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    Abstract

    

    Therapy resistance remains a principal cause of cancer relapse and mortality, reflecting the ability of tumor cells to remodel metabolic, redox, and stress-adaptation networks under therapeutic pressure. Ferroptosis is executed by iron-driven peroxidation of polyunsaturated phospholipids, whereas cuproptosis arises from copper-triggered mitochondrial proteotoxic stress centered on lipoylated TCA cycle proteins and Fe-S cluster disruption. Although mechanistically distinct, these programs converge through shared transition-metal redox chemistry, mitochondrial metabolism, and metabolic plasticity. Drug-selected tumor states frequently acquire a dual-shielded phenotype that couples reinforced antioxidant buffering, exemplified by NRF2 activation and SLC7A11-GSH-GPX4 maintenance, with copper-trafficking adaptations, such as upregulation of ATP7A and ATP7B and enhanced copper sequestration, thereby suppressing both lipid peroxidation and copper-induced proteotoxicity. This integrated view highlights metabolic state as a gatekeeper, with OXPHOS dependence, lipoylation capacity, and metal transport profiles shaping sensitivity windows and informing biomarker-guided stratification. We discuss actionable nodes across iron and copper handling, redox defense, and mitochondrial metabolism, and outline combination strategies that pair ferroptosis inducers with copper ionophores or copper chelators, integrate metabolic interventions, and leverage nanotechnology-enabled delivery to improve selectivity. Together, these findings support a unified model in which metal-dependent death pathways represent exploitable vulnerabilities in therapy-resistant tumors and provide a mechanistic foundation for rational resensitization strategies.
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    1. Introduction

    

    Tumor drug resistance remains a major obstacle to sustained cancer control and a leading cause of treatment failure across chemotherapy, targeted therapy, endocrine therapy, and immunotherapy. Despite progress in molecular stratification and drug development, many tumors develop inherent or therapy-induced adaptations that weaken cytotoxic stress responses, leading to relapse and poor clinical outcomes (1–3). Traditional views of drug resistance have focused on increasing DNA repair (4), drug efflux (5), epithelial-mesenchymal transition (EMT) (6, 7), metabolic reprogramming (8), and changes in the tumor microenvironment (TME) (9). However, recent breakthroughs in regulated cell death (RCD) have broadened our understanding of how cancer cells survive therapeutic stress by regulating cell-fate pathways beyond apoptosis and necroptosis (10). Metal-dependent cell death involves regulated cell death programs in which transition metals, such as iron and copper, drive oxidative or proteotoxic stress, resulting in lethal cellular damage.

    Among emerging RCD modalities, ferroptosis and cuproptosis have attracted significant attention because they are controlled by transition-metal chemistry and are closely linked to mitochondrial metabolism and redox regulation. Ferroptosis and cuproptosis are the two main metal-dependent cell death pathways currently associated with therapy resistance in cancer. Ferroptosis is an iron-dependent, non-apoptotic form of cell death driven by the accumulation of phospholipid hydroperoxides, and it has emerged as a key determinant of tumor susceptibility to oxidative and metabolic stress (11). Therapy-adapted cancer cells frequently raise the ferroptosis threshold through NRF2-dependent antioxidant defenses (12, 13), strengthening of solute carrier family 7 member 11 (SLC7A11) (14–16), and lipid-remodeling programs (17), thereby supporting broad drug tolerance. Conversely, pharmacological induction of ferroptosis can restore sensitivity to cytotoxic agents and enhance targeted and immune-based therapies (18, 19).

    Cuproptosis, defined in 2022, represents a mechanistically distinct RCD pathway in which excess intracellular copper engages lipoylated tricarboxylic acid (TCA) cycle proteins, causing proteotoxic stress, destabilizing iron-sulfur (Fe-S) cluster proteins, and leading to mitochondrial dysfunction (20). This framework offers a molecular explanation for the long-standing observations linking copper dysregulation and malignant progression. Elevated copper levels are documented across multiple tumor types, and abnormal expression or trafficking of copper transporters, such as ATP7A, ATP7B, and CTR1, contribute to resistance to platinum-based chemotherapy (21, 22). Consistent with a causal role in copper metabolism, copper ionophores and copper chelators can enhance the effects of conventional therapies, making the circuitry associated with cuproptosis a promising therapeutic target (23).

    Although ferroptosis and cuproptosis are executed through distinct proximal mechanisms, lipid peroxidation versus copper-driven mitochondrial proteotoxicity, they converge on shared upstream factors, including mitochondrial activity, reactive oxygen species (ROS) flux, metal buffering capacity, and metabolic plasticity (7, 22). Transcriptional and stress-response regulators such as NRF2, p53, and HIF-1α can modulate both pathways, indicating that these metal-dependent death programs are coordinated within a broader resilience network that is often remodeled in drug-resistant tumors (24) (Figure 1). In this review, we synthesize recent advances linking ferroptosis and cuproptosis to cancer drug resistance, focusing on molecular control nodes, therapy-relevant phenotypes, and translational opportunities. We highlight mechanistic interfaces between the two pathways and discuss how combined modulation of metal handling, redox buffering, and mitochondrial metabolism may help overcome resistance in refractory disease. We propose that therapy-resistant cancers sustain survival by elevating a shared metal-redox tolerance threshold, integrating iron and copper metabolism with mitochondrial and antioxidant networks. Collectively, this integrated framework is designed to guide the development of next-generation strategies that target metal-dependent cell death vulnerabilities in oncology. We refer to this concept as the "metal-redox resilience model" of therapy resistance, where coordinated regulation of iron metabolism, copper trafficking, mitochondrial function, and antioxidant buffering raises the threshold for metal-dependent cell death.
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    Figure 1. Core molecular circuits underlying ferroptosis and cuproptosis. Schematic overview of the principal molecular mechanisms regulating ferroptosis and cuproptosis. Ferroptosis is driven by iron-dependent lipid peroxidation and counteracted by antioxidant systems, including the SLC7A11-GSH-GPX4 axis. Cuproptosis arises from copper accumulation that targets lipoylated tricarboxylic acid (TCA) cycle proteins and disrupts Fe-S cluster-containing proteins, leading to mitochondrial proteotoxic stress. These pathways are connected through shared redox and metabolic networks. Abbreviations: GPX4, glutathione peroxidase 4; GSH, glutathione; TFR1, transferrin receptor 1; DMT1, divalent metal transporter 1; FDX1, ferredoxin 1; DLAT, dihydrolipoamide S-acetyltransferase; TCA cycle, tricarboxylic acid cycle.

    2. Ferroptosis in Tumor Drug Resistance

    Ferroptosis is an iron-dependent form of regulated cell death driven by the accumulation of lipid hydroperoxides within cellular membranes, leading to catastrophic loss of membrane integrity (25, 26). Its primary biochemical feature is the iron-catalyzed peroxidation of phospholipids containing polyunsaturated fatty acids (PUFAs), resulting in a harmful increase in lipid hydroperoxides (11, 26, 27). Central to ferroptosis control is sustained restraint of membrane peroxidation by coupled enzyme-metabolite defense systems. Glutathione peroxidase 4 (GPX4), which utilizes glutathione as an obligate cofactor, reduces phospholipid hydroperoxides into less reactive lipid alcohols, thereby preventing the escalation of lethal membrane damage (28, 29). Accordingly, inhibiting GPX4, depleting glutathione, or limiting cystine intake via system Xc⁻ (the cystine/glutamate antiporter) lowers the cell’s threshold for ferroptosis by permitting unchecked lipid peroxide accumulation (30, 31). In parallel, GPX4-independent circuits further buffer ferroptosis sensitivity by maintaining radical-trapping capabilities at membranes. These include SLC7A11-supported cystine import, ferroptosis suppressor protein 1 (FSP1)-mediated reduction of coenzyme Q (CoQ), and activity of mitochondrial dihydroorotate dehydrogenase (DHODH) (32). Overall, these layered defense mechanisms act as barriers that protect membrane integrity and prevent peroxidation-driven cell death.

    Ferroptosis susceptibility is tightly coupled to intracellular iron handling. Transferrin-bound iron uptake through transferrin receptor 1 (TFRC) expands endolysosomal iron release and increases the pool of redox-active iron, which fuels radical propagation and lipid peroxidation (26). Ferritin limits this liability by sequestering excess iron, whereas nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy mobilizes ferritin iron and enlarges the labile iron pool, thereby accelerating lipid peroxide propagation under stress (33). Under therapeutic pressure, tumor cells can therefore be pushed toward ferroptosis when iron availability coincides with heightened demand for peroxidation. Resistant states, however, frequently dampen this axis by limiting iron import, strengthening ferritin storage, or suppressing ferritinophagy to reduce bioavailable Fe2+ (34, 35). In parallel, lipid-remodeling programs determine the abundance of available oxidizable substrates. Acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) direct PUFAs into membrane phospholipids, increasing the proportion of peroxidation-prone phospholipid species and creating lineage-specific liabilities (36). These biochemical dependencies intersect with therapy adaptation, as drug-tolerant persister cells and mesenchymal-like states can exhibit an increased requirement for GPX4 activity to restrain lipid hydroperoxides, creating a therapeutically actionable vulnerability to ferroptosis induction (26).

    Evasion of ferroptosis is increasingly recognized as a core component of multidrug resistance. Many cytotoxic agents, including cisplatin, doxorubicin, sorafenib, and oxaliplatin (37–40), impose oxidative stress that would otherwise favor ferroptotic execution. Resistant tumors, however, frequently reinforce antioxidant buffering through NRF2 activation and/or SLC7A11 upregulation, enabling efficient detoxification of ROS and lipid peroxides (41, 42) and supporting cross-resistance across therapeutic classes. In targeted therapy settings, persistent PI3K-AKT-mTOR signaling can further suppress ferroptosis by coupling cyst(e)ine sufficiency to GPX4 translation and promoting lipid remodeling towards more saturated species, thereby limiting the accumulation of peroxidation-susceptible substrates under kinase-inhibitor pressure (34, 43, 44). Ferroptosis also intersects with antitumor immunity. IFN-γ released by cytotoxic T cells can suppress SLC7A11 and lower the ferroptosis threshold, whereas immune-evasive tumors often maintain heightened antioxidant capacity that blunts this vulnerability (45–48). Beyond direct tumor cell killing, ferroptosis may also reshape antitumor immunity. Lipid peroxidation products released during ferroptotic cell death can influence immune signaling and inflammatory responses within the tumor microenvironment. Moreover, recent evidence suggests that metal metabolism and oxidative stress pathways regulate immune cell activation, including macrophage polarization and T-cell function. Consequently, therapies that modulate ferroptosis may exert both tumor-intrinsic cytotoxic effects and immunomodulatory activity that enhances the efficacy of immune checkpoint blockade.

    Collectively, these observations suggest that ferroptosis resistance is not simply an epiphenomenon of therapy adaptation but can serve as a mechanistic driver of treatment failure. An emerging context in which ferroptosis regulation becomes particularly relevant is the survival of drug-tolerant persister cells. These transient cell populations arise following exposure to chemotherapy or targeted therapy and survive through extensive metabolic and transcriptional reprogramming rather than stable genetic resistance. Persistent cells frequently exhibit elevated oxidative stress, altered lipid metabolism, and heightened dependence on GPX4-mediated detoxification of lipid peroxides. As a consequence, inhibition of ferroptosis defense systems can selectively eliminate persister populations and prevent the emergence of permanent resistance. These findings position ferroptosis vulnerability as a critical determinant of early therapy adaptation and minimal residual disease. Consistent with this model, pharmacological induction of ferroptosis has emerged as a promising strategy to re-sensitize refractory tumors. Small molecules like erastin, RSL3, FIN56, and ML210 can restore sensitivity to chemotherapy and targeted therapies in preclinical systems (49, 50). Combining ferroptosis inducers with cisplatin, EGFR inhibitors, or immunotherapies often enhances tumor cell killing by overwhelming antioxidant buffering and amplifying oxidative damage (51, 52). Nanotechnology-enabled ferroptosis inducers that deliver iron, GPX4 inhibitors, or ROS-generating cargos can further improve tumor selectivity while mitigating systemic toxicity. Importantly, therapeutic success is heavily influenced by the tumor’s metabolic state, with oxidative phosphorylation (OXPHOS)-high cancers, mesenchymal-like programs, and defects in lipid peroxide repair showing increased vulnerability to ferroptosis (53, 54), whereas NRF2-high tumors or states enriched for lipid saturation may remain refractory (55) (Figure 2).
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    Figure 2. Ferroptosis as a convergent node in resistance to targeted therapy, chemotherapy, and immunotherapy. Schematic illustration of the molecular mechanisms linking ferroptosis regulation to therapy resistance and immune responses in cancer. In targeted and chemotherapy settings, tumor cells evade ferroptosis by reinforcing antioxidant defense systems, including activation of NRF2 signaling, upregulation of the cystine/glutamate antiporter system Xc⁻ (SLC7A11/SLC3A2), increased glutathione (GSH) production, and maintenance of GPX4 activity, which collectively suppress lipid peroxidation. Additional resistance mechanisms include ferritin-mediated iron storage (FTH1/FTL) and reduced lipid remodeling through ACSL4 suppression. Pharmacological ferroptosis inducers (e.g., erastin, RSL3, IKE, artesunate, and sorafenib) promote iron-dependent lipid peroxidation and ferroptotic cell death. Ferroptotic tumor cells release damage-associated molecular patterns (DAMPs), including HMGB1, ATP, and calreticulin, which activate dendritic cells and CD8⁺ T cells and stimulate interferon-γ (IFN-γ) signaling, thereby enhancing antitumor immunity and potentially reversing drug resistance. Abbreviations: NRF2, nuclear factor erythroid 2-related factor 2; GPX4, glutathione peroxidase 4; GSH, glutathione; ACSL4, acyl-CoA synthetase long-chain family member 4; DAMPs, damage-associated molecular patterns; IFN-γ, interferon-gamma.

    Despite these advances, the clinical translation of ferroptosis-based strategies remains difficult. Ferroptosis can elicit inflammatory sequelae through lipid peroxidation-derived mediators, raising concerns about tissue damage and systemic toxicity (56, 57). Additionally, ferroptosis sensitivity is tightly regulated by microenvironmental factors, including hypoxia, lactate accumulation, and stromal support, which can disrupt redox homeostasis and limit therapeutic efficacy. The strong context dependence of ferroptosis further complicates patient selection: tumors with similar GPX4 levels can display divergent responses due to variations in lipid composition, iron management, and antioxidant reserves (58–60). These considerations underscore the importance of developing reliable, mechanism-based biomarkers and rational combination approaches that match the tumor's metabolic profile.

    3. Cuproptosis in Tumor Drug Resistance

    Cuproptosis is a copper-triggered form of regulated cell death that is executed through mitochondrial metabolism and proteostasis rather than lipid peroxidation (20). When copper accumulates inside the cell, it is transported to mitochondria, where it is reduced from Cu2+ to the more reactive Cu+ by FDX1. FDX1 also supports protein lipoylation by maintaining the LIAS-GCSH lipoylation machinery (61–63). The bioavailable Cu+ subsequently engages lipoylated mitochondrial enzymes, especially the TCA cycle components DLAT and DLST, leading to abnormal aggregation and destabilization of iron-sulfur (Fe-S) cluster proteins (64). This proteotoxic stress and disruption of Fe-S-dependent mitochondrial functions weaken respiratory integrity, cause an energy crisis, and culminate in cell death (65). This mechanism creates a metabolic vulnerability in tumors with high mitochondrial respiration and OXPHOS dependence, while a shift towards glycolysis can decrease reliance on lipoylated mitochondrial enzymes and reduce susceptibility to cuproptosis (66). Copper homeostasis is maintained by a coordinated network of import, export, and intracellular distribution pathways (67). CTR1 (SLC31A1) carries out high-affinity copper uptake, while ATP7A and ATP7B regulate copper efflux and distribution to various subcellular locations (68). Copper chaperones, such as ATOX1, COX17, and CCS, ensure targeted delivery to the secretory pathway, cytochrome c oxidase, and superoxide dismutase, respectively (61, 69). In cancer, this trafficking circuitry is frequently rewired, increasing intracellular copper availability and reinforcing dependence on copper-requiring enzymes. Excess copper can, in turn, potentiate oncogenic signaling pathways such as PI3K-AKT, MAPK, and NF-κB, thereby supporting proliferation, angiogenesis, and tumor progression (70–72). These copper-driven metabolic and signaling adaptations not only improve tumor fitness but may also weaken the effectiveness of therapies that rely on mitochondrial dysfunction or ROS-mediated cell death (73). A particularly direct link between cuproptosis- related circuitry and drug resistance is seen in copper transporters that influence response to platinum drugs. While ATP7A and ATP7B were initially identified as copper efflux pumps, their structural similarity allows them to export cisplatin and carboplatin, reducing intracellular drug accumulation and promoting chemoresistance (74, 75). Clinically, elevated ATP7B expression is associated with poor cisplatin response in ovarian, gastric, and liver cancers; meanwhile, loss of ATP7B can restore sensitivity to platinum drugs (76). Conversely, downregulation of CTR 1, which limits cisplatin entry, decreases drug uptake and contributes to resistance (77). These findings highlight copper trafficking as a gatekeeper of platinum sensitivity. Metabolic flexibility further influences cuproptosis susceptibility. Tumor cells that suppress mitochondrial function or shift to glycolytic phenotypes exhibit reduced dependence on lipoylated TCA cycle enzymes, thereby reducing copper-induced proteotoxic stress (78, 79). This metabolic reprogramming, common in hypoxic or drug- resistant states, simultaneously mitigates mitochondrial stress and cuproptosis execution. In contrast, OXPHOS- high tumors, including subsets of melanoma, lung, and breast cancers, are more vulnerable to copper overload. The copper ionophore elesclomol exploits this vulnerability by transporting copper into mitochondria, causing proteotoxic collapse and selectively killing OXPHOS-dependent tumors (62, 80). Interestingly, resistance to elesclomol is frequently accompanied by a glycolytic shift, underscoring metabolic rewiring as a principal route of cuproptosis evasion (81). Resistance also involves antioxidant and copper- buffering mechanisms that limit copper toxicity. Metallothioneins (MT1/2), glutathione, and copper-binding chaperones can sequester copper within cells, reducing oxidative and mitochondrial damage. Increased metallothionein levels have been observed in drug-resistant cancers and can act as a protective sink, decreasing copper-induced oxidative stress and mitochondrial dysfunction (82). This adaptive buffering mirrors antioxidant reprogramming in ferroptosis-resistant states, suggesting that redox control constitutes a shared resilience axis across multiple metal- dependent cell death pathways (83).
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    Figure 3. Multilayered resistance mechanisms that suppress cuproptosis and promote therapy resistance. Schematic representation of the cellular adaptations that reduce sensitivity to copper-dependent cell death in cancer. Tumor cells remodel copper transport systems through regulators such as SLC31A1, STEAP, SLC31A2, and the copper exporters ATP7A/ATP7B, altering intracellular copper distribution and contributing to resistance to platinum-based chemotherapy (cisplatin/carboplatin). Metabolic reprogramming, including a shift from mitochondrial tricarboxylic acid (TCA) cycle activity toward glycolysis and activation of pathways such as HIF-1α and the pentose phosphate pathway (PPP), reduces dependence on lipoylated mitochondrial enzymes and limits cuproptotic vulnerability. Additional protective mechanisms involve proteostasis and antioxidant defense networks, including mTOR-ULK1/ATG-mediated autophagy, ATOX1-mediated copper trafficking, and p53-dependent protein turnover. Stress-response signaling and epigenetic regulatory pathways, including AKT/PDK1, β-catenin-TCF4 signaling, and oxidative stress responses, further modulate transcriptional and post-transcriptional programs that support tumor survival under copper stress. Collectively, these adaptations establish a multilayered resistance landscape that suppresses cuproptosis and promotes tumor persistence during therapy. Abbreviations: TCA cycle, tricarboxylic acid cycle; PPP, pentose phosphate pathway; ROS, reactive oxygen species; ATP7A/ATP7B, copper-transporting ATPases; SLC31A1, solute carrier family 31 member 1; STEAP, six-transmembrane epithelial antigen of prostate; ATOX1, antioxidant protein 1.

    Therapeutically, the availability of copper ionophores and copper-modulating agents has catalyzed renewed interest in targeting cuproptosis. Elesclomol, disulfiram-copper complexes, and CuCl2 formulations can induce potent mitochondrial stress and cuproptosis, with particular activity in OXPHOS-reliant tumors (84). These agents can also synergize with chemotherapeutics, DNA damage response inhibitors, and immunotherapies by overwhelming mitochondrial capacity or compromising proteostasis (85–87). Conversely, copper chelators such as tetrathiomolybdate (TM) and D-penicillamine can resensitize platinum-resistant tumors by limiting copper-dependent cisplatin export and restoring intracellular drug accumulation. This context-specific duality, which induces cuproptosis in some settings while chelating copper in others, highlights both the versatility and complexity of copper-targeted strategies in oncology (Figure 3).

    Despite these opportunities, significant barriers still hinder clinical translation. Cuproptosis sensitivity is highly context dependent and shaped by factors such as metabolic state, mitochondrial capacity, lipoylation levels, and copper-buffering systems. The narrow therapeutic window of copper, which is essential for normal physiological functions but toxic in excess, raises concerns about systemic toxicity (88). Additionally, the lack of validated biomarkers, including FDX1 abundance, lipoylation activity, and copper transporter profiles, limits patient stratification and trial design (89). Future research should aim to identify the molecular factors that determine cuproptosis capacity, explore how it interacts with other regulated cell death (RCD) pathways, and develop actionable metabolic signatures to enable the precise use of copper-modulating treatments (90).

    4. Crosstalk Between Ferroptosis and Cuproptosis in Tumor Drug Resistance

    Ferroptosis and cuproptosis interact through three major biological interfaces: metal-driven redox chemistry, mitochondrial metabolic state, and shared transcriptional stress-response networks.

    4.1 Redox Convergence

    Ferroptosis and cuproptosis were initially viewed as mechanistically distinct regulated cell death programs, with ferroptosis executed by iron-dependent membrane lipid peroxidation and cuproptosis driven by copper-triggered mitochondrial proteotoxic stress (11, 91, 92). However, growing evidence places them within a shared landscape shaped by transition-metal redox chemistry and stress-adaptation circuits. Iron and copper metabolism are tightly linked at the mitochondrial level. Both metals are involved in the assembly and function of iron-sulfur (Fe-S) cluster proteins and key respiratory enzymes in the electron transport chain. Perturbation of copper homeostasis can destabilize Fe-S cluster proteins, indirectly altering iron handling, mitochondrial respiration, and cellular redox balance. Conversely, alterations in iron metabolism influence mitochondrial oxidative flux and ROS production, thereby affecting copper toxicity. This biochemical interdependence suggests that iron- and copper-regulated death pathways are embedded within a shared mitochondrial metal-metabolism network rather than operating as completely independent processes. Both copper and iron can engage in Fenton or Fenton-like reactions, amplifying reactive ROS and lowering the threshold for oxidative membrane damage (93). Consistent with this convergence, copper ionophores such as elesclomol can impose mitochondrial copper stress that increases ROS and erodes antioxidant capacity, including downregulation of system Xc⁻ components and loss of GPX4, through mechanisms linked to proteostasis or autophagy (94). At a systems level, both pathways are regulated by tumor metabolic state, redox buffering, and metal trafficking, and therapy-selected persister states that reinforce antioxidant capacity can diminish ferroptosis sensitivity and potentially suppress copper-triggered stress signals (95). Integrating ferroptosis and cuproptosis, therefore, provides a unified framework for understanding how metal homeostasis and metabolic plasticity govern cell fate under therapeutic pressure and for designing combination strategies to resensitize refractory disease. Together, current evidence indicates that ferroptosis and cuproptosis function as interconnected components of a broader metal-redox network that governs cancer cell survival under therapeutic stress.

    A key point of convergence is their shared reliance on redox-active transition metals that drive oxidative stress (96). Both Fe²⁺ and Cu⁺ catalyze the formation of highly reactive radicals, albeit through distinct reaction contexts. In ferroptosis, iron directly promotes lipid peroxidation through hydroxyl radical generation and propagation of PUFA-containing phospholipid oxidation (97). Copper, by contrast, can amplify intracellular redox cycling and ROS, indirectly elevating lipid peroxidation and modulating ferroptosis susceptibility (20). This reciprocity suggests that copper accumulation may potentiate ferroptotic execution, whereas iron dysregulation can perturb copper binding and trafficking, together forming an intertwined metal-redox network that shapes how resistant tumors tolerate oxidative injury.

    4.2 Mitochondrial Metabolic Interface

    Mitochondrial metabolism forms a second key interface (98, 99). Cuproptosis inherently depends on functional mitochondrial respiration and the presence of lipoylated TCA-cycle enzymes, whereas ferroptosis is regulated by mitochondrial ROS production, membrane lipid composition, and metabolic flux through the TCA cycle and electron transport chain (20, 22). States with high OXPHOS activity raise mitochondrial ROS levels and increase peroxidation pressure, thereby sensitizing cells to ferroptosis (100, 101). In contrast, mitochondrial suppression or a shift to glycolysis, common adaptations in hypoxic and drug-resistant tumors, can decrease both cuproptosis and ferroptosis by lowering lipoylation-dependent vulnerabilities, reducing oxidative flux, and reshaping iron-sulfur (Fe-S) cluster dynamics (102). Importantly, loss of Fe-S proteins, a hallmark of cuproptosis, can impair iron regulation and respiratory function, potentially influencing ferroptosis regulation pathways (103, 104).

    4.3 Transcriptional Regulators

    Shared transcriptional and signaling regulators further coordinate the two programs. NRF2 functions as a dominant antioxidant controller that can suppress ferroptosis and cuproptosis by maintaining glutathione availability, upregulating metallothioneins, and promoting the expression of iron- and copper-buffering factors (105, 106). NRF2 activation, frequently enriched in chemotherapy- and targeted therapy-resistant tumors, limits ROS accumulation and constrains both lipid and protein oxidation. p53 exerts context-dependent control over ferroptosis, for example, by repressing SLC7A11 to lower the ferroptosis threshold or, in other settings, by engaging antioxidant programs (107); through its broader influence on mitochondrial metabolism and protein quality control, p53 may also indirectly shape cuproptosis capacity (78). HIF-1α, a central mediator of hypoxic adaptation, decreases ferroptotic stress by reducing peroxidation and also lessens cuproptosis by promoting glycolytic reprogramming and reducing mitochondrial lipoylation (108–110). Collectively, these upstream regulators establish a coordinated transcriptional landscape that resistant tumors exploit to survive therapy-induced stress.

    4.4 Dual-Shielded Resistance Phenotype

    At the cellular level, therapy-resistant tumors can develop a “dual-shielded” phenotype where ferroptosis- and cuproptosis-suppressing programs are simultaneously activated. For example, co-expression of SLC7A11 and ATP7B can enhance lipid peroxide detoxification while promoting copper export, thus reducing both death pathways and supporting widespread chemoresistance (75). This coupled adaptation is most evident under sustained selective pressures such as platinum chemotherapy, tyrosine kinase inhibition, or oxidative signals within the tumor microenvironment. At the same time, mitochondrial remodeling provides a shared mechanistic scaffold for evasion of both pathways by lowering oxidative flux, reducing the abundance of lipoylated substrates, and preserving Fe-S protein integrity (111, 112). These mechanistic intersections create rational opportunities for combination targeting (113). Copper ionophores that disrupt mitochondrial proteostasis may synergize with ferroptosis inducers, including GPX4 inhibitors, by overwhelming antioxidant defenses and amplifying oxidative damage (24). Conversely, copper chelation could help restore platinum accumulation and alter metal pools in ways that make cells more susceptible to ferroptosis, although the net effect is likely to depend on the specific context. Metabolic strategies that reactivate mitochondrial respiration, such as limiting glycolysis or boosting TCA-cycle activity, might further expand the therapeutic window for co-inducing both death modalities by reinstating lipoylation-dependent vulnerabilities and oxidative stress. Collectively, these insights support dual-modality approaches that target both ferroptosis and cuproptosis to overcome metabolic flexibility and eliminate drug-resistant cancer cells (114, 115).

    Although no compound has yet been formally defined as a direct and simultaneous executor of both ferroptosis and cuproptosis, emerging evidence supports the possibility of coordinated targeting. Redox-active copper ionophores can increase mitochondrial ROS and disrupt proteostasis, potentially lowering the threshold for lipid peroxidation. Meanwhile, ferroptosis inducers, such as GPX4 inhibitors, intensify membrane oxidative damage (116). Preclinical studies combining copper ionophores with GPX4 inhibition or system Xc⁻ blockade have shown a synergistic amplification of oxidative stress, indicating that dual-pathway engagement may overcome resistance mechanisms that protect against single-axis interventions (117, 118). These findings suggest that pharmacological co-induction may effectively exploit vulnerabilities within the metal-redox network in drug-resistant tumors.

    Increasing evidence suggests that sensitivity to ferroptosis and cuproptosis is not determined solely by absolute iron or copper levels, but rather by the cellular threshold for metal-induced oxidative stress (20, 119). Tumor cells maintain multiple buffering systems, including ferritin-mediated iron storage, metallothionein-dependent copper sequestration, and antioxidant networks, which tightly regulate the bioavailability of redox-active metal ions. In drug-resistant tumors, these buffering mechanisms are frequently reinforced, leading to a higher tolerance to oxidative or metal stress. As a result, resistant cells may require a stronger disturbance of metal homeostasis or redox balance before ferroptotic or cuproptotic death is triggered. In this context, the effective “metal toxicity threshold” is influenced by metabolic state, mitochondrial activity, lipid composition, and antioxidant capacity rather than by a single universal concentration of iron or copper. This adaptive increase in the death threshold represents a key mechanism by which therapy-resistant tumors evade metal-dependent cytotoxicity (120, 121).

    Overall, ferroptosis-cuproptosis crosstalk reflects a deeper integration of metal metabolism, mitochondrial function, and redox regulation in determining tumor survival during therapy. Their convergence suggests that resistant tumors often depend on coordinated suppression of multiple metal-dependent death pathways, and that achieving lasting resensitization may require disrupting this integrated resilience network (Figure 4). Together, these observations support a model where therapy-resistant tumors develop a dual-shielded metal-redox resistance state that both suppresses ferroptotic lipid peroxidation and prevents copper-induced mitochondrial proteotoxicity.
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    Figure 4. The metal-redox resilience model linking ferroptosis and cuproptosis in therapy-resistant cancer. Schematic representation of the interconnected iron and copper metabolic networks that regulate ferroptosis and cuproptosis and shape tumor survival under therapeutic stress. Iron uptake via transferrin receptor 1 (TFR1) increases intracellular Fe²⁺ levels, promoting Fenton reactions and the generation of reactive oxygen species (ROS) that drive lipid peroxidation and ferroptosis. This process is counteracted by antioxidant defense systems, including cystine uptake through system Xc⁻ (SLC7A11), glutathione (GSH) biosynthesis, and GPX4-mediated detoxification of phospholipid hydroperoxides. In parallel, copper uptake via SLC31A1 and intracellular reduction by STEAP enzymes enable copper delivery to mitochondria, where FDX1 promotes copper binding to lipoylated tricarboxylic acid (TCA) cycle proteins such as DLAT, thereby triggering mitochondrial proteotoxic stress and cuproptosis. Crosstalk between these pathways occurs through shared redox chemistry, mitochondrial metabolism, and regulatory mechanisms including p53 signaling, ubiquitin-mediated degradation of GPX4 and SLC7A11, and pharmacological modulation by ferroptosis inducers such as erastin. Together, these interconnected networks define a metal-redox resilience state that elevates the threshold for metal-dependent cell death and supports therapy resistance in cancer. Abbreviations: ROS, reactive oxygen species; GSH, glutathione; GPX4, glutathione peroxidase 4; TFR1, transferrin receptor 1; SLC7A11, solute carrier family 7 member 11; FDX1, ferredoxin 1; DLAT, dihydrolipoamide S-acetyltransferase; TCA cycle, tricarboxylic acid cycle.

    5. Clinical Translation and Future Directions

    Therapeutic exploitation of ferroptosis and cuproptosis is emerging as a tractable strategy to counter the metabolic and oxidative resilience characteristic of drug-resistant tumors (91, 122). Both pathways are anchored in redox control, mitochondrial metabolism, and metal-ion homeostasis, making them particularly relevant for cancers that survive therapy by strengthening antioxidant buffering and rewiring bioenergetic dependencies (22). The opportunity extends beyond selective induction of either pathway alone and increasingly involves the rational co-targeting of their shared upstream liabilities to generate synergistic stress that resistant states cannot accommodate.

    Alongside these mechanistic advances, early clinical research has begun to assess whether modulating metal-dependent cell death can lead to therapeutic benefits. In the copper field, the ionophore elesclomol advanced to phase II/III trials for melanoma, where clinical benefits appeared restricted to patients with preserved mitochondrial oxidative metabolism, underscoring the importance of metabolic stratification (123, 124). Disulfiram-copper combinations are being repurposed for various cancers (125), supported by their ability to trigger proteotoxic and oxidative stress. Conversely, copper chelators such as tetrathiomolybdate have been investigated for their potential to regulate copper-dependent signaling and restore platinum sensitivity in resistant tumors. On the other hand, direct ferroptosis inducers, including GPX4 inhibitors and system Xc⁻ antagonists, have not yet advanced to late-stage clinical trials, mainly due to issues with pharmacokinetics, target specificity, and systemic toxicity (126). Nanoparticle-based platforms aimed at improving tumor-specific iron delivery or lipid peroxidation are mostly still in preclinical development. These initial clinical efforts provide proof of concept and underscore the need for biomarker-guided patient stratification and rational combination strategies to maximize therapeutic benefit.

    5.1 Preclinical Targeting Strategies

    In the field of ferroptosis, various classes of inducers have demonstrated robust preclinical activity (104). Inhibiting GPX4 or system Xc⁻ stops lipid hydroperoxide detoxification and allows dangerous levels of membrane oxidation, making tumor cells more vulnerable to oxidative stress-producing therapies. These agents can potentiate the cytotoxic effects of chemotherapy, including cisplatin, and can amplify the effectiveness of radiotherapy and immune checkpoint blockade by increasing ROS levels and influencing inflammatory signals (127). Nanomedicine-based platforms further improve the therapeutic index by concentrating iron payloads, peroxidation catalysts, or GPX4-silencing modules directly to tumors, sustaining local oxidative stress while reducing systemic toxicity. At the same time, synthetic-lethal strategies are becoming more popular; for example, combining ferroptosis induction with inhibition of compensatory antioxidant circuits such as NRF2 or the CoQ-centered FSP1 pathway may overcome the buffered redox states that frequently accompany resistance (128).

    Cuproptosis-oriented strategies provide a complementary route to resensitization, particularly in tumors with high mitochondrial respiration or copper-handling dysregulation. Copper ionophores, including elesclomol and disulfiram-Cu complexes, exploit OXPHOS dependence by delivering copper to mitochondria and causing proteotoxic collapse through aggregation of lipoylated enzymes and loss of respiratory function. These agents have shown synergy with platinum drugs and PARP inhibitors, supporting the premise that overwhelming mitochondrial proteostasis can intensify DNA damage-linked lethality in metabolically oxidative tumors (129, 130). Conversely, copper chelation offers a distinct yet clinically relevant means of reversing platinum resistance. Agents such as tetrathiomolybdate can reduce copper-dependent cisplatin efflux, restore intracellular drug levels, and resensitize tumors to DNA damage. More direct targeting of copper trafficking, such as blocking ATP7A/B or restoring CTR1-mediated uptake, may further increase intratumoral drug levels and improve therapeutic penetration. Collectively, these approaches highlight the therapeutic plasticity of copper modulation in reprogramming resistant cancer phenotypes (84).

    5.2 Dual-Modality Targeting Approaches

    Mechanistic convergence between ferroptosis and cuproptosis has catalyzed interest in dual-modality strategies designed to overcome the multifaceted adaptations of resistant tumors. Since both death pathways are influenced by metal-driven oxidative chemistry and mitochondrial function, simultaneous activation can impose coupled lipid and protein oxidative stress, potentially bypassing resistance mechanisms that guard against single-target approaches (131, 132). For example, combining copper ionophores with GPX4 inhibitors may simultaneously increase mitochondrial ROS flux and disable lipid peroxide repair, accelerating irreversible oxidative damage (133). Alternatively, targeting shared upstream regulators such as NRF2 or HIF-1α, or metabolic checkpoints that gate mitochondrial entry of carbon substrates, may collapse the transcriptional and metabolic programs essential for maintaining redox homeostasis, thereby sensitizing tumors to both modalities (134, 135). Another approach to improve the therapeutic selectivity of metal-dependent death is to exploit synthetic lethality between ferroptosis or cuproptosis pathways and tumor-specific genetic or metabolic vulnerabilities. Tumors often carry oncogenic mutations, metabolic rewiring, or loss of tumor suppressor functions that alter redox balance, mitochondrial function, and metal homeostasis (136, 137). These changes may create conditions in which cancer cells become especially reliant on antioxidant defenses or mitochondrial respiration to survive. For instance, tumors with high oxidative phosphorylation (138), defects in redox control, or increased polyunsaturated lipid content may be more susceptible to induction of ferroptosis or cuproptosis (139, 140). Systematic genetic screening and metabolic profiling may help identify tumor subtypes in which metal-dependent death pathways can be selectively activated. Combining these vulnerabilities with metal-targeting agents could enable synthetic lethal strategies that preferentially eliminate tumor cells while minimizing toxicity to normal tissues. These precision approaches are a promising future direction for developing metal-dependent death-based cancer therapies.

    5.3 Translational Challenges and Future Perspectives

    Despite these opportunities, translation faces significant challenges. The therapeutic window for metal-directed interventions is inherently narrow because iron and copper are essential micronutrients, raising concerns about systemic toxicity and damage to normal tissues. Tumor heterogeneity further complicates response prediction, as ferroptosis and cuproptosis capabilities vary with metabolic state, lipid composition, oxygen levels, and metal-buffering capacity across lesions and within subclones (141–143). Therefore, biomarker-guided stratification will be crucial. Potential markers include FDX1 abundance and lipoylation capacity for cuproptosis, as well as ACSL4, SLC7A11, and antioxidant signatures for ferroptosis. Equally important is developing clinically applicable assays that detect dynamic metal flux, mitochondrial activity, and oxidative stress in situ, combined with computational models that integrate these parameters with treatment outcomes to inform rational combination therapies. A key question emerging from recent research is how tumors coordinate iron and copper metabolism to avoid metal-dependent cell death during therapeutic stress.

    Another key goal is to understand how the tumor TME influences sensitivity to metal-dependent cell death. The TME also plays a vital role in controlling iron and copper availability. Tumor-associated macrophages, stromal fibroblasts, and endothelial cells can affect metal homeostasis by releasing iron-binding proteins, modulating inflammatory signaling, and managing oxidative metabolism. For example, macrophage polarization states impact iron sequestration and release, which in turn affects ferroptosis sensitivity in nearby tumor cells. Likewise, inflammatory signaling pathways connected to copper metabolism can influence oxidative stress responses and mitochondrial activity within the tumor niche. These microenvironmental factors may therefore determine the effectiveness of therapies aimed at inducing ferroptosis or cuproptosis. The stromal and immune components, along with hypoxic niches, impose limits on redox balance and metabolic wiring, thus affecting iron and copper levels, ROS buffering, and mitochondrial function (25, 75). Effective treatment strategies will need to anticipate microenvironmental rescue signals that can hinder ferroptosis or cuproptosis and include approaches to disrupt protective interactions between cancer cells, stroma, and immune cells.

    Overall, the convergence of ferroptosis and cuproptosis strengthens a broader shift in resistance biology: resistant tumors depend on integrated, metal-dependent metabolic networks. Achieving lasting eradication will likely require disrupting multiple nodes of this resilience framework. Combining ferroptosis inducers, copper modulators, metabolic interventions, and immunotherapies offers a promising path toward clinical application. As understanding of mechanisms deepens and biomarkers advance, strategies based on metal-dependent cell death may transform therapeutic approaches for drug-resistant cancer.

    
    Discussion

    

    Ferroptosis and cuproptosis have become two key metal-dependent forms of regulated cell death programs that change how tumor vulnerabilities are exposed under therapeutic stress. While they were originally studied as separate biochemical processes, it is now clear that iron- and copper-driven death pathways are embedded within a shared metabolic and redox landscape that is continually reshaped during cancer progression and treatment resistance. Ferroptosis, cuproptosis, mitochondrial metabolism, and redox homeostasis collectively define a metal-dependent vulnerability landscape in therapy-resistant cancer. Tumors resistant to drugs often strengthen antioxidant defenses, reprogram energy dependencies, and modify metal transport to prevent both lipid peroxidation-driven ferroptosis and copper-induced mitochondrial protein damage, showing a coordinated reliance on metal regulation and mitochondrial health to survive cytotoxic attacks (144). These findings support a metal-redox resilience model in which therapy-resistant tumors raise a common “metal-redox tolerance threshold,” allowing them to survive oxidative and metabolic stress while actively suppressing ferroptosis and cuproptosis through coordinated control of metal trafficking, mitochondrial metabolism, and antioxidant buffering. Mechanistically, ferroptosis and cuproptosis converge on upstream factors that include mitochondrial metabolism, reactive ROS flux, and stress-adaptation circuits governed by transcriptional factors such as NRF2, p53, and HIF-1α. This overlap suggests that these pathways should not be viewed separately but as interconnected components of a broader, metal-driven resilience network. In this framework, aggressive and therapy-persistent tumor states achieve cross-resistance by increasing oxidative damage thresholds in both membrane and mitochondrial areas, while disrupting metal handling can reopen death-sensitivity windows that traditional treatments often cannot target.

    Therapeutically, the ability to manipulate ferroptosis and cuproptosis broadens the repertoire of resensitization strategies. Ferroptosis inducers, copper ionophores, copper chelators, metabolic interventions, and nanotechnology-based delivery platforms provide complementary approaches to disrupt the buffering systems that support disease resistance. Importantly, co-targeting ferroptosis and cuproptosis, or their common upstream regulators, may reveal synthetic-lethal vulnerabilities that are not accessible through targeting only one pathway (84). These approaches are especially promising for eliminating drug-tolerant persisters, reducing minimal residual disease, and preventing relapse.

    Clinical translation, however, requires overcoming several challenges. Unmet needs include robust biomarkers that indicate ferroptosis and cuproptosis capacity, safe therapeutic windows for targeting iron and copper levels, and effective combination therapies applicable across diverse tumor microenvironments. Additionally, more detailed mechanistic understanding is needed to explain how iron and copper interact within different subcellular compartments, how metabolic heterogeneity controls pathway activation, and how microenvironmental signals influence metal-dependent cell death. More broadly, metal-dependent cell death pathways are emerging as vulnerabilities in therapy-resistant cancers and offer a theoretical basis for developing next-generation therapies that target metabolism and redox processes. Their convergence at the crossroads of metal homeostasis, mitochondrial function, and redox regulation provides a solid mechanistic foundation for rational, multi-node therapeutic design. As biomarker techniques improve and precision oncology strategies integrate metal-dependent vulnerabilities, exploiting ferroptosis and cuproptosis pathways could offer durable solutions to overcoming the adaptive resilience of refractory cancers.
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