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Abstract: Ovarian cancer (OC) remains one of the most lethal gynecologic malignancies due to its asymptomatic progression, 
frequent late-stage diagnosis, and high rates of chemoresistance and recurrence. Beyond genetic alterations, recent studies highlight the 
central role of metabolic reprogramming in driving OC initiation, progression, and therapy resistance. OC cells exhibit dynamic 
metabolic reprogramming, enabling dynamic shifts between glycolysis and oxidative phosphorylation depending on environmental 
conditions and treatment pressures. In this review, we synthesize current understanding of key metabolic pathways altered in ovarian 
tumors, including enhanced aerobic glycolysis, glutamine addiction, dysregulated lipid metabolism, and mitochondrial adaptations. 
These metabolic shifts support rapid proliferation, redox homeostasis, immune evasion, and metastatic potential. We also explore how 
the metabolic landscape of OC is shaped by interactions with the tumor microenvironment, particularly through crosstalk with immune 
cells, cancer-associated fibroblasts, and adipocytes. Importantly, metabolic adaptations have been implicated in the emergence of 
cancer stem-like cells and in the development of resistance to platinum-based chemotherapy and PARP inhibitors. We also further 
discuss emerging therapeutic strategies targeting metabolic vulnerabilities, as well as combinatorial approaches integrating metabolic 
therapy with immunotherapy and DNA damage repair inhibition. Finally, we highlight how advances in metabolomics and spatial 
profiling are improving our ability to map metabolic heterogeneity and guide precision therapies in OC. This review underscores 
metabolic plasticity as a promising therapeutic vulnerability for overcoming drug resistance and improving outcomes in OC patients. 
Keywords: ovarian cancer, metabolic reprogramming, chemoresistance, tumor microenvironment, cancer stem cells

Introduction
Ovarian cancer (OC) remains one of the deadliest gynecologic malignancies in cancer-related deaths among women 
globally.1 A recent study analyzing trends from 1990 to 2019 projected that by 2049, the age-standardized incidence and 
mortality rates of OC r in China could reach 8.95 and 4.03 per 100,000 population, respectively, highlighting an urgent 
need for improved early detection and preventive strategies.2,3 The most prevalent and aggressive subtype is high-grade 
serous ovarian carcinoma (HGSOC), accounting for approximately 70% of epithelial OC cases.4 HGSOC typically 
originates from the distal fallopian tube epithelium and is characterized by extensive genomic instability, TP53 muta
tions, and frequent homologous recombination deficiency.5,6 Despite initial responsiveness to platinum-based chemother
apy, most patients experience relapse and ultimately develop drug-resistant disease.7–9 The five-year survival rate for 
advanced-stage HGSOC remains below 30%, underscoring the urgent need for improved therapeutic strategies.10–12

Recently, a paradigm shifts in our understanding of OC biology with more and more recognition that metabolic 
reprogramming is not merely a consequence of malignancy but a fundamental driver of tumor progression, immune 
evasion, and therapeutic resistance.13,14 OC cells undergo profound alterations in energy metabolism to sustain prolif
eration, survive under hypoxic conditions, and adapt to fluctuations in nutrient availability, which is consistent with many 
other tumors.15,16 This metabolic plasticity characterized by increased glycolytic activity, glutamine dependence, 
mitochondrial metabolic reprogramming, and alterations in lipid metabolism, facilitating their adaptation to the tumor 
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microenvironment.13 Notably, metabolic phenotypes in OC exhibit significant heterogeneity across tumor subtypes and 
dynamically evolve in response to microenvironmental stresses and therapeutic interventions.17

OC exhibits a distinct metastatic behavior characterized by transcoelomic dissemination within the peritoneal cavity, 
accompanied by intricate metabolic interactions with components of the tumor microenvironment, including omental 
adipocytes, mesothelial cells, and constituents of ascitic fluid.18 This microenvironmental context creates selective 
pressures that further shape tumor metabolism, facilitating immune suppression, stem-like phenotypes, and resistance 
to chemotherapy.13,14,18 Moreover, cancer stem cells (CSCs) in ovarian tumors display distinct metabolic features, 
including reliance on oxidative phosphorylation and enhanced antioxidant capacity, which enable them to persist 
following treatment and initiate recurrence.2,19

Based on these findings, targeting tumor metabolism has emerged as a promising therapeutic strategy. Several 
metabolic enzymes such as hexokinase 2 (HK2), lactate dehydrogenase A (LDHA), glutaminase (GLS1), and fatty 
acid synthase (FASN) are overexpressed in OC and have been implicated in poor prognosis and resistance phenotypes.20 

Inhibitors of these enzymes are currently under preclinical and clinical investigation, either as monotherapies or in 
combination with existing chemotherapies and immune checkpoint inhibitors.21–23 Furthermore, the integration of 
metabolomic profiling, isotope tracing, and single-cell analyses is enabling unprecedented resolution of metabolic 
heterogeneity in ovarian tumors.24

This review provides a comprehensive overview of how metabolic reprogramming shapes OC progression and 
impacts therapeutic response. Hallmark metabolic alterations observed in ovarian tumors are first delineated, including 
dysregulated glycolysis, mitochondrial dysfunction, and aberrant amino acid and lipid metabolism. The interplay 
between metabolic pathways and the tumor microenvironment, immune landscape, and metastatic niche is then 
examined, with particular emphasis on the contribution of metabolism to drug resistance, cancer stemness, and disease 
relapse. Emerging therapeutic strategies that target metabolic vulnerabilities are evaluated, encompassing both mono
therapies and combination regimens designed to overcome resistance mechanisms. Recent technological advances are 
discussed for their potential to accelerate the identification of predictive biomarkers and novel therapeutic targets. Current 
challenges and future directions in translating metabolic research into precision oncology for OC are also outlined. By 
synthesizing recent advances in tumor metabolism with the evolving therapeutic landscape, this review highlights the 
critical role of bioenergetic plasticity in shaping treatment outcomes and emphasizes the necessity of elucidating 
metabolic dependencies to inform the development of more effective and personalized therapeutic strategies. The 
interrelated domains of metabolic reprogramming, tumor microenvironmental dynamics, therapeutic resistance, and 
emerging metabolic-targeted interventions in OC are illustrated in Figure 1.

Hallmarks of Metabolic Reprogramming in OC
Metabolic reprogramming is now recognized as a fundamental hallmark of cancer, conferring proliferative, survival, and 
adaptive advantages to tumor cells.25 This metabolic flexibility also supports disease progression, immune evasion, and 
therapeutic resistance, particularly in the context of the hypoxic, nutrient-deprived tumor microenvironment in OC.14 

Metabolic reprogramming in OC is orchestrated through four interrelated axes encompassing glycolysis, mitochondrial 
dynamics coupled with oxidative phosphorylation, amino acid metabolism, and lipid metabolism, which together drive 
the acquisition and maintenance of malignant phenotypes.20,26

Warburg Effect and Aerobic Glycolysis
One of the earliest and most consistent metabolic features observed in OC is enhanced aerobic glycolysis, commonly known 
as the Warburg effect. Even in the presence of oxygen, cancer cells preferentially convert glucose to lactate, which fuels 
biomass production and acidifies the tumor microenvironment, promoting invasion and immune escape.20,26 This shift is 
driven by the upregulation of key glycolytic enzymes, including hexokinase 2 (HK2), phosphofructokinase B3 (PFKFB3), and 
lactate dehydrogenase A (LDHA).26–28 HK2 promotes glucose phosphorylation and mitochondrial binding, facilitating 
efficient ATP production, while PFKFB3 boosts glycolytic flux under growth-promoting conditions.29 LDHA converts 
pyruvate into lactate, maintaining NAD+ regeneration and allowing continuous glycolysis.30
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These enzymatic changes are regulated by transcription factors such as hypoxia-inducible factor-1α (HIF-1α) and c-MYC, 
both of which are frequently overexpressed in OC.31,32 Under hypoxic conditions, HIF-1α upregulates the expression of 
glycolytic genes and glucose transporters (GLUT1), facilitating metabolic adaptation.33 Simultaneously, MYC enhances the 
expression of LDHA and PFK1 and promotes glutamine metabolism, linking glycolysis to anabolic biosynthesis.34,35

Notably, elevated glycolytic activity has been associated with platinum resistance and poor prognosis in OC 
patients.26,36,37 Metabolic inhibitors targeting glycolysis, such as 2-deoxy-D-glucose (2-DG) and PFKFB3 inhibitors, 
are under investigation as potential sensitizers to chemotherapy.36 While increased aerobic glycolysis has been associated 
with aggressive tumor behavior and poor prognosis in several studies, other reports have shown inconsistent correlations 
with clinical outcomes in OC. These discrepancies may reflect differences in tumor subtype, metabolic plasticity, and 
methodological variability across studies. Further clinical and translational investigations are needed to clarify the 
prognostic significance of glycolytic activity in OC.

Mitochondrial Dynamics and Oxidative Phosphorylation (OXPHOS)
While glycolysis dominates in rapidly proliferating tumor cells, recent studies suggest that mitochondrial OXPHOS is 
crucial for sustaining survival in subpopulations of OC cells, particularly CSCs and drug-resistant clones.38 These cells 
exhibit a hybrid metabolic phenotype, characterized by the ability to switch between glycolysis and OXPHOS depending 
on nutrient availability and oxidative stress.19

Recently, enhanced oxidative phosphorylation activity has been found to be associated with increased mitochondrial mass, 
elevated membrane potential, and augmented respiratory capacity in platinum-resistant HGSOC models.39 This phenotype 
enables more efficient ATP generation and supports the high energy demands of drug-resistant cells.39 In addition, mitochondrial 
biogenesis, fusion, and fission events are tightly regulated during tumor progression. Proteins such as DRP1 and OPA1 
coordinate these processes, and their dysregulation contributes to metabolic imbalance and apoptotic resistance.40

Importantly, OXPHOS-dependent CSCs demonstrate resistance to conventional therapies and contribute to recurrence 
after treatment cessation.19 Therapeutic strategies such as metformin, IACS-010759, and CPI-613 have shown promise in 
targeting OXPHOS and reducing CSC viability in preclinical OC models.41–44 Dual targeting of glycolysis and OXPHOS 
may offer synergistic benefits by limiting metabolic compensation.45

Figure 1 Schematic overview of metabolic reprogramming, TME, therapy resistance, and therapeutic strategies in OC.
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Glutamine Metabolism and Amino Acid Dependencies
Beyond glucose metabolism, OC cells exhibit high dependency on glutamine as a carbon and nitrogen source to fuel the 
TCA cycle, produce nucleotides, and maintain redox balance.46 Glutaminase enzymes, particularly GLS1 and GLS2, 
catalyze the conversion of glutamine to glutamate, a critical step for anaplerosis and biosynthesis.47,48 Overexpression of 
GLS1 has been observed in HGSOC and is correlated with increased aggressiveness and chemoresistance.49

Additionally, serine and glycine metabolism, which are intimately associated with the one-carbon metabolic network, 
play essential roles in supporting nucleotide biosynthesis, regulating methylation reactions, and maintaining redox 
homeostasis through the generation of NADPH and glutathione.50,51 Key enzymes such as phosphoglycerate dehydro
genase (PHGDH) and serine hydroxymethyltransferase 2 (SHMT2) are frequently upregulated in OC and function as 
metabolic checkpoints that sustain the rapid proliferation of tumor cells.20,52 Therapeutic strategies targeting these 
enzymes are under investigation, particularly in tumors characterized by elevated serine and glycine flux.53

Amino acid metabolism also intersects with immune evasion. For instance, depletion of tryptophan by indoleamine 
2,3-dioxygenase (IDO1) contributes to T cell anergy and regulatory T cell expansion in the OC microenvironment.54,55

Although glutaminase inhibitors have demonstrated efficacy in preclinical OC models, their clinical performance has 
been variable. This suggests that glutamine dependency may differ across OC subtypes and could be influenced by tumor 
microenvironmental factors. Stratification based on molecular or metabolic biomarkers may be essential to identify 
responsive patient populations.

Lipid Metabolism Reprogramming
OC progression is further supported by profound reprogramming of lipid metabolism. Tumor cells increase fatty acid 
uptake, synthesis, and oxidation to meet demands for membrane biosynthesis, energy generation, and signaling lipid 
production.56 CD36, a fatty acid translocase, facilitates lipid uptake from the surrounding adipocyte-rich omental 
environment, particularly in metastatic OC.57 Concurrently, de novo fatty acid synthesis is enhanced through the 
upregulation of FASN, which is associated with tumor aggressiveness and poor prognosis.58,59

Fatty acid oxidation (FAO) via carnitine palmitoyltransferase 1A (CPT1A) enables mitochondrial energy production 
and supports stemness, chemoresistance, and survival under metabolic stress.60,61 Inhibition of CPT1A has been shown 
to sensitize OC cells to paclitaxel and reduce tumor growth in vivo.62

Lipid reprogramming also contributes to immune evasion. Accumulation of lipid droplets and oxidized lipids in 
dendritic cells and macrophages impairs antigen presentation and promotes an immunosuppressive phenotype.63,64 

Therapies targeting lipid metabolic enzymes, including FASN inhibitors and CPT1A blockers, are currently being 
explored for their capacity to reverse metabolic immunosuppression and improve treatment outcomes.56,65 A summary 
of the major metabolic pathways reprogrammed in ovarian cancer is provided in Table 1.

Table 1 Key Metabolic Pathways Reprogrammed in OC

Metabolic Pathway Major Changes in OC Key 
Molecules

Associated Effects References

Glycolysis  
(Warburg Effect)

Increased aerobic glycolysis even in oxygen-rich 
conditions; conversion of glucose to lactate

HK2, PFKFB3, 
LDHA, GLUT1

Promotes biomass production, 
immune escape, platinum 

resistance

[20,26–37]

Mitochondrial 
Dynamics and 

OXPHOS

Enhanced OXPHOS activity, increased 
mitochondrial mass and respiratory capacity

DRP1, OPA1, 
Complex I

Supports CSC survival, 
chemoresistance, energy 

production under stress

[19,38–45]

Glutamine Metabolism 
and Amino Acid 

Dependencies

Increased glutamine addiction; reliance on 
serine/glycine metabolism for biosynthesis and 

redox control

GLS1, GLS2, 
PHGDH, 

SHMT2, IDO1

Fuels TCA cycle, supports 
nucleotide synthesis, promotes 

immune evasion

[20,46–55]

Lipid Metabolism 
Reprogramming

Enhanced fatty acid uptake, synthesis, and 
oxidation

CD36, FASN, 
CPT1A

Supports metastasis, 
chemoresistance, stemness, and 

immune suppression

[56–65]
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Metabolic Adaptations and Tumor Microenvironment (TME) Interactions
TME in OC is a dynamic and metabolically heterogeneous niche comprising not only cancer cells but also immune cells, 
stromal components, adipocytes, fibroblasts, and endothelial cells.66 Metabolic reprogramming within tumor cells is both 
a driver and a consequence of the evolving TME, fostering a reciprocal relationship that supports immune evasion, 
metastatic dissemination, and therapy resistance.15,67 Understanding how OC metabolism interfaces with the TME is 
critical for identifying new therapeutic targets and predicting treatment outcomes.

Crosstalk Between Tumor Metabolism and Immune Cells
One of the most prominent metabolic byproducts in the ovarian TME is lactate, generated through enhanced glycolytic 
activity. Excess lactate accumulation leads to acidification of the local environment and contributes to T cell exhaustion 
and dysfunction.68 High lactate levels inhibit T cell proliferation, cytokine secretion, and cytotoxic function by impairing 
glycolysis-dependent energy generation.69 Furthermore, lactate directly induces the expression of immune checkpoint 
molecules such as PD-L1 on both tumor and stromal cells, thereby dampening antitumor immunity.70,71

Tumor-associated macrophages (TAMs), regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs) 
undergo significant metabolic adaptation within the ovarian tumor microenvironment. In response to lactate accumulation 
and hypoxia, TAMs are skewed toward an M2-like phenotype characterized by enhanced angiogenesis, extracellular 
matrix remodeling, and immunosuppressive activity.72 Lactate-stimulated TAMs upregulate arginase-1 and vascular 
endothelial growth factor (VEGF), while concomitantly suppressing pro-inflammatory signaling pathways.73 Tregs 
preferentially survive and maintain suppressive functions in low-glucose, high-lactate conditions by relying on oxidative 
phosphorylation as a primary energy source.74 Similarly, MDSCs promote immune evasion by depleting key amino 
acids, particularly arginine and tryptophan, thereby impairing T cell activation and effector responses.75

Recent findings indicate that the metabolic flexibility of immunosuppressive cell subsets closely parallels that of 
tumor cells, enabling their adaptation to nutrient deprivation and oxidative stress within the tumor microenvironment.15 

Therapeutic interventions that selectively disrupt key metabolic pathways in these cells, such as inhibition of mono
carboxylate transporters (MCTs) responsible for lactate export or blockade of indoleamine 2,3-dioxygenase 1 (IDO1)- 
mediated tryptophan catabolism, are being actively explored as strategies to restore antitumor immune responses.76,77

Stromal Support and Metabolic Symbiosis
Beyond immune cells, stromal components play a critical role in shaping the metabolic landscape of ovarian tumors. One 
unique aspect of OC metastasis is its preferential spread to the omentum, a fat-rich environment that serves as both a physical 
niche and a metabolic reservoir.78 Adipocytes in the omentum transfer free fatty acids (FFAs) to OC cells through a CD36- 
mediated mechanism, fueling β-oxidation and supporting metastatic outgrowth.57 This lipid transfer not only enhances ATP 
production but also provides building blocks for membrane synthesis and signaling lipids that promote invasion.79

Cancer-associated fibroblasts (CAFs), a major stromal component of the tumor microenvironment, actively contribute 
to metabolic reprogramming through both nutrient competition and metabolic coupling with cancer cells. CAFs engage 
in aerobic glycolysis and secrete lactate, which is subsequently taken up by tumor cells and converted into pyruvate to 
fuel mitochondrial oxidative metabolism, a process referred to as the reverse Warburg effect.80 In addition to lactate 
production, CAFs secrete amino acids and cytokines such as interleukin-6 (IL-6), thereby supporting tumor proliferation 
and modulating the function of immune cells.81,82

Recent single-cell and co-culture studies have confirmed that OC cells exhibit distinct metabolic preferences 
depending on their proximity to CAFs or adipocytes, highlighting the spatial heterogeneity of metabolic 
dependencies.83 Targeting stromal–tumor metabolic interactions, such as disrupting CD36-mediated lipid uptake or 
modulating fibroblast metabolism, has demonstrated preclinical efficacy in reducing metastatic burden.57,84

Hypoxia and Metabolic Heterogeneity
Hypoxia is a hallmark of the ovarian tumor microenvironment and exerts profound effects on cellular metabolism. Under 
low oxygen tension, stabilization of hypoxia-inducible factor-1α (HIF-1α) orchestrates a transcriptional program that 
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enhances glycolytic flux by upregulating genes such as GLUT1, HK2, and PFKFB3.85 Concurrently, HIF-1α suppresses 
mitochondrial OXPHOS to reduce reactive oxygen species (ROS) accumulation.86 Notably, hypoxia-induced metabolic 
rewiring not only supports tumor cell survival but also promotes immune evasion and metastatic dissemination by 
modulating the tumor microenvironment.87 These adaptive responses create a heterogeneous metabolic landscape that 
underpins OC progression.

Metabolic Drivers of Drug Resistance and Disease Progression
Despite initial responsiveness to platinum-based chemotherapy, most patients with advanced OC eventually develop drug 
resistance, leading to recurrence and treatment failure.8 Accumulating evidence indicates that metabolic rewiring is 
a central driver of chemoresistance and disease progression. The ability of OC cells to dynamically shift their metabolic 
phenotypes in response to therapeutic pressure underpins their survival, adaptation, and metastatic potential.15 Key 
mechanisms include enhanced mitochondrial OXPHOS, altered glycolysis and transporter activity, metabolic reprogram
ming in CSCs, and plasticity in metastatic niches.

Chemoresistance and Metabolic Rewiring
Resistance to platinum-based chemotherapy remains a major obstacle in the management of OC. Emerging evidence 
indicates that metabolic reprogramming, particularly the upregulation of mitochondrial OXPHOS, is a critical driver of 
chemoresistance.39 In resistant cells, enhanced mitochondrial biogenesis and elevated respiratory capacity enable 
efficient ATP production, fueling energy-intensive processes such as DNA repair and survival signaling. Furthermore, 
the acquisition of an OXPHOS-dominant phenotype confers resistance to oxidative stress and supports cell survival 
during chemotherapy-induced metabolic stress.88 Therapeutic strategies targeting mitochondrial function have shown 
promise in sensitizing resistant cells and warrant further investigation.

Cancer Stemness and Metabolic Traits
Ovarian CSCs represent a subpopulation with enhanced tumorigenic potential, resistance to standard therapies, and 
a propensity to drive relapse. Unlike bulk tumor cells that predominantly rely on glycolysis, CSCs exhibit a hybrid 
metabolic phenotype, maintaining the ability to flexibly switch between glycolysis and OXPHOS depending on micro
environmental conditions.89 OXPHOS dependency endows CSCs with robust antioxidant defenses and efficient ATP 
generation, promoting survival under stress.38 These metabolic adaptations not only support CSC maintenance but also 
complicate therapeutic eradication, highlighting the need for dual metabolic targeting strategies. However, despite these 
insights, no standardized classification exists to define metabolic subtypes in resistant OC, which complicates patient 
stratification and predictive modeling. A schematic comparison of metabolic features between naïve and resistant OC 
cells is summarized in Figure 2.

Metabolic Plasticity in Metastasis
Metastasis in OC primarily occurs via transcoelomic dissemination, wherein cancer cells detach from the primary tumor 
and spread across the peritoneal cavity to seed distant sites such as the omentum and mesentery.90 These metastatic 
processes are tightly linked to metabolic plasticity, enabling cells to adapt to diverse environmental cues and colonize 
lipid-rich secondary niches.91

The omental microenvironment provides abundant adipocyte-derived fatty acids that are imported via CD36 and used 
for β-oxidation in metastatic cells.57,92 This lipid-rich milieu promotes mitochondrial respiration, enhances energy 
availability, and supports epithelial-to-mesenchymal transition (EMT), facilitating invasion and colonization.93 

Inhibition of FAO enzymes or CD36 significantly impairs peritoneal metastasis in murine models.57,92

Metabolic changes also coincide with EMT, a cellular program that promotes dissemination and stemness. During 
EMT, cells downregulate epithelial markers such as E-cadherin and upregulate mesenchymal genes like ZEB1 and 
SNAIL, alongside shifts toward increased OXPHOS and redox buffering capacity.94,95 EMT-associated transcription 
factors have been shown to directly regulate metabolic enzymes, reinforcing a feedback loop between metabolic state and 
invasive behavior.96
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Importantly, mesenchymal-like OC cells demonstrate resistance to anoikis, a form of apoptosis triggered by cell detach
ment from the extracellular matrix, as well as increased resilience to oxidative stress, facilitating their survival within the 
peritoneal fluid.97 These cells are further characterized by the acquisition of stem-like properties, including enhanced 
capabilities for sphere formation, elevated resistance to chemotherapy, and an increased potential for metastatic seeding.98

The convergence of metabolic reprogramming, EMT transition, and microenvironmental adaptation forms 
a fundamental axis driving OC progression. Targeted therapeutic approaches aimed at disrupting this axis, including 
inhibition of lipid metabolic pathways, suppression of mitochondrial function, or blockade of EMT-associated transcrip
tional regulators, offer promising strategies for preventing metastatic dissemination and disease recurrence.38,99

Therapeutic Targeting of Metabolic Vulnerabilities
Metabolic reprogramming in OC not only supports malignant growth and therapy resistance but also presents novel 
vulnerabilities that can be therapeutically exploited. Recent advances have led to the development of targeted inhibitors 
against key metabolic pathways, as well as strategies that integrate metabolism with DNA repair, redox regulation, and 
immune modulation. This section summarizes emerging therapeutic approaches aimed at disrupting cancer-specific 
metabolic dependencies.

Inhibitors Targeting Key Metabolic Enzymes and Pathways
The glycolytic inhibitor 2-deoxyglucose (2-DG) sensitizes OC cells to apoptosis by suppressing glucose metabolism and 
activates p38 MAPK and JNK signaling pathways, thereby promoting apoptosis and inhibiting tumor progression in OC 
cells.100 PFK158, inhibitor of PFKFB3, has been shown to impair homologous recombination repair by disrupting RPA3- 
mediated DNA damage response, thereby sensitizing OC cells to PARP inhibitors and illustrating the therapeutic 
potential of targeting glycolytic vulnerabilities to overcome drug resistance.101

OXPHOS dependency in chemoresistant and stem-like OC cells have spurred interest in mitochondrial inhibitors.19 

IACS-010759, a complex I inhibitor, disrupts electron transport chain function and selectively kills OXPHOS-reliant 
cells.102 Metformin, a widely used antidiabetic drug, has been repurposed to inhibit complex I and AMPK activation in 
OC, reducing tumor burden and CSC activity in combination with platinum therapy.42,103 The mitochondrial inhibitor 
CPI-613 targets pyruvate dehydrogenase and α-ketoglutarate dehydrogenase to suppress OXPHOS, induce mitochondrial 
collapse, and enhance chemotherapy sensitivity in chemoresistant OC cells.44

Figure 2 The comparison of the metabolic features of naïve and resistant ovarian cancer cells. Naïve cells predominantly rely on glycolysis and exhibit lower mitochondrial 
activity and redox capacity. In contrast, resistant cells display enhanced oxidative phosphorylation, increased lipid utilization, and elevated antioxidant defenses. These 
adaptations support survival under therapeutic stress and contribute to cancer stem-like properties and immune evasion.
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Upregulation of glutamine metabolism is a characteristic feature of aggressive ovarian tumors. The glutaminase 1 
(GLS1) inhibitor CB-839, also known as telaglenastat, disrupts glutaminolysis and compromises redox homeostasis, 
thereby suppressing tumor proliferation and enhancing the sensitivity of OC cells to chemotherapy and poly (ADP- 
ribose) polymerase (PARP) inhibitors.104 Ongoing clinical trials are investigating the efficacy of CB-839 in combination 
regimens for the treatment of advanced OC.105

Targeting lipid synthesis and oxidation is particularly relevant in metastatic OC. FASN inhibitors such as TVB- 
2640 have shown antiproliferative effects and enhanced chemosensitivity in vivo.106,107 Dysregulation of lipid synthesis 
and oxidation, characterized by upregulation of CPT1A-driven fatty acid oxidation, supports the survival of paclitaxel- 
tolerant OC cells, and inhibition of this pathway with the FAO inhibitor ST1326 disrupts metabolic homeostasis, 
sensitizes tumors to chemotherapy, and prevents disease recurrence.108

Synthetic Lethality and Metabolic Dependencies
Combining metabolic inhibitors with other targeted therapies offers a promising synthetic lethality approach. Metabolic 
modulation enhances the efficacy of PARP inhibitors by increasing oxidative stress or disrupting nucleotide supply in 
BRCA deficient OC.109,110 For instance, combining CB-839 with olaparib or niraparib leads to enhanced DNA damage 
and tumor regression in preclinical models.111

NAD+/NADPH imbalance is another exploitable vulnerability. OC cells rely on NADPH for antioxidant defense and 
biosynthesis. Inhibitors targeting NADK, G6PD, or malic enzymes (ME1/ME2) can disrupt redox homeostasis, rendering 
cells more susceptible to chemotherapeutic agents.112,113 Additionally, depletion of NAD+ using NAMPT inhibitors such 
as FK866 impairs sirtuin function and disrupts mitochondrial integrity, further sensitizing tumor cells to stress.114

Immunometabolic Combination Strategies
The immunosuppressive ovarian TME is shaped by lactate accumulation, amino acid depletion, and lipid-induced 
dysfunction of immune cells.13 Targeting tumor metabolism can reverse this immunosuppression and enhance immu
notherapy efficacy.

Inhibition of lactate transporters such as MCT1 and MCT4 can normalize extracellular pH and restore T cell functionality. 
Combining lactate transporter inhibitors with immune checkpoint blockade targeting PD-1 or CTLA-4 has been shown to 
reactivate anti-tumor immune responses in resistant tumors.115 Similarly, targeting indoleamine 2,3-dioxygenase 1 (IDO1), an 
enzyme involved in tryptophan depletion and T cell suppression, may enhance the efficacy of immunotherapies, although early 
clinical trials reported limited success with IDO1 inhibitors as monotherapies.54,116,117

Emerging strategies aim to integrate metabolic blockade with immune checkpoint inhibition and chemotherapy. For 
example, dual inhibition of OXPHOS and PD-L1 pathways has been shown to reprogram the immune landscape and 
improve overall survival in murine OC models.115,118 Combinatorial therapeutic strategies that integrate glycolytic 
inhibition with immune checkpoint blockade are actively being explored to overcome tumor-induced immunosuppression 
and enhance antitumor efficacy. Ultimately, a deeper understanding of the metabolic dependencies that underlie immune 
evasion will be key to developing effective Immunometabolic therapies. An overview of representative metabolic targets, 
emerging inhibitors, combination strategies, and development stages currently under investigation in OC is summarized 
in Table 2. A schematic overview of the metabolic vulnerabilities and therapeutic targets in OC is illustrated in Figure 3, 
summarizing the key pathways and their corresponding inhibitors discussed in this section.

Emerging Technologies and Future Directions in Metabolic Profiling of OC
OC is characterized by pronounced metabolic heterogeneity, shaped by genetic alterations, microenvironmental pres
sures, and therapeutic interventions. Recent advances in technology have enabled unprecedented resolution in profiling 
these dynamic metabolic states. However, translating these insights into clinical strategies remains a key challenge.

Technological Advances in Metabolic Profiling
Metabolomics, the comprehensive quantification of small-molecule metabolites, has become a cornerstone for characterizing 
the metabolic landscape of ovarian tumors. Liquid chromatography–mass spectrometry (LC-MS/MS) platforms allow high- 
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throughput profiling of tissue, plasma, and ascites samples, revealing metabolic signatures associated with treatment response 
and disease progression.119 Stable isotope tracing, particularly 13C-labeled glucose and glutamine, enables real-time mapping 
of carbon flux through glycolysis, the TCA cycle, and biosynthetic pathways in patient-derived models.120,121 These 
approaches have identified metabolic signatures predictive of platinum resistance and cancer stemness in HGSOC.

Complementing bulk metabolomics, imaging-based metabolic profiling provides spatial and functional context. 
Hyperpolarized 13C-MRI offers real-time assessment of pyruvate-to-lactate conversion, reflecting glycolytic activity 
in vivo.122 Positron emission tomography (PET) using tracers like 18F-FDG and 11C-acetate enables non-invasive 
visualization of glucose and lipid metabolism in tumors.123,124 These imaging modalities are under investigation not 
only for diagnosis and staging but also for monitoring metabolic therapy response.125

Single-cell and spatial technologies now allow deconvolution of intratumoral metabolic heterogeneity. Single-cell 
RNA sequencing (scRNA-seq) has uncovered distinct metabolic gene expression programs among tumor subclones, 
immune infiltrates, and stromal cells.126 Spatial transcriptomics and spatial metabolomics further localize these signatures 
within tissue architecture, revealing metabolic gradients driven by hypoxia, vascular proximity, and stromal 

Table 2 Targeted Metabolic Therapies and Combinatorial Strategies Under Investigation in OC

Targeted Pathway Representative Inhibitor(s) Combination Strategy References

Glycolysis (PFKFB3, LDHA) PFK158, 2-DG, LDHA 
inhibitors

With PARP inhibitors (sensitization to DNA 
damage)

[36,101]

Oxidative Phosphorylation 

(OXPHOS)

IACS-010759, CPI-613, 

Metformin

With platinum therapy or PD-L1 blockade [42–44,102]

Glutamine metabolism (GLS1) CB-839 (Telaglenastat) With PARP inhibitors or chemotherapy [104,105]

Lipid metabolism (FAO, FASN) TVB-2640, ST1326 With chemotherapy (paclitaxel) or immune 

modulators

[46,56,65,106,108]

Redox homeostasis  

(NADPH, G6PD)

G6PD inhibitors, NADK 

inhibitors

Increase oxidative stress to sensitize tumor cells [112,113]

Tryptophan metabolism (IDO1) IDO1 inhibitors  
(eg, Epacadostat)

With immune checkpoint blockade  
(PD-1/PD-L1 inhibitors)

[54,116,117]

Figure 3 Integrative schematic illustrating key metabolic pathways altered in OC, their functional roles, and therapeutic implications. Metabolic reprogramming in OC 
includes enhanced aerobic glycolysis, glutamine addiction, dysregulated lipid metabolism, and mitochondrial adaptations. These alterations contribute to key cancer 
hallmarks, including proliferation, redox homeostasis, immune evasion, and metastatic potential. Notably, metabolic changes support the maintenance of cancer stem-like 
cells and facilitate resistance to therapy. The downstream effects of these processes create vulnerabilities that are currently being explored through therapeutic strategies, 
including immunotherapy and inhibitors targeting DNA damage repair pathways.
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interactions.127 Computational approaches such as genome-scale metabolic models and flux balance analysis integrate 
multi-omics data to predict metabolic vulnerabilities and simulate drug response.128,129 The key technologies currently 
employed for metabolic profiling in OC are summarized in Table 3.

Challenges and Future Perspectives
Despite significant progress, the clinical translation of metabolic targeting strategies in OC remains challenging. 
Intratumoral metabolic heterogeneity, characterized by spatial variation within tumors and dynamic adaptation over 
time, compromises the efficacy of monotherapies, as distinct subpopulations may rely on different fuel sources or rapidly 
reprogram their metabolism in response to therapeutic pressure, ultimately leading to resistance and disease recurrence. 
Single-cell and longitudinal profiling approaches will be critical to elucidate dominant and evolving metabolic depen
dencies, thereby informing more effective and durable therapeutic interventions.126,128–131

While several inhibitors demonstrate strong preclinical efficacy, many lack sufficient selectivity or tolerability in 
patients due to the shared reliance of normal tissues on core metabolic pathways.132 Strategies that focus on cancer- 
specific metabolic adaptations or combine metabolic inhibitors with PARP inhibitors or immunotherapies may improve 
therapeutic windows and efficacy.133

The absence of validated metabolic biomarkers significantly impedes patient stratification and the optimization of 
treatment strategies in OC. Dynamic indicators, including serum metabolite ratios, imaging-derived metabolic activity 
such as FDG uptake, and gene expression signatures, offer promising avenues for enhancing clinical decision-making. 
However, the clinical utility of these biomarkers necessitates rigorous standardization and prospective validation to 
ensure their reliability and effectiveness in guiding therapeutic interventions.119,124

Designing effective clinical trials also remains complex. Trial frameworks must consider intratumoral heterogeneity, 
treatment-induced reprogramming, and compensatory metabolic shifts. Basket and umbrella trials that incorporate 
metabolic profiling may enhance patient selection and assess combination strategies involving DNA repair, angiogenesis, 
or immune checkpoint pathways.134

Ultimately, integrating spatial, temporal, and functional metabolic insights into clinical workflows will be crucial for 
identifying actionable vulnerabilities and advancing precision metabolic oncology.

Conclusion
Metabolic reprogramming is now recognized as a fundamental hallmark of OC, driving multiple aspects of tumor 
progression, from sustained proliferation and survival under stress to immune evasion, drug resistance, and metastatic 
dissemination.14,15 OC cells exhibit remarkable metabolic plasticity, enabling them to toggle between glycolysis and 
OXPHOS, exploit amino acid and lipid sources, and dynamically adapt to microenvironmental and therapeutic 
pressures.135 Key metabolic hallmarks such as enhanced glycolysis, elevated OXPHOS in chemoresistant clones, 

Table 3 Technologies for Metabolic Profiling in OC

Technology Key Features Advantages Applications in OC References

LC-MS/MS Metabolomics High-throughput detection of metabolites in tissues, 

plasma, ascites

Sensitive, quantitative, broad 

coverage

Identification of metabolic signatures 

predicting platinum resistance

[119]

Stable Isotope Tracing  
(eg, 13C-glucose)

Real-time tracking of metabolic fluxes Reveals dynamic pathway utilization Mapping carbon flow through glycolysis and 
TCA cycle in OC cells

[120,121]

Hyperpolarized 13C-MRI Non-invasive imaging of real-time metabolic flux (eg, 

pyruvate-to-lactate conversion)

In vivo assessment, functional 

imaging

Monitoring therapeutic response based on 

glycolytic activity

[122]

PET Imaging  

(18F-FDG, 11C-acetate)

Visualizes glucose and lipid metabolism Clinical availability, non-invasive 

staging

Diagnosis, monitoring metabolic changes 

during therapy

[123,124]

Single-cell RNA Sequencing 

(scRNA-seq)

Transcriptome profiling at single-cell resolution Identifies intratumoral metabolic 

heterogeneity

Dissecting metabolic programs of tumor and 

immune cells

[123]

Spatial Transcriptomics / 
Spatial Metabolomics

Spatial mapping of gene expression or metabolite 
distribution

Preserves tissue architecture; 
detects metabolic gradients

Defining hypoxia/metabolism-associated 
tumor regions

[123,127]

Genome-scale Metabolic 

Modeling

Computational prediction of metabolic vulnerabilities 

based on multi-omics data

Integrates genomics, 

transcriptomics, metabolomics

Identifying targetable metabolic pathways and 

simulating drug response

[128,129]
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glutamine addiction, and lipid utilization in metastatic cells, collectively establish a bioenergetic landscape that supports 
disease persistence and therapeutic failure.136 CSCs rely on mitochondrial metabolism and redox control to maintain 
stemness and evade conventional therapies.19 Concurrently, metabolic crosstalk with immune and stromal components 
further shapes an immunosuppressive and therapy-refractory tumor microenvironment.15,137

Therapeutically, these metabolic vulnerabilities represent a promising axis for intervention. Targeting glycolysis, 
glutaminolysis, fatty acid oxidation, or mitochondrial respiration, either individually or in combination, has shown 
potential to overcome platinum resistance, eradicate CSCs, and enhance the efficacy of immunotherapy.138 In addition, 
synthetic lethality approaches that integrate metabolic inhibition with PARP inhibitors or redox modulators are actively 
being investigated.139 For instance, inhibitors of glutaminase such as CB-839, fatty acid synthase inhibitors like TVB- 
2640, and monocarboxylate transporter inhibitors such as AZD3965 have demonstrated promising preclinical efficacy, 
particularly in combination with PARP inhibitors or immune checkpoint inhibitors.

As our understanding of tumor metabolism continues to evolve, future efforts must integrate spatial, temporal, and 
functional metabolic data with clinical insights to enable precision metabolic oncology. Key future directions include the 
development of robust metabolic biomarkers to guide patient stratification, real-time metabolic imaging for therapy 
monitoring, and validation of combinatorial strategies in clinical trials. A deeper understanding of inter-patient and intra- 
tumoral metabolic heterogeneity will also be critical for personalizing therapeutic interventions. Ultimately, leveraging 
the bioenergetic flexibility of OC as a therapeutic vulnerability may hold the key to improving long-term outcomes for 
patients with this aggressive disease.44,140–142
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