Recent studies have expanded the 

traditional genetic paradigm by emphasizing the contribution 

of systemic metabolic alterations to cancer biology [1,2]. This 

study presents current evidence for reconsidering cancer not as 

a disease limited solely to changes in intracellular 

genetic/epigenetic processes, but as a systemic metabolic 

disorder that progresses through bidirectional feedback loops 

encompassing tumor metabolism, the tumor 

microenvironment, and the tumor macroenvironment (host 

physiology). In recent years, the emergence of concepts such 

as the “tumor macroenvironment” and “host metabolic fitness” 

in the literature, supported by research, has provided a broader 

framework for examining cancer biology from a systemic 

metabolic perspective [3,4]. 

The central concept explored in this review is that cancer 

metabolism now goes beyond the incomplete interpretation of 

the Warburg effect accepted by scientific authorities, and 

achieves tumor adaptation to environmental pressures through 

multiple fuel networks such as the glucose–lactate axis, lipid 

and amino acid fuels, mitochondrial flexibility, and redox/one-

carbon metabolism [5-7]. The intracellular metabolic 

reprogramming observed in tumor cells is not only an 

autonomous feature of cancer but is also in a bidirectional and 

dynamic interaction with the systemic metabolism of the host 

organism. Therefore, conditions such as insulin resistance, 

metabolic syndrome, prediabetes, and type 2 diabetes 

constitute the biological infrastructure that significantly affects 

both cancer development risk and the clinical course of the 

disease [8,9]. This situation is effective not only at the 

epidemiological level but also at the molecular and cellular 

levels. The relationship between the development of cancer 

incidence and the combination of one or more components of 

metabolic syndrome, such as abdominal obesity, 

hyperglycemia, dyslipidemia, and hypertension, has been 

demonstrated by some recent studies [10,11]. Ultimately, it 

has been reported that rather than the mere presence of 

metabolic disorders, their clustering and temporal progression 

may be more determinative of oncological risk. This approach 

suggests that metabolic impairment may contribute to cancer 

development and progression in specific biological contexts. 

In summary, persistent hyperglycemia increases genomic 

instability through increased production of reactive oxygen 

species (ROS), accumulation of advanced glycation end 

products (AGEs), and chronic low-grade inflammation; this 

creates a “microenvironment” that supports cellular metabolic 

reprogramming. However, the magnitude of these effects 

varies among different tumor types and clinical settings 

[12,13]. Insights provided by large-scale population analyses 

indicate that insulin resistance may not only be a metabolic 

parameter but also a predictive risk marker for multiple cancer 

types. These studies suggest that HOMA-IR and related 

metabolic indicators have significance as independent risk 

factors in various malignancies, including pancreatic, 

hepatocellular, colorectal, and breast cancer [14,15]. Such 

data-driven models further support an association between 

metabolic dysfunction and cancer risk, although the strength 

of this relationship may vary across cancer types and 

populations. 

From the perspective of molecular mechanisms, 

inflammation accompanying insulin resistance and obesity 

renders the tumor microenvironment pro-tumorigenic through 

adipokine imbalance (increased leptin, decreased 

adiponectin), chronic NF-κB activation, macrophage 

infiltration, and cytokine-mediated signaling [16,17]. In 

addition, lipotoxicity and mitochondrial dysfunction caused by 

metabolic syndrome trigger the reorganization of cellular 

energy production pathways (glycolysis, fatty acid oxidation, 

glutamine metabolism), thereby enhancing the metabolic 

flexibility of cancer cells [18,7]. 

According to the available evidence, cancer metabolism 

should not be considered solely as the “Warburg effect” or as 

a cell-autonomous energy shift; rather, it should be addressed 

within a systemic context in which host metabolic integrity is 

disrupted. Current data indicate that metabolic syndrome 

development patterns, glycemic progression models, and the 

level of insulin resistance are consistently and strongly 

associated with cancer development [11]. Ultimately, this 

reveals the potential impact of reinterpreting cancer as a 

metabolic disease and of metabolic interventions (glycemic 

control, weight management, improvement of insulin 

sensitivity) on oncological prevention and prognosis. 

Biochemically, the mechanism that concretizes this 

approach is the inter-organ transport of metabolites and the 

indirect fueling of tumors by dietary components (for example, 

fructose increasing tumor growth via liver-mediated lipid 

intermediates) [19]. The reshaping of pre-metastatic niches by 

obesity and a high-fat diet through the platelet-endothelium 

axis facilitating metastasis, or the triggering of lipolysis via 

gap junctions through tumor–adipocyte contact providing fuel 

to tumor biology, demonstrate that host metabolism is directly 

linked to metastasis biology [20,21]. 

Despite all this information, in some of the clinical 

outcome evidence that would make the claim that “cancer is a 

metabolic disease” solely determinative, metabolically 
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targeted drug trials have not demonstrated the expected 

benefit; for example, systemic metabolic modulators such as 

metformin have not improved cancer outcomes in large-scale 

RCTs [22]. Therefore, rather than characterizing cancer as 

“purely metabolic” or “purely genetic,” it is a more appropriate 

approach to generate clinically testable hypotheses through 

multi-scale, host–tumor shared metabolic phenotypes. 

Shift from Genetic Paradigms to the Concept of Systemic 

Metabolic Disease 

Until recent years, modern approaches to interpreting 

cancer metabolism centred on the Warburg effect (increased 

glycolysis in the presence of oxygen). However, according to 

current knowledge provided by increasing studies, the 

Warburg phenomenon is no longer defined as a singular 

“energy inefficiency”; rather, it is defined as an adaptive and 

flexible form of metabolic reprogramming that supports the 

biosynthetic requirements, redox balance, and macromolecule 

production of tumor cells [23,6]. For this reason, aerobic 

glycolysis is now considered an anabolic platform responsible 

not only for ATP production but also for supplying 

intermediate metabolites required for nucleotide, amino acid, 

and lipid biosynthesis [24,5]. Processes such as multi-organ 

involvement, reprogramming of host physiology, and the 

dynamic co-evolution of immune-endocrine-metabolic 

networks with the tumor constitute markers of systemic 

disease [1,2]. The “hallmarks of systemic disease” approach 

expands the classical tumor-intrinsic hallmarks framework and 

indicates that the host organism is reshaped alongside tumor 

development and that the systemic environment (“soil”) 

constitutes determinants of tumor biology [1,2]. This 

perspective reinterprets cancer not merely as clonal cellular 

proliferation but as a multilayered adaptation process at the 

organismal level. The metabolic counterpart of this system has 

been identified with the concepts of the “tumor 

macroenvironment” and host “metabolic fitness” [4]. 

Current research has demonstrated that tumors interact 

metabolically not only with stromal and immune cells in the 

microenvironment but also with the liver, skeletal muscle, 

Table 1. Milestones in the Evolution of the Metabolic and Systemic Framework of Cancer Metabolism 

Period Conceptual Development Description 

1920s Warburg Phenomenon    

(Aerobic glycolysis hypothesis) 

Otto Warburg demonstrated that cancer cells prefer glycolysis even in the 

presence of oxygen and defined aerobic glycolysis as the fundamental 

metabolic characteristic of tumor metabolism. 

2000–2010 Emergence of the concept of 

metabolic reprogramming 

The Warburg effect began to be interpreted not solely as energy 

inefficiency, but as the reorganization of metabolic fluxes for 

biosynthesis, redox balance, and rapid proliferation. 

2020 Reconsideration of cancer as a 

metabolic disease 

It has been shown that cancer metabolism is not limited to intracellular 

energy production; it includes large-scale reprogramming of lipid, amino 

acid, and nucleotide metabolism. 

2023–2024 Strengthening of the systemic 

metabolic disease paradigm 

It has begun to be accepted that cancer is not only a metabolic disorder of 

tumor cells; it is a multi-organ systemic process affecting host 

metabolism, the immune system, and endocrine regulation. 

2024–2025 Tumor–host metabolic 

interaction and metabolic 

ecology 

It has been demonstrated that metabolite exchange between the tumor 

microenvironment (TME), stromal cells, immune cells, and distant organs 

plays a critical role in tumor growth and metastasis. 

2025 Inter-organ metabolic 

redistribution 

The metabolic fluxes of organs such as the liver, muscle, adipose tissue, 

and the immune system are reorganized during tumor development; this 

indicates the formation of a tumor–host metabolic network. 

2026 and 

beyond 

Multi-scale metabolomics and 

systems biology approach 

Multi-omics, metabolomics, and network biology approaches in which 

metabolic networks at the cellular, tumor microenvironment, and host 

levels are analyzed together are becoming standard in cancer research. 
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adipose tissue, the circulating metabolite pool, the 

inflammatory axis, and neuroendocrine signals within a 

metabolic network [3,4]. This multidirectional metabolic 

communication is determinative in the formation of clinical 

phenotypes such as metastatic spread and systemic 

inflammation. Thus, cancer metabolism extends beyond 

intracellular biochemical pathways and evolves into a different 

perspective as the redistribution of energy and matter flow at 

the organismal level. Therefore, as a result of these multi-scale 

conceptual transformations, a methodological shift in cancer 

research has also become necessary. 

To understand cancer metabolism holistically, in vitro 

metabolite concentration measurements alone are no longer 

sufficient. Methods such as stable isotope tracing techniques, 

spatial metabolomics approaches, single-cell metabolomic 

analyses, and multi-scale metabolomics workflows make it 

possible to resolve cellular metabolic fluxes in the context of 

tumor tissue and the systemic macroenvironment [7,3]. A 

comprehensive review published in 2026 systematized 

metabolomics workflows across three scales—cell, tumor 

tissue, and systemic macroenvironment—thereby framing this 

methodological transformation and proposing a semi-standard 

reference framework for the field [25]. 

In conclusion, our understanding of cancer metabolism has 

evolved from genetic mutation-centered, intracellular-focused 

explanations toward a systemic disease model involving the 

reorganization of metabolic networks at the organismal level. 

This transformation is progressing not only conceptually but 

also in terms of experimental design, data integration, and 

clinical translation strategies. The timeline below is a 

conceptual map summarizing the milestones in the literature 

of the discussion from “metabolic phenotype → systemic 

metabolic disease.” 

The milestones for the 2020–2026 period (Table 1) in this 

timeline are based on the studies of DeBerardinis & Chandel 

(2020), Swanton et al. (2024), Fowle-Grider et al. (2024), 

Altea-Manzano et al. (2025), and Rowles & Patti (2026). 

 

Interaction of Multi-Scale Mechanisms: Tumor 

Metabolism, Microenvironment, and Macroenvironment 

In this section, the mechanisms underlying the 

reinterpretation of “cancer as a systemic metabolic disorder” 

(intracellular tumor cell reprogramming, microenvironmental 

metabolic ecology (nutrient competition and metabolite 

accumulation), and macroenvironmental/inter-organ 

metabolic networks) are discussed separately. 

 

 

Intracellular Metabolic Reprogramming in Tumor Cells 

It has been reported in several important studies in the 

literature that cancer cells exhibit the ability to dynamically 

switch between glucose, glutamine, fatty acids, and one-

carbon metabolism (“metabolic plasticity”) [6,7]. At this stage, 

the organelle “mitochondria,” which enters the field, is 

considered to play a critical role not only as the center of 

cellular energy production but also in the multidimensional 

regulation of current cellular metabolism [18]. In cancer cells, 

mitochondria function as an important metabolic hub that 

supports proliferation by providing intermediate metabolites 

required for lipid, amino acid, and nucleotide biosynthesis 

through the tricarboxylic acid (TCA) cycle, in addition to ATP 

production via oxidative phosphorylation [18,5]. In addition, 

they play an important role in maintaining cellular redox 

homeostasis and in metabolic signal transduction through the 

controlled production of reactive oxygen species derived from 

the electron transport chain and the activity of antioxidant 

systems. Metabolic plasticity, one of the fundamental features 

of cancer metabolism, enables tumor cells to dynamically 

switch between glycolysis and oxidative phosphorylation 

depending on microenvironmental conditions [6]. However, 

this situation leads to the compensation of the inhibition of a 

single metabolic pathway through the use of alternative energy 

and carbon sources, giving rise to the “metabolic escape” 

mechanism and limiting the effectiveness of metabolically 

targeted therapies [7]. In light of such current knowledge, these 

observations suggest that therapeutic strategies targeting 

multiple metabolic vulnerabilities may warrant further 

investigation, although their clinical efficacy remains to be 

established [18]. 

 

Microenvironmental Metabolic Ecology: Nutrient 

Competition and Metabolite Accumulation 

Limited glucose/oxygen, acidosis, and metabolite density 

in the tumor microenvironment create selective pressures that 

determine the fate of both tumor and immune. In other words, 

the TME is a dynamic metabolic ecosystem shaped by the 

imbalance between the high metabolic demands of rapidly 

proliferating tumor cells and limited nutrient and oxygen 

resources. Lactate accumulation and an acidic environment 

accompanying glucose and oxygen scarcity create strong 

selective pressures on both tumor and immune cells, thereby 

reprogramming cellular functions [26]. In particular, it has 

been demonstrated that lactate produced as a result of intense 

glycolytic activity of tumor cells is not merely a metabolic 

byproduct; rather, it plays a critical role in regulating the TME 

as a signaling molecule that modulates intercellular metabolic 



Cancer as a Systemic Metabolic Disease 

Neuro-Cell Mol Res 2026;3(2):76-84                                                                                                                                                                                                        80 
                                                                                                                            

communication, suppresses immune cell function, and affects 

gene expression through epigenetic mechanisms [26]. As a 

result, tumor metabolism, in addition to the process of energy 

production, is “a dynamic that contributes to the formation of 

the biochemical basis of immune escape by directly affecting 

immune cell functions,” and it has been reported that the 

metabolic dynamics in the TME are also closely related to the 

systemic metabolic state of the host organism, and that this 

interaction can transform tumor progression and the immune 

response. 

 

Macroenvironment: Inter-Organ Metabolite Flow and 

Host–Tumor Feedback Mechanism 

According to current research, explaining cancer 

metabolism solely through tumor cell-specific biochemical 

reprogramming is insufficient; therefore, it is emphasized that 

it should be evaluated within the framework of dynamic 

metabolite exchange established between the tumor and 

different organs and tissues of the host organism [4,3]. Thus, 

metabolically active organs such as the liver, adipose tissue, 

skeletal muscle, and intestine are considered fundamental 

components of a systemic macroenvironment that can directly 

influence tumor biology by reshaping circulating nutrient 

derivatives, lipid intermediates, and signaling metabolites [4]. 

One of the most striking examples of this topic is a study 

published in Nature in 2024, which reported that dietary 

fructose, instead of directly feeding tumor cells, reprograms 

liver metabolism, leading to an increase in certain circulating 

lipid intermediates, particularly lysophosphatidylcholine 

(LPC) types, and that this change may indirectly accelerate 

tumor growth [19]. This result suggests that interorgan 

metabolic transport may be a regulatory axis of causal 

importance, not merely an accompanying factor, in cancer 

development. Similar studies published in recent years have 

also reported that metabolic interactions occurring between, 

for example, liver-tumor, adipose tissue-tumor, and gut 

microbiota-tumor axes may play an active role in tumor cell 

proliferation, metabolic plasticity, invasive potential, and 

treatment response [3,4]. Furthermore, this metabolic flow 

system not only provides nutrient and energy support but also 

indirectly strengthens host-tumor feedback loops by 

influencing processes such as inflammation, 

immunosuppression, and stromal remodeling [2]. Based on all 

these features, “cancer metabolism” is now reinterpreted not 

as a field limited solely to the intrinsic metabolic 

characteristics of the tumor cell, but as a multi-layered supply 

and regulatory network where host metabolism can function 

favorably or unfavorably for the tumor. According to this 

school of thought, future metabolic therapeutic strategies may 

therefore consider not only intratumoral pathways but also 

inter-organ metabolite transport and host–tumor feedback 

mechanisms. 

 

Adipose Tissue-Tumor Interaction 

In adipose-rich organs such as the breast cancer, an “active 

metabolic and paracrine collaboration” is observed between 

tumor cells and neighboring fat cells. Recent findings have 

revealed that direct contact between tumor cells and fat cells 

stimulates fat cell lipolysis via gap junction-mediated cAMP 

transfer, thereby increasing lipid influx that fuels tumor 

growth. For example, one study reported that disruption of the 

Zeb1 axis in adipocytes reprogrammed the tumor-associated 

adipose tissue microenvironment and shaped lipid and 

metabolite flow favorably for tumor progression. Current 

literature emphasizes that treating this metabolic coupling as a 

universal model is not an accurate approach, as all these effects 

can vary significantly depending on the tumor subtype, organ 

context, and host metabolic status. Consequently, while 

adipose tissue-tumor interactions offer a strong conceptual 

framework for explaining conditions such as metastasis and 

tumor progression, it is considered that clinical interpretations 

should be made taking context-specific biological differences 

into account. 

 

From Systemic Metabolic Dysfunction to Cancer: 

Interpretation of Epidemiological and Clinical Evidence 

The aim of this section is to critically evaluate findings 

obtained from the current literature supporting the claim that 

“cancer is a metabolic disease” within the framework of 

epidemiology and clinical data. The main emphasis here is 

based on evaluating cancer risk together with the “course and 

pattern of change of metabolic status over time.” 

 

Metabolic Syndrome (MetS) Trajectories and Cancer Risk 

In a study published in the journal Cancer in 2024, MetS score 

trajectories were defined using latent class/mixture modelling 

in 44,115 individuals, and it was reported that the “elevated-

increasing” MetS score pattern increased overall cancer risk, 

particularly the risk of breast, endometrial, kidney, colorectal, 

and liver cancers. This study also showed that the relationship 

may be strengthened in the subgroup with high levels of the 

inflammation marker (CRP), presenting the combination of 

“metabolic dysfunction + chronic inflammation” as a 

clinically measurable risk map [11,10]. 
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Modelling Prediabetes → Diabetes → Cancer Transitions 

A multistate modelling study published in The Lancet 

Diabetes & Endocrinology in 2026 evaluated the development 

of diabetes and cancer over nearly 20 years in 328,049 

individuals diagnosed with prediabetes in the United 

Kingdom. As a result, they showed that age strongly 

determines transition probabilities and that the development of 

diabetes can create dramatic increases in cancer incidence 

compared to the prediabetic state. The most striking clinical 

implication of this study is the idea that cancer-related 

metabolic processes may begin before the clinical diagnosis of 

diabetes, thus shifting the prevention window to the 

prediabetic stage [9]. 

 

Scaling Insulin Resistance as A Direct Risk Marker 

In a study published in Nature Communications in 2026, 

insulin resistance was estimated using a machine learning-

based “AI-IR” metric with nine clinical parameters in UK 

Biobank data, and significant risk associations were 

demonstrated between this metric and various cancer types 

(particularly uterine, kidney, esophageal, pancreatic, colon, 

and breast cancers). The unique contribution of this study to 

the discussion of cancer metabolism is that insulin resistance 

can be captured at the population scale without relying on 

gold-standard methods that are difficult to apply, such as the 

clamp test, and that it can provide comparative performance 

analyses with metabolic syndrome/BMI [15,14]. 

Current findings indicate that cancer risk can be 

understood more comprehensively not only through single-

time-point metabolic measurements but also through the 

temporal course and transition dynamics of metabolic 

impairment. One study reported that individuals following a 

high and progressively increasing trajectory of metabolic 

syndrome had increased overall cancer risk as well as the risk 

of certain specific cancer types, and that this relationship 

became more pronounced, especially at high CRP levels [11]. 

Similarly, there are studies indicating that the processes 

extending from prediabetes to diabetes and cancer 

development differ significantly depending on age, but that the 

difference in cancer incidence remains relatively limited 

according to diabetic status, suggesting that pathological 

processes may begin much earlier than clinical diagnosis. In 

parallel, Lee et al. (2026) demonstrated that the artificial 

intelligence-based estimated insulin resistance indicator 

developed on UK Biobank data shows strong performance in 

predicting diabetes and composite cancer incidence and can 

provide similar or superior discriminative ability compared to 

traditional indicators such as BMI. All these findings are 

consistent with the view that tumor metabolism is embedded 

within systemic physiology [15,2]. 

 

Immuno-Metabolic Networks and the Tumor 

Microenvironment: Nutrient Competition, Lactate–

Acidosis, and Treatment Response 

Metabolic conditions may influence not only tumor growth 

but also the functional capacity of anti-tumor immunity. For 

this reason, research—especially after 2025—on the effects of 

systemic metabolic disorders (obesity, sedentary lifestyle, 

dietary patterns) on immunotherapy responses has accelerated 

[27]. 

 

Lactate, Acidosis, and Immune Suppression 

In a comprehensive review published in Signal 

Transduction and Targeted Therapy in 2025, it was stated that 

lactate shapes the immune landscape in the TME by affecting 

different cell populations and can contribute to cancer biology 

in a multilayered manner through epigenetic mechanisms such 

as lactylation. The critical point here is that lactate 

accumulation often occurs together with hypoxia and nutrient 

scarcity and limits the metabolic “fitness” of immune cells; in 

other words, metabolic ecology becomes a rate-limiting step 

of the immune response [28,26]. 

 

Systemic Metabolism ↔ Tumor–Immune Interaction: 

Diet, Obesity, Exercise 

A review published in Cell Reports in 2025 reported that 

systemic metabolic changes alter tumor–immune interactions 

through metabolites transported into the tumor, signaling 

molecules, and immune cell composition, and that factors such 

as diet, obesity, and exercise function as biologically 

meaningful “external modulators” within this framework 

[27,3]. 

 

Exercise, Microbiota, Metabolite, and T Cell Axis 

A 2025 Cell study reported at the preclinical level that 

exercise can increase CD8 T cell anti-tumor immunity by 

altering the microbiota and microbiota-derived metabolites 

and can contribute to the effectiveness of immunotherapy [29]. 

Such findings present a new research field that associates 

“metabolic intervention” not only with the calorie/insulin axis 

but also with broader biochemical networks such as the 

“microbiota–metabolite axis” [3]. 

 

Obesity and Immunotherapy Response 

A study published in the Journal for ImmunoTherapy of 

Cancer in 2025 discussed obesity (the observation that in some 
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patient groups, higher BMI may be associated with better 

immunotherapy response) using prospective clinical data and 

circulating cytokine analyses, and presented findings 

suggesting that obesity may affect immune components in 

different directions [30]. This literature provides an important 

critical perspective on interpreting cancer as a “metabolic 

disease.” Because BMI is a crude indicator that does not fully 

reflect metabolic fitness and actual metabolic status, some 

observed paradoxical relationships may often be exaggerated 

due to “insufficient phenotyping and the effects of 

confounding factors.” In this context, it is considered that 

future studies should stratify their analyses according to 

insulin resistance, body composition, and systemic 

inflammation markers in order to more accurately assess 

metabolic risk [15,17]. 

 

Therapeutic Potential and Structural Limitations within 

the Framework of Metabolic Targets and Clinical 

Applicability 

Although cancer metabolism has been at the center of 

therapeutic research over the past decade, the clinical success 

rate of metabolically targeted approaches has not yet reached 

the desired level [7,4]. In the context of the systemic metabolic 

cancer model, therapeutic strategies generally develop at two 

levels: pharmacological targeting of tumor cell-specific 

metabolic nodes and systemic interventions aimed at 

modulating host metabolism. However, according to current 

data, metabolic targeting has a more complex biological 

context compared to genetic targeting. The main reason for 

this is that tumor metabolism is highly flexible and contextual. 

Tumor cells can respond to the suppression of a single 

metabolic pathway by activating alternative fuel pathways and 

can exhibit metabolic buffering through metabolite exchange 

established between the tumor microenvironment, stromal 

cells, immune cells, and host tissues. Therefore, it has been 

reported that metabolic vulnerabilities observed in cell culture 

or isolated tumor models often disappear at the organismal 

level. In other words, metabolic targeting often cannot be 

explained by the inhibition of a single biochemical reaction 

because it occurs through the rebalancing of inter-organ 

metabolic networks. 

In clinical studies, there are examples showing that 

metabolically targeted treatments do not always demonstrate 

the expected clinical benefit. For example, the combination of 

the glutaminase inhibitor telaglenastat with cabozantinib in 

renal cell carcinoma did not demonstrate a significant 

advantage in progression-free survival or overall survival in 

randomized clinical trials [31]. Similarly, although the use of 

telaglenastat in combination with immune checkpoint 

inhibitors was found to be safe in early-phase studies, it did not 

show consistent clinical efficacy across different patient 

groups. In addition, metformin, one of the most common 

examples of systemic metabolic modulation, did not 

significantly increase invasive disease-free survival in a Phase 

3 randomized trial conducted in non-diabetic high-risk breast 

cancer patients [22]. These findings indicate that metabolically 

targeted approaches may not always provide the anticipated 

benefit in clinical practice. These results may stem not from 

the failure of metabolic therapies but from a fundamental issue 

in clinical research design. Since metabolic dysfunction is not 

evenly distributed in a heterogeneous population, studies 

conducted without metabolic phenotyping may fail to fully 

measure biological effects. Indeed, recent cohort studies report 

that cancer risk is more strongly associated not only with static 

metabolic measurements but also with metabolic trajectories 

and insulin resistance phenotypes. The areas where metabolic 

targeting has been most successful clinically are tumor 

subtypes in which metabolic changes are genetically fixed. For 

example, the Phase 3 INDIGO trial conducted in low-grade 

gliomas with IDH mutations showed that the IDH inhibitor 

vorasidenib significantly prolonged progression-free survival 

[32]. This finding suggests that the conditions in which 

metabolic therapies may be most effective are specific tumor 

subgroups in which metabolic changes can be both genetically 

defined and biochemically validated. 

Multi-scale metabolomic approaches and digital 

biomarkers have an important role in advancing this 

integration between metabolic medicine and oncology. 

According to current reviews, metabolomic studies should not 

be limited to examining metabolic changes in tumor tissue 

alone but should also include inter-organ metabolite flow and 

systemic metabolic interactions. In parallel, artificial 

intelligence-based biomarkers derived from large population 

data, such as AI-IR scores that estimate insulin resistance, may 

provide new tools that enable more accurate metabolic 

stratification of cancer risk and the development of targeted 

prevention strategies [25,15]. 

 

DISCUSSION 

Is Cancer a Metabolic Disease? 

Recent studies reveal that cancer metabolism is not limited 

to the energy production strategies of tumor cells alone. 

Adipose tissue–tumor metabolic interactions, inter-organ 

metabolite transport, diet-induced pre-metastatic niche 

formation, and immuno-metabolic reprogramming processes 

support the view that cancer metabolism is strongly a systemic 
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ecosystem [2,4,19]. Similarly, large-scale cohort analyses 

report that demonstrating the relationships between the 

temporal continuity and trajectories of metabolic disorders and 

cancer risk is more reliable [11]. However, clinical application 

data indicate that metabolic therapies have not yet achieved 

large-scale oncological success; as seen in examples such as 

metformin and glutaminase inhibitors, metabolic targeting 

does not always translate into clinical success [22,31]. This 

suggests that rather than the limited causal role of metabolism 

in cancer, metabolic interventions are dependent on “context” 

and “patient subgroups” [7,4]. 

For this reason, the increasingly widespread consensus in 

the current literature is that instead of defining cancer as a 

purely “metabolic disease,” it is a disease “characterized by 

metabolic reprogramming and evolving through reciprocal 

interaction with host systemic metabolism” [1,2]. In this 

context, three main approaches stand out for future research. 

First, conducting metabolic phenotyping through more precise 

biomarkers such as body composition, insulin resistance 

indicators, and metabolomic profiles rather than crude 

measurements such as body mass index [15,17]. Second, 

integrating metabolic trajectories, especially early metabolic 

stages such as prediabetes, into cancer prevention strategies 

[9]. Third, developing new therapeutic strategies through 

“immunometabolic combination approaches” that target both 

metabolite pressure in the tumor microenvironment and the 

metabolic fitness of T cells [33,34]. 

In conclusion, progress in the field of cancer metabolism 

will depend on research frameworks that address metabolism 

not as a single biochemical pathway but as a multi-scale 

system established between the tumor, the immune system, 

and host metabolism [35,36]. 
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