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Renal cell carcinoma (RCC) is a common malignancy of the urinary system. Due to its asymptomatic nature in the early stages, many patients present with advanced or metastatic disease at the time of diagnosis. Existing therapeutic strategies for advanced RCC exhibit limited efficacy, underscoring the urgent need for novel therapeutic approaches. Recently, metabolic reprogramming—characterized by alterations in glucose metabolism, lipid synthesis, and amino acid metabolism—has emerged as a critical biological adaptation enabling tumor cell proliferation and survival within the tumor microenvironment. This review introduces the major metabolic reprogramming mechanisms in RCC, including enhanced glycolysis, augmented lipid synthesis, and altered amino acid metabolism. We summarize the associations between RCC progression and key metabolic molecules involved in these pathways, highlighting their potential clinical value as diagnostic markers, prognostic indicators, and therapeutic targets. To date, most studies have focused primarily on describing the correlations between metabolic dysregulation and tumor progression or therapeutic resistance in RCC. However, the molecules and pathways involved in these metabolic processes also represent promising targets for metabolic interventions. In this context, we further propose novel therapeutic strategies targeting key metabolic nodes such as HIF-2α, GLUT and FASN, offering new insights into precision treatment approaches for RCC.
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1 INTRODUCTION
Renal cell carcinoma (RCC) is one of the most common malignancies of the urinary system, accounting for approximately 2%–3% of all adult cancers (Catalano et al., 2023). Pathologically, RCC is classified into several subtypes, including clear cell RCC (ccRCC), papillary RCC, chromophobe RCC, translocation-associated RCC, medullary RCC, and collecting duct RCC, with ccRCC being the predominant subtype, representing 75%–85% of all RCC cases (Tykodi et al., 2022). In 2023, it was estimated that approximately 81,800 new RCC cases and 14,890 related deaths would occur in the United States (Siegel et al., 2024). Due to its asymptomatic nature in the early stages, RCC is often diagnosed at an advanced or metastatic stage, significantly compromising patient survival and prognosis. Current therapeutic approaches for RCC include surgical resection, targeted therapies, and immune checkpoint inhibitor (ICI) therapies (Srivastava et al., 2022). Targeted therapies comprise tyrosine kinase inhibitors (TKIs), hypoxia-inducible factor (HIF) pathway inhibitors, mTOR inhibitors, and anti-angiogenic agents such as bevacizumab. Immunotherapy centers on ICIs, most notably inhibitors targeting PD-1/PD-L1, and CTLA-4. However, effective treatment options remain limited for patients with advanced or drug-resistant RCC, underscoring the urgent need for novel biomarkers and therapeutic targets to enhance disease management. Several key oncogenic pathways, such as the VHL/HIF axis, PI3K–AKT–mTOR, MET/AXL, MAPK/ERK, immune checkpoints, and metabolic reprogramming, have been implicated in RCC progression and metastasis, with corresponding inhibitors already in clinical use or under investigation (Figure 1).
[image: Illustration of a kidney with surrounding text and boxes detailing targeted drugs and pathways related to cancer progression. Key pathways include MET/AXL/HGF for metastasis, MAPK/ERK for tumor growth, PI3K-AKT-mTOR for anti-apoptosis, and immune checkpoints for evasion. Drugs are listed beside each pathway, such as cabozantinib and mTOR inhibitors. Two legends denote black boxes for targeted drugs and pink ovals for enhanced tumor behavior.]FIGURE 1 | Key pathways, biological behaviors, and therapeutic targets in RCC. Major signaling pathways implicated in RCC include the VHL/HIF–VEGF axis, PI3K–AKT–mTOR, MET/AXL/HGF, MAPK/ERK and PDGFR, immune checkpoint pathways, metabolic reprogramming, JAK–STAT3, epigenetic/chromatin regulation, Hippo–YAP/TAZ, and Wnt/β-catenin. These pathways contribute to enhanced tumor biological behaviors such as angiogenesis, epithelial–mesenchymal transition (EMT), and metastasis. Representative therapeutic agents targeting these pathways include tyrosine kinase inhibitors (TKIs), HIF-2α inhibitors, mTOR inhibitors, and anti-VEGF antibodies, some of which are already used in clinical practice while others remain under investigation. Abbreviations: EMT, Epithelial-Mesenchymal Transition; TKI, Tyrosine Kinase Inhibitor.Recent studies have highlighted that RCC cells undergo metabolic reprogramming—a process whereby tumor cells restructure their metabolic pathways to meet the demands of uncontrolled proliferation and malignant progression. This reprogramming involves significant alterations in key metabolic pathways, including glucose, lipid, and amino acid metabolism (Jonasch et al., 2021b). Such metabolic dysregulation is often driven by aberrant expression of critical regulatory molecules and enzymes, which are closely associated with tumor progression, therapy resistance, and patient prognosis. These molecules show great promise as diagnostic and prognostic biomarkers as well as potential therapeutic targets.
This review aims to comprehensively summarize the major features of metabolic reprogramming in RCC, examine recent advances in identifying metabolism-related biomarkers, and explore their clinical implications in diagnosis, prognostic assessment, and therapeutic decision-making. Ultimately, we seek to provide novel theoretical insights and future research directions for the precision diagnosis and treatment of RCC.
2 BRIEF OVERVIEW OF METABOLIC REPROGRAMMING
2.1 Metabolic reprogramming in RCC
Recent studies on metabolic dysregulation in RCC have revealed how tumor cells undergo metabolic reprogramming to sustain energy production and adapt to the tumor microenvironment. In ccRCC, the characteristic translucent cytoplasm, along with prominent accumulation of lipids and glycogen, reflects this profound metabolic shift. Analysis of nearly 500 ccRCC samples by The Cancer Genome Atlas (TCGA) further confirmed a marked downregulation of the tricarboxylic acid (TCA) cycle, accompanied by significant upregulation of the pentose phosphate pathway (PPP), fatty acid synthesis, and glutamine transport (The Cancer Genome Atlas Research Network, 2013). This metabolic reprogramming not only supports rapid tumor cell proliferation and growth but also correlates strongly with poor prognosis and reduced patient survival.
At the molecular level, metabolic reprogramming in ccRCC is characterized by enhanced aerobic glycolysis (the Warburg effect), increased PPP activity, suppression of the TCA cycle and oxidative phosphorylation (OXPHOS), elevated fatty acid synthesis, and reduced fatty acid β-oxidation (FAO). Additionally, dysregulated cholesterol metabolism, upregulated glutamine metabolism, elevated glutathione/glutathione disulfide (GSH/GSSG) pathway activity, and aberrant tryptophan and arginine metabolism are frequently observed. Key regulatory genes involved in these processes include VHL, PTEN, Akt, mTOR, TSC1/2, Myc, PBRM1, BAP1, SETD2, KDM5C, and TP53 (Linehan et al., 2010; Haake et al., 2016; Yang et al., 2014; Zheng et al., 2021; Gossage et al., 2015; Turajlic et al., 2018). And genes associated with hereditary RCC include ELOC, MET, TSC, FLCN, MITF, TFE3 (Coffey and Simon, 2024).
Among them, VHL inactivation represents one of the most common molecular features of ccRCC. Loss of VHL function leads to the stabilization and accumulation of HIF-1α and HIF-2α, creating a state of “pseudohypoxia” that drives the expression of genes involved in tumor growth, angiogenesis, metastasis, and glucose metabolism (Jaakkola et al., 2001). Studies have suggested that while HIF-1α may exert tumor-suppressive effects in ccRCC, HIF-2α is predominantly oncogenic (Hanahan and Weinberg, 2011).
Moreover, frequent mutations in components of the PI3K-Akt-mTOR signaling pathway—such as PTEN, TSC1/2, and PIK3CA—further promote metabolic reprogramming (Voss et al., 2014; Dibble and Cantley, 2015; Inoki et al., 2002; Wee et al., 2008). Notably, hyperactivation of mTORC1 enhances metabolic adaptation by suppressing 4E-BP1 and increasing HIF expression (Düvel et al., 2010; Toschi et al., 2008). In addition, Myc, a well-known proto-oncogenic transcription factor, upregulates several genes implicated in tumorigenesis and plays a pivotal role in ccRCC metabolic reprogramming, particularly by promoting glutamine metabolism and fatty acid synthesis (Gordan et al., 2007).
Importantly, large-scale genomic sequencing efforts have revealed that mutations in PBRM1, BAP1, SETD2, KDM5C, and TP53—many located on chromosome 3p, often co-deleted with VHL—are among the most frequent genetic alterations in ccRCC. PBRM1, a subunit of the SWI/SNF chromatin-remodeling complex, is mutated in ∼40% of cases and modulates transcriptional regulation, immune microenvironment, and response to immune checkpoint blockade (Wu et al., 2023d). BAP1, a deubiquitinase, is mutated in 10%–15% of cases, correlating with aggressive histology, poor prognosis, and metabolic dysregulation (Wu et al., 2023d). SETD2, the sole histone H3K36 trimethyltransferase, is inactivated in ∼12% of cases, impairing DNA repair and genome stability (Gossage et al., 2015). KDM5C, a histone demethylase frequently mutated in ccRCC, regulates chromatin accessibility and metabolic gene expression, linking epigenetics to tumor progression (Zheng et al., 2021). TP53, although mutated less frequently in ccRCC compared to other cancers, is associated with higher tumor grade, treatment resistance, and adverse outcomes when present (Turajlic et al., 2018).
In hereditary RCC, particularly papillary renal cell carcinoma (pRCC), tumorigenesis is influenced by multiple genetic and metabolic drivers, with marked heterogeneity observed between type 1 and type 2 subtypes. In hereditary papillary renal carcinoma (hpRCC), germline gain-of-function mutations in the proto-oncogene MET confer a 100% lifetime risk of developing type 1 pRCC, and Met alterations are also frequent in sporadic cases, where 15%–20% of tumors harbor activating mutations and up to 90% show chromosomal copy number gains (Maher, 2018; Linehan et al., 2016; Yin et al., 2015). PTEN loss in Cowden syndrome and TSC1/2 mutations in tuberous sclerosis complex are additional drivers that converge on hyperactivation of the PI3K–AKT–mTOR signaling pathway, thereby promoting tumorigenesis (Maher, 2018; Kim et al., 2020; Yang et al., 2014). Moreover, hereditary and sporadic forms of FH and SDH deficiency represent key drivers of type 2 pRCC, linking dysregulated tricarboxylic acid (TCA) cycle activity with accumulation of oncometabolites such as fumarate and succinate (Maher, 2018; Vanharanta et al., 2004; Lehtonen et al., 2004). Translocations of TFE3 and TFEB further contribute to oncogenesis in a subset of type 2 tumors by driving aberrant mTOR signaling (Moch et al., 2022). At the metabolic level, pRCC exhibits impaired oxidative metabolism and enhanced glycolysis, with single-cell analyses revealing that disease progression is associated with profound metabolic dysfunction mediated by upregulation of LDHA and downregulation of FH, highlighting their importance as functional drivers of tumor aggressiveness (Wang et al., 2022b).
2.2 Glucose metabolism
Glucose metabolism undergoes significant reprogramming in RCC, primarily involving cytoplasmic glycolysis, the pentose phosphate pathway (PPP), and mitochondrial TCA cycle and OXPHOS (Figure 2). In RCC cells, glycolysis and the PPP are markedly upregulated, whereas the TCA cycle and OXPHOS are significantly suppressed—metabolic features that constitute the classical Warburg effect or aerobic glycolysis (Vander Heiden et al., 2009). Concurrently, RCC cells exhibit enhanced dependence on glycolysis by downregulating key gluconeogenic enzymes, including glucose-6-phosphatase (G6PC), fructose-1,6-bisphosphatase 1 (FBP1), and phosphoenolpyruvate carboxykinase 1 (PCK1) (Xu et al., 2020c; Li et al., 2014; Shi et al., 2020). Recent studies further demonstrate that VHL loss not only enhances glycolytic activity in cancer cells but also profoundly remodels the tumor microenvironment (TME). Specifically, tumor-associated macrophages (TAMs) in VHL-deficient tumors display increased glucose uptake, phagocytic activity, and proinflammatory transcriptional signatures, indicating that glycolysis-driven reprogramming extends beyond tumor cells to immune infiltrates within the TME (Wolf et al., 2024).
[image: Diagram illustrating cellular metabolic pathways, including glycolysis, the pentose phosphate pathway, and the TCA cycle. It shows enzymes and metabolites, with upregulated steps in pink and downregulated steps in blue. A mitochondrion is depicted, highlighting the electron transport chain and ATP synthesis. Key enzymes and metabolites, such as GLUT, HK, and LDHA, are labeled. Inhibitors STF-31 and BAY-876 are indicated. The layout emphasizes the interaction between metabolic processes and mitochondrial functions.]FIGURE 2 | Reprogramming of glucose metabolism in RCC. In RCC, glycolysis and the PPP are markedly upregulated, while gluconeogenesis, the TCA cycle, and oxidative phosphorylation (OXPHOS) are significantly suppressed, reflecting a classical Warburg effect or aerobic glycolysis metabolic pattern. Red: increased activity; Blue: decreased activity. Abbreviations: ENO, enolase; FBP1, fructose-1-bisphophatase; FH, fumarase; F-1,6-BP, fructose 1,6-bisphosphate; F-6-P, fructose 6-phosphate; GPI, glucose-6-phosphate isomerase; HK, hexokinase; IDH, isocitrate dehydrogenase; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; P-Enolpyruvate, phosphoenolpyruvate; PFK, phosphofructokinase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-α; PKM2, phosphoglycerate mutase; R-5-P, ribose-5-phosphate; SDH, succinate dehydrogenase; TKT, transketolase; 1,3-BP-Glycerate, 1,3-bisphospho-D-glycerate; GLUT, glucose transporter; 2-P-Glycerate, 2-phosphoglycerate; 3-P-Glycerate, 3-phosphoglycerate; 6-P-Gluconolactone, 6-phosphoglucono-d-lactone; G6PD; glucose- 6-phosphate dehydrogenase; MCT, Monocarboxylate transporter.Although substantial glycogen accumulation is observed in RCC cells, regulation of glycogen metabolism appears to have minimal impact on tumor growth, suggesting that glycogen storage may be a secondary consequence of abnormal HIF activity rather than a direct driver of malignancy (Xie et al., 2021). Meanwhile, upregulation of the PPP supplies essential intermediates such as NADPH and ribose-5-phosphate, which are required for lipid biosynthesis and nucleotide production, thereby supporting the rapid proliferation of tumor cells (Wanders et al., 2001). Importantly, the glycolytic bias in the TME also contributes to immune dysfunction, as T cells in VHL-deficient tumors show reduced effector cytokine production and diminished response to PD-1 blockade, highlighting metabolic competition between tumor and immune cells as a key determinant of therapeutic resistance (Wolf et al., 2024).
The downregulation of OXPHOS is also closely linked to increased tumor aggressiveness (Simonnet et al., 2002). HIF-1α directly suppresses the expression and activity of mitochondrial electron transport chain complexes, thereby promoting a metabolic shift toward glycolysis for ATP production (Lunt and Vander Heiden, 2011). This reprogrammed metabolic landscape not only provides a foundation for RCC progression but also highlights potential metabolic vulnerabilities that may serve as novel therapeutic targets.
2.3 Lipid metabolism
Lipid metabolic reprogramming in ccRCC is characterized by upregulated lipid synthesis and storage, alongside suppressed lipid utilization and oxidation (Ganti et al., 2012a). This imbalance results in the accumulation of cholesterol (Gebhard et al., 1987), fatty acids (Hakimi et al., 2016), triglycerides (Heravi et al., 2022), phospholipids, and polyunsaturated fatty acids (PUFAs) (Figure 3). The dysregulation of multiple metabolic pathways synergistically promotes membrane biosynthesis, cell proliferation, and drives tumor progression (Wettersten et al., 2017).
[image: Metabolic pathway diagram illustrating lipid metabolism, highlighting components such as PLIN2, SCD, FASN, ACC, and ACLY, shown as upregulated in pink. Components like CPT1A, TCA Cycle, β-oxidation, and ECHS1 are downregulated in blue. Metabolites such as HDL, Acetyl-CoA, and Acyl-CoA are labeled in white. Pathway shows interactions with lipoproteins, fatty acids, and enzymes within a cell structure, including peroxisome involvement.]FIGURE 3 | Reprogramming of lipid metabolism in RCC. Under the context of lipid metabolic reprogramming, fatty acid and lipid synthesis are significantly upregulated, while fatty acid β-oxidation is downregulated. In addition, elevated levels of metabolites and enzymes involved in cholesterol biosynthesis contribute to the accumulation of cholesterol, fatty acids, triglycerides, unsaturated fatty acids (UFAs), and lipid droplets, establishing the distinct histological phenotype of renal cell carcinoma. Abbreviations: AA, arachidonic acid; ACC, acetyl-CoA carboxylase; ACLY, ATP-citrate lyase; ALA, α-linolenic acid; CPT1A, carnitine palmitoyltransferase 1-A; CE, cholesteryl ester; DHA, docosahexaenoic acid; ECHS1, enoyl-CoA hydratase, short chain 1; EPA, eicosapentaenoic acid; FABPs, fatty acid binding proteins; FADS1, fatty acid desaturase 1; FADS2, fatty acid desaturase 2; FASN, fatty acid synthase; FAs, fatty acids; HDL, high-density lipoprotein; LA, linoleic acid; LD, lipid droplet; MUFAs, monounsaturated fatty acids; PLIN2, perilipin 2; SCARB1, scavenger receptor B1; SCD, stearoyl-CoA desaturase; SFAs, saturated fatty acids; UFAs, unsaturated fatty acids.Enhanced fatty acid synthesis is a hallmark of ccRCC, with key enzymes such as ATP citrate lyase (ACLY) and fatty acid synthase (FASN) significantly upregulated under the activation of HIF and mTOR signaling. These enzymes catalyze the conversion of acetyl-CoA into saturated fatty acids, providing lipid precursors essential for membrane formation and energy storage in the form of lipid droplets (Taylor and Scholz, 2022).
Conversely, fatty acid oxidation (FAO) is suppressed through the downregulation of carnitine palmitoyltransferase 1A (CPT1A) and HIF-2α-mediated peroxisomal dysfunction, limiting lipid catabolism for energy production. This shift reduces reactive oxygen species (ROS) generation to support cell survival, while rerouting metabolic flux toward synthetic pathways, thereby accelerating lipid accumulation (Du et al., 2017).
These metabolic features are governed by the global regulation of the VHL-HIF axis and redox homeostasis, collectively forming a “lipid addiction” phenotype that contributes to drug resistance and immune evasion. Targeting key nodes in lipid metabolism—such as inhibiting FASN or ACLY, or restoring FAO—disrupts lipid homeostasis and represents a promising therapeutic strategy for ccRCC (Xiong et al., 2021).
2.4 Amino acid metabolism
Glutamine metabolism plays a pivotal role in ccRCC. Glutamine is primarily transported into the cell via the solute carrier SLC1A5 and is subsequently converted to glutamate by glutaminase (GLS). Glutamate is then metabolized into α-ketoglutarate (α-KG), which enters the TCA cycle or is redirected through reductive carboxylation to generate isocitrate for lipid biosynthesis (Hassanein et al., 2013). ccRCC cells frequently exhibit marked glutamine addiction, and either GLS inhibition or glutamine deprivation significantly reduces tumor cell viability (Abu Aboud et al., 2017). Moreover, glutamine serves as a precursor for the GSH. Elevated levels of glutamine, glutamate, and the GSH/GSSG ratio are commonly observed in ccRCC cells, contributing to ROS detoxification and redox homeostasis through glutathione peroxidase 1 (GPX1)-mediated mechanisms (Hakimi et al., 2016; Figure 4).
[image: Diagram illustrating metabolic pathways involving tryptophan, glutamine and arginine. Tryptophan is converted to N-formyl-kynurenine via TDO2 and IDO1, leading to kynurenine and quinolinate, causing immunosuppression. Glutamine is converted to glutamate and further processed in the TCA cycle, involving components like α-ketoglutarate. The diagram shows inhibitors like Epacadostat and CB-839 and highlights the roles of enzymes like ARG2. Increased ARG2 and decreased ASS1 lead to arginine auxotrophy. Key pathways impacted include serotonin and indoleacetate, with metabolic effects noted as upregulated or downregulated.]FIGURE 4 | Reprogramming of glutamine, tryptophan, and arginine metabolism in RCC. Upregulation of SLC1A5 and GLS enhances glutamine metabolism, supporting the TCA cycle and redox balance. Elevated TDO2 and IDO drive tryptophan conversion to kynurenine, promoting immunosuppression. Increased ARG2 and decreased ASS1 lead to arginine auxotrophy. These alterations facilitate ccRCC cell survival and immune evasion. Abbreviations: ARG2, arginase 2; ASS1, argininosuccinate synthase 1; GLS, glutaminase; GPX, glutathione peroxidase; GSH, glutathione; GSSG, reduced glutathione; IDO, indoleamine 2,3-dioxygenase; SLC1A5, solute carrier family 1 member 5; TDO2, tryptophan 2,3-dioxygenase 2.Arginine metabolism is also distinctly dysregulated in ccRCC. Downregulation of argininosuccinate synthetase 1 (ASS1) enhances the tumor’s dependence on extracellular arginine (Rabinovich et al., 2015). Loss or suppression of ASS1 expression is commonly observed in various malignancies and is associated with chemoresistance and poor prognosis, rendering tumors more sensitive to arginine-depleting therapies such as ADI-PEG20 (Delage et al., 2010). Notably, restoration of ASS1 expression has been shown to significantly inhibit tumor growth, highlighting the arginine metabolic pathway as a promising therapeutic target (Yoon et al., 2007; Figure 4).
Tryptophan metabolism is similarly altered in ccRCC, primarily through activation of the kynurenine (KN) pathway mediated by indoleamine 2,3-dioxygenase (IDO) (Wettersten et al., 2017). IDO overexpression not only depletes intracellular tryptophan and facilitates immune evasion, but also produces immunosuppressive metabolites such as kynurenine and quinolinic acid, which inhibit effector T cell function and promote tumor invasiveness (Fiore and Murray, 2021). Although IDO inhibitors have entered clinical trials in combination therapies, their efficacy in ccRCC remains limited, indicating that further investigation is needed to elucidate the precise mechanisms underlying tryptophan metabolism (Li et al., 2019; Figure 4).
3 BIOMARKERS IN METABOLIC REPROGRAMMING
3.1 Biomarkers in glucose metabolism
3.1.1 Glycolysis
3.1.1.1 GLUT (glucose transporter)
In the field of RCC research, the glucose transporter (GLUT) family has garnered increasing attention for its critical roles in tumor metabolic reprogramming, cancer progression, immune evasion, and therapeutic resistance mechanisms. Among this family, GLUT1 is one of the most extensively studied members, with its expression significantly upregulated in various malignancies, including ccRCC (Singer et al., 2011). Notably, in ccRCC VHL gene deficiency, HIF-1α is highly activated, markedly enhancing GLUT1 expression (Ivan and Huang, 2014). In addition, oncogenic Ras and NF-κB signaling pathways have been shown to upregulate the expression of GLUT1 and GLUT3, respectively, thereby increasing glucose uptake efficiency in renal cancer cells (Zha et al., 2015). Recent studies have revealed that S100A2 interacts with the transcription factor HNF1A to cooperatively activate GLUT2 expression, which significantly enhances glucose uptake and glycolytic activity, ultimately promoting ccRCC cell migration and invasion. This newly identified S100A2-HNF1A-GLUT2 axis offers a potential therapeutic target for advanced ccRCC (Deng et al., 2025).
At the diagnostic and therapeutic level, 18F-FDG PET imaging, a non-invasive detection modality that leverages glucose analog probes (FDG) closely associated with GLUT1-mediated glucose uptake, has been demonstrated to effectively assess the response of ccRCC patients to targeted therapies such as PI3K, AKT, and mTOR inhibitors. This technology serves as both a pharmacodynamic and prognostic biomarker, providing critical insights for treatment monitoring and personalized therapeutic strategies in patients with advanced renal cancer (Mizuno et al., 2015; Ma et al., 2009; Nakaigawa et al., 2016; Table 1). However, its clinical application faces several important limitations. First, low-grade or certain histological subtypes such as chromophobe RCC exhibit insufficient FDG uptake, resulting in reduced sensitivity and potential underestimation of malignancy (Takahashi et al., 2015). Second, active inflammatory or infectious processes can lead to false-positive findings due to FDG accumulation in activated immune cells, which may confound interpretation without correlation to clinical context or complementary imaging (Chang et al., 2006). Third, the inherently high metabolic background of renal parenchyma and FDG excretion into the urinary tract complicate differentiation between tumor lesions and normal structures (Takahashi et al., 2015). Fourth, the limited spatial resolution of PET leads to partial-volume effects, particularly for lesions smaller than 6–8 mm, which may cause underestimation of SUV or complete omission (Purohit et al., 2014). Fifth, heterogeneity in GLUT1 expression across RCC subtypes and the contribution of alternative metabolic pathways such as GLUT5 or glucose-6-phosphatase (G6Pase) further affect FDG kinetics and imaging accuracy (Takahashi et al., 2015). Finally, while SUVmax has been associated with poor recurrence-free survival, its prognostic power is improved when combined with systemic inflammatory markers such as C-reactive protein (CRP); however, CRP is non-specific and may be influenced by infection or comorbidities. These limitations highlight the need for integrating FDG PET with anatomical imaging modalities, multiparametric PET/MRI, radiomics, and clinicopathological parameters to improve reliability and accuracy in the individualized management of ccRCC.
TABLE 1 | Functions and clinical biomarker value of molecules involved in glucose metabolism reprogramming in RCC.	Molecule	Function	Biomarker role or clinical value	References
	GLUT	Mediates glucose transmembrane transport.	GLUT1 expression is upregulated and used in PET imaging to evaluate targeted therapy response; influenced by VHL loss and HIF-1α activation, indicating poor prognosis. GLUT2 promotes tumor migration and invasion.	Mizuno et al. (2015), Ma et al. (2009), Ivan and Huang (2014), Deng et al. (2025)
	HK	Catalyzes the phosphorylation of glucose to glucose-6-phosphate, initiating glycolysis.	High HK2 expression is associated with advanced tumor stage, lymph node metastasis, and poor survival, serving as an independent prognostic factor. HK3 is co-expressed with multiple immunosuppressive molecules, suggesting a role in immune regulation.	Yin et al. (2015), Xu et al. (2021)
	PFK1	Rate-limiting enzyme of glycolysis that catalyzes the conversion of fructose-6-phosphate.	High expression is closely associated with poor prognosis.	Wang et al. (2016b)
	PFKFB	Regulates fructose-2,6-bisphosphate synthesis and PFK1 activity.	PFKFB3 overexpression correlates with advanced TNM stage. PFKFB4 promotes PPP metabolism and tumor invasion, and its inhibition reverses sunitinib resistance.	Li et al. (2022), Feng et al. (2021)
	PGK1	Catalyzes the conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate, generating ATP.	Overexpression enhances glycolysis and activates the CXCR4/AKT/ERK pathway, promoting sorafenib resistance and correlating with poor prognosis.	Schönenberger et al. (2016), He et al. (2022)
	PGAM1	Catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate.	Overexpression is linked to macrophage infiltration. Inactivation increases drug sensitivity, making it a potential target for metabolic intervention.	, Wen et al. (2023)
	ENO2	Catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate.	Promotes tumor proliferation and migration; strongly associated with poor prognosis. High expression correlates with higher tumor grade and shorter survival, serving as a diagnostic and prognostic biomarker with therapeutic potential.	Shi et al. (2023), Chen et al. (2023), Li et al. (2024b)
	LDHA	Converts pyruvate to lactate, maintaining the Warburg effect.	Its overexpression is linked to tumor size, clinical stage, EMT, and metastasis. Also involved in drug resistance and represents a potential target for metabolic and epigenetic therapy.	Coffey and Simon (2024), Zhao et al. (2017)
	MCT	Transports monocarboxylates such as lactate and pyruvate, maintaining intracellular and extracellular lactate balance.	Expression correlates with tumor size and TNM stage; valuable for targeted therapy and risk stratification.	Fisel et al. (2013), de Carvalho et al. (2021)
	SDH	Mitochondrial enzyme complex catalyzing the conversion of succinate to fumarate, linking the TCA cycle and electron transport chain.	SDHB is commonly downregulated in ccRCC, leading to succinate accumulation, HIF activation, CIMP, and EMT. SDHB loss on IHC is the diagnostic gold standard for SDH-deficient RCC and indicates poor prognosis and high metastatic risk.	Sciacovelli et al. (2016), Fuchs et al. (2022)
	FH	Catalyzes the conversion of fumarate to malate, preserving TCA cycle integrity.	FH deficiency causes fumarate accumulation, inducing pseudohypoxia, CIMP, and EMT, indicative of high tumor aggressiveness. FH-deficient tumors are sensitive to PARP and purine metabolism inhibitors. Plasma markers such as SAICAR/succinylcysteine may assist in early detection and recurrence monitoring.	Sciacovelli et al. (2016), Wilde et al. (2023), Zheng et al. (2023)
	IDH	Catalyzes the conversion of isocitrate to α-ketoglutarate, regulating energy metabolism and redox balance.	Downregulation or mutation of IDH mediates reductive carboxylation of glutamine to lipid, promoting tumor growth. Mutant IDH-derived metabolites possess diagnostic and therapeutic monitoring potential.	Shim et al. (2014), Lee et al. (2024)
	PGC-1α	A transcriptional coactivator of mitochondrial biogenesis and OXPHOS, enhancing OCR and ATP production.	Downregulated expression is associated with mitochondrial dysfunction, glycolytic phenotype, and poor prognosis.	LaGory et al. (2015), Koh et al. (2018)
	ATP Synthase Subunits and Assembly Factor	Structural subunits and assembly factors of ATP synthase, essential for ATP production and mitochondrial respiration.	Generally downregulated; negatively correlated with stage, grade, and overall survival. Low ATP5A1 promotes proliferation, migration, and invasion, and activates the Wnt/β-catenin pathway.	Brüggemann et al. (2017), Zhou et al. (2025)
	NDUFS1	A subunit of ETC complex I, involved in electron transfer and mitochondrial respiratory chain function.	Loss of expression impairs complex I function and decreases OCR, strongly associated with poor survival in ccRCC; reflects OXPHOS dysfunction.	Bezwada et al. (2023), Ellinger et al. (2017)
	NDUFA4L2	A HIF-1α-regulated inhibitor of complex I, suppressing OXPHOS and reducing ROS production.	Highly expressed in tumors, facilitates hypoxic adaptation and invasion, associated with tumor progression and poor prognosis. Co-upregulated with SHMT2; a potential therapeutic target.	Minton et al. (2016), Liu et al. (2016), Wang et al. (2020a)
	UQCRC1	Core subunit of ETC complex III, regulates electron transport and ATP synthesis efficiency.	Low expression correlates with reduced survival; promoter hypermethylation suggests epigenetic regulation, serving as a prognostic and subclassification marker.	Ellinger et al. (2016)
	UQCRH	Hinge protein of ETC complex III, facilitates cytochrome c electron transfer and mitochondrial apoptosis.	Downregulated expression correlates with tumor progression and malignancy; its overexpression restores mitochondrial function and promotes apoptosis, acting as a tumor suppressor and functional biomarker.	Luo et al. (2020)
	G6PD	Rate-limiting enzyme in PPP, generates NADPH and ribose-5-phosphate, maintaining redox balance and supporting nucleotide synthesis.	Overexpression correlates with tumor aggressiveness and poor prognosis; an independent predictor of poor postsurgical survival. Positively associated with immune infiltration and immunoregulation.	Zhang et al. (2022), Liu et al. (2023)
	G6PI	Glycolytic enzyme catalyzing G-6-P to F-6-P conversion; also acts as an autocrine motility factor.	Significantly overexpressed and co-localized with AMFR. High expression shortens CSS and PFS, suggesting a key role in tumor invasion and progression.	Lucarelli et al. (2015b)
	TKT	Key enzyme of the non-oxidative PPP branch, mediates interconversion of glycolytic and pentose intermediates.	High expression correlates with advanced stage, metastasis, and poor survival. Induced by miR-146a-5p, driving metabolic reprogramming and invasion, with prognostic and classification value.	Ricketts et al. (2018), Bogusławska et al. (2019)
	PCK1	Rate-limiting enzyme of gluconeogenesis, converts oxaloacetate to phosphoenolpyruvate, counteracting glycolysis.	Downregulation correlates with elevated LDHA expression and enhanced18F-FDG uptake. Stabilization of LDHA is suppressed by PCK1, indicating its role as a metabolic modulator and tumor suppressive marker.	Shi et al. (2020)
	G6PC	Catalyzes the final step of gluconeogenesis, converting G6P to glucose for systemic release.	Reduced expression is strongly associated with shorter overall survival, indicating high-risk, aggressive ccRCC.	Xu et al. (2020c)
	FBP1	Catalyzes F-1,6-BP to F-6-P conversion, antagonizing glycolysis and maintaining metabolic balance.	Downregulation enhances Warburg effect and tumor invasiveness, indicating poor prognosis. Ectopic expression inhibits tumor growth, making it a potential metabolic therapy target.	Ju et al. (2022)


3.1.1.2 HK (hexokinase)
The hexokinase (HK) family consists of HK1, HK2, HK3, and HK4 (also known as glucokinase, GCK). These enzymes catalyze the conversion of glucose to glucose-6-phosphate (G6P), the first rate-limiting step of glycolysis, thereby playing a fundamental role in cellular energy metabolism and glucose utilization. Among them, HK2 is significantly upregulated in RCC tissues and is strongly associated with advanced tumor stage, lymph node metastasis, and poor overall survival. Moreover, HK2 has been identified as an independent prognostic risk factor and is positively correlated with immune cell infiltration, suggesting a critical role in RCC progression and immune regulation (Yin et al., 2015) Simultaneously, HK3 and GLUT1 are upregulated in ccRCC, and their expression is linked to an immunosuppressive tumor phenotype. Specifically, HK3 expression positively correlates with immune checkpoint molecules such as IDO1, CTLA-4, PD-1, PD-L1, Siglec-15, and PD-L2, implying that the glycolytic pathway plays a key role in modulating immune cell function (Xu et al., 2021). Beyond its canonical role in phosphorylating glucose, HK2 also facilitates the transfer of phosphate groups from ATP to the E1α subunit of pyruvate dehydrogenase (PDHA1), markedly increasing phosphorylation at the Ser293 residue. This modification inhibits PDH complex activity and promotes the persistence of the Warburg effect. Notably, HK2 overexpression is closely associated with elevated PDHA1 phosphorylation and disease progression in ccRCC, further underscoring its central role in metabolic reprogramming (Luo et al., 2019; Table 1).
3.1.1.3 PFK1/PFKFB/PGK1/PGAM1 enzyme cluster
Several key glycolytic enzymes—including phosphofructokinase (PFK), phosphoglycerate kinase 1 (PGK1), and phosphoglycerate mutase (PGAM)—are upregulated to varying degrees in RCC, and their elevated expression levels are consistently associated with poor patient prognosis.
Phosphofructokinase-1 (PFK1), a rate-limiting enzyme in glycolysis, is markedly upregulated in ccRCC, particularly the platelet isoform (PFK-P), which is specifically overexpressed in ccRCC. Knockdown of PFK-P has been shown to induce apoptosis and cell cycle arrest in ccRCC cells, significantly inhibiting their proliferative capacity in vitro (Wang et al., 2016b). In addition, PFKFB family members, which functionally regulate PFK1 activity—namely PFKFB3 and PFKFB4—are also aberrantly overexpressed in RCC. PFKFB3 expression in RCC tissues and cell lines correlates with advanced TNM stage and serves as a robust prognostic biomarker. Its silencing significantly reduces glycolytic activity, inhibits cell proliferation and G1/S phase progression, and delays tumor growth in vivo, highlighting its potential as a therapeutic target in RCC (Li et al., 2022). Similarly, PFKFB4 overexpression is strongly associated with increased invasiveness of ccRCC and enhanced PPP activity. Mechanistically, PFKFB4 modulates FBP1 through phosphorylation of NCOA3, forming a negative feedback loop that maintains tumor metabolic balance. Notably, inhibition of PFKFB4 has been shown to reverse ccRCC resistance to the antiangiogenic agent sunitinib, underscoring its therapeutic promise (Feng et al., 2021; Table 1).
Phosphoglycerate kinase 1 (PGK1), another glycolytic enzyme upregulated in RCC, is significantly overexpressed in both ccRCC tumor tissues and patient serum, and is associated with poor prognosis (Schönenberger et al., 2016). Studies have demonstrated that PGK1 overexpression in ccRCC is accompanied by upregulation of other glycolytic enzymes and the chemokine receptor CXCR4, thereby enhancing glycolytic flux and activating CXCR4-mediated AKT and ERK signaling pathways. Furthermore, PGK1 contributes to resistance against the tyrosine kinase inhibitor sorafenib through activation of the CXCR4–ERK axis (He et al., 2022; Table 1).
Phosphoglycerate mutase 1 (PGAM1) is also broadly overexpressed in RCC and several other cancer types. Using single-cell and spatial transcriptomic analyses, Wen et al. revealed that PGAM1 upregulation in ccRCC is closely associated with immune cell infiltration, particularly macrophage enrichment. Moreover, PGAM1 inactivation has been linked to increased sensitivity to specific small-molecule drugs (Wen et al., 2023). These findings suggest that targeting PGAM1 and related glycolytic enzymes could represent a promising strategy to improve therapeutic outcomes in RCC (Table 1).
3.1.1.4 ENO2 (enolase 2)
ENO2 (enolase 2, also known as neuron-specific enolase) is a key glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate (PEP), and its upregulation in various malignancies has garnered increasing attention in recent years. In both ccRCC and papillary RCC (pRCC), ENO2 is markedly overexpressed and is strongly associated with poor clinical outcomes (Shi et al., 2023; Chen et al., 2023). Mechanistically, ENO2 has been identified as a downstream target of HIF-1α. Studies have shown that HIF-1α transcriptionally activates ENO2 expression in renal cancer cells, thereby enhancing glycolytic activity, promoting glucose metabolism, and further supporting ccRCC proliferation and invasiveness—a metabolic hallmark closely aligned with the classical Warburg effect (Shi et al., 2023). At the cellular functional level, elevated ENO2 expression significantly promotes the migration, invasion, and proliferation of ccRCC cells. Given its pronounced oncogenic role in both ccRCC and pRCC, as well as its negative prognostic implications, multiple studies have proposed ENO2 as a diagnostic and prognostic biomarker with clear therapeutic potential (Shi et al., 2023; Li et al., 2024b). High ENO2 expression is not only indicative of higher tumor grade and shorter survival but also suggests that therapeutic targeting of ENO2 and its associated signaling pathways may offer a novel strategy to improve RCC treatment outcomes (Shi et al., 2023; Chen et al., 2023; Li et al., 2024b; Table 1).
3.1.1.5 LDHA (lactate dehydrogenase A)
LDHA (lactate dehydrogenase A) is a key enzyme at the end of glycolysis that catalyzes the conversion of pyruvate to lactate while regenerating NAD+, thereby sustaining glycolytic flux. Single-cell sequencing analyses in pRCC have identified LDHA as one of the most significantly upregulated genes, with this metabolic alteration strongly associated with disease progression to advanced stages and poor survival outcomes (Coffey and Simon, 2024). In ccRCC, LDHA expression is significantly positively correlated with tumor size, clinical stage, and histological grade. Conversely, its expression is negatively correlated with both disease-free survival and overall survival.
Mechanistically, FK506-binding protein 10 (FKBP10) has been shown to directly interact with LDHA via its C-terminal domain in ccRCC, enhancing LDHA phosphorylation at the Y10 site. This modification promotes the Warburg effect and the accumulation of histone lactylation, thereby driving tumor proliferation and metastasis. Moreover, HIFα negatively regulates FKBP10 expression, and inhibition of FKBP10 has been found to enhance the antitumor efficacy of the HIF-2α inhibitor PT2385 (Liu et al., 2024).
Beyond its role in metabolic regulation, LDHA overexpression is closely linked to increased tumor invasiveness, migration, and epithelial–mesenchymal transition (EMT). In RCC tissues, LDHA expression is markedly elevated and strongly associated with poor postoperative survival. Notably, LDHA levels correlate positively with the EMT marker N-cadherin and negatively with E-cadherin, suggesting that LDHA may facilitate RCC cell invasion and metastasis by modulating the EMT process (Zhao et al., 2017; Table 1).
3.1.1.6 MCT (monocarboxylate transporters)
Monocarboxylate transporters (MCTs) are a family of transmembrane proteins that mediate the transport of monocarboxylate molecules, such as lactate and pyruvate, across the cell membrane. In ccRCC, the expression levels of MCT1 and MCT4 are significantly upregulated and are strongly associated with tumor progression and poor patient prognosis (Fisel et al., 2013). Through immunohistochemical analysis of specimens from patients receiving VEGFR-targeted therapy, Cao et al. demonstrated that high expression of MCT1 and MCT4 serves as an independent prognostic marker for reduced progression-free survival (PFS), indicating their potential value in targeted therapy and risk stratification (de Carvalho et al., 2021). Additionally, Paulo et al., using tissue microarray analysis from 207 ccRCC patients who underwent nephrectomy, found that MCT1 expression was significantly correlated with classical prognostic indicators such as tumor size and TNM stage. Multivariate analysis further confirmed MCT1 as an independent prognostic factor for cancer-specific survival in ccRCC (de Carvalho et al., 2021; Table 1).
Collectively, glycolytic reprogramming in RCC is orchestrated through the coordinated actions of multiple key regulators. GLUT1, GLUT2, and GLUT3 ensure sufficient glucose influx, while HK2 and HK3 catalyze its initial phosphorylation and simultaneously reprogram mitochondrial pyruvate metabolism by suppressing PDH activity, thereby reinforcing glycolytic dependence. PFKFB3 and PFKFB4 sustain high glycolytic flux by activating PFK1 and redirecting intermediates to the pentose phosphate pathway, which supports redox balance and tumor survival. Downstream, PGK1 and PGAM1 not only accelerate glycolytic throughput but also couple metabolic activity with oncogenic signaling and immune microenvironment remodeling. ENO2, under HIF-1α regulation, amplifies the Warburg effect and further drives tumor proliferation and invasion. At the terminal stage, LDHA ensures the continuous conversion of pyruvate to lactate and promotes histone lactylation, thereby linking energy metabolism to epigenetic regulation. These enzymes collectively form a synergistic metabolic circuit that facilitates tumor growth, immune evasion, EMT induction, and therapeutic resistance, highlighting the importance of targeting glycolysis as an integrated network rather than as isolated nodes in the treatment of RCC.
3.1.2 TCA cycle
3.1.2.1 SDH (succinate dehydrogenase)
Succinate dehydrogenase (SDH) is a mitochondrial enzyme complex that bridges the TCA cycle and the electron transport chain (ETC), and has emerged as a potential biomarker in renal cell carcinoma (RCC). Comprising four subunits—SDHA, SDHB, SDHC, and SDHD—SDH is widely involved in metabolic regulation. Its loss of function or downregulation is a hallmark of several RCC subtypes, especially in ccRCC and SDH-deficient RCC (Aggarwal et al., 2021).
In ccRCC, metabolomic and transcriptomic analyses have revealed that SDHB expression is significantly downregulated in over 80% of tumor tissues, impairing the conversion of succinate to fumarate and leading to the depletion of downstream metabolites such as fumarate and malate. This disruption results in TCA cycle blockade and metabolite accumulation—particularly the buildup of succinate as an oncometabolite—which promotes abnormal stabilization of HIFs, a CpG island methylator phenotype (CIMP), and pro-metastatic epithelial–mesenchymal transition (EMT), collectively driving tumor progression (Sciacovelli et al., 2016). These findings suggest that SDH may serve as a valuable biomarker for early diagnosis and prognostic evaluation.
Moreover, SDH-deficient RCC has been recognized by the World Health Organization (WHO) as a distinct histological subtype, heavily reliant on immunohistochemical detection of SDHB. These tumors typically affect younger individuals and are histologically characterized by eosinophilic cytoplasm, cytoplasmic vacuoles, or inclusions. All confirmed cases show a complete loss of SDHB expression, while SDHA is usually retained (Tsai and Lee, 2019; Fuchs et al., 2022). Germline mutations—most commonly in SDHB—are the principal pathogenic mechanism, often resulting in multifocal, aggressive tumors with a high risk of metastasis and mortality (Fuchs et al., 2022). Therefore, loss of SDHB immunostaining serves not only as the diagnostic “gold standard” but also as a defining biomarker for SDH-deficient RCC (Table 1).
3.1.2.2 FH (fumarate hydratase)
Fumarate hydratase (FH), a key enzyme in the TCA cycle, catalyzes the conversion of fumarate to malate. FH deficiency has been established as a driver event in multiple RCC subtypes, particularly in fumarate hydratase-deficient RCC associated with hereditary leiomyomatosis and renal cell carcinoma (HLRCC) syndrome (Merino et al., 2007; Yang et al., 2012). In RCC, FH downregulation or mutation induces metabolic dysregulation and leads to the accumulation of fumarate, a prototypical oncometabolite. This accumulation fosters a state of “pseudohypoxia” and epigenetic reprogramming, ultimately promoting tumorigenesis and disease progression (Isaacs et al., 2005; Selak et al., 2005).
FH-deficient RCC is characterized by massive fumarate accumulation, which inhibits α-ketoglutarate–dependent enzymes such as PHDs, TETs, and KDMs. This results in sustained HIF activation and the establishment of a CIMP phenotype, promoting angiogenesis and EMT, thereby underscoring FH’s central role in determining RCC cell fate (Sciacovelli et al., 2016). These metabolic changes also create a unique vulnerability, making FH-deficient RCC highly sensitive to therapies such as PARP inhibitors and purine metabolism inhibitors—highlighting novel opportunities for targeted treatment (Wilde et al., 2023).
Recent integrative omics studies have classified FH-deficient RCC into three distinct molecular subtypes: C1 (immune/angiogenic), C2 (WNT/Notch-activated), and C3 (proliferative/stem-like). Among these, the C1 subtype responds best to combined anti-angiogenic and immunotherapy, offering a theoretical foundation for personalized treatment strategies (Zhang et al., 2025; Chen et al., 2024). In addition, metabolomic profiling via liquid biopsy has identified two highly specific plasma biomarkers—succinyadenosine and S-(2-succinyl)cysteine—which reliably reflect FH mutation status and tumor burden, holding promise for early screening and recurrence monitoring (Zheng et al., 2023; Table 1).
3.1.2.3 IDH (isocitrate dehydrogenase)
Isocitrate dehydrogenase (IDH) is a critical enzyme in the TCA cycle that catalyzes the conversion of isocitrate to α-KG, playing a central role in maintaining metabolic homeostasis. In RCC, dysregulation of IDH—particularly IDH1/2 mutation or downregulation—has been implicated in metabolic reprogramming and is increasingly recognized as a potential tumor biomarker (Shim et al., 2014).
Altered IDH activity profoundly affects RCC metabolic remodeling. Under HIF-2α and MYC activation, reverse flux through IDH mediates the reductive carboxylation of glutamine-derived α-KG to citrate, providing acetyl-CoA for lipid biosynthesis—an essential metabolic adaptation supporting rapid tumor growth (Metallo et al., 2011; Wise et al., 2008). This process is also prominently observed in FH-deficient RCC cell lines such as UOK262, further highlighting IDH’s critical role in glutamine-driven metabolic reprogramming (Mullen et al., 2011).
Ongoing studies are exploring the therapeutic potential of targeting IDH mutations in RCC. Although the overall mutation frequency of IDH in RCC is lower than in other tumor types, IDH-induced metabolites may serve as valuable biomarkers for early diagnosis and treatment monitoring (Lee et al., 2024; Yan et al., 2009; Stein et al., 2017; Table 1).
3.1.3 OXPHOS
3.1.3.1 PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-α)
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) is a key transcriptional coactivator that regulates mitochondrial biogenesis and oxidative phosphorylation (OXPHOS). It promotes an increase in the number of functional mitochondria and enhances the expression of OXPHOS-related proteins, thereby facilitating ATP production and elevating oxygen consumption rate (OCR) (LeBleu et al., 2014). In ccRCC, PGC-1α expression is markedly suppressed, leading to impaired mitochondrial function and a pronounced glycolytic metabolic phenotype, with significantly reduced mitochondrial pyruvate utilization by tumor cells (LaGory et al., 2015; Koh et al., 2018). Analysis of clinical specimens has demonstrated that low PGC-1α expression in ccRCC tissues is strongly associated with disease progression, metastasis, and poor patient prognosis. These findings suggest that PGC-1α may serve as a potential prognostic biomarker for patients with ccRCC (LaGory et al., 2015; Table 1).
3.1.3.2 ATP synthase subunits and assembly factor
ATP synthase is a key mitochondrial enzyme complex responsible for catalyzing ATP production during OXPHOS. It is composed of multiple subunits, including structural components such as ATP5A1, ATP5G1, ATP5G2, and ATP5G3, as well as ATPAF1, an essential assembly factor (Zhou et al., 2025). In ccRCC, the expression of these ATP synthase subunits and their assembly factor is significantly downregulated, leading to impaired mitochondrial respiratory function, reduced ATP production capacity, and a compensatory increase in glycolytic metabolism (Brüggemann et al., 2017).
ATP5A1, a critical component of the F1 catalytic domain of ATP synthase, shows markedly decreased expression in ccRCC and is negatively correlated with tumor stage and histological grade, while positively associated with favorable patient prognosis (Zhou et al., 2025). Functional studies have demonstrated that silencing ATP5A1 significantly enhances the malignant phenotype of ccRCC cells, including increased proliferation, migration, and invasion, whereas ATP5A1 overexpression exerts tumor-suppressive effects. Notably, ATP5A1 may exert its anti-tumor role, at least in part, by negatively regulating the Wnt/β-catenin signaling pathway (Zhou et al., 2025).
Other ATP synthase subunits (ATP5G1, ATP5G2, ATP5G3) and the assembly factor ATPAF1 are also significantly downregulated in ccRCC, and their low expression is closely associated with poor clinical outcomes (Brüggemann et al., 2017). This downregulation is accompanied by a substantial reduction in oxygen consumption rates (OCR) of mitochondrial complexes I, II, and IV, indicating widespread impairment of OXPHOS in ccRCC cells (Brüggemann et al., 2017), which correlates with reduced OS in ccRCC patients (Brüggemann et al., 2017; Table 1).
3.1.3.3 NDUFS1 (NADH dehydrogenase [ubiquinone] Fe-S protein 1)
The electron transport chain (ETC) is a core component of mitochondrial OXPHOS, and NDUFS1, a crucial subunit of complex I, plays an essential role in its function. In ccRCC, ETC-related genes, including NADH Dehydrogenase [Ubiquinone] Fe-S Protein 1 (NDUFS1), are broadly downregulated, accompanied by a marked reduction in oxygen consumption rates (OCR) of mitochondrial complexes I, II, and IV, indicating widespread mitochondrial respiratory dysfunction in renal cancer (Bezwada et al., 2023). Notably, loss of NDUFS1 expression is significantly associated with reduced overall survival in ccRCC patients (Ellinger et al., 2017; Table 1).
3.1.3.4 NDUFA4L2 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 4-like 2)
NDUFA4L2 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 4-like 2) is a regulatory factor of mitochondrial complex I, typically induced by HIF-1α under hypoxic conditions. It suppresses oxidative phosphorylation and reduces mitochondrial ROS production, thereby promoting cellular adaptation to hypoxic microenvironments and contributing to metabolic reprogramming and therapy resistance in tumors. In contrast, NADH Dehydrogenase [Ubiquinone] 1 Alpha Subcomplex 4-Like 2 (NDUFA4L2) is significantly overexpressed in ccRCC, with more than 90% of cases exhibiting marked upregulation (Minton et al., 2016; Kubala et al., 2023). As a direct target gene of HIF-1α, NDUFA4L2 silencing enhances mitochondrial oxidative metabolism, induces excessive production of ROS, and markedly inhibits the proliferation and survival of renal cancer cells (Lucarelli et al., 2018).
Multiple clinical studies have consistently shown that high NDUFA4L2 expression is closely associated with advanced tumor stage, increased aggressiveness, and poor prognosis in ccRCC patients (Minton et al., 2016; Liu et al., 2016; Wang et al., 2017). In a histological study involving 86 ccRCC patients, the expression rate of NDUFA4L2 in tumor tissues reached 81.4%, significantly higher than in normal renal tissues (Liu et al., 2016). Its expression was strongly correlated with clinicopathological parameters and was identified as an independent adverse prognostic factor in ccRCC (Liu et al., 2016; Wang et al., 2017).
In terms of metabolic co-regulation, serine hydroxymethyltransferase 2 (SHMT2) has been shown to upregulate NDUFA4L2 expression significantly. The co-overexpression of SHMT2 and NDUFA4L2 predicts poor patient outcomes, suggesting that the SHMT2–NDUFA4L2 axis may represent a critical pathway for metabolic targeting in ccRCC (Wang et al., 2020a). Moreover, inhibition of NDUFA4L2 expression has been found to reduce neutral lipid accumulation in renal tissues and suppress the expression of ccRCC biomarkers such as CA9 and ENO, thereby impeding tumor progression (Laursen et al., 2021; Table 1).
3.1.3.5 UQCRC1 (ubiquinol-cytochrome c reductase core protein 1) and UQCRH (ubiquinol–cytochrome c reductase hinge protein)
Dysfunction of complex III in the mitochondrial electron transport chain (ETC) plays a critical role in the pathogenesis of ccRCC and exhibits molecular features that may be valuable for diagnosis and subtyping. UQCRC1 (ubiquinol-cytochrome c reductase core protein 1) is a core subunit of mitochondrial respiratory complex III, essential for electron transfer from ubiquinol to cytochrome c and for maintaining efficient oxidative phosphorylation and ATP production. UQCRC1 is consistently downregulated in ccRCC and is significantly associated with patient survival (Ellinger et al., 2016; Coffey and Simon, 2024). Systematic analyses have demonstrated persistent low expression of UQCRC1 across multiple independent ccRCC microarray cohorts, with downregulation confirmed at both the protein and mRNA levels (Ellinger et al., 2016). TCGA data further reveal that decreased UQCRC1 expression is frequently accompanied by hypermethylation in the promoter region, suggesting that its silencing may be epigenetically regulated (Ellinger et al., 2016).
UQCRH (ubiquinol–cytochrome c reductase hinge protein) is a hinge protein component of mitochondrial ETC complex III, involved in electron transfer between cytochrome c1 and cytochrome c. Multiple studies have shown that UQCRH undergoes promoter hypermethylation, mRNA downregulation, and functional inactivation—changes that are positively associated with increased tumor aggressiveness (Luo et al., 2020; Miyakuni et al., 2022). Immunohistochemical analysis revealed that UQCRH expression is significantly lower in ccRCC tissues compared to adjacent non-tumor tissues. Its silencing impairs mitochondria-mediated cytochrome c release and promotes primary tumor formation (Miyakuni et al., 2022). In the KMRC2 renal cancer cell line, ectopic overexpression of UQCRH significantly restores mitochondrial membrane potential, enhances oxygen consumption rate, suppresses the Warburg effect, inhibits cell proliferation, and promotes apoptosis (Luo et al., 2020; Table 1).
3.1.4 Pentose phosphate pathway
3.1.4.1 G6PD (glucose-6-phosphate dehydrogenase)
Glucose-6-phosphate dehydrogenase (G6PD) is the key rate-limiting enzyme of the pentose phosphate pathway (PPP), catalyzing the conversion of glucose-6-phosphate into ribose-5-phosphate and nicotinamide adenine dinucleotide phosphate (NADPH). This reaction is essential for nucleotide biosynthesis and the maintenance of cellular redox homeostasis (Wettersten, 2020). Data from The Cancer Genome Atlas (TCGA) indicate that G6PD expression is significantly upregulated in both ccRCC and papillary RCC (pRCC), and this overexpression is strongly associated with increased tumor aggressiveness and poor patient prognosis (Zhang et al., 2022; Liu et al., 2023).
Furthermore, extensive clinical evidence supports the prognostic value of G6PD in RCC. Retrospective analyses have demonstrated that high G6PD expression in renal tumor tissues serves as an independent risk factor for poor postoperative survival outcomes (Zhang et al., 2022). A pan-cancer analysis further revealed that elevated G6PD expression is not only linked to worse prognosis in RCC but also shows a significant positive correlation with immune cell infiltration across various cancer types, suggesting a potential role for G6PD in modulating the tumor immune microenvironment (Liu et al., 2023; Table 1).
3.1.4.2 G6PI (glucose-6-phosphate isomerase)
Glucose-6-phosphate isomerase (G6PI), also known as phosphoglucose isomerase (GPI), was originally identified as a key enzyme in the glycolytic pathway, catalyzing the interconversion of glucose-6-phosphate to fructose-6-phosphate (Lucarelli et al., 2015b). Elevated GPI expression is significantly associated with poor prognosis in patients with ccRCC. In a study involving 180 ccRCC tissue specimens, tissue microarray immunohistochemistry (TMA-IHC) and immunofluorescence (IF) analyses revealed that GPI and autocrine motility factor receptor (AMFR) signaling were both markedly enhanced in tumor tissues compared to adjacent non-tumor tissues. Moreover, GPI and AMFR were co-localized on the plasma membrane, suggesting that the GPI/AMF signaling axis may play a critical role in ccRCC progression (Lucarelli et al., 2015b). Kaplan–Meier survival analysis demonstrated that patients with high GPI expression had significantly worse cancer-specific survival (CSS) and progression-free survival (PFS) compared to those with low GPI expression. Specifically, the 5-year CSS rate was only 58.8% in the high GPI expression group, compared to 92.1% in the low expression group. Similarly, the 5-year PFS was 56.8% in the high-expression cohort, markedly lower than 93.3% in the low-expression cohort (Lucarelli et al., 2015b). Multivariate analysis further confirmed that high GPI expression is an independent adverse prognostic factor for both CSS and PFS in ccRCC, highlighting its potential utility as a prognostic biomarker for assessing tumor aggressiveness and risk of disease progression (Lucarelli et al., 2015b; Table 1).
3.1.4.3 TKT (transketolase)
Transketolase (TKT) is a key enzyme in the non-oxidative branch of the PPP, catalyzing the reversible conversion between pentose sugars and glycolytic intermediates. This reaction supplies essential metabolites for nucleotide biosynthesis and supports the rapid proliferation of tumor cells (Langbein et al., 2008). In ccRCC, both the oxidative and non-oxidative branches of the PPP are significantly upregulated as cancer cells adapt to metabolic and oxidative stress, with TKT activity serving as a hallmark of non-oxidative PPP activation (Lucarelli et al., 2015a).
Studies using The Cancer Genome Atlas (TCGA) have revealed a global upregulation of the PPP, including high TKT expression, which is strongly associated with poor prognosis in patients with aggressive ccRCC (Ricketts et al., 2018). Additional research has shown that TKT expression is induced by miR-146a-5p and is higher in advanced RCC tumors compared to early-stage lesions. Elevated TKT levels are correlated with shortened patient survival, underscoring its prognostic significance (Bogusławska et al., 2019). Specifically, PPP-related metabolites such as ribose-5-phosphate and xylulose-5-phosphate are significantly elevated in renal tumor tissues, indicating enhanced TKT activity that provides a sufficient supply of metabolic intermediates to meet the demands of nucleotide biosynthesis and sustain tumor growth and proliferation (Langbein et al., 2008).
Furthermore, a study by Langbein et al. demonstrated that TKT activity is significantly higher in metastatic compared to primary RCC tissues. This elevation is particularly pronounced in highly invasive and lethal tumors, where non-oxidative glucose fermentation is markedly increased. These findings suggest that TKT-mediated activation of the non-oxidative PPP may represent a key metabolic event driving RCC invasion and metastasis (Langbein et al., 2008; Table 1).
3.1.5 Gluconeogenesis
3.1.5.1 PCK1 (phosphoenolpyruvate carboxykinase 1)
Phosphoenolpyruvate carboxykinase 1 (PCK1) is one of the key rate-limiting enzymes in the gluconeogenic pathway, primarily functioning by catalyzing the conversion of oxaloacetate to phosphoenolpyruvate. In ccRCC, PCK1 expression is significantly negatively correlated with tumor progression, lactate dehydrogenase A (LDHA) expression in primary ccRCC tissues, and uptake of 18F-FDG, suggesting that PCK1 suppresses glycolytic activity by downregulating LDHA expression (Shi et al., 2020). Further studies have revealed that PCK1 reduces LDHA protein stability through post-translational modifications, thereby significantly inhibiting aerobic glycolysis in ccRCC cells. This metabolic suppression impedes tumor cell proliferation, metastasis, and tumor formation in xenograft models (Shi et al., 2020; Table 1).
3.1.5.2 G6PC (glucose-6-phosphatase)
Glucose-6-phosphatase (G6PC), which catalyzes the conversion of glucose-6-phosphate into free glucose for release into the bloodstream, is significantly downregulated in ccRCC tissues. This reduction is strongly associated with decreased overall survival in patients (Xu et al., 2020c). A multi-cohort clinical study involving 718 patients demonstrated that low G6PC expression is a significant predictor of poorer survival outcomes and increased tumor aggressiveness (Xu et al., 2020c; Table 1).
3.1.5.3 FBP1 (fructose-1,6-bisphosphatase 1)
Fructose-1,6-bisphosphatase 1 (FBP1), which catalyzes the conversion of fructose-1,6-bisphosphate to fructose-6-phosphate, functions as an antagonist to glycolysis (Moore et al., 2012). In ccRCC, FBP1 expression is markedly reduced, with its loss observed in nearly all RCC tumor tissues (Li et al., 2014). Studies have shown that depletion of FBP1 strongly promotes the Warburg effect, thereby enhancing the proliferation and invasiveness of renal cancer cells (Li et al., 2014; Liao et al., 2020). Furthermore, low FBP1 expression is significantly associated with poor prognosis, while ectopic expression of FBP1 has been shown to effectively suppress tumor growth in xenograft models (Ju et al., 2022; Table 1).
3.2 Biomarkers in lipid metabolism
3.2.1 Lipogenesis
3.2.1.1 FASN (fatty acid synthase)
Fatty acid synthase (FASN) is a multifunctional enzyme that catalyzes the synthesis of long-chain fatty acids from acetyl-CoA and malonyl-CoA. It serves as the rate-limiting enzyme in the de novo lipogenesis (DNL) pathway and relies on acetyl-CoA and NADPH, which are primarily provided by glucose metabolism and the PPP in tumor cells.
In ccRCC, FASN is widely overexpressed and has emerged as a central event in tumor metabolic reprogramming. Early studies revealed significant accumulation of cholesterol esters and long-chain fatty acids in ccRCC tumor tissues, accompanied by upregulation of lipogenic genes such as FASN and SCD1 (Gebhard et al., 1987). Metabolomic profiling has further demonstrated elevated levels of lipid intermediates such as acylcarnitines in ccRCC, which correlates with the downregulation of FAO enzymes, suggesting a metabolic shift favoring lipid storage over utilization (Ganti et al., 2012b).
Large-scale clinical analyses have shown that high FASN expression is closely associated with advanced tumor stage, increased invasiveness, and poor prognosis (Xu et al., 2020b). In both TCGA and FUSCC cohorts, elevated FASN expression significantly correlated with advanced AJCC stage, T stage, and N stage, and was negatively associated with PFS and OS (Xu et al., 2020b). Further studies also revealed a positive correlation between FASN expression and visceral adipose tissue volume (VAT%), suggesting that host metabolic status may influence tumor behavior (Xu et al., 2020b). Emerging evidence suggests that perirenal adipose tissue may engage in paracrine cross-talk with ccRCC via adipokines (e.g., leptin, adiponectin, chemerin, apelin) (Grigoraş and Amalinei, 2025), pro-inflammatory cytokines such as IL-6 (Wang et al., 2022a), and direct lipid transfer (Song et al., 2024), while tumor cells can reprogram adjacent adipocytes into cancer-associated adipocytes that secrete bioactive factors to sustain lipogenesis (Bruna et al., 2019); these interactions may even be reflected in imaging markers of peritumoral inflammation, such as the CT fat attenuation index (Yang, 2022; Table 2).
TABLE 2 | Functions and clinical biomarker value of molecules involved in lipid metabolism reprogramming in RCC.	Molecule	Function	Biomarker role or clinical value	References
	FASN	Rate-limiting enzyme of de novo fatty acid synthesis, generates long-chain fatty acids.	Overexpression is associated with advanced stage, tumor aggressiveness, and poor prognosis.	Xu et al. (2020b)
	ACLY	Converts citrate to acetyl-CoA, providing substrate for lipid biosynthesis.	High expression correlates with decreased OS and PFS, serving as a negative prognostic biomarker.	Yin et al. (2024)
	ACC	Rate-limiting enzyme of de novo lipogenesis, catalyzes acetyl-CoA to malonyl-CoA.	Overexpression is associated with AMPK dysregulation, lipid accumulation, and tumor progression; functions in metabolic regulation and prognostic evaluation.	Tan et al. (2023)
	SCD	Catalyzes the formation of MUFAs from SFAs, supporting lipid droplet formation and membrane fluidity.	SCD1 overexpression promotes cell survival and lipid droplet formation, correlating with poor prognosis. SCD5 downregulation may exert tumor-suppressive effects. SCD1 is a potential imaging and therapeutic response biomarker.	Melana et al. (2021), Ganner et al. (2023), Li et al. (2023a)
	FADS	Catalyzes synthesis of PUFAs such as AA, EPA, and DHA.	FADS1 overexpression leads to PUFA-phospholipid accumulation, altering membrane structure and signaling pathways.	Saito et al. (2016)
	CPT1A	Rate-limiting enzyme for fatty acid β-oxidation, facilitating mitochondrial entry.	Downregulation leads to lipid droplet accumulation and metabolic reprogramming. Restored expression suppresses tumor growth, making it a prognostic indicator and therapeutic target.	Du et al. (2017)
	PLIN2	Lipid droplet-associated protein that regulates droplet stability and ER homeostasis.	High expression correlates with advanced stage and grade; downregulation enhances ccRCC cell proliferation, invasion, and migration.	Cao et al. (2018)
	ECHS1	β-oxidation enzyme regulating short-chain fatty acid metabolism.	Differentiates early-stage tumors from adjacent tissue; persistently downregulated in cancer with diagnostic sensitivity. Upregulation inhibits mTOR pathway, offering therapeutic and stratification potential.	Wang et al. (2020b), Hu et al. (2022)
	FABP	Fatty acid transport proteins involved in intracellular lipid homeostasis.	FABP5 promotes EMT and AKT pathway activation, indicating poor prognosis. Elevated serum/urinary FABP4 serves as a non-invasive diagnostic biomarker.	Lv et al. (2019), Wu et al. (2019), Wu et al. (2020), La Civita et al. (2025)
	CD36	Mediates uptake of exogenous fatty acids.	High expression correlates with advanced TNM stage, increased VAT%, and shorter PFS/OS.	Xu et al. (2019b)
	SCARB1	Mediates HDL-cholesterol uptake.	Overexpression activates the PI3K/AKT pathway, promoting proliferation and survival.	Riscal et al. (2021)
	DHA	An omega-3 PUFA with anti-tumor properties.	Low serum DHA levels reflect metastatic risk and poor cancer-specific survival. Has synergistic effects with targeted therapy and may assist in treatment monitoring.	Tasaki et al. (2016)


3.2.1.2 ACLY (ATP citrate lyase)
ATP citrate lyase (ACLY) is a critical metabolic enzyme that links glycolysis to lipid biosynthesis by catalyzing the conversion of cytosolic citrate, derived from the mitochondria, into acetyl-CoA and oxaloacetate. Acetyl-CoA is a central substrate in the DNL pathway, supporting the biosynthesis of lipids, sterols, and acylated proteins (Teng et al., 2018). Recent studies have reported that ACLY is highly expressed in ccRCC and is strongly associated with poor clinical outcomes. Analyses from GEPIA2, GEO, and UALCAN databases revealed significant upregulation of ACLY mRNA in ccRCC tissues, which was further validated at the protein level by immunohistochemistry (Yin et al., 2024). Kaplan–Meier survival analyses demonstrated that high ACLY expression is significantly associated with reduced OS and PFS, supporting its potential as a prognostic biomarker for poor outcomes in ccRCC (Yin et al., 2024; Table 2).
3.2.1.3 ACC (Acetyl-CoA carboxylase)
Acetyl-CoA carboxylase (ACC) is the rate-limiting enzyme in the DNL pathway, catalyzing the carboxylation of acetyl-CoA to produce malonyl-CoA (2013). Due to the high lipid synthesis demand of rapidly proliferating tumor cells, ACC expression is frequently upregulated. Gene expression analyses have shown significant elevation of ACC mRNA levels in ccRCC, which is closely associated with unfavorable prognosis and a marked decrease in OS (Tan et al., 2023).
At the metabolic regulation level, the balance between ACC and AMP-activated protein kinase (AMPK) is crucial for coordinating lipid synthesis and oxidation. As an energy sensor, AMPK directly inhibits ACC to suppress lipogenesis (Tan et al., 2023). However, multi-omics studies have shown that in ccRCC, ACC is upregulated while AMPK activity is downregulated, suggesting that this imbalance facilitates lipid accumulation and tumor growth (Tan et al., 2023).
Furthermore, ACC is also a key downstream target of the AMPK signaling axis. In diabetic nephropathy models, AMPK activation inhibits ACC phosphorylation and reduces lipid deposition. Empagliflozin has been shown to delay lipid-induced renal damage by activating the AdipoR1/AMPK/p-ACC pathway (Zhang et al., 2021b; Table 2).
3.2.1.4 SCD (Stearoyl-CoA desaturase)
Stearoyl-CoA desaturase (SCD) is the rate-limiting enzyme responsible for converting saturated fatty acids (SFAs) into monounsaturated fatty acids (MUFAs), primarily producing oleic acid (C18:1 n-9), a critical component of membrane phospholipids, triglycerides, and cholesteryl esters (Enoch et al., 1976). In ccRCC, SCD1 upregulation is considered a key factor in maintaining this distinct lipid metabolic phenotype (Lucarelli et al., 2020).
Studies have shown that SCD1 is consistently overexpressed in ccRCC cell lines and primary tumors, with its expression negatively correlated with patient survival (Wang et al., 2016a; von Roemeling et al., 2013). Elevated SCD1 promotes oleic acid synthesis, enhances lipid droplet formation, stabilizes the endoplasmic reticulum, and supports tumor cell proliferation and survival (Melana et al., 2021).
In addition to SCD1, SCD5 has also been implicated in ccRCC. Interestingly, under conditions of VHL deficiency or hypoxia, SCD5 is significantly downregulated in ccRCC tissues and model organisms. Restoration of SCD5 expression inhibits tumor cell proliferation, suggesting a potential tumor-suppressive role that contrasts with the pro-oncogenic effects of SCD1 (Ganner et al., 2023).
Furthermore, a novel PET radiotracer [11C]SSI-4, has been developed to visualize SCD1 expression in vivo. This tracer shows specific accumulation in SCD1-high tissues and RCC xenografts, offering promising potential for diagnostic imaging and therapeutic response assessment (Li et al., 2023a), highlighting the broad clinical relevance of SCD in RCC management (Table 2).
3.2.1.5 FADS (The fatty acid desaturase)
The fatty acid desaturase (FADS) family, including FADS1 and FADS2, catalyzes critical steps in the biosynthesis of polyunsaturated fatty acids (PUFAs) from dietary precursors. These enzymes are involved in the conversion of linoleic acid and α-linolenic acid into arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) (Chilton et al., 2017). Beyond structural roles in membranes, PUFAs regulate signaling, inflammation, and cell death through bioactive lipid mediators. Notably, AA-derived PGE2 has been linked to cancer progression, while EPA and DHA metabolites demonstrate anti-tumor properties (Heravi et al., 2022).
FADS1 is commonly overexpressed in ccRCC, leading to increased PUFA levels and the accumulation of PUFA-containing phospholipids (e.g., phosphatidylethanolamine [PE], phosphatidylcholine [PC]) within tumor tissues, especially in high-grade tumors (Saito et al., 2016). Lipidomic studies further reveal that despite FADS1 overexpression, free PUFAs are reduced in tumor tissues, suggesting their incorporation into membrane lipids, potentially affecting membrane fluidity and signal transduction (Zou et al., 2019; Table 2).
3.2.2 Lipolysis and β-oxidation
3.2.2.1 CPT1A (carnitine palmitoyltransferase 1A)
Carnitine palmitoyltransferase 1A (CPT1A) is the rate-limiting enzyme in FAO, regulating the mitochondrial import of long-chain fatty acids and playing a key role in tumor cell energy metabolism and growth (Melone et al., 2018). Under physiological conditions, CPT1A-mediated mitochondrial FA transport generates ATP and supports tumor cell adaptation to metabolic stress. However, in contrast to other malignancies such as lung, prostate, and breast cancers, where CPT1A is frequently upregulated, CPT1A expression is markedly downregulated in ccRCC (Du et al., 2017).
Further studies revealed that CPT1A repression in ccRCC is driven by HIF activation due to VHL loss. HIF directly targets and inhibits CPT1A transcription, preventing mitochondrial FAO and leading to cytoplasmic lipid droplet accumulation—a hallmark of ccRCC pathology (Du et al., 2017). Restoration of CPT1A expression in ccRCC cells significantly reduces lipid accumulation and suppresses tumor growth in vivo, indicating that CPT1A downregulation contributes to poor prognosis (Du et al., 2017). Recent studies further demonstrated that CPT1A suppresses cholesterol uptake and lipid accumulation through the PPARα/CD36 axis and inhibits Akt phosphorylation, thereby restraining tumor progression, providing additional support for CPT1A as a potential therapeutic target in ccRCC (Yang et al., 2022; Table 2).
3.2.2.2 PLIN2 (perilipin 2)
Perilipin 2 (PLIN2), a key lipid droplet-associated protein, is significantly upregulated in ccRCC and is transcriptionally regulated by HIF-2α. Specifically, HIF-2α promotes PLIN2 expression, facilitating lipid droplet accumulation near the endoplasmic reticulum (ER), which in turn helps maintain ER homeostasis and enhances cellular tolerance to cytotoxic stress in ccRCC cells (Qiu et al., 2015).
Clinical data analyses have shown that PLIN2 is highly expressed in ccRCC tissues and is positively correlated with multiple clinicopathological parameters, including tumor stage and grade. Notably, PLIN2 expression is inversely correlated with patient survival; high PLIN2 levels have been identified as an independent favorable prognostic marker. Conversely, PLIN2 downregulation enhances ccRCC cell proliferation, invasion, and migration, underscoring its dual role in both tumor biology and clinical prognosis (Cao et al., 2018; Table 2).
3.2.2.3 ECHS1 (Enoyl-CoA hydratase short chain 1)
Enoyl-CoA hydratase short chain 1 (ECHS1) is a key mitochondrial enzyme in fatty acid β-oxidation, catalyzing the hydration of short-chain enoyl-CoA and playing a vital role in maintaining lipid metabolic homeostasis. In ccRCC, ECHS1 expression is significantly downregulated, suggesting its involvement as a regulatory factor in tumor initiation and progression (Hu et al., 2022). Proteomic analyses have shown that ECHS1 remains consistently underexpressed across different tumor stages and effectively distinguishes early-stage tumors from adjacent normal tissues, with an area under the curve (AUC) exceeding 0.7—demonstrating high diagnostic sensitivity and specificity. Functional studies further reveal that upregulation of ECHS1 suppresses tumor cell proliferation and migration via inhibition of the mTOR signaling pathway, underscoring its potential as a therapeutic target in ccRCC (Wang et al., 2020b; Table 2).
3.2.3 Lipid transport
3.2.3.1 FABP (fatty acid-binding proteins)
Fatty acid-binding proteins (FABPs) are a family of low-molecular-weight (14–15 kDa) intracellular lipid chaperones that mediate the transport and storage of free fatty acids (FFAs) (Koundouros and Poulogiannis, 2020). Given the elevated lipid demands of cancer cells, FABPs are aberrantly expressed in various malignancies including pancreatic, colorectal, and ovarian cancers, where they contribute to tumor progression (Kawaguchi et al., 2016; Senga et al., 2018; Gharpure et al., 2018).
In ccRCC, FABP5 is significantly upregulated and strongly associated with tumor progression, metastasis, and poor clinical outcomes (Lv et al., 2019; Wu et al., 2019; Wu et al., 2020). In vitro and in vivo experiments confirm that FABP5 knockdown significantly reduces ccRCC cell proliferation and clonogenic potential while inhibiting epithelial–mesenchymal transition (EMT), indicating its oncogenic role in ccRCC biology (Wu et al., 2019). Mechanistically, FABP5 appears to exert its tumor-promoting effects through activation of the PI3K/AKT signaling pathway; inhibition of this pathway attenuates FABP5-driven proliferation (Lv et al., 2019).
Additionally, serum FABP4 levels are markedly elevated in ccRCC patients, suggesting its potential as a non-invasive diagnostic biomarker (La Civita et al., 2025). In vitro studies further show that adipocyte-derived FABP4 enhances ccRCC cell migration via partial activation of the ERK signaling pathway. Notably, this effect can be reversed by the FABP4-specific inhibitor BMS309403 (La Civita et al., 2025). Proteomic analysis of patient urine samples also revealed significantly elevated urinary FABP4 levels in ccRCC, supporting its potential utility as a non-invasive biomarker for early detection and disease monitoring (Yang et al., 2023; Table 2).
3.2.3.2 CD36
CD36, a multifunctional transmembrane glycoprotein and fatty acid translocase, facilitates the uptake of exogenous fatty acids (FAs), thereby supporting the lipid demands of rapidly proliferating tumor cells. It has been widely reported as a prognostic biomarker in various cancers (Enciu et al., 2018). In ccRCC, CD36 is significantly upregulated in both tumor tissues and cell lines.
CD36 mRNA expression is markedly higher in ccRCC tissues compared to adjacent normal tissues, and its overexpression is strongly associated with advanced TNM stage, increased visceral adipose tissue percentage (VAT%), and poorer PFS and OS. These findings suggest that CD36 overexpression is not only an independent predictor of poor prognosis in ccRCC patients but may also reflect the host’s abdominal fat distribution (Xu et al., 2019b; Table 2).
3.2.3.3 SCARB1 (scavenger receptor class B type 1)
SCARB1 (scavenger receptor class B type 1) is a HDL receptor that mediates the selective uptake of cholesteryl esters and plays a critical role in cholesterol homeostasis, lipid metabolism, and steroidogenesis. Genes involved in endogenous cholesterol biosynthesis are significantly downregulated in ccRCC, indicating a heavy reliance on exogenous cholesterol uptake for tumor growth (Riscal et al., 2021). Further investigations confirmed that inhibiting SCARB1-mediated HDL cholesterol uptake significantly suppresses ccRCC cell proliferation and survival, induces cell cycle arrest and apoptosis, and is accompanied by elevated intracellular ROS levels and marked attenuation of the PI3K/AKT signaling pathway (Riscal et al., 2021; Coffey and Simon, 2024). These findings identify SCARB1 as a promising therapeutic target for ccRCC (Table 2).
3.2.4 Metabolic derivatives
3.2.4.1 DHA (docosahexaenoic acid)
Docosahexaenoic acid (DHA), a prototypical omega-3 PUFA, is primarily obtained from the diet and synthesized endogenously via a series of elongation and desaturation reactions from the essential fatty acid α-linolenic acid (ALA) (Heravi et al., 2022). Recent studies have demonstrated that serum DHA levels are significantly reduced in patients with RCC and are closely associated with metastatic status. Preoperative serum analyses revealed that patients with metastatic RCC exhibit markedly lower DHA levels compared to those without metastases. Moreover, patients with DHA levels below the median showed significantly shorter cancer-specific survival, suggesting that serum DHA may serve as a potential prognostic biomarker for poor outcomes in RCC (Tasaki et al., 2016).
Beyond its prognostic value, DHA also holds therapeutic potential. In both RCC cell lines and animal models, DHA synergistically enhances the anticancer efficacy of the multikinase inhibitor regorafenib. Regorafenib suppresses soluble epoxide hydrolase (sEH), resulting in elevated levels of DHA-derived epoxydocosapentaenoic acids (EDPs), which exhibit potent anti-angiogenic activity and significantly inhibit tumor angiogenesis and invasiveness. These findings support the potential clinical utility of DHA as an adjuvant agent in the treatment of advanced RCC (Kim et al., 2016). Furthermore, in syngeneic mouse models of RCC treated with anlotinib, serum DHA levels changed in a highly sensitive and specific manner in response to treatment, indicating its promise as a pharmacodynamic biomarker (Du et al., 2022; Table 2).
3.3 Biomarkers in amino acid metabolism
3.3.1 Glutamine metabolism
3.3.1.1 SLC1A5 (solute carrier family 1 member 5)
SLC1A5 (Solute Carrier Family 1 Member 5), also known as ASCT2, is a sodium-dependent neutral amino acid transporter primarily responsible for glutamine uptake. ccRCC cells exhibit glutamine addiction, which is mediated by SLC1A5. The imported glutamine is converted to glutamate by glutaminase (GLS), which is subsequently transformed into α-KG to replenish the tricarboxylic acid (TCA) cycle and support lipid biosynthesis, antioxidant defense, and nucleotide production (Hassanein et al., 2013). Key metabolic regulators, HIF2 and c-Myc, cooperatively induce the expression of SLC1A5 and GLS, promoting glutamine-driven fatty acid synthesis and glutathione generation, thereby enhancing proliferation and antioxidant capacity in ccRCC cells (Shroff et al., 2015).
Multiple studies have reported significantly elevated SLC1A5 expression in ccRCC tissues and cell lines, correlating with poor survival outcomes, advanced TNM stage, lymph node metastasis, and higher Fuhrman grade. SLC1A5 has been identified as an independent adverse prognostic factor for both OS and RFS (Liu et al., 2015; Kawakami et al., 2022; Qin et al., 2024). Metabolic reprogramming analyses further suggest that SLC1A5 overexpression is strongly associated with sunitinib resistance, implicating its role in targeted therapy resistance in RCC (Sato et al., 2020; Table 3).
TABLE 3 | Functions and clinical biomarker value of molecules involved in amino acid metabolism reprogramming in RCC.	Molecule	Function	Biomarker role or clinical value	References
	SLC1A5	Sodium-dependent neutral amino acid transporter, mediates glutamine uptake.	High expression correlates with advanced TNM stage, lymph node metastasis, and sunitinib resistance.	Liu et al. (2015), Kawakami et al. (2022), Qin et al. (2024)
	GLS	Converts glutamine to glutamate, supporting TCA cycle and lipid/nucleotide synthesis.	Overexpressed in ccRCC and FH-deficient RCC, promoting metabolic adaptation and tumor growth.	Emberley et al. (2021)
	GPX	GSH-dependent oxidoreductases; GPX4 regulates lipid peroxidation and ferroptosis.	GPX1 overexpression is associated with high-grade, metastatic, and poor survival tumors. GPX4 inhibition induces ferroptosis and may serve as a diagnostic, prognostic, and therapeutic biomarker.	Cheng et al. (2019), Chen et al. (2020), Ren et al. (2023)
	IDO1	Converts tryptophan to kynurenine, mediating immunosuppressive metabolism.	Expressed in endothelial cells; high expression predicts sensitivity to PD-1 therapy. Co-expressed with PD-L1 in certain RCC subtypes.	Seeber et al. (2018), Kiyozawa et al. (2020)
	TDO2	Tumor-expressed kynurenine-producing enzyme that drives immune suppression.	High expression is associated with reduced CD8+ T cell infiltration, poor OS, and predictive value for ICI therapy response.	Sumitomo et al. (2021), Pham et al. (2021), Yao et al. (2024)
	ASS1	Catalyzes the formation of argininosuccinate from citrulline and aspartate.	Loss of expression leads to arginine dependence, associated with high-grade, aggressive tumors and poor survival.	Khare et al. (2021), Wang et al. (2019)
	ARG2	Mitochondrial arginase that converts arginine into ornithine and urea.	Downregulation creates a metabolic vulnerability; however, in specific contexts, re-expression can suppress tumor growth. High expression may also contribute to immune evasion via L-arginine depletion and T cell suppression.	Ochocki et al. (2018)


3.3.1.2 GLS (glutaminase)
Glutaminase (GLS) catalyzes the deamination of glutamine to produce glutamate, facilitating multiple downstream metabolic processes including TCA cycle replenishment, lipid synthesis, and glutathione production (Hassanein et al., 2013). Elevated GLS activity has been positively associated with tumor growth and is widely overexpressed in ccRCC tissues (Emberley et al., 2021), making it a promising target for metabolism-based therapies. GLS expression is regulated by oncogenic factors such as HIF2α and c-Myc. Under co-activation of HIF2 and MYC, glutamine is converted via GLS to glutamate, which is further transformed by glutamate dehydrogenase (GDH) into α-KG, feeding into the TCA cycle, or reductively carboxylated by isocitrate dehydrogenase (IDH) to generate isocitrate and acetyl-CoA for lipid biosynthesis (Shroff et al., 2015). Importantly, GLS plays a central role in glutamine-dependent lipogenesis, and its activity directly impacts lipid metabolic reprogramming (Lobo et al., 2000). Moreover, GLS is also upregulated in FH-deficient RCC, where the lncRNA MIR4435-2HG promotes GLS1 expression through interaction with STAT1, establishing a key regulatory axis for metabolic adaptation in this RCC subtype (Zhu et al., 2024; Table 3).
3.3.1.3 GPX (glutathione peroxidase)
The GPX (glutathione peroxidase) family comprises glutathione-dependent antioxidant enzymes that reduce hydrogen peroxide and organic hydroperoxides, thereby protecting cells from lipid peroxidation and oxidative stress. Multi-omics studies have revealed significant enrichment of both GSH and its oxidized form (GSSG) in ccRCC cells. GPX1 is notably upregulated across several studies, with its expression correlating with higher tumor grade, advanced stage, and metastatic potential, underscoring its protective role in maintaining redox balance in tumor cells (Hakimi et al., 2016; Wettersten et al., 2015). Additionally, GPX1 overexpression is significantly associated with shorter overall survival, distant metastasis, and disease progression. ROC curve analysis has confirmed its robust diagnostic utility (Cheng et al., 2019; Chen et al., 2020). Elevated GPX1 levels have also been observed across multiple RCC subtypes (KICH, KIRP, KIRC), with strong associations to immune infiltration, molecular subtypes, and clinical staging (Chen et al., 2020).
Beyond GPX1, GPX4 plays a more direct role in regulating ferroptosis. As a lipid hydroperoxide reductase, GPX4 utilizes GSH to neutralize lipid peroxides on the cell membrane. It is ubiquitously upregulated in ccRCC tissues, and its inhibition markedly increases lipid peroxide sensitivity, triggering ferroptosis and reducing cell proliferation (Zou et al., 2019). Immunohistochemical and survival analyses have confirmed that elevated GPX4 levels are closely associated with tumor size, metastatic risk, and shorter PFS, highlighting its prognostic significance (Ren et al., 2023; Table 3).
3.3.2 Tryptophan metabolism
3.3.2.1 IDO1 (indoleamine 2,3-dioxygenases)/TDO2 (tryptophan 2,3-dioxygenase)
Tryptophan, an essential amino acid, is predominantly metabolized (approximately 95%) via the kynurenine (Kyn) pathway, catalyzed by rate-limiting enzymes including indoleamine 2,3-dioxygenases (IDO1/2) and tryptophan 2,3-dioxygenase (TDO2) (Wettersten, 2020). These enzymes convert tryptophan into immunosuppressive metabolites such as kynurenine, which in turn suppress T cell activity, promote Treg infiltration, and impair anti-tumor immunity, contributing to poor prognosis in ccRCC (Seeber et al., 2018; Sumitomo et al., 2021).
IDO1 is widely overexpressed in ccRCC, predominantly localized in tumor vasculature rather than cancer cells, and is associated with reduced CD8+ T cell infiltration (Seeber et al., 2018). In mRCC patients treated with PD-1 inhibitor nivolumab, IDO1 expression (>10%) significantly predicts prolonged PFS and correlates positively with CD8+ T cell infiltration, whereas PD-L1 lacks such predictive value, suggesting IDO1 as a more promising immunotherapeutic biomarker (Seeber et al., 2018). Furthermore, co-expression of IDO1 and PD-L1 is notably enriched in sarcomatoid/rhabdoid RCC and is associated with dense CD3+/CD4+/CD8+ T cell infiltration and worse PFS (Kiyozawa et al., 2020).
In contrast, recent studies suggest TDO2 may play a more dominant role in ccRCC. TDO2 is primarily expressed in tumor cells rather than endothelial cells and is linked to Kyn accumulation, reduced CD8+ T cells, increased invasiveness, and poor OS (Sumitomo et al., 2021; Pham et al., 2021; Yao et al., 2024). TDO2 expression strongly correlates with intratumoral Kyn levels and is predictive of immune checkpoint inhibitor (ICI) treatment response, identifying it as a potential biomarker for ICI efficacy (Sumitomo et al., 2021).
Moreover, expression of tryptophan metabolism–related genes (TMRs) may enable molecular classification of ccRCC. A six-gene prognostic model derived from TCGA and ICGC data—including TDO2, KMO, and CYP1B1—demonstrated that TDO2 is markedly upregulated in high-risk subtypes, which are associated with poorer prognosis (Yao et al., 2024; Table 3).
3.3.3 Arginine metabolism
3.3.3.1 ASS1 (argininosuccinate synthetase 1)
Argininosuccinate synthetase 1 (ASS1) is a key rate-limiting enzyme in arginine biosynthesis, catalyzing the conversion of citrulline and aspartate into argininosuccinate, playing a vital role in the urea cycle (Wettersten et al., 2017). Multiple proteomic and transcriptomic studies consistently report that ASS1 is significantly downregulated or entirely lost in ccRCC tissues, while its expression remains high in adjacent normal renal tubular epithelium (Khare et al., 2021). Loss of ASS1 results in tumor cells becoming auxotrophic for arginine, dependent on exogenous supply—a metabolic vulnerability known as “arginine auxotrophy” (Rabinovich et al., 2015).
In addition to its metabolic role, ASS1 may serve as a prognostic biomarker. Reduced ASS1 expression is strongly associated with higher tumor grade, increased aggressiveness, and decreased survival (Khare et al., 2021; Wang et al., 2019). Co-expression of ASS1 and its partner enzyme ASL in vitro and in vivo models can restore nitric oxide synthesis and aspartate metabolism, significantly inhibiting tumor proliferation (Khare et al., 2021). Furthermore, stabilization of HIF under VHL-deficient conditions suppresses mitochondrial function and limits aspartate availability. In this context, ASS1 expression is transcriptionally repressed to minimize aspartate diversion to the urea cycle, thereby favoring pyrimidine and nucleotide biosynthesis essential for tumor proliferation (Khare et al., 2021; Sciacovelli et al., 2022; Table 3).
3.3.3.2 ARG2 (arginase 2)
ARG2 (arginase 2) is a mitochondrial enzyme that catalyzes the hydrolysis of arginine to urea and ornithine. ARG2 is broadly downregulated in ccRCC, rendering tumor cells incapable of synthesizing arginine endogenously, and thus dependent on extracellular arginine—creating a potential metabolic vulnerability (Ochocki et al., 2018). From a clinical perspective, alterations in ARG2 expression offer clear biomarker potential, as confirmed by metabolomic and proteomic analyses showing ARG2 downregulation in nearly all ccRCC patients (Ochocki et al., 2018).
Interestingly, despite its general downregulation, ARG2 function displays dual regulatory behavior. On one hand, ARG2 inhibits tumor proliferation and survival by depleting the cofactor pyridoxal phosphate (PLP) and inducing polyamine toxicity (e.g., putrescine accumulation); re-expression significantly suppresses tumor growth in vivo and in vitro (Ochocki et al., 2018; Coffey and Simon, 2024). In CA9-knockdown models, ARG2 upregulation promotes polyamine accumulation, inhibits the Warburg effect, and suppresses tumor proliferation and migration, suggesting ARG2 mediates a CA9-dependent metabolic suppression pathway (Xu et al., 2020a). On the other hand, ARG2 may also act as an immunoregulatory factor, contributing to immune evasion. ARG2 overexpression in tumor cells, Tregs, and stromal cells depletes L-arginine from the tumor microenvironment, suppressing T cell effector functions and weakening antitumor immunity (Weis-Banke et al., 2022; Table 3).
3.4 Biomarkers in other metabolism
3.4.1 CP (ceruloplasmin)
Ceruloplasmin (CP) is a multicopper ferroxidase that catalyzes the oxidation of Fe2+ to Fe3+, thereby facilitating iron export via stabilization of the ferroportin–transferrin axis and limiting Fenton chemistry–driven oxidative stress, directly linking CP to cellular redox and metal homeostasis (Musci et al., 2014). In ccRCC, integrated single-nucleus RNA/ATAC sequencing with bulk proteogenomics identified CP as a tumor-cell marker: CP transcripts and chromatin accessibility are selectively elevated in tumor cells relative to proximal tubule cells, high CP levels track with higher histologic grade, and CP immunofluorescence co-localizes with CA9 in tumor regions (Wu et al., 2023d). Spatial transcriptomics demonstrated that CP expression is enriched in hyalinized stromal areas, and shRNA-mediated CP knockdown in ccRCC cells downregulated matrisome/EMT and inflammatory programs and reduced COL4A1, OSMR and TGM2, implicating CP in tumor–stroma crosstalk that supports matrix remodeling and invasion (Wu et al., 2023d). Prior work independently corroborates CP’s prognostic relevance: bulk tumor datasets show that CP overexpression associates with oncogenic pathway activation and poorer overall survival in ccRCC (Zhang et al., 2021a). Mechanistically, ccRCC-relevant transcription factors regulate CP (e.g., HIF1A, PAX8, with KLF9 nominated by motif and perturbation data), providing an epigenetic/transcriptional route by which hypoxia and lineage programs couple CP to metabolic adaptation in tumor cells (Wu et al., 2023d). Collectively, CP’s tumor-cell-restricted upregulation, redox/iron-handling function, and consistent prognostic signal support its use as a metabolism-linked biomarker in RCC (Wu et al., 2023d; Musci et al., 2014; Table 4).
TABLE 4 | Functions and clinical biomarker value of molecules involved in other metabolism reprogramming in RCC.	Molecule	Function	Biomarker role or clinical value	References
	CP	Multicopper ferroxidase that oxidizes Fe2+ to Fe3+, regulating iron export and redox balance.	Tumor-cell-specific upregulation in ccRCC; correlates with high grade and poor prognosis; linked to EMT and matrisome remodeling; potential prognostic and metabolic biomarker.	Wu et al. (2023d), Zhang et al. (2021a)
	PCSK6	Calcium-dependent serine endoprotease that activates pro-proteins including growth factors and matrix enzymes	Tumor-cell-enriched in ccRCC; associated with high-grade tumors; contributes to invasion and metabolic adaptation; potential biomarker for aggressive disease	Wu et al. (2023d)


3.4.2 PCSK6 (proprotein convertase subtilisin/kexin type 6)
PCSK6 is a secreted calcium-dependent serine endoprotease that activates diverse pro-proteins (including growth factors and matrix enzymes) at paired basic residues, positioning it to influence extracellular signaling and matrix dynamics that interface with tumor metabolism (Bassi et al., 2015). Using the same single-nucleus multi-omics framework in ccRCC, PCSK6 was identified as a tumor-cell-specific marker with higher expression in high-grade tumors, although single-cell level survival associations were not significant in that cohort, indicating a role in tumor aggressiveness rather than a stand-alone prognostic determinant (Wu et al., 2023d). External population-scale resources likewise annotate PCSK6 as a prognostic marker in kidney cancers (KIRC/KIRP), reinforcing clinical relevance across datasets even as effect direction and magnitude may vary by cohort and platform. Beyond RCC, functional studies in other solid tumors show that PCSK6/PACE4 promotes proliferation, EMT/invasion, and activation of downstream pathways (e.g., MAPK/ERK), supporting biological plausibility that elevated PCSK6 marks—and may help drive—metabolically demanding, invasive phenotypes (Wang et al., 2018). More broadly, recent RCC translational work underscores the utility of single-nucleus profiling to resolve therapy-sensitive subpopulations and pathway activities in patient-derived models, highlighting how transcriptomic markers can integrate with functional readouts for risk stratification and therapeutic design (Wu et al., 2023c). These data support PCSK6 as a tumor-cell-enriched, microenvironment-modulating protease with potential value as a metabolism-adjacent biomarker in RCC (Table 4).
4 THERAPEUTIC STRATEGIES
4.1 HIF-2α inhibitors
The PAS-B domain of HIF-2α contains a unique hydrophobic cavity that confers “druggability,” spurring the development of several small-molecule HIF-2α inhibitors (Scheuermann et al., 2013). The first molecule to validate the druggability of HIF-2α was PT2399, which specifically disrupts the dimerization of HIF-2α with HIF-1β, thereby suppressing downstream target gene expression. PT2399 exhibited potent antitumor activity in the majority of patient-derived ccRCC xenograft models, surpassing the efficacy of sunitinib and maintaining activity even in sunitinib-resistant tumors (Chen et al., 2016).
Derived from PT2399’s lead structure, the next-generation compound PT2385 demonstrated improved preclinical potential. In its first-in-human trial, PT2385 showed favorable tolerability and pharmacokinetic profiles, achieving complete response in 2%, partial response in 12%, and stable disease in 52% of heavily pretreated advanced ccRCC patients (Courtney et al., 2018). However, its extensive glucuronidation metabolism limited drug exposure and therapeutic durability in clinical applications.
To address this limitation, a structurally optimized third-generation inhibitor, PT2977 (also known as Belzutifan, marketed as WELIREG), was developed. Belzutifan exhibits significantly improved pharmacokinetic stability and systemic exposure. Phase I and II clinical trials confirmed its excellent safety profile and robust antitumor activity. Notably, in patients with VHL-associated ccRCC, Belzutifan achieved an objective response rate of 49%, with most adverse events being grade 1–2 (Xu et al., 2019a; Jonasch et al., 2021a; Choueiri et al., 2021).
Belzutifan was approved by the FDA in 2021 for the treatment of VHL syndrome–associated ccRCC and has also demonstrated efficacy in sporadic ccRCC, although resistance remains a challenge. Emerging evidence suggests that mutations in HIF-2α, alterations at the HIF-1β binding interface, and p53 status may contribute to the development of resistance to HIF-2 inhibitors (Stransky et al., 2022).
Furthermore, novel drug delivery strategies have been explored to enhance efficacy. For instance, co-loading PT2385 with manganese into a nanoparticle platform (PMMF) significantly improved therapeutic outcomes in VHL-deficient ccRCC and activated STING pathway–mediated innate immune responses, highlighting a promising approach for combining metabolic and immunotherapeutic targeting (Fang et al., 2025).
4.2 GLUT inhibitors
Targeting GLUT1 has emerged as a novel therapeutic strategy in RCC. The small molecule STF-31 has been shown to significantly suppress RCC cell growth and induce apoptosis in both in vitro and in vivo models, suggesting that GLUT1 is a promising therapeutic target (Chan et al., 2011). Further studies have revealed that dual inhibition of GLUT1 and polycomb repressive complex 1 (BMI1/PRC1) synergistically induces the expression of endoplasmic reticulum (ER) stress–related genes, leading to tumor cell death. These findings highlight the therapeutic potential of combining metabolic and epigenetic targeting (Zhang et al., 2020).
BAY-876, a selective GLUT1 inhibitor, enhances cytotoxicity when combined with sunitinib in 786-O RCC cells (Hamadamin and Maulood, 2024). In immunocompetent animal models, BAY-876 was also found to amplify the immune-mediated clearance of low-glycolytic tumors by sensitizing them to TNF-α–induced cytotoxicity (Wu et al., 2023b). Interestingly, while GLUT1 is predominantly expressed in tumor cells, CD8+ T cells rely more heavily on GLUT3. As such, GLUT1 inhibition has minimal impact on CD8+ T cell function, but it can alleviate metabolic competition and lactic acid accumulation within the tumor microenvironment, thereby enhancing immune cell infiltration and antitumor efficacy (Wu et al., 2023b).
In the context of cancer immunotherapy, recent research has demonstrated that CAR-T cells engineered with enhanced GLUT1 expression exhibit improved memory stem-like phenotypes, metabolic fitness, and recall responses. These metabolic engineering strategies significantly improved tumor control, suggesting that targeting cellular metabolism may augment the clinical efficacy of CAR-T cell therapies (Shi et al., 2024).
4.3 FASN inhibitors
The traditional fatty acid synthase (FASN) inhibitor C75 has been shown to significantly induce G2/M phase cell cycle arrest and apoptosis in various RCC cell lines, such as 769P and Caki-1. Mechanistically, C75 suppresses cell proliferation and invasion by downregulating HER2, EGFR expression, and STAT3 phosphorylation, while upregulating the expression of p53 and p21 (Horiguchi et al., 2008). Additionally, C75 has demonstrated synergistic effects when combined with PI3Kα inhibitors (e.g., CYH33), jointly suppressing breast cancer growth and remodeling the tumor immune microenvironment, highlighting the promising application of FASN inhibitors in combined immunometabolic therapies (Sun et al., 2021).
TVB-2640, a novel orally available small-molecule FASN inhibitor, has shown favorable safety and target specificity in phase I clinical trials. Its adverse effects were mostly limited to reversible dermatologic and ocular toxicities, with no severe gastrointestinal or hematologic toxicities observed. As a monotherapy, TVB-2640 achieved a disease control rate (DCR) of up to 42%, which increased to 70% when combined with taxanes (Falchook et al., 2021). In multiple tumor models, including non-small cell lung cancer, ovarian cancer, and breast cancer, TVB-2640 effectively inhibited de novo lipogenesis and synergistically enhanced the efficacy of various chemotherapeutic agents (Kelly et al., 2023b). These findings underscore the substantial therapeutic potential of TVB-2640 in the treatment of ccRCC. Currently, clinical trials evaluating the efficacy of TVB-2640 in ccRCC are underway.
4.4 SLC1A5 and GLS inhibitors
DRP-104 (also known as sirpiglenastat), a functional inhibitor targeting both SLC1A5 and GLS, has demonstrated potent antitumor activity across various cancer models. DRP-104 is a prodrug of 6-diazo-5-oxo-L-norleucine (DON), engineered for tumor-selective activation and gastrointestinal deactivation, thus significantly mitigating the toxicity traditionally associated with DON treatment (Rais et al., 2022). Given the widespread glutamine addiction and high expression of SLC1A5 in ccRCC, DRP-104 holds considerable clinical potential. Its mechanisms—including metabolic inhibition, immune activation, and remodeling of the tumor microenvironment—offer new therapeutic avenues for ccRCC, particularly in combination with immunotherapy.
In multiple cancer types, DRP-104 suppresses glutamine metabolism to induce metabolic crisis and tumor cell death while reshaping the tumor microenvironment by enhancing CD8+ T-cell activity, reversing T-cell exhaustion, and promoting M1 macrophage polarization, thereby amplifying antitumor immunity (Yokoyama et al., 2022; Pillai et al., 2024). Notably, in KEAP1-mutant lung cancer and pancreatic ductal adenocarcinoma (PDAC), DRP-104 alone or in combination with ERK inhibitors has provided significant survival benefits (Encarnación-Rosado et al., 2024; Pillai et al., 2024). In head and neck squamous cell carcinoma, DRP-104 has been shown to induce lipid peroxidation and ferroptosis sensitivity through metabolic stress, suggesting its therapeutic synergy with GPX4 inhibition (Allevato et al., 2024). Additionally, DRP-104 has been shown to reprogram immunosuppressive metabolic networks, enhancing infiltration of TILs, NK cells, and NKT cells (Yokoyama et al., 2022).
Although no RCC-specific data are currently available, the broad-spectrum efficacy of DRP-104 across malignancies lays a solid foundation for its translational application in RCC.
CB-839 (telaglenastat) is a selective oral GLS inhibitor that has been extensively investigated in clinical trials for RCC-targeted therapy (Emberley et al., 2021). By blocking the conversion of glutamine to glutamate, CB-839 impairs the TCA cycle, imposing metabolic stress and weakening tumor cell survival. Preclinical studies have shown that CB-839 reduces the production of glutamine-derived metabolites and exerts synergistic antiproliferative effects when combined with cabozantinib or everolimus (Emberley et al., 2021).
In a phase I dose-escalation study, CB-839 demonstrated favorable safety and pharmacokinetics, with a recommended phase II dose of 800 mg twice daily. In this trial, RCC patients achieved a disease control rate (DCR) of 50%, suggesting potential efficacy as monotherapy (Harding et al., 2021). Subsequent phase Ib studies confirmed the tolerability and promising DCR of CB-839 when combined with cabozantinib (TelaC) or everolimus (TelaE) in patients with heavily pretreated mRCC, reporting DCRs of 100% in the TelaC arm and 95.2% among ccRCC patients in the TelaE arm (Meric-Bernstam et al., 2022). In the multicenter randomized CANTATA trial, although CB-839 combined with cabozantinib did not significantly prolong PFS compared to cabozantinib alone, its safety profile remained favorable (Tannir et al., 2022). Another randomized controlled trial revealed that CB-839 combined with everolimus extended PFS compared to placebo plus everolimus, supporting its synergistic interaction with mTOR inhibitors (Lee et al., 2022).
Moreover, CB-839 has been tested in combination with immune checkpoint inhibitors. A phase I/II trial showed that CB-839 combined with nivolumab was generally well tolerated, achieving an objective response rate (ORR) of 24% in immunotherapy-naïve ccRCC patients, although the response was limited in patients previously treated with PD-1/PD-L1 inhibitors (Gouda et al., 2025). Collectively, although CB-839 monotherapy yields modest efficacy, combination strategies hold further clinical development potential.
4.5 IDO inhibitors
Epacadostat, a highly selective oral inhibitor of indoleamine 2,3-dioxygenase 1 (IDO1), has been widely investigated in clinical trials across various cancers. In clinical studies involving metastatic renal cell carcinoma (mRCC), Epacadostat combined with the PD-1 inhibitor pembrolizumab demonstrated comparable efficacy to standard treatments such as sunitinib or pazopanib, without showing a clear therapeutic advantage (Lara et al., 2024). Although Epacadostat was able to reduce circulating kynurenine levels in mRCC patients, the suppression was insufficient to restore them to normal levels, suggesting incomplete inhibition of the IDO pathway. Moreover, preclinical and translational evidence indicates that resistance to IDO1 inhibition may not solely arise from inadequate enzymatic blockade but also from compensatory immunosuppressive pathways (Tang et al., 2021). For instance, parallel activity of tryptophan-2,3-dioxygenase (TDO2) and sustained kynurenine–aryl hydrocarbon receptor (AhR) signaling can maintain immunosuppression even when IDO1 is targeted (Opitz et al., 2011; Wu et al., 2023a). In addition, increased regulatory T-cell and myeloid-derived suppressor cell activity driven by the Kyn–AhR axis, together with alternative metabolic checkpoints such as the adenosine (CD39/CD73–A2A) and arginase pathways, may collectively undermine IDO1 inhibitor efficacy (Campesato et al., 2020; Zahavi and Hodge, 2023; Martí i Líndez et al., 2019). Furthermore, non-catalytic IDO1 signaling via its ITIM–SHP axis can sustain a tolerogenic program independent of enzymatic activity, potentially limiting the impact of purely catalytic inhibitors such as epacadostat (Panfili et al., 2023; Albini et al., 2017).
In early-phase clinical trials for other solid tumors—including melanoma, non-small cell lung cancer (NSCLC), and urothelial carcinoma (UC)—Epacadostat combined with pembrolizumab exhibited some antitumor activity. For instance, in melanoma, an objective response rate (ORR) of 55% was achieved (Mitchell et al., 2018). However, in other malignancies such as sarcomas, the combination therapy yielded a low response rate, with only 3.3% of patients achieving partial response at 24 weeks, and no significant alterations in tryptophan metabolism were observed, indicating inadequate IDO1 inhibition (Kelly et al., 2023a). Similarly, in a phase III trial for urothelial carcinoma, the ORR for Epacadostat plus pembrolizumab was similar to pembrolizumab monotherapy, with no evident benefit from the combination (Necchi et al., 2024).
Navoximod, an investigational small-molecule IDO1 inhibitor, has also attracted increasing attention in the treatment of various advanced malignancies. In patients with RCC and other late-stage solid tumors, Navoximod combined with the PD-L1 inhibitor atezolizumab showed acceptable safety and tolerability. Pharmacodynamic assessments indicated that Navoximod reduced plasma kynurenine levels in a dose-dependent manner, suggesting effective inhibition of IDO1 activity. While some patients achieved objective responses or disease stabilization, no definitive therapeutic advantage of the combination over monotherapy has been demonstrated thus far (Jung et al., 2019). In another study, Navoximod monotherapy in patients with recurrent or advanced solid tumors also showed a favorable safety profile and was generally well tolerated, though no significant tumor shrinkage was observed and disease stabilization occurred in a notable proportion of patients (Nayak-Kapoor et al., 2018). Furthermore, studies in Japanese patients with advanced solid tumors reported good tolerability and linear pharmacokinetics for both Navoximod monotherapy and combination with atezolizumab. In the combination group, the disease stabilization rate reached 80%, suggesting potential clinical utility when paired with immune checkpoint inhibitors (Ebata et al., 2020).
Taken together, current clinical evidence suggests that although Epacadostat and Navoximod are mechanistically sound and well tolerated in RCC and various solid tumors, their overall antitumor efficacy remains suboptimal. This may be attributed to insufficient IDO pathway inhibition or the complex immunosuppressive tumor microenvironment. Specifically, redundancy within immunoregulatory circuits—including compensatory TDO2 activity, persistent Kyn–AhR signaling, and activation of adenosine and arginase nodes—likely attenuates clinical responses and argues for biomarker-guided, multi-target strategies (e.g., dual IDO1/TDO2 or IDO1/AhR blockade) (Kang et al., 2024; Opitz et al., 2011). Future clinical efforts should focus on higher-dose strategies for Epacadostat, refined patient selection guided by precise biomarkers, and rational combination therapies—such as pairing with more potent immune checkpoint inhibitors or metabolic modulators—to better define and enhance their therapeutic potential.
In addition, several small-molecule inhibitors of indoleamine-2,3-dioxygenase 1 (IDO1), including KHK2455, LY3381916, and MK-7162, are under investigation, although clinical trials for RCC have not yet been conducted. LY3381916 is a potent, highly selective oral IDO1 inhibitor. A clinical study demonstrated that LY3381916 significantly suppressed IDO1 activity and enhanced CD8+ T-cell infiltration when administered alone or in combination with PD-L1 blockade. However, in patients with advanced solid tumors, its combination therapy showed limited clinical efficacy and was associated with a high risk of hepatotoxicity, suggesting that dosage optimization is needed to improve both safety and therapeutic outcomes (Kotecki et al., 2021).
4.6 Arginine deprivation therapy
ADI-PEG20 (pegylated arginine deiminase) exerts its antitumor effects by depleting extracellular arginine, thereby suppressing cancer cell proliferation. It has demonstrated promising preclinical and clinical potential across various malignancies. In clinical studies involving malignant pleural mesothelioma (MPM), non-small cell lung cancer (NSCLC), metastatic uveal melanoma (UM), and acute myeloid leukemia (AML), the combination of ADI-PEG20 with chemotherapy has shown notable antitumor efficacy, with a high proportion of patients achieving disease stabilization and significant prolongation of both OS and PFS. Particularly, patients with non-epithelioid MPM exhibited more pronounced therapeutic benefits (Szlosarek et al., 2024; Szlosarek et al., 2021; Chan et al., 2022; Tsai et al., 2021; Tsai et al., 2017). However, treatment efficacy may be limited by the development of neutralizing antibodies against ADI-PEG20 and re-expression of argininosuccinate synthetase 1 (ASS1) in some patients.
Although no clinical trials of ADI-PEG20 have been conducted specifically in RCC, emerging evidence indicates frequent loss of ASS1 expression in RCC—especially in the clear cell and sarcomatoid subtypes—suggesting a potential vulnerability to arginine deprivation. In such ASS1-deficient tumors, ADI-PEG20 may exert antitumor effects through a synthetic lethality mechanism, providing a strong theoretical rationale for its application. Given the known sensitivity of RCC to both immunotherapy and metabolic interventions, combinatory approaches involving ADI-PEG20 and immune checkpoint inhibitors or mTOR pathway inhibitors warrant further investigation.
5 DISCUSSION
Renal cell carcinoma is a prototypical solid tumor that relies heavily on metabolic reprogramming to sustain its malignant phenotype. At the core of this process lies the loss of the VHL gene, which leads to aberrant activation of HIF-2α. This drives a systematic remodeling of multiple metabolic pathways, including the maintenance of the Warburg effect, lipid accumulation, and amino acid addiction. Specifically, VHL inactivation results in sustained expression of HIF-2α, which upregulates key metabolic regulators such as GLUT1, HK2, SLC1A5, and FASN, thereby promoting glucose uptake, fatty acid synthesis, and glutamine metabolism. These alterations collectively endow ccRCC cells with enhanced proliferative capacity, resistance to apoptosis, and immune evasion. Meanwhile, aerobic metabolic pathways—such as the TCA cycle, OXPHOS, and fatty acid oxidation—are systematically downregulated, establishing a characteristic “synthesis–utilization imbalance” metabolic pattern.
This review categorizes a series of metabolism-related biomarkers in RCC into nine functional groups, each showing promising potential for precision medicine applications: 1 Prognostic biomarkers (e.g., GLUT1, FASN, GLS); 2 Clinical staging indicators (e.g., HK2, CD36, SLC1A5); 3 Histological grading markers (e.g., ENO2, FABP5, GPX1); 4 Therapeutic targets (e.g., PFKFB3, SCD1, GPX4); 5 Therapeutic response monitoring markers (e.g., GLUT1, DHA, MCT1); 6 Drug resistance predictors (e.g., PFKFB4, PGK1, SLC1A5); 7 Risk stratification markers (e.g., TKT, FABP5, TDO2); 8 Immune-associated biomarkers (e.g., PGAM1, IDO1, ARG2); and 9 Imaging targets (e.g., GLUT1, SCD1). Notably, several of these molecules exhibit multidimensional functionality. For example, glycolytic enzymes such as GLUT1 and SCD1 serve not only as prognostic markers but also as imaging targets. Lipid metabolism enzymes like FASN, SCD1, and FABP5 are associated with both histological grading and therapeutic intervention. Amino acid metabolism-related molecules—including SLC1A5, GLS, and GPX4—are implicated in reshaping the immune microenvironment and have emerged as targets for novel metabolic inhibitors such as DRP-104 and CB-839. Additionally, molecules like TDO2 and ASS1 hold value in predicting resistance to immune checkpoint inhibitors and assessing immune responsiveness, thereby serving as critical indicators in drug screening and risk stratification. These multifaceted attributes underscore the notion that metabolic molecules should no longer be viewed merely as pathway intermediates but rather as foundational elements for precision therapeutic decision-making.
Importantly, the advent of multi-omics technologies has enabled a shift in our understanding of the RCC metabolic network—from single-gene observations to integrated, cross-layered system analyses. Recent studies have successfully incorporated transcriptomic, metabolomic, proteomic, and spatial transcriptomic data to characterize metabolic subtypes, such as the dedifferentiated clear cell RCC (DCCD-ccRCC) with distinct metabolic features, as well as to provide comprehensive proteomic insights into rare renal tumors (Hu et al., 2024; Li et al., 2024a). These advances offer a theoretical framework for improving the diagnosis, targeted therapy, and imaging-based prediction of atypical RCC subtypes. In line with this, multi-omics integration of patient-derived xenograft models has demonstrated that combined targeting of receptor tyrosine kinases and mTORC1/2 signaling effectively suppresses ERK-driven metabolic reprogramming and tumor growth, supporting the translational utility of pathway-level interventions in overcoming therapeutic resistance in ccRCC (Wu et al., 2023c). Multi-omics studies in other solid tumors likewise emphasize that the translation of metabolic biomarkers into precision oncology requires a stepwise validation process, including discovery in public datasets, external multi-cohort validation, and incorporation into clinically interpretable tools such as risk scores or imaging surrogates (Li et al., 2023b; Li et al., 2024c).
Moreover, emerging evidence suggests that certain canonical “metabolic enzymes” possess non-classical functions in specific contexts. For instance, HK2 has been shown to mediate PDHA1 phosphorylation, and ARG2 contributes to polyamine toxicity regulation and immune evasion—highlighting the need to explore metabolic proteins beyond their expression profiles and toward deeper functional characterization (Hu et al., 2024).
Despite these advances, several challenges remain to be addressed in the field of metabolic biomarker discovery and application in RCC. First, while multi-omics integration has illuminated previously unrecognized metabolic subtypes, the translation of such classifications into actionable therapeutic strategies is still in its infancy. Second, the non-canonical functions of metabolic enzymes highlight the complexity of metabolic signaling networks, underscoring the need for mechanistic studies that move beyond correlative expression profiling. Finally, the heterogeneity of metabolic dependencies within and across RCC subtypes calls for the development of spatially resolved, single-cell–level analytical approaches, as well as dynamic monitoring technologies, to capture temporal and spatial metabolic plasticity. Addressing these gaps will not only refine our understanding of RCC biology but also accelerate the implementation of precision metabolic interventions in clinical practice.
6 CONCLUSION
Metabolic reprogramming in RCC not only reshapes the intracellular biochemical landscape but also profoundly impacts the tumor microenvironment, immune modulation, and therapeutic responsiveness. Future research should prioritize the multidimensional biological roles of metabolic molecules, the integration of multi-omics data, and the clinical translation of these findings—particularly in the development of integrated imaging–therapeutic–prognostic biomarker systems. Such efforts are essential to advance metabolism-targeted strategies from mechanistic insights to real-world clinical applications.
AUTHOR CONTRIBUTIONS
JY: Writing – original draft. DM: Writing – original draft, Writing – review and editing. XL: Writing – original draft, Writing – review and editing. CZ: Writing – original draft, Writing – review and editing. DT: Writing – review and editing. SW: Writing – review and editing. FL: Writing – review and editing. JS: Writing – review and editing. QL: Writing – review and editing. HR: Conceptualization, Formal Analysis, Funding acquisition, Supervision, Writing – review and editing. ZX: Conceptualization, Formal Analysis, Funding acquisition, Supervision, Writing – review and editing. XZ: Conceptualization, Formal Analysis, Funding acquisition, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by Wuhan Talent Plan Funding (Grant No.02.05.22030029), Natural Science Foundation of Hubei Province (Grant No. 2023AFB210, No. 2024AFB640), National Natural Science Foundation of China (Grant No. 82300786, No. 82202911).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Abu Aboud, O., Habib, S. L., Trott, J., Stewart, B., Liang, S., Chaudhari, A. J., et al. (2017). Glutamine addiction in kidney cancer suppresses oxidative stress and can be exploited for real-time imaging. Cancer Res. 77, 6746–6758. doi:10.1158/0008-5472.CAN-17-0930

	Aggarwal, R. K., Luchtel, R. A., Machha, V., Tischer, A., Zou, Y., Pradhan, K., et al. (2021). Functional succinate dehydrogenase deficiency is a common adverse feature of clear cell renal cancer. Proc. Natl. Acad. Sci. U. S. A. 118, e2106947118. doi:10.1073/pnas.2106947118

	Albini, E., Rosini, V., Gargaro, M., Mondanelli, G., Belladonna, M. L., Pallotta, M. T., et al. (2017). Distinct roles of immunoreceptor tyrosine-based motifs in immunosuppressive indoleamine 2,3-dioxygenase 1. J. Cell Mol. Med. 21, 165–176. doi:10.1111/jcmm.12954

	Allevato, M. M., Trinh, S., Koshizuka, K., Nachmanson, D., Nguyen, T. C., Yokoyama, Y., et al. (2024). A genome-wide CRISPR screen reveals that antagonism of glutamine metabolism sensitizes head and neck squamous cell carcinoma to ferroptotic cell death. Cancer Lett. 598, 217089. doi:10.1016/j.canlet.2024.217089

	Bassi, D. E., Cenna, J., Zhang, J., Cukierman, E., and Klein-Szanto, A. J. (2015). Enhanced aggressiveness of benzopyrene-induced squamous carcinomas in transgenic mice overexpressing the proprotein convertase PACE4 (PCSK6). Mol. Carcinog. 54, 1122–1131. doi:10.1002/mc.22183

	Bezwada, D., Lesner, N. P., Brooks, B., Vu, H. S., Wu, Z., Cai, L., et al. (2023). Mitochondrial metabolism in primary and metastatic human kidney cancers. bioRxiv , 2023.02.06.527285. doi:10.1101/2023.02.06.527285

	Bogusławska, J., Popławski, P., Alseekh, S., Koblowska, M., Iwanicka-Nowicka, R., Rybicka, B., et al. (2019). MicroRNA-Mediated metabolic reprograming in renal cancer. Cancers (Basel) 11, 1825. doi:10.3390/cancers11121825

	BrüGGEMANN, M., Gromes, A., Poss, M., Schmidt, D., KlüMPER, N., Tolkach, Y., et al. (2017). Systematic analysis of the expression of the mitochondrial ATP synthase (complex V) subunits in clear cell renal cell carcinoma. Transl. Oncol. 10, 661–668. doi:10.1016/j.tranon.2017.06.002

	Bruna, F. A., Romeo, L. R., Campo-Verde-Arbocco, F., Contador, D., GóMEZ, S., Santiano, F., et al. (2019). Human renal adipose tissue from normal and tumor kidney: its influence on renal cell carcinoma. Oncotarget 10, 5454–5467. doi:10.18632/oncotarget.27157

	Campesato, L. F., Budhu, S., Tchaicha, J., Weng, C. H., Gigoux, M., Cohen, I. J., et al. (2020). Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by L-Kynurenine. Nat. Commun. 11, 4011. doi:10.1038/s41467-020-17750-z

	Cao, Q., Ruan, H., Wang, K., Song, Z., Bao, L., Xu, T., et al. (2018). Overexpression of PLIN2 is a prognostic marker and attenuates tumor progression in clear cell renal cell carcinoma. Int. J. Oncol. 53, 137–147. doi:10.3892/ijo.2018.4384

	Catalano, M., Procopio, G., Sepe, P., Santoni, M., Sessa, F., Villari, D., et al. (2023). Tyrosine kinase and immune checkpoints inhibitors in favorable risk metastatic renal cell carcinoma: trick or treat?Pharmacol. Ther. 249, 108499. doi:10.1016/j.pharmthera.2023.108499

	Chan, D. A., Sutphin, P. D., Nguyen, P., Turcotte, S., Lai, E. W., Banh, A., et al. (2011). Targeting GLUT1 and the warburg effect in renal cell carcinoma by chemical synthetic lethality. Sci. Transl. Med. 3, 94ra70. doi:10.1126/scitranslmed.3002394

	Chan, P. Y., Phillips, M. M., Ellis, S., Johnston, A., Feng, X., Arora, A., et al. (2022). A phase 1 study of ADI-PEG20 (Pegargiminase) combined with cisplatin and pemetrexed in ASS1-negative metastatic uveal melanoma. Pigment. Cell Melanoma Res. 35, 461–470. doi:10.1111/pcmr.13042

	Chang, J. M., Lee, H. J., Goo, J. M., Lee, H. Y., Lee, J. J., Chung, J. K., et al. (2006). False positive and false negative FDG-PET scans in various thoracic diseases. Korean J. Radiol. 7, 57–69. doi:10.3348/kjr.2006.7.1.57

	Chen, W., Hill, H., Christie, A., Kim, M. S., Holloman, E., Pavia-Jimenez, A., et al. (2016). Targeting renal cell carcinoma with a HIF-2 antagonist. Nature 539, 112–117. doi:10.1038/nature19796

	Chen, S., Su, X., Mi, H., Dai, X., Li, S., Chen, S., et al. (2020). Comprehensive analysis of glutathione peroxidase-1 (GPX1) expression and prognostic value in three different types of renal cell carcinoma. Transl. Androl. Urol. 9, 2737–2750. doi:10.21037/tau-20-1398

	Chen, W. J., Yang, W., Gong, M., He, Y., Xu, D., Chen, J. X., et al. (2023). ENO2 affects the EMT process of renal cell carcinoma and participates in the regulation of the immune microenvironment. Oncol. Rep. 49, 33. doi:10.3892/or.2022.8470

	Chen, J., Hu, X., Zhao, J., Yin, X., Zheng, L., Guo, J., et al. (2024). Memory/active T-Cell activation is associated with immunotherapeutic response in fumarate hydratase-deficient renal cell carcinoma. Clin. Cancer Res. 30, 2571–2581. doi:10.1158/1078-0432.CCR-23-2760

	Cheng, Y., Xu, T., Li, S., and Ruan, H. (2019). GPX1, a biomarker for the diagnosis and prognosis of kidney cancer, promotes the progression of kidney cancer. Aging (Albany NY) 11, 12165–12176. doi:10.18632/aging.102555

	Chilton, F. H., Dutta, R., Reynolds, L. M., Sergeant, S., Mathias, R. A., and Seeds, M. C. (2017). Precision nutrition and Omega-3 polyunsaturated fatty acids: a case for personalized supplementation approaches for the prevention and management of human diseases. Nutrients 9, 1165. doi:10.3390/nu9111165

	Choueiri, T. K., Bauer, T. M., Papadopoulos, K. P., Plimack, E. R., Merchan, J. R., Mcdermott, D. F., et al. (2021). Inhibition of hypoxia-inducible factor-2α in renal cell carcinoma with belzutifan: a phase 1 trial and biomarker analysis. Nat. Med. 27, 802–805. doi:10.1038/s41591-021-01324-7

	Coffey, N. J., and Simon, M. C. (2024). Metabolic alterations in hereditary and sporadic renal cell carcinoma. Nat. Rev. Nephrol. 20, 233–250. doi:10.1038/s41581-023-00800-2

	Courtney, K. D., Infante, J. R., Lam, E. T., Figlin, R. A., Rini, B. I., Brugarolas, J., et al. (2018). Phase I dose-escalation trial of PT2385, a first-in-class hypoxia-inducible Factor-2α antagonist in patients with previously treated advanced clear cell renal cell carcinoma. J. Clin. Oncol. 36, 867–874. doi:10.1200/JCO.2017.74.2627

	DE Carvalho, P. A., Bonatelli, M., Cordeiro, M. D., Coelho, R. F., Reis, S., Srougi, M., et al. (2021). MCT1 expression is independently related to shorter cancer-specific survival in clear cell renal cell carcinoma. Carcinogenesis 42, 1420–1427. doi:10.1093/carcin/bgab100

	Delage, B., Fennell, D. A., Nicholson, L., Mcneish, I., Lemoine, N. R., Crook, T., et al. (2010). Arginine deprivation and argininosuccinate synthetase expression in the treatment of cancer. Int. J. Cancer 126, 2762–2772. doi:10.1002/ijc.25202

	Deng, M., Liao, S., Deng, J., Li, C., Liu, L., Han, Q., et al. (2025). S100A2 promotes clear cell renal cell carcinoma tumor metastasis through regulating GLUT2 expression. Cell Death Dis. 16, 135. doi:10.1038/s41419-025-07418-1

	Dibble, C. C., and Cantley, L. C. (2015). Regulation of mTORC1 by PI3K signaling. Trends Cell Biol. 25, 545–555. doi:10.1016/j.tcb.2015.06.002

	Du, W., Zhang, L., Brett-Morris, A., Aguila, B., Kerner, J., Hoppel, C. L., et al. (2017). HIF drives lipid deposition and cancer in ccRCC via repression of fatty acid metabolism. Nat. Commun. 8, 1769. doi:10.1038/s41467-017-01965-8

	Du, P., Xuan, L., Hu, T., An, Z., and Liu, L. (2022). Serum eicosanoids metabolomics profile in a mouse model of renal cell carcinoma: predicting the antitumor efficacy of anlotinib. Front. Immunol. 13, 824607. doi:10.3389/fimmu.2022.824607

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

	Ebata, T., Shimizu, T., Fujiwara, Y., Tamura, K., Kondo, S., Iwasa, S., et al. (2020). Phase I study of the indoleamine 2,3-dioxygenase 1 inhibitor navoximod (GDC-0919) as monotherapy and in combination with the PD-L1 inhibitor atezolizumab in Japanese patients with advanced solid tumours. Invest New Drugs 38, 468–477. doi:10.1007/s10637-019-00787-3

	Ellinger, J., Gromes, A., Poss, M., BrüGGEMANN, M., Schmidt, D., Ellinger, N., et al. (2016). Systematic expression analysis of the mitochondrial complex III subunits identifies UQCRC1 as biomarker in clear cell renal cell carcinoma. Oncotarget 7, 86490–86499. doi:10.18632/oncotarget.13275

	Ellinger, J., Poss, M., BrüGGEMANN, M., Gromes, A., Schmidt, D., Ellinger, N., et al. (2017). Systematic expression analysis of mitochondrial complex I identifies NDUFS1 as a biomarker in clear-cell renal-cell carcinoma. Clin. Genitourin. Cancer 15, e551–e562. doi:10.1016/j.clgc.2016.11.010

	Emberley, E., Pan, A., Chen, J., Dang, R., Gross, M., Huang, T., et al. (2021). The glutaminase inhibitor telaglenastat enhances the antitumor activity of signal transduction inhibitors everolimus and cabozantinib in models of renal cell carcinoma. PLoS One 16, e0259241. doi:10.1371/journal.pone.0259241

	EncarnacióN-Rosado, J., Sohn, A. S. W., Biancur, D. E., Lin, E. Y., Osorio-Vasquez, V., Kimmelman, A. C., et al. (2024). Targeting pancreatic cancer metabolic dependencies through glutamine antagonism. Nat. Cancer 5, 85–99. doi:10.1038/s43018-023-00647-3

	Enciu, A. M., Radu, E., Popescu, I. D., Hinescu, M. E., and Ceafalan, L. C. (2018). Targeting CD36 as biomarker for metastasis prognostic: how far from translation into clinical practice?Biomed. Res. Int. 2018, 7801202. doi:10.1155/2018/7801202

	Enoch, H. G., Catalá, A., and Strittmatter, P. (1976). Mechanism of rat liver microsomal stearyl-CoA desaturase. Studies of the substrate specificity, enzyme-substrate interactions, and the function of lipid. J. Biol. Chem. 251, 5095–5103. doi:10.1016/s0021-9258(17)33223-4

	Falchook, G., Infante, J., Arkenau, H. T., Patel, M. R., Dean, E., Borazanci, E., et al. (2021). First-in-human study of the safety, pharmacokinetics, and pharmacodynamics of first-in-class fatty acid synthase inhibitor TVB-2640 alone and with a taxane in advanced tumors. EClinicalMedicine 34, 100797. doi:10.1016/j.eclinm.2021.100797

	Fang, Y., Shen, F., Huang, R., Lin, Y., Wu, Y., Li, Q., et al. (2025). Manganese-Doped Nanoparticles with Hypoxia-Inducible Factor 2α Inhibitor That Elicit Innate Immune Responses against von Hippel-Lindau Protein-Deficient Tumors. ACS Nano 19, 16337–16354. doi:10.1021/acsnano.4c14277

	Feng, C., Li, Y., Li, K., Lyu, Y., Zhu, W., Jiang, H., et al. (2021). PFKFB4 is overexpressed in clear-cell renal cell carcinoma promoting pentose phosphate pathway that mediates sunitinib resistance. J. Exp. Clin. Cancer Res. 40, 308. doi:10.1186/s13046-021-02103-5

	Fiore, A., and Murray, P. J. (2021). Tryptophan and indole metabolism in immune regulation. Curr. Opin. Immunol. 70, 7–14. doi:10.1016/j.coi.2020.12.001

	Fisel, P., Kruck, S., Winter, S., Bedke, J., Hennenlotter, J., Nies, A. T., et al. (2013). DNA methylation of the SLC16A3 promoter regulates expression of the human lactate transporter MCT4 in renal cancer with consequences for clinical outcome. Clin. Cancer Res. 19, 5170–5181. doi:10.1158/1078-0432.CCR-13-1180

	Fuchs, T. L., Maclean, F., Turchini, J., Vargas, A. C., Bhattarai, S., Agaimy, A., et al. (2022). Expanding the clinicopathological spectrum of succinate dehydrogenase-deficient renal cell carcinoma with a focus on variant morphologies: a study of 62 new tumors in 59 patients. Mod. Pathol. 35, 836–849. doi:10.1038/s41379-021-00998-1

	Ganner, A., Philipp, A., Lagies, S., Wingendorf, L., Wang, L., Pilz, F., et al. (2023). SCD5 regulation by VHL affects cell proliferation and lipid homeostasis in ccRCC. Cells 12, 835. doi:10.3390/cells12060835

	Ganti, S., Taylor, S. L., Abu Aboud, O., Yang, J., Evans, C., Osier, M. V., et al. (2012a). Kidney tumor biomarkers revealed by simultaneous multiple matrix metabolomics analysis. Cancer Res. 72, 3471–3479. doi:10.1158/0008-5472.CAN-11-3105

	Ganti, S., Taylor, S. L., Kim, K., Hoppel, C. L., Guo, L., Yang, J., et al. (2012b). Urinary acylcarnitines are altered in human kidney cancer. Int. J. Cancer 130, 2791–2800. doi:10.1002/ijc.26274

	Gebhard, R. L., Clayman, R. V., Prigge, W. F., Figenshau, R., Staley, N. A., Reesey, C., et al. (1987). Abnormal cholesterol metabolism in renal clear cell carcinoma. J. Lipid Res. 28, 1177–1184. doi:10.1016/s0022-2275(20)38606-5

	Gharpure, K. M., Pradeep, S., Sans, M., Rupaimoole, R., Ivan, C., Wu, S. Y., et al. (2018). FABP4 as a key determinant of metastatic potential of ovarian cancer. Nat. Commun. 9, 2923. doi:10.1038/s41467-018-04987-y

	Gordan, J. D., Bertout, J. A., Hu, C. J., Diehl, J. A., and Simon, M. C. (2007). HIF-2alpha promotes hypoxic cell proliferation by enhancing c-myc transcriptional activity. Cancer Cell 11, 335–347. doi:10.1016/j.ccr.2007.02.006

	Gossage, L., Eisen, T., and Maher, E. R. (2015). VHL, the story of a tumour suppressor gene. Nat. Rev. Cancer 15, 55–64. doi:10.1038/nrc3844

	Gouda, M. A., Voss, M. H., Tawbi, H., Gordon, M., Tykodi, S. S., Lam, E. T., et al. (2025). A phase I/II study of the safety and efficacy of telaglenastat (CB-839) in combination with nivolumab in patients with metastatic melanoma, renal cell carcinoma, and non-small-cell lung cancer. ESMO Open 10, 104536. doi:10.1016/j.esmoop.2025.104536

	Grigoraș, A., and Amalinei, C. (2025). The role of perirenal adipose tissue in carcinogenesis-from molecular mechanism to therapeutic perspectives. Cancers (Basel) 17, 1077. doi:10.3390/cancers17071077

	Haake, S. M., Weyandt, J. D., and Rathmell, W. K. (2016). Insights into the genetic basis of the renal cell carcinomas from the cancer genome atlas. Mol. Cancer Res. 14, 589–598. doi:10.1158/1541-7786.MCR-16-0115

	Hakimi, A. A., Reznik, E., Lee, C. H., Creighton, C. J., Brannon, A. R., Luna, A., et al. (2016). An integrated metabolic atlas of clear cell renal cell carcinoma. Cancer Cell 29, 104–116. doi:10.1016/j.ccell.2015.12.004

	Hamadamin, P. S., and Maulood, K. A. (2024). Exploring the anticancer potential of hydrogen sulfide and BAY-876 on clear cell renal cell carcinoma cells: uncovering novel mutations in VHL and KDR genes among ccRCC patients. Mol. Clin. Oncol. 20, 21. doi:10.3892/mco.2024.2719

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

	Harding, J. J., Telli, M., Munster, P., Voss, M. H., Infante, J. R., Demichele, A., et al. (2021). A phase I dose-escalation and expansion study of telaglenastat in patients with advanced or metastatic solid tumors. Clin. Cancer Res. 27, 4994–5003. doi:10.1158/1078-0432.CCR-21-1204

	Hassanein, M., Hoeksema, M. D., Shiota, M., Qian, J., Harris, B. K., Chen, H., et al. (2013). SLC1A5 mediates glutamine transport required for lung cancer cell growth and survival. Clin. Cancer Res. 19, 560–570. doi:10.1158/1078-0432.CCR-12-2334

	He, Y., Wang, X., Lu, W., Zhang, D., Huang, L., Luo, Y., et al. (2022). PGK1 contributes to tumorigenesis and sorafenib resistance of renal clear cell carcinoma via activating CXCR4/ERK signaling pathway and accelerating glycolysis. Cell Death Dis. 13, 118. doi:10.1038/s41419-022-04576-4

	Heravi, G., Yazdanpanah, O., Podgorski, I., Matherly, L. H., and Liu, W. (2022). Lipid metabolism reprogramming in renal cell carcinoma. Cancer Metastasis Rev. 41, 17–31. doi:10.1007/s10555-021-09996-w

	Horiguchi, A., Asano, T., Asano, T., Ito, K., Sumitomo, M., and Hayakawa, M. (2008). Pharmacological inhibitor of fatty acid synthase suppresses growth and invasiveness of renal cancer cells. J. Urol. 180, 729–736. doi:10.1016/j.juro.2008.03.186

	Hu, T., Chen, X., Lu, S., Zeng, H., Guo, L., and Han, Y. (2022). Biological role and mechanism of lipid metabolism reprogramming related gene ECHS1 in cancer. Technol. Cancer Res. Treat. 21, 15330338221140655. doi:10.1177/15330338221140655

	Hu, J., Wang, S. G., Hou, Y., Chen, Z., Liu, L., Li, R., et al. (2024). Multi-omic profiling of clear cell renal cell carcinoma identifies metabolic reprogramming associated with disease progression. Nat. Genet. 56, 442–457. doi:10.1038/s41588-024-01662-5

	Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002). TSC2 is phosphorylated and inhibited by akt and suppresses mTOR signalling. Nat. Cell Biol. 4, 648–657. doi:10.1038/ncb839

	Isaacs, J. S., Jung, Y. J., Mole, D. R., Lee, S., Torres-Cabala, C., Chung, Y. L., et al. (2005). HIF overexpression correlates with biallelic loss of fumarate hydratase in renal cancer: novel role of fumarate in regulation of HIF stability. Cancer Cell 8, 143–153. doi:10.1016/j.ccr.2005.06.017

	Ivan, M., and Huang, X. (2014). miR-210: fine-tuning the hypoxic response. Adv. Exp. Med. Biol. 772, 205–227. doi:10.1007/978-1-4614-5915-6_10

	Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. I., Gielbert, J., Gaskell, S. J., et al. (2001). Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science 292, 468–472. doi:10.1126/science.1059796

	Jonasch, E., Donskov, F., Iliopoulos, O., Rathmell, W. K., Narayan, V. K., Maughan, B. L., et al. (2021a). Belzutifan for Renal Cell Carcinoma in von Hippel-Lindau Disease. N. Engl. J. Med. 385, 2036–2046. doi:10.1056/NEJMoa2103425

	Jonasch, E., Walker, C. L., and Rathmell, W. K. (2021b). Clear cell renal cell carcinoma ontogeny and mechanisms of lethality. Nat. Rev. Nephrol. 17, 245–261. doi:10.1038/s41581-020-00359-2

	Ju, D., Liang, Y., Hou, G., Zheng, W., Zhang, G., Dun, X., et al. (2022). FBP1/miR-24-1/enhancer axis activation blocks renal cell carcinoma progression via warburg effect. Front. Oncol. 12, 928373. doi:10.3389/fonc.2022.928373

	Jung, K. H., Lorusso, P., Burris, H., Gordon, M., Bang, Y. J., Hellmann, M. D., et al. (2019). Phase I study of the indoleamine 2,3-Dioxygenase 1 (IDO1) inhibitor navoximod (GDC-0919) administered with PD-L1 inhibitor (atezolizumab) in advanced solid tumors. Clin. Cancer Res. 25, 3220–3228. doi:10.1158/1078-0432.CCR-18-2740

	Kang, I., Theodoropoulos, G., and Wangpaichitr, M. (2024). Targeting the kynurenine pathway: another therapeutic opportunity in the metabolic crosstalk between cancer and immune cells. Front. Oncol. 14, 1524651. doi:10.3389/fonc.2024.1524651

	Kawaguchi, K., Senga, S., Kubota, C., Kawamura, Y., Ke, Y., and Fujii, H. (2016). High expression of fatty acid-binding protein 5 promotes cell growth and metastatic potential of colorectal cancer cells. FEBS Open Bio 6, 190–199. doi:10.1002/2211-5463.12031

	Kawakami, I., Yoshino, H., Fukumoto, W., Tamai, M., Okamura, S., Osako, Y., et al. (2022). Targeting of the glutamine transporter SLC1A5 induces cellular senescence in clear cell renal cell carcinoma. Biochem. Biophys. Res. Commun. 611, 99–106. doi:10.1016/j.bbrc.2022.04.068

	Kelly, C. M., Qin, L. X., Whiting, K. A., Richards, A. L., Avutu, V., Chan, J. E., et al. (2023a). A phase II study of epacadostat and pembrolizumab in patients with advanced sarcoma. Clin. Cancer Res. 29, 2043–2051. doi:10.1158/1078-0432.CCR-22-3911

	Kelly, W., Diaz Duque, A. E., Michalek, J., Konkel, B., Caflisch, L., Chen, Y., et al. (2023b). Phase II investigation of TVB-2640 (denifanstat) with bevacizumab in patients with first relapse high-grade astrocytoma. Clin. Cancer Res. 29, 2419–2425. doi:10.1158/1078-0432.CCR-22-2807

	Khare, S., Kim, L. C., Lobel, G., Doulias, P. T., Ischiropoulos, H., Nissim, I., et al. (2021). ASS1 and ASL suppress growth in clear cell renal cell carcinoma via altered nitrogen metabolism. Cancer Metab. 9, 40. doi:10.1186/s40170-021-00271-8

	Kim, J., Ulu, A., Wan, D., Yang, J., Hammock, B. D., and Weiss, R. H. (2016). Addition of DHA synergistically enhances the efficacy of regorafenib for kidney cancer therapy. Mol. Cancer Ther. 15, 890–898. doi:10.1158/1535-7163.MCT-15-0847

	Kim, R. H., Wang, X., Evans, A. J., Campbell, S. C., Nguyen, J. K., Farncombe, K. M., et al. (2020). Early-onset renal cell carcinoma in PTEN harmatoma tumour syndrome. NPJ Genom Med. 5, 40. doi:10.1038/s41525-020-00148-7

	Kiyozawa, D., Takamatsu, D., Kohashi, K., Kinoshita, F., Ishihara, S., Toda, Y., et al. (2020). Programmed death ligand 1/indoleamine 2,3-dioxygenase 1 expression and tumor-infiltrating lymphocyte status in renal cell carcinoma with sarcomatoid changes and rhabdoid features. Hum. Pathol. 101, 31–39. doi:10.1016/j.humpath.2020.04.003

	Koh, E., Kim, Y. K., Shin, D., and Kim, K. S. (2018). MPC1 is essential for PGC-1α-induced mitochondrial respiration and biogenesis. Biochem. J. 475, 1687–1699. doi:10.1042/BCJ20170967

	Kotecki, N., Vuagnat, P., O'Neil, B. H., Jalal, S., Rottey, S., Prenen, H., et al. (2021). A phase I study of an IDO-1 inhibitor (LY3381916) as monotherapy and in combination with an Anti-PD-L1 antibody (LY3300054) in patients with advanced cancer. J. Immunother. 44, 264–275. doi:10.1097/CJI.0000000000000368

	Koundouros, N., and Poulogiannis, G. (2020). Reprogramming of fatty acid metabolism in cancer. Br. J. Cancer 122, 4–22. doi:10.1038/s41416-019-0650-z

	Kubala, J. M., Laursen, K. B., Schreiner, R., Williams, R. M., Van der Mijn, J. C., Crowley, M. J., et al. (2023). NDUFA4L2 reduces mitochondrial respiration resulting in defective lysosomal trafficking in clear cell renal cell carcinoma. Cancer Biol. Ther. 24, 2170669. doi:10.1080/15384047.2023.2170669

	La Civita, E., Sirica, R., Crocetto, F., Ferro, M., Lasorsa, F., Lucarelli, G., et al. (2025). FABP4-mediated ERK phosphorylation promotes renal cancer cell migration. BMC Cancer 25, 575. doi:10.1186/s12885-025-13989-1

	Lagory, E. L., Wu, C., Taniguchi, C. M., Ding, C. C., Chi, J. T., Von Eyben, R., et al. (2015). Suppression of PGC-1α is critical for reprogramming oxidative metabolism in renal cell carcinoma. Cell Rep. 12, 116–127. doi:10.1016/j.celrep.2015.06.006

	Langbein, S., Frederiks, W. M., Zur Hausen, A., Popa, J., Lehmann, J., Weiss, C., et al. (2008). Metastasis is promoted by a bioenergetic switch: new targets for progressive renal cell cancer. Int. J. Cancer 122, 2422–2428. doi:10.1002/ijc.23403

	Lara, P. N., Villanueva, L., Ibanez, C., Erman, M., Lee, J. L., Heinrich, D., et al. (2024). A randomized, open-label, phase 3 trial of pembrolizumab plus epacadostat versus sunitinib or pazopanib as first-line treatment for metastatic renal cell carcinoma (KEYNOTE-679/ECHO-302). BMC Cancer 23, 1253. doi:10.1186/s12885-023-10971-7

	Laursen, K. B., Chen, Q., Khani, F., Attarwala, N., Gross, S. S., Dow, L., et al. (2021). Mitochondrial Ndufa4l2 enhances deposition of lipids and expression of Ca9 in the TRACK model of early clear cell renal cell carcinoma. Front. Oncol. 11, 783856. doi:10.3389/fonc.2021.783856

	Lebleu, V. S., O'Connell, J. T., Gonzalez Herrera, K. N., Wikman, H., Pantel, K., Haigis, M. C., et al. (2014). PGC-1α mediates mitochondrial biogenesis and oxidative phosphorylation in cancer cells to promote metastasis. Nat. Cell Biol. 16, 992–1003. doi:10.1038/ncb3039

	Lee, C. H., Motzer, R., Emamekhoo, H., Matrana, M., Percent, I., Hsieh, J. J., et al. (2022). Telaglenastat plus everolimus in advanced renal cell carcinoma: a randomized, double-blinded, placebo-controlled, phase II ENTRATA trial. Clin. Cancer Res. 28, 3248–3255. doi:10.1158/1078-0432.CCR-22-0061

	Lee, C. L., O'Kane, G. M., Mason, W. P., Zhang, W. J., Spiliopoulou, P., Hansen, A. R., et al. (2024). Circulating oncometabolite 2-hydroxyglutarate as a potential biomarker for isocitrate dehydrogenase (IDH1/2) mutant cholangiocarcinoma. Mol. Cancer Ther. 23, 394–399. doi:10.1158/1535-7163.MCT-23-0460

	Lehtonen, R., Kiuru, M., Vanharanta, S., SjöBERG, J., Aaltonen, L. M., AittomäKI, K., et al. (2004). Biallelic inactivation of fumarate hydratase (FH) occurs in nonsyndromic uterine leiomyomas but is rare in other tumors. Am. J. Pathol. 164, 17–22. doi:10.1016/S0002-9440(10)63091-X

	Li, B., Qiu, B., Lee, D. S., Walton, Z. E., Ochocki, J. D., Mathew, L. K., et al. (2014). Fructose-1,6-bisphosphatase opposes renal carcinoma progression. Nature 513, 251–255. doi:10.1038/nature13557

	Li, H., Bullock, K., Gurjao, C., Braun, D., Shukla, S. A., Bossé, D., et al. (2019). Metabolomic adaptations and correlates of survival to immune checkpoint blockade. Nat. Commun. 10, 4346. doi:10.1038/s41467-019-12361-9

	Li, J., Zhang, S., Liao, D., Zhang, Q., Chen, C., Yang, X., et al. (2022). Overexpression of PFKFB3 promotes cell glycolysis and proliferation in renal cell carcinoma. BMC Cancer 22, 83. doi:10.1186/s12885-022-09183-2

	Li, K. P., Gleba, J. J., Parent, E. E., Knight, J. A., Copland, J. A., and Cai, H. (2023a). Radiosynthesis and preliminary evaluation of [(11)C]SSI-4 for the positron emission tomography imaging of stearoyl CoA desaturase 1. Mol. Pharm. 20, 4129–4137. doi:10.1021/acs.molpharmaceut.3c00273

	Li, X., Tan, Y., Liu, B., Guo, H., Zhou, Y., Yuan, J., et al. (2023b). Mitochondrial lipid metabolism genes as diagnostic and prognostic indicators in hepatocellular carcinoma. Curr. Genomics 24, 110–127. doi:10.2174/1389202924666230914110649

	Li, G. X., Chen, L., Hsiao, Y., Mannan, R., Zhang, Y., Luo, J., et al. (2024a). Comprehensive proteogenomic characterization of rare kidney tumors. Cell Rep. Med. 5, 101547. doi:10.1016/j.xcrm.2024.101547

	Li, H., Wu, Y., Ma, Y., and Liu, X. (2024b). Interference with ENO2 promotes ferroptosis and inhibits glycolysis in clear cell renal cell carcinoma by regulating Hippo-YAP1 signaling. Oncol. Lett. 28, 443. doi:10.3892/ol.2024.14576

	Li, Q., Chu, Y., Yao, Y., and Song, Q. (2024c). FAT4 mutation is related to tumor mutation burden and favorable prognosis in gastric cancer. Curr. Genomics 25, 380–389. doi:10.2174/0113892029300694240612081006

	Liao, K., Deng, S., Xu, L., Pan, W., Yang, S., Zheng, F., et al. (2020). A feedback circuitry between polycomb signaling and Fructose-1, 6-Bisphosphatase enables hepatic and renal tumorigenesis. Cancer Res. 80, 675–688. doi:10.1158/0008-5472.CAN-19-2060

	Linehan, W. M., Srinivasan, R., and Schmidt, L. S. (2010). The genetic basis of kidney cancer: a metabolic disease. Nat. Rev. Urol. 7, 277–285. doi:10.1038/nrurol.2010.47

	Linehan, W. M., Spellman, P. T., Ricketts, C. J., Creighton, C. J., Fei, S. S., Davis, C., et al. (2016). Comprehensive molecular characterization of papillary renal-cell carcinoma. N. Engl. J. Med. 374, 135–145. doi:10.1056/NEJMoa1505917

	Liu, Y., Yang, L., An, H., Chang, Y., Zhang, W., Zhu, Y., et al. (2015). High expression of solute carrier family 1, member 5 (SLC1A5) is associated with poor prognosis in clear-cell renal cell carcinoma. Sci. Rep. 5, 16954. doi:10.1038/srep16954

	Liu, L., Lan, G., Peng, L., Xie, X., Peng, F., Yu, S., et al. (2016). NDUFA4L2 expression predicts poor prognosis in clear cell renal cell carcinoma patients. Ren. Fail 38, 1199–1205. doi:10.1080/0886022X.2016.1208517

	Liu, B., Fu, X., Du, Y., Feng, Z., Chen, R., Liu, X., et al. (2023). Pan-cancer analysis of G6PD carcinogenesis in human tumors. Carcinogenesis 44, 525–534. doi:10.1093/carcin/bgad043

	Liu, R., Zou, Z., Chen, L., Feng, Y., Ye, J., Deng, Y., et al. (2024). FKBP10 promotes clear cell renal cell carcinoma progression and regulates sensitivity to the HIF2α blockade by facilitating LDHA phosphorylation. Cell Death Dis. 15, 64. doi:10.1038/s41419-024-06450-x

	Lobo, C., Ruiz-Bellido, M. A., Aledo, J. C., MáRQUEZ, J., NúñEZ DE Castro, I., and Alonso, F. J. (2000). Inhibition of glutaminase expression by antisense mRNA decreases growth and tumourigenicity of tumour cells. Biochem. J. 348 (Pt 2), 257–261. doi:10.1042/bj3480257

	Lucarelli, G., Galleggiante, V., Rutigliano, M., Sanguedolce, F., Cagiano, S., Bufo, P., et al. (2015a). Metabolomic profile of glycolysis and the pentose phosphate pathway identifies the central role of glucose-6-phosphate dehydrogenase in clear cell-renal cell carcinoma. Oncotarget 6, 13371–13386. doi:10.18632/oncotarget.3823

	Lucarelli, G., Rutigliano, M., Sanguedolce, F., Galleggiante, V., Giglio, A., Cagiano, S., et al. (2015b). Increased expression of the autocrine motility factor is associated with poor prognosis in patients with clear cell-renal cell carcinoma. Med. Baltim. 94, e2117. doi:10.1097/MD.0000000000002117

	Lucarelli, G., Rutigliano, M., Sallustio, F., Ribatti, D., Giglio, A., Lepore Signorile, M., et al. (2018). Integrated multi-omics characterization reveals a distinctive metabolic signature and the role of NDUFA4L2 in promoting angiogenesis, chemoresistance, and mitochondrial dysfunction in clear cell renal cell carcinoma. Aging (Albany NY) 10, 3957–3985. doi:10.18632/aging.101685

	Lucarelli, G., Ferro, M., Loizzo, D., Bianchi, C., Terracciano, D., Cantiello, F., et al. (2020). Integration of lipidomics and transcriptomics reveals reprogramming of the lipid metabolism and composition in clear cell renal cell carcinoma. Metabolites 10, 509. doi:10.3390/metabo10120509

	Lunt, S. Y., and Vander Heiden, M. G. (2011). Aerobic glycolysis: meeting the metabolic requirements of cell proliferation. Annu. Rev. Cell Dev. Biol. 27, 441–464. doi:10.1146/annurev-cellbio-092910-154237

	Luo, F., Li, Y., Yuan, F., and Zuo, J. (2019). Hexokinase II promotes the warburg effect by phosphorylating alpha subunit of pyruvate dehydrogenase. Chin. J. Cancer Res. 31, 521–532. doi:10.21147/j.issn.1000-9604.2019.03.14

	Luo, Y., Medina Bengtsson, L., Wang, X., Huang, T., Liu, G., Murphy, S., et al. (2020). UQCRH downregulation promotes warburg effect in renal cell carcinoma cells. Sci. Rep. 10, 15021. doi:10.1038/s41598-020-72107-2

	Lv, Q., Wang, G., Zhang, Y., Han, X., Li, H., Le, W., et al. (2019). FABP5 regulates the proliferation of clear cell renal cell carcinoma cells via the PI3K/AKT signaling pathway. Int. J. Oncol. 54, 1221–1232. doi:10.3892/ijo.2019.4721

	Ma, W. W., Jacene, H., Song, D., Vilardell, F., Messersmith, W. A., Laheru, D., et al. (2009). [18f]fluorodeoxyglucose positron emission tomography correlates with akt pathway activity but is not predictive of clinical outcome during mTOR inhibitor therapy. J. Clin. Oncol. 27, 2697–2704. doi:10.1200/JCO.2008.18.8383

	Maher, E. R. (2018). Hereditary renal cell carcinoma syndromes: diagnosis, surveillance and management. World J. Urol. 36, 1891–1898. doi:10.1007/s00345-018-2288-5

	Martí I LíNDEZ, A. A., Dunand-Sauthier, I., Conti, M., Gobet, F., NúñEZ, N., Hannich, J. T., et al. (2019). Mitochondrial arginase-2 is a cell-autonomous regulator of CD8+ T cell function and antitumor efficacy. JCI Insight 4, e132975. doi:10.1172/jci.insight.132975

	Melana, J. P., Mignolli, F., Stoyanoff, T., Aguirre, M. V., Balboa, M. A., Balsinde, J., et al. (2021). The hypoxic microenvironment induces Stearoyl-CoA Desaturase-1 overexpression and lipidomic profile changes in clear cell renal cell carcinoma. Cancers (Basel) 13, 2962. doi:10.3390/cancers13122962

	Melone, M. A. B., Valentino, A., Margarucci, S., Galderisi, U., Giordano, A., and Peluso, G. (2018). The carnitine system and cancer metabolic plasticity. Cell Death Dis. 9, 228. doi:10.1038/s41419-018-0313-7

	Meric-Bernstam, F., Tannir, N. M., Iliopoulos, O., Lee, R. J., Telli, M. L., Fan, A. C., et al. (2022). Telaglenastat plus cabozantinib or everolimus for advanced or metastatic renal cell carcinoma: an open-label phase I trial. Clin. Cancer Res. 28, 1540–1548. doi:10.1158/1078-0432.CCR-21-2972

	Merino, M. J., Torres-Cabala, C., Pinto, P., and Linehan, W. M. (2007). The morphologic spectrum of kidney tumors in hereditary leiomyomatosis and renal cell carcinoma (HLRCC) syndrome. Am. J. Surg. Pathol. 31, 1578–1585. doi:10.1097/PAS.0b013e31804375b8

	Metallo, C. M., Gameiro, P. A., Bell, E. L., Mattaini, K. R., Yang, J., Hiller, K., et al. (2011). Reductive glutamine metabolism by IDH1 mediates lipogenesis under hypoxia. Nature 481, 380–384. doi:10.1038/nature10602

	Minton, D. R., Fu, L., Mongan, N. P., Shevchuk, M. M., Nanus, D. M., and Gudas, L. J. (2016). Role of NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4-Like 2 in clear cell renal cell carcinoma. Clin. Cancer Res. 22, 2791–2801. doi:10.1158/1078-0432.CCR-15-1511

	Mitchell, T. C., Hamid, O., Smith, D. C., Bauer, T. M., Wasser, J. S., Olszanski, A. J., et al. (2018). Epacadostat plus pembrolizumab in patients with advanced solid tumors: phase I results from a multicenter, open-label phase I/II trial (ECHO-202/KEYNOTE-037). J. Clin. Oncol. 36, 3223–3230. doi:10.1200/JCO.2018.78.9602

	Miyakuni, K., Nishida, J., Koinuma, D., Nagae, G., Aburatani, H., Miyazono, K., et al. (2022). Genome-wide analysis of DNA methylation identifies the apoptosis-related gene UQCRH as a tumor suppressor in renal cancer. Mol. Oncol. 16, 732–749. doi:10.1002/1878-0261.13040

	Mizuno, T., Kamai, T., Abe, H., Sakamoto, S., Kitajima, K., Nishihara, D., et al. (2015). Clinically significant association between the maximum standardized uptake value on 18F-FDG PET and expression of phosphorylated akt and S6 kinase for prediction of the biological characteristics of renal cell cancer. BMC Cancer 15, 1097. doi:10.1186/s12885-015-1097-0

	Moch, H., Amin, M. B., Berney, D. M., CompéRAT, E. M., Gill, A. J., Hartmann, A., et al. (2022). The 2022 world health organization classification of tumours of the urinary system and Male genital organs-part A: renal, penile, and testicular tumours. Eur. Urol. 82, 458–468. doi:10.1016/j.eururo.2022.06.016

	Moore, L. E., Jaeger, E., Nickerson, M. L., Brennan, P., DE Vries, S., Roy, R., et al. (2012). Genomic copy number alterations in clear cell renal carcinoma: associations with case characteristics and mechanisms of VHL gene inactivation. Oncogenesis 1, e14. doi:10.1038/oncsis.2012.14

	Mullen, A. R., Wheaton, W. W., Jin, E. S., Chen, P. H., Sullivan, L. B., Cheng, T., et al. (2011). Reductive carboxylation supports growth in tumour cells with defective mitochondria. Nature 481, 385–388. doi:10.1038/nature10642

	Musci, G., Polticelli, F., and Bonaccorsi di Patti, M. C. (2014). Ceruloplasmin-ferroportin system of iron traffic in vertebrates. World J. Biol. Chem. 5, 204–215. doi:10.4331/wjbc.v5.i2.204

	Nakaigawa, N., Kondo, K., Tateishi, U., Minamimoto, R., Kaneta, T., Namura, K., et al. (2016). FDG PET/CT as a prognostic biomarker in the era of molecular-targeting therapies: Max SUVmax predicts survival of patients with advanced renal cell carcinoma. BMC Cancer 16, 67. doi:10.1186/s12885-016-2097-4

	Nayak-Kapoor, A., Hao, Z., Sadek, R., Dobbins, R., Marshall, L., Vahanian, N. N., et al. (2018). Phase Ia study of the indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor navoximod (GDC-0919) in patients with recurrent advanced solid tumors. J. Immunother. Cancer 6, 61. doi:10.1186/s40425-018-0351-9

	Necchi, A., Van der Heijden, M. S., Trukhin, D., Peer, A., Gurney, H., Alekseev, B. Y., et al. (2024). Pembrolizumab plus either epacadostat or placebo for cisplatin-ineligible urothelial carcinoma: results from the ECHO-307/KEYNOTE-672 study. BMC Cancer 23, 1252. doi:10.1186/s12885-023-10727-3

	Ochocki, J. D., Khare, S., Hess, M., Ackerman, D., Qiu, B., Daisak, J. I., et al. (2018). Arginase 2 suppresses renal carcinoma progression via biosynthetic cofactor pyridoxal phosphate depletion and increased polyamine toxicity. Cell Metab. 27, 1263–1280. doi:10.1016/j.cmet.2018.04.009

	Opitz, C. A., Litzenburger, U. M., Sahm, F., Ott, M., Tritschler, I., Trump, S., et al. (2011). An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 478, 197–203. doi:10.1038/nature10491

	Panfili, E., Mondanelli, G., Orabona, C., Gargaro, M., Volpi, C., Belladonna, M. L., et al. (2023). The catalytic inhibitor epacadostat can affect the non-enzymatic function of IDO1. Front. Immunol. 14, 1134551. doi:10.3389/fimmu.2023.1134551

	Pham, Q. T., Taniyama, D., Sekino, Y., Akabane, S., Babasaki, T., Kobayashi, G., et al. (2021). Clinicopathologic features of TDO2 overexpression in renal cell carcinoma. BMC Cancer 21, 737. doi:10.1186/s12885-021-08477-1

	Pillai, R., Leboeuf, S. E., Hao, Y., New, C., Blum, J. L. E., Rashidfarrokhi, A., et al. (2024). Glutamine antagonist DRP-104 suppresses tumor growth and enhances response to checkpoint blockade in KEAP1 mutant lung cancer. Sci. Adv. 10, eadm9859. doi:10.1126/sciadv.adm9859

	Purohit, B. S., Ailianou, A., Dulguerov, N., Becker, C. D., Ratib, O., and Becker, M. (2014). FDG-PET/CT pitfalls in oncological head and neck imaging. Insights Imaging 5, 585–602. doi:10.1007/s13244-014-0349-x

	Qin, J., Ouyang, C., and Zhuang, X. (2024). Association between folate and glutamine metabolism and prognosis of kidney cancer. Front. Nutr. 11, 1506967. doi:10.3389/fnut.2024.1506967

	Qiu, B., Ackerman, D., Sanchez, D. J., Li, B., Ochocki, J. D., Grazioli, A., et al. (2015). HIF2α-Dependent lipid storage promotes endoplasmic reticulum homeostasis in clear-cell renal cell carcinoma. Cancer Discov. 5, 652–667. doi:10.1158/2159-8290.CD-14-1507

	Rabinovich, S., Adler, L., Yizhak, K., Sarver, A., Silberman, A., Agron, S., et al. (2015). Diversion of aspartate in ASS1-deficient tumours fosters de novo pyrimidine synthesis. Nature 527, 379–383. doi:10.1038/nature15529

	Rais, R., Lemberg, K. M., Tenora, L., Arwood, M. L., Pal, A., Alt, J., et al. (2022). Discovery of DRP-104, a tumor-targeted metabolic inhibitor prodrug. Sci. Adv. 8, eabq5925. doi:10.1126/sciadv.abq5925

	Ren, Z., Zhang, X., and Han, J. (2023). Expression and prognostic significance of ferroptosis-related proteins SLC7A11 and GPX4 in renal cell carcinoma. Protein Pept. Lett. 30, 868–876. doi:10.2174/0109298665255704230920063254

	Ricketts, C. J., DE Cubas, A. A., Fan, H., Smith, C. C., Lang, M., Reznik, E., et al. (2018). The cancer genome atlas comprehensive molecular characterization of renal cell carcinoma. Cell Rep. 23, 313–326.e5. doi:10.1016/j.celrep.2018.03.075

	Riscal, R., Bull, C. J., Mesaros, C., Finan, J. M., Carens, M., Ho, E. S., et al. (2021). Cholesterol auxotrophy as a targetable vulnerability in clear cell renal cell carcinoma. Cancer Discov. 11, 3106–3125. doi:10.1158/2159-8290.CD-21-0211

	Saito, K., Arai, E., Maekawa, K., Ishikawa, M., Fujimoto, H., Taguchi, R., et al. (2016). Lipidomic signatures and associated transcriptomic profiles of clear cell renal cell carcinoma. Sci. Rep. 6, 28932. doi:10.1038/srep28932

	Sato, T., Kawasaki, Y., Maekawa, M., Takasaki, S., Morozumi, K., Sato, M., et al. (2020). Metabolomic analysis to elucidate mechanisms of sunitinib resistance in renal cell carcinoma. Metabolites 11, 1. doi:10.3390/metabo11010001

	Scheuermann, T. H., Li, Q., Ma, H. W., Key, J., Zhang, L., Chen, R., et al. (2013). Allosteric inhibition of hypoxia inducible factor-2 with small molecules. Nat. Chem. Biol. 9, 271–276. doi:10.1038/nchembio.1185

	SchöNENBERGER, D., Harlander, S., Rajski, M., Jacobs, R. A., Lundby, A. K., Adlesic, M., et al. (2016). Formation of renal cysts and tumors in Vhl/Trp53-Deficient mice requires HIF1α and HIF2α. Cancer Res. 76, 2025–2036. doi:10.1158/0008-5472.CAN-15-1859

	Sciacovelli, M., GonçALVES, E., Johnson, T. I., Zecchini, V. R., Da Costa, A. S., Gaude, E., et al. (2016). Fumarate is an epigenetic modifier that elicits epithelial-to-mesenchymal transition. Nature 537, 544–547. doi:10.1038/nature19353

	Sciacovelli, M., Dugourd, A., Jimenez, L. V., Yang, M., Nikitopoulou, E., Costa, A. S. H., et al. (2022). Dynamic partitioning of branched-chain amino acids-derived nitrogen supports renal cancer progression. Nat. Commun. 13, 7830. doi:10.1038/s41467-022-35036-4

	Seeber, A., Klinglmair, G., Fritz, J., Steinkohl, F., Zimmer, K. C., Aigner, F., et al. (2018). High IDO-1 expression in tumor endothelial cells is associated with response to immunotherapy in metastatic renal cell carcinoma. Cancer Sci. 109, 1583–1591. doi:10.1111/cas.13560

	Selak, M. A., Armour, S. M., Mackenzie, E. D., Boulahbel, H., Watson, D. G., Mansfield, K. D., et al. (2005). Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 7, 77–85. doi:10.1016/j.ccr.2004.11.022

	Senga, S., Kawaguchi, K., Kobayashi, N., Ando, A., and Fujii, H. (2018). A novel fatty acid-binding protein 5-estrogen-related receptor α signaling pathway promotes cell growth and energy metabolism in prostate cancer cells. Oncotarget 9, 31753–31770. doi:10.18632/oncotarget.25878

	Shi, L., An, S., Liu, Y., Liu, J., and Wang, F. (2020). PCK1 regulates glycolysis and tumor progression in clear cell renal cell carcinoma through LDHA. Onco Targets Ther. 13, 2613–2627. doi:10.2147/OTT.S241717

	Shi, J., Miao, D., Lv, Q., Tan, D., Xiong, Z., and Zhang, X. (2023). ENO2 as a biomarker regulating energy metabolism to promote tumor progression in clear cell renal cell carcinoma. Biomedicines 11, 2499. doi:10.3390/biomedicines11092499

	Shi, Y., Kotchetkov, I. S., Dobrin, A., Hanina, S. A., Rajasekhar, V. K., Healey, J. H., et al. (2024). GLUT1 overexpression enhances CAR T cell metabolic fitness and anti-tumor efficacy. Mol. Ther. 32, 2393–2405. doi:10.1016/j.ymthe.2024.05.006

	Shim, E. H., Livi, C. B., Rakheja, D., Tan, J., Benson, D., Parekh, V., et al. (2014). L-2-Hydroxyglutarate: an epigenetic modifier and putative oncometabolite in renal cancer. Cancer Discov. 4, 1290–1298. doi:10.1158/2159-8290.CD-13-0696

	Shroff, E. H., Eberlin, L. S., Dang, V. M., Gouw, A. M., Gabay, M., Adam, S. J., et al. (2015). MYC oncogene overexpression drives renal cell carcinoma in a mouse model through glutamine metabolism. Proc. Natl. Acad. Sci. U. S. A. 112, 6539–6544. doi:10.1073/pnas.1507228112

	Siegel, R. L., Giaquinto, A. N., and Jemal, A. (2024). Cancer statistics, 2024. CA Cancer J. Clin. 74, 12–49. doi:10.3322/caac.21820

	Simonnet, H., Alazard, N., Pfeiffer, K., Gallou, C., BéROUD, C., Demont, J., et al. (2002). Low mitochondrial respiratory chain content correlates with tumor aggressiveness in renal cell carcinoma. Carcinogenesis 23, 759–768. doi:10.1093/carcin/23.5.759

	Singer, K., Kastenberger, M., Gottfried, E., Hammerschmied, C. G., BüTTNER, M., Aigner, M., et al. (2011). Warburg phenotype in renal cell carcinoma: high expression of glucose-transporter 1 (GLUT-1) correlates with low CD8(+) T-cell infiltration in the tumor. Int. J. Cancer 128, 2085–2095. doi:10.1002/ijc.25543

	Song, Y., Na, H., Lee, S. E., Kim, Y. M., Moon, J., Nam, T. W., et al. (2024). Dysfunctional adipocytes promote tumor progression through YAP/TAZ-dependent cancer-associated adipocyte transformation. Nat. Commun. 15, 4052. doi:10.1038/s41467-024-48179-3

	Srivastava, A., Doppalapudi, S. K., Patel, H. V., Srinivasan, R., and Singer, E. A. (2022). The roaring 2020s: a new decade of systemic therapy for renal cell carcinoma. Curr. Opin. Oncol. 34, 234–242. doi:10.1097/CCO.0000000000000831

	Stein, E. M., Dinardo, C. D., Pollyea, D. A., Fathi, A. T., Roboz, G. J., Altman, J. K., et al. (2017). Enasidenib in mutant IDH2 relapsed or refractory acute myeloid leukemia. Blood 130, 722–731. doi:10.1182/blood-2017-04-779405

	Stransky, L. A., Vigeant, S. M., Huang, B., West, D., Denize, T., Walton, E., et al. (2022). Sensitivity of VHL mutant kidney cancers to HIF2 inhibitors does not require an intact p53 pathway. Proc. Natl. Acad. Sci. U. S. A. 119, e2120403119. doi:10.1073/pnas.2120403119

	Sumitomo, M., Takahara, K., Zennami, K., Nagakawa, T., Maeda, Y., Shiogama, K., et al. (2021). Tryptophan 2,3-dioxygenase in tumor cells is associated with resistance to immunotherapy in renal cell carcinoma. Cancer Sci. 112, 1038–1047. doi:10.1111/cas.14797

	Sun, P., Zhang, X., Wang, R. J., Ma, Q. Y., Xu, L., Wang, Y., et al. (2021). PI3Kα inhibitor CYH33 triggers antitumor immunity in murine breast cancer by activating CD8(+)T cells and promoting fatty acid metabolism. J. Immunother. Cancer 9, e003093. doi:10.1136/jitc-2021-003093

	Szlosarek, P. W., Wimalasingham, A. G., Phillips, M. M., Hall, P. E., Chan, P. Y., Conibear, J., et al. (2021). Phase 1, pharmacogenomic, dose-expansion study of pegargiminase plus pemetrexed and cisplatin in patients with ASS1-deficient non-squamous non-small cell lung cancer. Cancer Med. 10, 6642–6652. doi:10.1002/cam4.4196

	Szlosarek, P. W., Creelan, B. C., Sarkodie, T., Nolan, L., Taylor, P., Olevsky, O., et al. (2024). Pegargiminase plus first-line chemotherapy in patients with nonepithelioid pleural mesothelioma: the ATOMIC-meso randomized clinical trial. JAMA Oncol. 10, 475–483. doi:10.1001/jamaoncol.2023.6789

	Takahashi, M., Kume, H., Koyama, K., Nakagawa, T., Fujimura, T., Morikawa, T., et al. (2015). Preoperative evaluation of renal cell carcinoma by using 18F-FDG PET/CT. Clin. Nucl. Med. 40, 936–940. doi:10.1097/RLU.0000000000000875

	Tan, S. K., Hougen, H. Y., Merchan, J. R., Gonzalgo, M. L., and Welford, S. M. (2023). Fatty acid metabolism reprogramming in ccRCC: mechanisms and potential targets. Nat. Rev. Urol. 20, 48–60. doi:10.1038/s41585-022-00654-6

	Tang, K., Wu, Y. H., Song, Y., and Yu, B. (2021). Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors in clinical trials for cancer immunotherapy. J. Hematol. Oncol. 14, 68. doi:10.1186/s13045-021-01080-8

	Tannir, N. M., Agarwal, N., Porta, C., Lawrence, N. J., Motzer, R., Mcgregor, B., et al. (2022). Efficacy and safety of telaglenastat plus cabozantinib vs placebo plus cabozantinib in patients with advanced renal cell carcinoma: the CANTATA randomized clinical trial. JAMA Oncol. 8, 1411–1418. doi:10.1001/jamaoncol.2022.3511

	Tasaki, S., Horiguchi, A., Asano, T., Kuroda, K., Sato, A., Asakuma, J., et al. (2016). Preoperative serum docosahexaenoic acid level predicts prognosis of renal cell carcinoma. Mol. Clin. Oncol. 5, 69–73. doi:10.3892/mco.2016.890

	Taylor, C. T., and Scholz, C. C. (2022). The effect of HIF on metabolism and immunity. Nat. Rev. Nephrol. 18, 573–587. doi:10.1038/s41581-022-00587-8

	Teng, L., Chen, Y., Cao, Y., Wang, W., Xu, Y., Wang, Y., et al. (2018). Overexpression of ATP citrate lyase in renal cell carcinoma tissues and its effect on the human renal carcinoma cells in vitro. Oncol. Lett. 15, 6967–6974. doi:10.3892/ol.2018.8211

	The Cancer Genome Atlas Research Network (2013). Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature 499, 43–49. doi:10.1038/nature12222

	Toschi, A., Lee, E., Gadir, N., Ohh, M., and Foster, D. A. (2008). Differential dependence of hypoxia-inducible factors 1 alpha and 2 alpha on mTORC1 and mTORC2. J. Biol. Chem. 283, 34495–34499. doi:10.1074/jbc.C800170200

	Tsai, T. H., and Lee, W. Y. (2019). Succinate dehydrogenase-deficient renal cell carcinoma. Arch. Pathol. Lab. Med. 143, 643–647. doi:10.5858/arpa.2018-0024-RS

	Tsai, H. J., Jiang, S. S., Hung, W. C., Borthakur, G., Lin, S. F., Pemmaraju, N., et al. (2017). A phase II study of arginine deiminase (ADI-PEG20) in relapsed/refractory or poor-risk acute myeloid leukemia patients. Sci. Rep. 7, 11253. doi:10.1038/s41598-017-10542-4

	Tsai, H. J., Hsiao, H. H., Hsu, Y. T., Liu, Y. C., Kao, H. W., Liu, T. C., et al. (2021). Phase I study of ADI-PEG20 plus low-dose cytarabine for the treatment of acute myeloid leukemia. Cancer Med. 10, 2946–2955. doi:10.1002/cam4.3871

	Turajlic, S., Xu, H., Litchfield, K., Rowan, A., Horswell, S., Chambers, T., et al. (2018). Deterministic evolutionary trajectories influence primary tumor growth: TRACERx renal. Cell 173, 595–610.e11. doi:10.1016/j.cell.2018.03.043

	Tykodi, S. S., Gordan, L. N., Alter, R. S., Arrowsmith, E., Harrison, M. R., Percent, I., et al. (2022). Safety and efficacy of nivolumab plus ipilimumab in patients with advanced non-clear cell renal cell carcinoma: results from the phase 3b/4 CheckMate 920 trial. J. Immunother. Cancer 10, e003844. doi:10.1136/jitc-2021-003844

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

	Vanharanta, S., Buchta, M., Mcwhinney, S. R., Virta, S. K., PeçZKOWSKA, M., Morrison, C. D., et al. (2004). Early-onset renal cell carcinoma as a novel extraparaganglial component of SDHB-Associated heritable paraganglioma. Am. J. Hum. Genet. 74, 153–159. doi:10.1086/381054

	Von Roemeling, C. A., Marlow, L. A., Wei, J. J., Cooper, S. J., Caulfield, T. R., Wu, K., et al. (2013). Stearoyl-CoA desaturase 1 is a novel molecular therapeutic target for clear cell renal cell carcinoma. Clin. Cancer Res. 19, 2368–2380. doi:10.1158/1078-0432.CCR-12-3249

	Voss, M. H., Hakimi, A. A., Pham, C. G., Brannon, A. R., Chen, Y. B., Cunha, L. F., et al. (2014). Tumor genetic analyses of patients with metastatic renal cell carcinoma and extended benefit from mTOR inhibitor therapy. Clin. Cancer Res. 20, 1955–1964. doi:10.1158/1078-0432.CCR-13-2345

	Wanders, R. J., Vreken, P., Ferdinandusse, S., Jansen, G. A., Waterham, H. R., Van Roermund, C. W., et al. (2001). Peroxisomal fatty acid alpha- and beta-oxidation in humans: enzymology, peroxisomal metabolite transporters and peroxisomal diseases. Biochem. Soc. Trans. 29, 250–267. doi:10.1042/0300-5127:0290250

	Wang, J., Xu, Y., Zhu, L., Zou, Y., Kong, W., Dong, B., et al. (2016a). High expression of Stearoyl-CoA desaturase 1 predicts poor prognosis in patients with clear-cell renal cell carcinoma. PLoS One 11, e0166231. doi:10.1371/journal.pone.0166231

	Wang, J., Zhang, P., Zhong, J., Tan, M., Ge, J., Tao, L., et al. (2016b). The platelet isoform of phosphofructokinase contributes to metabolic reprogramming and maintains cell proliferation in clear cell renal cell carcinoma. Oncotarget 7, 27142–27157. doi:10.18632/oncotarget.8382

	Wang, L., Peng, Z., Wang, K., Qi, Y., Yang, Y., Zhang, Y., et al. (2017). NDUFA4L2 is associated with clear cell renal cell carcinoma malignancy and is regulated by ELK1. PeerJ 5, e4065. doi:10.7717/peerj.4065

	Wang, P., Wang, F., Wang, L., and Pan, J. (2018). Proprotein convertase subtilisin/kexin type 6 activates the extracellular signal-regulated kinase 1/2 and wnt family member 3A pathways and promotes in vitro proliferation, migration and invasion of breast cancer MDA-MB-231 cells. Oncol. Lett. 16, 145–150. doi:10.3892/ol.2018.8654

	Wang, K., Sun, Y., Guo, C., Liu, T., Fei, X., and Chang, C. (2019). Androgen receptor regulates ASS1P3/miR-34a-5p/ASS1 signaling to promote renal cell carcinoma cell growth. Cell Death Dis. 10, 339. doi:10.1038/s41419-019-1330-x

	Wang, H., Chong, T., Li, B. Y., Chen, X. S., and Zhen, W. B. (2020a). Evaluating the clinical significance of SHMT2 and its co-expressed gene in human kidney cancer. Biol. Res. 53, 46. doi:10.1186/s40659-020-00314-2

	Wang, L., Qi, Y., Wang, X., Li, L., Ma, Y., and Zheng, J. (2020b). ECHS1 suppresses renal cell carcinoma development through inhibiting mTOR signaling activation. Biomed. Pharmacother. 123, 109750. doi:10.1016/j.biopha.2019.109750

	Wang, H., Wei, Y., Hu, X., Pan, J., Wu, J., Wang, B., et al. (2022a). Fat attenuation index of renal cell carcinoma reveals biological characteristics and survival outcome. Front. Oncol. 12, 786981. doi:10.3389/fonc.2022.786981

	Wang, Q., Zhang, Y., Zhang, B., Fu, Y., Zhao, X., Zhang, J., et al. (2022b). Single-cell chromatin accessibility landscape in kidney identifies additional cell-of-origin in heterogenous papillary renal cell carcinoma. Nat. Commun. 13, 31. doi:10.1038/s41467-021-27660-3

	Wee, S., Wiederschain, D., Maira, S. M., Loo, A., Miller, C., Debeaumont, R., et al. (2008). PTEN-Deficient cancers depend on PIK3CB. Proc. Natl. Acad. Sci. U. S. A. 105, 13057–13062. doi:10.1073/pnas.0802655105

	Weis-Banke, S. E., Lisle, T. L., Perez-Penco, M., Schina, A., HüBBE, M. L., SiersbæK, M., et al. (2022). Arginase-2-specific cytotoxic T cells specifically recognize functional regulatory T cells. J. Immunother. Cancer 10, e005326. doi:10.1136/jitc-2022-005326

	Wen, C. Y., Hsiao, J. H., Tzeng, Y. T., Chang, R., Tsang, Y. L., Kuo, C. H., et al. (2023). Single-cell landscape and spatial transcriptomic analysis reveals macrophage infiltration and glycolytic metabolism in kidney renal clear cell carcinoma. Aging (Albany NY) 15, 11298–11312. doi:10.18632/aging.205128

	Wettersten, H. I. (2020). Reprogramming of metabolism in kidney cancer. Semin. Nephrol. 40, 2–13. doi:10.1016/j.semnephrol.2019.12.002

	Wettersten, H. I., Hakimi, A. A., Morin, D., Bianchi, C., Johnstone, M. E., Donohoe, D. R., et al. (2015). Grade-dependent metabolic reprogramming in kidney cancer revealed by combined proteomics and metabolomics analysis. Cancer Res. 75, 2541–2552. doi:10.1158/0008-5472.CAN-14-1703

	Wettersten, H. I., Aboud, O. A., Lara, P. N., and Weiss, R. H. (2017). Metabolic reprogramming in clear cell renal cell carcinoma. Nat. Rev. Nephrol. 13, 410–419. doi:10.1038/nrneph.2017.59

	Wilde, B. R., Chakraborty, N., Matulionis, N., Hernandez, S., Ueno, D., Gee, M. E., et al. (2023). FH variant pathogenicity promotes purine salvage pathway dependence in kidney cancer. Cancer Discov. 13, 2072–2089. doi:10.1158/2159-8290.CD-22-0874

	Wise, D. R., Deberardinis, R. J., Mancuso, A., Sayed, N., Zhang, X. Y., Pfeiffer, H. K., et al. (2008). Myc regulates a transcriptional program that stimulates mitochondrial glutaminolysis and leads to glutamine addiction. Proc. Natl. Acad. Sci. U. S. A. 105, 18782–18787. doi:10.1073/pnas.0810199105

	Wolf, M. M., Madden, M. Z., Arner, E. N., Bader, J. E., Ye, X., Vlach, L., et al. (2024). VHL loss reprograms the immune landscape to promote an inflammatory myeloid microenvironment in renal tumorigenesis. J. Clin. Invest 134, e173934. doi:10.1172/JCI173934

	Wu, G., Xu, Y., Wang, Q., Li, J., Li, L., Han, C., et al. (2019). FABP5 is correlated with poor prognosis and promotes tumour cell growth and metastasis in clear cell renal cell carcinoma. Eur. J. Pharmacol. 862, 172637. doi:10.1016/j.ejphar.2019.172637

	Wu, G., Zhang, Z., Tang, Q., Liu, L., Liu, W., Li, Q., et al. (2020). Study of FABP's interactome and detecting new molecular targets in clear cell renal cell carcinoma. J. Cell Physiol. 235, 3776–3789. doi:10.1002/jcp.29272

	Wu, C., Spector, S. A., Theodoropoulos, G., Nguyen, D. J. M., Kim, E. Y., Garcia, A., et al. (2023a). Dual inhibition of IDO1/TDO2 enhances anti-tumor immunity in platinum-resistant non-small cell lung cancer. Cancer Metab. 11, 7. doi:10.1186/s40170-023-00307-1

	Wu, L., Jin, Y., Zhao, X., Tang, K., Zhao, Y., Tong, L., et al. (2023b). Tumor aerobic glycolysis confers immune evasion through modulating sensitivity to T cell-mediated bystander killing via TNF-α. Cell Metab. 35, 1580–1596.e9. doi:10.1016/j.cmet.2023.07.001

	Wu, Y., Chen, S., Yang, X., Sato, K., Lal, P., Wang, Y., et al. (2023c). Combining the tyrosine kinase inhibitor cabozantinib and the mTORC1/2 inhibitor sapanisertib blocks ERK pathway activity and suppresses tumor growth in renal cell carcinoma. Cancer Res. 83, 4161–4178. doi:10.1158/0008-5472.CAN-23-0604

	Wu, Y., Terekhanova, N. V., Caravan, W., Naser Al Deen, N., Lal, P., Chen, S., et al. (2023d). Epigenetic and transcriptomic characterization reveals progression markers and essential pathways in clear cell renal cell carcinoma. Nat. Commun. 14, 1681. doi:10.1038/s41467-023-37211-7

	Xie, H., Song, J., Godfrey, J., Riscal, R., Skuli, N., Nissim, I., et al. (2021). Glycogen metabolism is dispensable for tumour progression in clear cell renal cell carcinoma. Nat. Metab. 3, 327–336. doi:10.1038/s42255-021-00367-x

	Xiong, Z., Xiong, W., Xiao, W., Yuan, C., Shi, J., Huang, Y., et al. (2021). NNT-induced tumor cell “slimming” reverses the pro-carcinogenesis effect of HIF2a in tumors. Clin. Transl. Med. 11, e264. doi:10.1002/ctm2.264

	Xu, R., Wang, K., Rizzi, J. P., Huang, H., Grina, J. A., Schlachter, S. T., et al. (2019a). 3-[(1S,2S,3R)-2,3-Difluoro-1-hydroxy-7-methylsulfonylindan-4-yl]oxy-5-fluorobenzonitrile (PT2977), a hypoxia-inducible factor 2α (HIF-2α) inhibitor for the treatment of clear cell renal cell carcinoma. J. Med. Chem. 62, 6876–6893. doi:10.1021/acs.jmedchem.9b00719

	Xu, W. H., Qu, Y. Y., Wang, J., Wang, H. K., Wan, F. N., Zhao, J. Y., et al. (2019b). Elevated CD36 expression correlates with increased visceral adipose tissue and predicts poor prognosis in ccRCC patients. J. Cancer 10, 4522–4531. doi:10.7150/jca.30989

	Xu, J., Zhu, S., Xu, L., Liu, X., Ding, W., Wang, Q., et al. (2020a). CA9 silencing promotes mitochondrial biogenesis, increases putrescine toxicity and decreases cell motility to suppress ccRCC progression. Int. J. Mol. Sci. 21, 5939. doi:10.3390/ijms21165939

	Xu, W., Hu, X., Anwaier, A., Wang, J., Liu, W., Tian, X., et al. (2020b). Fatty acid synthase correlates with prognosis-related abdominal adipose distribution and metabolic disorders of clear cell renal cell carcinoma. Front. Mol. Biosci. 7, 610229. doi:10.3389/fmolb.2020.610229

	Xu, W. H., Xu, Y., Tian, X., Anwaier, A., Liu, W. R., Wang, J., et al. (2020c). Large-scale transcriptome profiles reveal robust 20-signatures metabolic prediction models and novel role of G6PC in clear cell renal cell carcinoma. J. Cell Mol. Med. 24, 9012–9027. doi:10.1111/jcmm.15536

	Xu, W., Liu, W. R., Xu, Y., Tian, X., Anwaier, A., Su, J. Q., et al. (2021). Hexokinase 3 dysfunction promotes tumorigenesis and immune escape by upregulating monocyte/macrophage infiltration into the clear cell renal cell carcinoma microenvironment. Int. J. Biol. Sci. 17, 2205–2222. doi:10.7150/ijbs.58295

	Yan, H., Parsons, D. W., Jin, G., Mclendon, R., Rasheed, B. A., Yuan, W., et al. (2009). IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 360, 765–773. doi:10.1056/NEJMoa0808710

	Yang, Y. (2022). Editorial: the adipose tissue microenvironment in cancer: molecular mechanisms and targets for treatment. Front. Cell Dev. Biol. 10, 954645. doi:10.3389/fcell.2022.954645

	Yang, Y., Valera, V., Sourbier, C., Vocke, C. D., Wei, M., Pike, L., et al. (2012). A novel fumarate hydratase-deficient HLRCC kidney cancer cell line, UOK268: a model of the warburg effect in cancer. Cancer Genet. 205, 377–390. doi:10.1016/j.cancergen.2012.05.001

	Yang, P., Cornejo, K. M., Sadow, P. M., Cheng, L., Wang, M., Xiao, Y., et al. (2014). Renal cell carcinoma in Tuberous sclerosis complex. Am. J. Surg. Pathol. 38, 895–909. doi:10.1097/PAS.0000000000000237

	Yang, H., Zhao, H., Ren, Z., Yi, X., Zhang, Q., Yang, Z., et al. (2022). Overexpression CPT1A reduces lipid accumulation via PPARα/CD36 axis to suppress the cell proliferation in ccRCC. Acta Biochim. Biophys. Sin. (Shanghai) 54, 220–231. doi:10.3724/abbs.2021023

	Yang, Y., Pang, Q., Hua, M., Huangfu, Z., Yan, R., Liu, W., et al. (2023). Excavation of diagnostic biomarkers and construction of prognostic model for clear cell renal cell carcinoma based on urine proteomics. Front. Oncol. 13, 1170567. doi:10.3389/fonc.2023.1170567

	Yao, Q., Zhang, X., Wang, Y., Wang, C., Wei, C., Chen, J., et al. (2024). Comprehensive analysis of a tryptophan metabolism-related model in the prognostic prediction and immune status for clear cell renal carcinoma. Eur. J. Med. Res. 29, 22. doi:10.1186/s40001-023-01619-0

	Yin, X., Zhang, T., Su, X., Ji, Y., Ye, P., Fu, H., et al. (2015). Relationships between chromosome 7 gain, MET gene copy number increase and MET protein overexpression in Chinese papillary renal cell carcinoma patients. PLoS One 10, e0143468. doi:10.1371/journal.pone.0143468

	Yin, B., Liu, Q., Zheng, Y., Gao, H., Lin, Y., and Zhao, Z. (2024). The prognostic value and its relationship with immune infiltration of ACLY in clear cell renal cell carcinoma. Transl. Oncol. 47, 102056. doi:10.1016/j.tranon.2024.102056

	Yokoyama, Y., Estok, T. M., and Wild, R. (2022). Sirpiglenastat (DRP-104) induces antitumor efficacy through direct, broad antagonism of glutamine metabolism and stimulation of the innate and adaptive immune systems. Mol. Cancer Ther. 21, 1561–1572. doi:10.1158/1535-7163.MCT-22-0282

	Yoon, C. Y., Shim, Y. J., Kim, E. H., Lee, J. H., Won, N. H., Kim, J. H., et al. (2007). Renal cell carcinoma does not express argininosuccinate synthetase and is highly sensitive to arginine deprivation via arginine deiminase. Int. J. Cancer 120, 897–905. doi:10.1002/ijc.22322

	Zahavi, D., and Hodge, J. W. (2023). Targeting immunosuppressive adenosine signaling: a review of potential immunotherapy combination strategies. Int. J. Mol. Sci. 24, 8871. doi:10.3390/ijms24108871

	Zha, X., Hu, Z., Ji, S., Jin, F., Jiang, K., Li, C., et al. (2015). NFκB up-regulation of glucose transporter 3 is essential for hyperactive Mammalian target of rapamycin-induced aerobic glycolysis and tumor growth. Cancer Lett. 359, 97–106. doi:10.1016/j.canlet.2015.01.001

	Zhang, Y., Shi, J., Liu, X., Xiao, Z., Lei, G., Lee, H., et al. (2020). H2A monoubiquitination links glucose availability to epigenetic regulation of the endoplasmic reticulum stress response and cancer cell death. Cancer Res. 80, 2243–2256. doi:10.1158/0008-5472.CAN-19-3580

	Zhang, Y., Chen, Z., Chen, J. G., Chen, X. F., Gu, D. H., Liu, Z. M., et al. (2021a). Ceruloplasmin overexpression is associated with oncogenic pathways and poorer survival rates in clear-cell renal cell carcinoma. FEBS Open Bio 11, 2988–3004. doi:10.1002/2211-5463.13283

	Zhang, Z., Ni, L., Zhang, L., Zha, D., Hu, C., Zhang, L., et al. (2021b). Empagliflozin regulates the AdipoR1/p-AMPK/p-ACC pathway to alleviate lipid deposition in diabetic nephropathy. Diabetes Metab. Syndr. Obes. 14, 227–240. doi:10.2147/DMSO.S289712

	Zhang, Q., Ni, Y., Wang, S., Agbana, Y. L., Han, Q., Liu, W., et al. (2022). G6PD upregulates cyclin E1 and MMP9 to promote clear cell renal cell carcinoma progression. Int. J. Med. Sci. 19, 47–64. doi:10.7150/ijms.58902

	Zhang, X., Zhao, J., Yin, X., Liang, J., Wang, Y., Zheng, L., et al. (2025). Comprehensive molecular profiling of FH-deficient renal cell carcinoma identifies molecular subtypes and potential therapeutic targets. Nat. Commun. 16, 4398. doi:10.1038/s41467-025-59513-8

	Zhao, J., Huang, X., Xu, Z., Dai, J., He, H., Zhu, Y., et al. (2017). LDHA promotes tumor metastasis by facilitating epithelial-mesenchymal transition in renal cell carcinoma. Mol. Med. Rep. 16, 8335–8344. doi:10.3892/mmr.2017.7637

	Zheng, Q., Li, P., Zhou, X., Qiang, Y., Fan, J., Lin, Y., et al. (2021). Deficiency of the X-inactivation escaping gene KDM5C in clear cell renal cell carcinoma promotes tumorigenicity by reprogramming glycogen metabolism and inhibiting ferroptosis. Theranostics 11, 8674–8691. doi:10.7150/thno.60233

	Zheng, L., Zhu, Z. R., Sneh, T., Zhang, W. T., Wang, Z. Y., Wu, G. Y., et al. (2023). Circulating succinate-modifying metabolites accurately classify and reflect the status of fumarate hydratase-deficient renal cell carcinoma. J. Clin. Invest 133, e165028. doi:10.1172/JCI165028

	Zhou, W., Tang, Q., Wu, J., Huang, M., Huang, Q., Qin, T., et al. (2025). ATP5A1 as a potential prognostic biomarker in clear-cell renal cell carcinoma. Transl. Cancer Res. 14, 1246–1264. doi:10.21037/tcr-24-1397

	Zhu, L., Hong, Y., Zhu, Z., Huang, J., Wang, J., Li, G., et al. (2024). Fumarate induces LncRNA-MIR4435-2HG to regulate glutamine metabolism remodeling and promote the development of FH-deficient renal cell carcinoma. Cell Death Dis. 15, 151. doi:10.1038/s41419-024-06510-2

	Zou, Y., Palte, M. J., Deik, A. A., Li, H., Eaton, J. K., Wang, W., et al. (2019). A GPX4-dependent cancer cell state underlies the clear-cell morphology and confers sensitivity to ferroptosis. Nat. Commun. 10, 1617. doi:10.1038/s41467-019-09277-9


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Yang, Miao, Li, Zhao, Tan, Wu, Lu, Shi, Lv, Ruan, Xiong and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-13-1664292-g003.jpg
Cholesterol ) —» —_—

I

(Maloryi-GoA ) (_Paimiate )

 m————————
 m—————————

d

TR [mmen
[

- Upregulated
- Downregulated
() wetabolite






OPS/images/fcell-13-1664292-g004.jpg
Epacadostat |——— DRP-104
Navoximod

LY3381916 —— (Glutamate ) ——
l ______ Cas | | e
T

CB-839 l

N-formyl-kynurenine a-ketoglutarate

€ ————————

Inhibition of ROS 1
,
Indoleacetate
T
l ((a-ketoglutarate ) -

Serotonin |

Serotonin
pathway

. 1 AN
Immunosuppression ‘ l-

Kynurenine | ithi ) Argininoscuccinate

pathway

1
1

A4
Upregulated J | o ‘ 3
Downregulated — | A T
Metabolite ‘

Upregulated

Downregulated






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Emerging roles of metabolic biomarkers in renal cell carcinoma: from molecular mechanisms to clinical implications		1 INTRODUCTION

		2 BRIEF OVERVIEW OF METABOLIC REPROGRAMMING		2.1 Metabolic reprogramming in RCC

		2.2 Glucose metabolism

		2.3 Lipid metabolism

		2.4 Amino acid metabolism





		3 BIOMARKERS IN METABOLIC REPROGRAMMING		3.1 Biomarkers in glucose metabolism		3.1.1 Glycolysis		3.1.1.1 GLUT (glucose transporter)

		3.1.1.2 HK (hexokinase)

		3.1.1.3 PFK1/PFKFB/PGK1/PGAM1 enzyme cluster

		3.1.1.4 ENO2 (enolase 2)

		3.1.1.5 LDHA (lactate dehydrogenase A)

		3.1.1.6 MCT (monocarboxylate transporters)





		3.1.2 TCA cycle		3.1.2.1 SDH (succinate dehydrogenase)

		3.1.2.2 FH (fumarate hydratase)

		3.1.2.3 IDH (isocitrate dehydrogenase)





		3.1.3 OXPHOS		3.1.3.1 PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-α)

		3.1.3.2 ATP synthase subunits and assembly factor

		3.1.3.3 NDUFS1 (NADH dehydrogenase [ubiquinone] Fe-S protein 1)

		3.1.3.4 NDUFA4L2 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 4-like 2)

		3.1.3.5 UQCRC1 (ubiquinol-cytochrome c reductase core protein 1) and UQCRH (ubiquinol–cytochrome c reductase hinge protein)





		3.1.4 Pentose phosphate pathway		3.1.4.1 G6PD (glucose-6-phosphate dehydrogenase)

		3.1.4.2 G6PI (glucose-6-phosphate isomerase)

		3.1.4.3 TKT (transketolase)





		3.1.5 Gluconeogenesis		3.1.5.1 PCK1 (phosphoenolpyruvate carboxykinase 1)

		3.1.5.2 G6PC (glucose-6-phosphatase)

		3.1.5.3 FBP1 (fructose-1,6-bisphosphatase 1)









		3.2 Biomarkers in lipid metabolism		3.2.1 Lipogenesis		3.2.1.1 FASN (fatty acid synthase)

		3.2.1.2 ACLY (ATP citrate lyase)

		3.2.1.3 ACC (Acetyl-CoA carboxylase)

		3.2.1.4 SCD (Stearoyl-CoA desaturase)

		3.2.1.5 FADS (The fatty acid desaturase)





		3.2.2 Lipolysis and β-oxidation		3.2.2.1 CPT1A (carnitine palmitoyltransferase 1A)

		3.2.2.2 PLIN2 (perilipin 2)

		3.2.2.3 ECHS1 (Enoyl-CoA hydratase short chain 1)





		3.2.3 Lipid transport		3.2.3.1 FABP (fatty acid-binding proteins)

		3.2.3.2 CD36

		3.2.3.3 SCARB1 (scavenger receptor class B type 1)





		3.2.4 Metabolic derivatives		3.2.4.1 DHA (docosahexaenoic acid)









		3.3 Biomarkers in amino acid metabolism		3.3.1 Glutamine metabolism		3.3.1.1 SLC1A5 (solute carrier family 1 member 5)

		3.3.1.2 GLS (glutaminase)

		3.3.1.3 GPX (glutathione peroxidase)





		3.3.2 Tryptophan metabolism		3.3.2.1 IDO1 (indoleamine 2,3-dioxygenases)/TDO2 (tryptophan 2,3-dioxygenase)





		3.3.3 Arginine metabolism		3.3.3.1 ASS1 (argininosuccinate synthetase 1)

		3.3.3.2 ARG2 (arginase 2)









		3.4 Biomarkers in other metabolism		3.4.1 CP (ceruloplasmin)

		3.4.2 PCSK6 (proprotein convertase subtilisin/kexin type 6)









		4 THERAPEUTIC STRATEGIES		4.1 HIF-2α inhibitors

		4.2 GLUT inhibitors

		4.3 FASN inhibitors

		4.4 SLC1A5 and GLS inhibitors

		4.5 IDO inhibitors

		4.6 Arginine deprivation therapy





		5 DISCUSSION

		6 CONCLUSION

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-13-1664292-g001.jpg
TKI
HIF-2a inhibitors
Anti-VEGF antibodies

VHL/HIF — VEGF

Cabozantinib — EZH2 inhibitors

MET/AXL/HGF .=~ Epigenetic / Chromatin

— ,’ \\ regulation
’ X  Tumor Progression

V4
Multi-target TKls
MAPK/ERK & PDGFR \

GLUT inhibitors MetabOIIC_ ‘ ' . Imn?une Anti-PD-1
FASN inhibitors reprogramming ‘ I microenvironment / Anti-PD-L1
GLS inhibitors H Anti-CTLA-4
SLC1A5 inhibitors pathways \\ , Checkpomts IDO inhibitors
~ ’

S
JAK-STAT3 “S _ _ _»” Wnt/iB-catenin

JAK inhibitors Hippo-YAP/TAZ
STATS inhibitors — PORCN inhibitors

TEAD inhibitors

: Targeted drugs for key pathways

Enhanced tumor biological behavior






OPS/images/fcell-13-1664292-g002.jpg
Glucose

————— sTF31

BAY-876

- Upregulated
. Downregulated

Pentose phosphate pathway 1
S Metabolite
6-P-Gluconolactone

1

1

I ETC|
| OXPHOS |
i

1

1

Glycolysis 1

1,3-BP-Glycerate
I -

’

3-P-Glycerate a-ketoglutarate

Isocitrate

Oxaloacetate .
— 1 . Crovos
e . \
Mitochondrial
biogenesis | (PGC-1a)










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





