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In the field of tumor treatment, drug resistance remains a significant challenge requiring urgent intervention. Recent developments in cell death research have highlighted cuproptosis, a mechanism of cell death induced by copper, as a promising avenue for understanding tumor biology and addressing drug resistance. Cuproptosis is initiated by the dysregulation of copper homeostasis, which in turn triggers mitochondrial metabolic disruptions and induces proteotoxic stress. This process specifically entails the accumulation of lipoylated proteins and the depletion of iron-sulfur cluster proteins within the context of the tricarboxylic acid cycle. Simultaneously, it is accompanied by the activation of distinct signaling pathways that collectively lead to cell death. Emerging evidence highlights the critical role of cuproptosis in addressing tumor drug resistance. However, the core molecular mechanisms of cuproptosis, regulation of the tumor microenvironment, and clinical translation pathways still require further exploration. This review examines the intersection of cuproptosis and tumor drug resistance, detailing the essential roles of cuproptosis-related genes and exploring the therapeutic potential of copper ionophores, chelators, and nanodelivery systems. These mechanisms offer promise for overcoming resistance and advancing tumor precision medicine. By elucidating the molecular mechanisms underlying cuproptosis, this study aims to identify novel therapeutic strategies and targets, thereby paving the way for the development of innovative anti-cancer drugs.
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1 INTRODUCTION
Copper is crucial in biological systems, acting as an essential cofactor for numerous enzymes and participating in key processes such as redox reactions, iron absorption and transport, neurotransmitter synthesis and degradation, and connective tissue formation (Chen et al., 2022; Pérez-Henarejos et al., 2015; Krupanidhi et al., 2008). As a vital constituent of several key enzymes, copper facilitates redox reactions and electron transfer, contributing to energy metabolism and protein synthesis (Chen et al., 2022; Rihel, 2018). It is also indispensable to the immune system, influencing immune responses and serving as a catalytic agent in various biochemical reactions that support immune cell function (Percival, 1998; Branch et al., 2022). In the nervous system, copper impacts neuronal excitability and synaptic transmission, participating in the metabolism of signaling molecules such as neuropeptides and hormones, which are essential for maintaining normal neural function (Gale and Aizenman, 2024). Furthermore, copper facilitates the synthesis and integrity of bones and connective tissues by aiding collagen stabilization, thus influencing the strength and stability of these structures (Han et al., 2024; Liu et al., 2024) (Figure 1). However, while copper ions are essential for various life processes, their accumulation can lead to cytotoxicity and contribute to diseases, including neurodegenerative disorders (Teschke and Eickhoff, 2024; Ejaz et al., 2020). Tumor cells exhibit a heightened demand for copper ion (Wu et al., 2018; Da Silva et al., 2022; Han et al., 2017). The critical roles of CTR1 in copper uptake and subsequently promoting tumorigenesis (Jiang et al., 2023). Higher copper levels have been observed in either serum or tumor tissues of breast cancer patients, and copper also plays a critical role in tumor cells and their microenvironments (Zhang X. et al., 2023). Elevated CTR1 expression is associated with heightened malignancy and unfavorable prognoses in cancers such as breast, liver, and lung. In addition, hyperactive CTR1 was investigated in pancreatic cancer tissues and proven to as the key point of cancer copper homeostasis (Geng et al., 2023). Targeting copper homeostasis, such as through the combined use of copper ion carriers and chelating agents, has emerged as a potential therapeutic strategy. Copper further promotes malignancy by activating proteins and signaling pathways involved in tumor progression. For instance, it facilitates metastasis by activating lysyl oxidase (LOX) and LOX-like proteins in conjunction with a mediator of cell motility 1 (MEMO1) (Shanbhag et al., 2019; Boufraqech et al., 2019; Tsai et al., 2012; Xiao and Ge, 2012). Additionally. Copper ions in tumor cells play dual roles in cancer progression. On one hand, they promote tumor growth and metastasis by activating oncogenic signals (such as MAPK/ERK, HIF-1α) and inducing EMT (Jiang Y. C. et al., 2022; Ruiz et al., 2021; Feng et al., 2024a). On the other hand, excessive copper ions can trigger copper-dependent cell death (Cuproptosis), selectively killing tumor cells by disrupting mitochondrial metabolism (Tsvetkov et al., 2022; Xie et al., 2023a). Their role depends on concentration, spatiotemporal distribution, and microenvironmental characteristics.
[image: Figure 1]FIGURE 1 | Copper absorption, metabolism, and homeostasis in the human body involve complex mechanisms. Cu2+ is initially absorbed from food in the stomach and small intestine. Subsequently, Cu+ is reduced to copper(I) by reductases, after which the monovalent copper binds to chaperone proteins, primarily ATOX1, and is transported to the liver. In the liver, ATP7B plays a crucial role in incorporating copper into ceruloplasmin, which serves as the copper carrier in the bloodstream, facilitating copper distribution to various tissues and mediating the excretion of excess copper into bile for elimination. Additionally, the transport protein ATP7A is responsible for exporting copper from intestinal epithelial cells into the bloodstream, where it aids in the oxidation of Cu2+ back to Cu+, promoting its systemic release and distribution. Abbreviation: ATOX1, Antioxidant 1 Copper Chaperon.
Cuproptosis constitutes a unique form of copper-induced cell death, characterized by the aggregation of mitochondrial lipidated proteins and the instability of iron-sulfur cluster proteins. This process leads to a distinct form of regulated cell death (RCD) that differs from oxidative stress-related mechanisms such as apoptosis, ferroptosis, necrosis, and disulfidptosis (Tsvetkov et al., 2022; Xie et al., 2023a; Kahlson and Dixon, 2022). Apoptosis, a programmed cell death process actively executed under physiological or pathological stimuli, contrasts with passive necrosis, while ferroptosis is driven by iron-dependent phospholipid peroxidation (Gao et al., 2023a). Similarly, cuproptosis originates from mitochondrial copper overload-induced aggregation of lipoylated dihydrolipoamide S-acetyltransferase (DLAT), disrupting tricarboxylic acid (TCA) cycle homeostasis and triggering proteotoxic stress, whereas disulfidptosis rapidly ensues from disulfide stress due to aberrant cystine accumulation (Liu and Tang, 2023). The mechanism of cuproptosis involves several key steps. The excessive accumulation of copper within cells serves as the primary trigger for cuproptosis, which may arise from exogenous copper supplementation or the disruption of intracellular copper metabolism (Huang M. et al., 2024). Copper ionophores, exemplified by Elesclomol, feature specialized chemical moieties that enable high-affinity coordination with copper ions under physiological conditions, forming stable complexes with distinct physicochemical properties compared to free copper ions. These complexes exhibit enhanced membrane permeability, facilitating targeted copper transport into intracellular compartments with basal copper levels, thereby elevating localized copper concentrations (Huang M. et al., 2024; Tian et al., 2023; Huo et al., 2023; Zulkifli et al., 2023; Schulz et al., 2023; Yang Y. et al., 2022; Zheng et al., 2022). Once inside the cell, copper interacts with acetylated mitochondrial enzymes in the TCA cycle, such as DLAT, resulting in the aggregation of these enzymes. This interaction alters the structure and function of mitochondrial proteins (Huang M. et al., 2024; Tian et al., 2023). Additionally, ferredoxin 1 and lipoic acid synthetase (LIAS), which act as upstream regulators of protein acetylation, play a crucial role. By modulating acetylation, they facilitate the aberrant aggregation of mitochondrial proteins and the loss of iron-sulfur (Fe-S) clusters (Wang M. et al., 2023; Garza et al., 2023) (Figure 2). The depletion of Fe-S clusters disrupts the function of several key enzymes, particularly those involved in energy metabolism and oxidative stress response. The emergence of the mechanism of cuproptosis may play a crucial role in the treatment of diseases such as malignancies, neurodegenerative diseases, and Wilson disease (Kahlson and Dixon, 2022; Tong et al., 2022; Qin et al., 2023; Zhang Y. et al., 2023; Huang, 2023). In cancer, cuproptosis has demonstrated significant therapeutic potential. Studies have shown that the accumulation of copper and the application of copper ionophores can selectively induce cell death in various cancer types, including breast cancer, prostate cancer, and melanoma, which are particularly sensitive to copper-induced cell death (Kahlson and Dixon, 2022; Tong et al., 2022; Qin et al., 2023). Pan-cancer analysis has revealed that cuproptosis related genes, such as ATP7B, ATP7A, and CDKN2A, harbor high-frequency mutations or abnormal expression patterns in various types of cancer (Liu, 2023; Liu and Tang, 2022a; Liu and Tang, 2022b). The copy number variations (CNV), methylation status, and miRNA regulatory networks of these genes are significantly correlated with patient survival, tumor microenvironment, and chemotherapy drug sensitivity (Liu, 2023; Liu and Tang, 2022a). These findings suggest their potential as cross-cancer diagnostic and prognostic markers. In kidney renal clear cell carcinoma (KIRC), low expression of copper death-promoting genes, such as FDX1 and DLAT, is associated with better survival, whereas high expression of copper death-resistant genes, including CDKN2A and ATP7B, indicates a poor prognosis (Liu and Tang, 2022b).
[image: Figure 2]FIGURE 2 | Schematic diagram of cuproptosis mechanism mediated by the copper ionophores. Copper ionophores facilitate the binding of extracellular copper and its transport into cells. Once internalized, copper interacts with lipoylated mitochondrial enzymes in the TCA cycle, including DLAT, promoting the aggregation of these enzymes. FDX1 (ferredoxin-1) key regulators of protein lipoylation, enhance the clustering of mitochondrial proteins and the depletion of iron-sulfur (Fe–S) clusters. These disruptions collectively induce proteotoxic stress, ultimately resulting in cell death.
According to the data of “cancer statistics, 2024”, the overall 5-year relative survival rate for all cancers combined was 68% between 2013 and 2019 (Siegel et al., 2024). However, significant disparities persisted among cancer types: pancreatic (13%), liver (22%), and lung (25%) cancers exhibited markedly lower survival rates compared to thyroid (99%) and prostate (97%) cancers (Sonkin et al., 2024). Growing recognition of tumor complexity and heterogeneity underscores the urgent need for reliable prognostic biomarkers to optimize personalized therapeutic strategies. Current cornerstone interventions include surgical resection for localized tumors, systemic cytotoxic chemotherapy, localized radiotherapy, molecularly targeted therapies against driver mutations, and immune checkpoint inhibitors (Sonkin et al., 2024). Emerging modalities such as CRISPR-based gene editing, nanoparticle-based drug delivery systems, and photodynamic therapy continue to expand the oncological armamentarium, offering novel avenues for precision oncology (Sonkin et al., 2024). Tumor drug resistance is a complex phenomenon that results from multiple factors. One major factor is the overexpression of ATP-binding cassette (ABC) transporters. For example, the ABCB1 transporter, also known as P-glycoprotein, has been widely studied. Gupta et al. (2019) demonstrated that ABCB1 actively pumps out various chemotherapeutic drugs, such as doxorubicin and paclitaxel, from cancer cells, thereby reducing intracellular drug concentration and leading to drug resistance. Another factor involves the activation of DNA repair pathways. The DNA damage response pathway, including proteins such as BRCA1 and BRCA2, repairs DNA damage caused by chemotherapeutic agents (Panda et al., 2018; Mehta et al., 2021; Mirman et al., 2022). As reported by Lin et al. (2020), breast cancer cells with mutated BRCA1 exhibited enhanced resistance to platinum-based chemotherapy drugs due to the activation of alternative DNA repair mechanisms. In addition, activation of the PI3K/Akt/mTOR signaling pathway promotes cell proliferation and growth, leading to resistance to apoptosis-inducing drugs (Gou et al., 2022; Nath et al., 2022). Wang et al. (Fujimoto et al., 2018) demonstrated that constitutive activation of the PI3K/Akt/mTOR pathway in colorectal cancer cells resulted in resistance to 5-fluorouracil treatment. The MAPK/ERK pathway also plays a crucial role by regulating cell proliferation and differentiation, and its abnormal activation is associated with drug resistance. Wang et al. (2024a) found that overactivation of the MAPK/ERK pathway contributed to resistance to tyrosine kinase inhibitors in lung cancer cells. In addition, the ovarian cancer xenograft model confirms that the crosstalk between PI3K/AKT/mTOR and MAPK/ERK pathways can mediate chemoresistance (Wang L. et al., 2024). Targeting the MAPK/ERK pathway combined with PARP inhibitors significantly reduces tumor burden and extends survival (Li R. et al., 2018). Recent studies suggest that alterations in the cuproptosis pathway can influence tumor drug resistance (Wang Y. et al., 2024; Liu et al., 2023; Zhang et al., 2025). Some cuproptosis-related genes, such as FDX1, are upregulated in drug-resistant cancer cells. As shown by Wang et al. (Huang et al., 2025), restoring FDX1 expression in drug-resistant ovarian cancer cells sensitized them to cisplatin treatment by promoting cuproptosis. Moreover, copper ionophores, which induce cuproptosis, may have the potential to overcome drug resistance. Wang et al. (2024b) demonstrated that a novel ES-Cu nanoparticles copper ionophore reversed resistance in paclitaxel-resistant cell lines by inducing cuproptosis, suggesting that targeting the cuproptosis mechanism may offer a promising strategy to combat tumor drug resistance.
This review provides a comprehensive overview of recent advancements in cuproptosis and its potential therapeutic applications in overcoming tumor resistance. We discuss the critical role of copper in cellular processes and its dysregulation, which selectively induces the death of cancer cells. Additionally, we summarize the mechanisms through which copper ionophores, chelators, and nanodelivery systems facilitate cuproptosis, and assess their therapeutic efficacy in preclinical cancer models. Importantly, we highlight the emerging role of cuproptosis-related genes and agents in counteracting tumor drug resistance, with a focus on mechanisms such as the regulation of mitochondrial metabolism and stress responses, which contribute to therapy evasion in resistant cancer cells. This review integrates recent findings to demonstrate how cuproptosis-based strategies can circumvent resistance, thereby laying the groundwork for the development of novel therapeutic approaches. By combining knowledge of cuproptosis mechanisms with their implications for drug resistance, this review provides valuable perspectives on innovative directions for advancing cancer therapies and addressing the persistent challenge of tumor resistance.
2 KEY CUPROPTOSIS GENES RELATED TO TUMOR DRUG RESISTANCE
Cuproptosis, in the context of antitumor resistance research, is intricately linked to several critical genes, including copper transporter 1 (CTR1/SLC31A1), antioxidant 1 copper chaperone (ATOX1), ATP7A/B, cytochrome c oxidase (COX), and Ferredoxin 1 (FDX1) (Table 1). These genes play vital roles in copper uptake, intracellular transport, and excretion. For instance, reduced CTR1 expression in specific tumor cells limits copper ion influx, diminishing the efficacy of chemotherapy drugs—particularly platinum-based agents that depend on copper metabolism—thereby contributing to drug resistance. Conversely, overexpression of ATP7A and ATP7B enhances copper ion efflux, leading to reduced intracellular copper concentrations. As a result, tumor cells exhibit reduced susceptibility to copper-induced cell death, which may contribute to resistance against drugs such as docetaxel. Furthermore, elevated nuclear FOXO3 levels may suppress the transcription of critical cuproptosis-related genes, such as FDX1, thereby impairing copper-induced cell death and fostering chemotherapy resistance in tumor cells. A thorough analysis of these key genes can deepen our understanding of cuproptosis mechanisms and support the development of novel therapeutic strategies to counteract tumor resistance.
TABLE 1 | Functions of cuproptosis-related genes and their roles in the tumor drug resistance mechanism.
[image: Table 1]2.1 Copper transporter 1, CTR1
CTR1, or Solute Carrier Family 31 Member 1 (SLC31A1), is a high-affinity copper transporter essential for copper import and metabolism (Das et al., 2022; Chen et al., 2024a; Batzios et al., 2022). Primarily localized in the plasma membrane, CTR1 facilitates the uptake of copper from the extracellular environment and is additionally found in intracellular compartments such as endosomes and the Golgi apparatus, where it contributes to copper distribution and regulation (Öhrvik et al., 2016). CTR1’s localization and function are stringently regulated to maintain copper homeostasis, balancing sufficient copper availability for essential processes with preventing toxic accumulation. Dysfunction or altered expression of CTR1 can cause marked changes in intracellular copper levels, potentially initiating copper-induced cell death (Das et al., 2022; Levy et al., 2017). CTR1 primarily imports copper into the cytosol and distributes it to organelles like mitochondria and the Golgi apparatus for enzyme activation (Öhrvik and Thiele, 2015; Chen et al., 2020).
CTR1 could amplify copper uptake, inducing mitochondrial copper accumulation, dysfunction, and reactive oxygen species (ROS) production, ultimately leading to cell death (Wee et al., 2013; Guo et al., 2021; Safi et al., 2014; Parmar et al., 2018). Additionally, the C-terminal HCH sequence of CTR1 regulates the cellular uptake of copper ions and platinum-based chemotherapeutics (Jandial et al., 2009). Both its extracellular N-terminus and intracellular C-terminus contain metal-binding residues that facilitate platinum drug transport (Ishida et al., 2013; Zhang P. et al., 2022). Evidence suggests that reduced CTR1 expression in cancer cells contributes to resistance against platinum-based drugs, whereas enhanced expression sensitizes cells to these therapies (Tsimberidou et al., 2015; Skowron et al., 2018; Kim et al., 2014; Kuo et al., 2021). In platinum-resistant colorectal cancer cells, the expression of copper/platinum transporter CTR1 is significantly reduced, leading to decreased intracellular uptake of platinum drugs such as oxaliplatin, thereby diminishing the therapeutic effect. Azacitidine, a DNA methylation inhibitor, can restore CTR1 expression levels by reversing the hypermethylation status of the CTR1 promoter. This epigenetic regulation may enhance the cytotoxicity of oxaliplatin and overcome platinum resistance (Tsimberidou et al., 2015). In urothelial cancer cell lines treated with cisplatin for a long time, both mRNA and protein expression levels of CTR1 (Copper Transporter 1) are significantly reduced, which is directly correlated with decreased cisplatin uptake. Compared to non-resistant parental cells, the expression of CTR1 in resistant cell lines decreases by 50%–70% (verified by Western blot and qRT-PCR), suggesting that low CTR1 expression is one of the key mechanisms of acquired resistance (Skowron et al., 2018). In tumor tissues of patients with non-small cell lung cancer (NSCLC), there is a significant positive correlation between the protein expression level of CTR1 and the local tissue concentration of platinum-based chemotherapy drugs such as cisplatin and carboplatin (r = 0.58, p < 0.001). The accumulation of platinum drugs in tumors with high CTR1 expression is 2–3 times higher than that in the low expression group (Kim et al., 2014). Cells with a lower basal level of hCtr1 show a greater upregulation of hCtr1 under the action of Cu chelators compared to cells with a higher basal level of hCtr1 (Kuo et al., 2021). Recent research highlights CTR1’s role in mediating intracellular copper transport critical for copper-dependent cytotoxicity. However, in another study, elevated CTR1 levels were observed in two cisplatin-resistant cell lines, cervical adenocarcinoma KB-CP20 and hepatoma BEL-7404-CP20. These 2 cell lines originate from different cell types, and the precise mechanism behind the higher CTR1 levels in highly cisplatin-resistant cells remains unclear. It could potentially be a result of mislocalization or defects in post-translational modifications (Fung et al., 2014). These findings position CTR1 as a potential biomarker for evaluating the efficacy of platinum-based chemotherapeutics, including cisplatin, carboplatin, and oxaliplatin.
2.2 ATP7A and ATP7B
ATP7A and ATP7B are key members of the copper-transporting ATPase family, encoding proteins that play a crucial role in regulating intracellular copper homeostasis (Singla et al., 2021; Yu et al., 2017). ATP7A is broadly expressed across various tissues, whereas ATP7B is primarily localized in the liver (Yu et al., 2017). Both proteins regulate cellular copper homeostasis through copper transport, and their dysfunction is strongly associated with a variety of human diseases, including cancer (Li Y. Q. et al., 2018). ATP7A is essential for transmembrane copper transport, influencing cellular oxidative stress and metabolic processes by modulating intracellular copper levels. Elevated ATP7A expression has been observed in multiple cancer types, correlating with tumor growth and invasiveness (Samimi et al., 2004; Shao et al., 2023). Research has shown that ATP7B overexpression reduces copper accumulation and accelerates copper efflux, thereby diminishing the efficacy of disulfiram (DSF) in cancer cells. Furthermore, the HIF-1 signaling pathway is suppressed in ATP7B knockout HepG2 cells (Mi et al., 2020).
The copper transporters ATP7A and ATP7B primarily mediate drug resistance in cancer cells via two distinct mechanisms. First, these transporters, which participate in copper chelation and excretion, can expel platinum-based drugs similarly to copper efflux (Arnesano and Natile, 2021). Upregulation of ATP7B expression in a human endometrial cancer cell line has been reported to significantly reduce the intracellular concentration of platinum-based drugs (Aida et al., 2005). Second, ATP7A and ATP7B can inactivate platinum-based drugs via chelation. Studies have shown that both ATP7A and ATP7B proteins contain six repeated metal-binding domains (MBDs) at their N-termini, with each binding domain consisting of approximately 70 amino acid residues. The highly conserved CXXC sequence within the MBDs of ATP7A and ATP7B serves as the platinum-binding site, leading to the inactivation of platinum-based drugs via chelation (Dolgova et al., 2009). Overexpression of miR-148a-3p downregulates ATP7A, reversing cisplatin resistance by blocking drug efflux in vitro and in xenograft models (Yu et al., 2020). High ATP7B expression in ovarian tumor biopsies correlates with poor platinum response (reduced progression-free survival) in retrospective cohort studies (Lukanović et al., 2020). Tetrathiomolybdate, a copper chelator, inhibits ATP7B activity in ovarian cancer models, restoring cisplatin sensitivity by blocking drug export (Ryumon et al., 2019; Fang et al., 2019). Studies have shown that elevated MBD expression in cells can enhance resistance to platinum-based drugs (Dolgova et al., 2009). Additionally, DSF and copper interact with ATP7B to decrease the protein levels of COMM domain-containing protein 1 (COMMD1), S-phase kinase-associated protein 2 (Skp2), and clusterin, while significantly increasing the expression of cyclin-dependent kinase inhibitor 1 (p21/WAF1) (Song et al., 2024). Research indicates that docetaxel-resistant prostate cancer cells exhibit copper-dependent nutritional vulnerability via the ATP7B efflux transporter, thereby improving docetaxel treatment efficacy (Song et al., 2024).
Altered ATP7B expression in cancer is also associated with tumor progression and drug resistance. Research indicates that ATP7B can influence the resistance to copper-based anticancer agents, as some tumor cells may upregulate ATP7B to expel intracellular copper, thereby reducing the cytotoxicity of these drugs (Petruzzelli et al., 2022; Li P. et al., 2024). Elevated ATP7B expression and its post-Golgi trafficking have been linked to tumor cell resistance to Pt-based chemotherapy (Petruzzelli et al., 2022). In this context, researchers have identified a novel transcriptional mechanism that regulates ATP7B expression in drug-resistant tumor cells through Pt-dependent transcription factor EB (TFEB) activation (Petruzzelli et al., 2022). ATP7B contributes to platinum resistance by actively exporting cisplatin and carboplatin out of ovarian cancer cells (Arnesano and Natile, 2021). Meanwhile, ATP7B redirects platinum drugs into subcellular compartments (e.g., lysosomes or Golgi apparatus), preventing their interaction with nuclear DNA and reducing DNA damage-induced apoptosis (Tadini-Buoninsegni et al., 2014). In IGROV-CP20 (cisplatin-resistant) cells, Pt induces the translocation of TFEB from the cytoplasm to the nucleus, while in parental IGROV cells, TFEB remains in the cytoplasm regardless of cisplatin exposure (Figure 3A). To assess this, mRNA and protein expression levels of ATP7B were analyzed using qRT-PCR and Western blot, respectively. As shown in Figures 3A,B, both mRNA and protein levels of ATP7B were elevated in platinum-treated cells (Figures 3B,C). Additionally, researchers silenced TFEB in both control and Pt-treated cells to assess the impact of silencing on ATP7B expression (Figure 3D) (Petruzzelli et al., 2022). qRT-PCR data revealed that TFEB depletion in control IGROV-CP20 cells moderately reduced ATP7B expression (Figure 3E). Conversely, IGROV cells treated with Pt exhibited a significantly greater degree of ATP7B downregulation following TFEB knockdown (Figure 3E). Furthermore, treatment of drug-resistant cells with the TFEB inhibitor FK506 showed that FK506 significantly increased Pt toxicity in resistant IGROV-CP20 cells, indicating that TFEB nuclear translocation is essential for drug resistance (Figures 3F,G). Researchers have also reported that combining the apoptosis inducer disulfiram with anti-PD-L1 effectively overcomes drug resistance in non-small cell lung cancer (NSCLC) by regulating the ATP7B-mediated HIF-1 signaling pathway (Ryumon et al., 2019).
[image: Figure 3]FIGURE 3 | TFEB regulates the expression levels of ATP7B to control the proliferation of platinum-resistant ovarian cancer cells. (A) IGROV and IGROV-CP20 cells were subjected to fixation for confocal microscopy either directly (Pt-) or after a 24-h incubation with 50 μM cisplatin (Pt+). Representative confocal images demonstrated that cisplatin treatment induced the translocation of TFEB to the nucleus in resistant IGROV-CP20 cells, but not in the parental IGROV cells. ATP7B mRNA (B) and protein levels [(C) and quantification in (D)] were increased in IGROV-CP20 cells treated with 50 uM Pt compared to the untreated condition. (E) The expression levels of ATP7B were significantly reduced upon silencing of TFEB (siTFEB) compared to the scramble control (siControl), as determined by RT-qPCR analysis. (F) IGROV-CP20 and A2780-CP20 resistant cells were treated with 10 μM FK506 and then exposed to increasing concentrations of cisplatin (Pt). The results of the MTT assay indicated that FK506 enhanced the cytotoxicity of Pt in both cell lines. (Reprinted with permission from Ref. (Petruzzelli et al., 2022). Copyright 2022 by the authors). (G) TFEB modulates ATP7B expression to facilitate platinum chemoresistance in human ovarian cancer cells.
2.3 Cytochrome c oxidase, COX
COX is a crucial enzyme in the mitochondrial respiratory chain that catalyzes the reaction between cytochrome c and oxygen to produce water, an essential component for ATP synthesis (Brischigliaro and Zeviani, 2021; Ishigami et al., 2023). Recent studies have highlighted the integral role of COX in the mechanism of cuproptosis, particularly concerning oxidative stress and mitochondrial dysfunction induced by copper (Swaminathan and Gohil, 2022; Garza et al., 2021). Copper-induced cell death involves the excessive accumulation of copper within cells, leading to increased production of ROS, which causes oxidative damage. Given COX’s central role in the respiratory chain, its activity is significantly influenced by ROS levels. Elevated intracellular copper concentrations can impair COX functionality, leading to decreased efficiency of the mitochondrial respiratory chain. This dysfunction not only impairs ATP generation but may also promote apoptosis or necrosis, establishing a vicious cycle that exacerbates cellular oxidative stress (Rebollo-Hernanz et al., 2022; Xue et al., 2020). The cytochrome c oxidase copper chaperone COX17 is essential in copper metabolism and mitochondrial function, significantly contributing to the process of cuproptosis (Wang et al., 2023b). COX17 facilitates the transport of copper ions into the mitochondria, which is critical for the assembly and activity of cytochrome c oxidase, essential for cellular respiration (Huang D. et al., 2024; Zhu et al., 2023). In the context of cancer, COX17’s role in promoting copper accumulation can lead to mitochondrial dysfunction and increased ROS production (Vanišová et al., 2019). This oxidative stress can damage cellular components, activating pathways that culminate in cell death. COX17 regulates apoptotic signaling by modulating the balance between pro-apoptotic and anti-apoptotic signals, potentially activating caspases that execute the apoptotic process (Sotgia et al., 2017). Moreover, COX17 interacts with a network of copper transporters, such as CTR1, ATP7A, and ATP7B, maintaining copper homeostasis within the cell (Wang et al., 2023b; Cheng et al., 2017). Dysregulation of this network can disrupt COX activity and overall cellular metabolism. The oxidative stress resulting from COX17-mediated copper accumulation can also activate critical signaling pathways, including the p53 and MAPK pathways, thereby linking copper metabolism to cell growth and survival (Xue et al., 2023). Furthermore, there may be crosstalk between the cuproptosis and ferroptosis pathways, as both involve iron-sulfur cluster proteins and oxidative stress. Regulation of COX17 expression may improve the efficacy of copper-based therapies, particularly in tumors sensitive to copper-induced cytotoxicity.
2.4 Antioxidant 1 copper chaperone, ATOX1
ATOX1 is an essential copper transport protein that maintains intracellular copper homeostasis (Cai et al., 2014; Yang et al., 2023). Predominantly located in the cytoplasm, ATOX1 binds copper, maintaining it in a non-toxic form and facilitating its transport to ATP7A and ATP7B, copper-transporting ATPases located in the trans-Golgi network (Hatori et al., 2017). These ATPases subsequently incorporate copper into various enzymes and proteins involved in the secretory pathways. Furthermore, ATOX1 may have nuclear functions, as it can translocate to the nucleus and participate in gene regulation, particularly under conditions of oxidative stress or elevated copper levels (Sudhahar et al., 2022; Weishaupt et al., 2024). In the context of copper-mediated cell death, ATOX1 collaborates with ATP7A and ATP7B to transport copper to the Golgi apparatus. Research suggests that modulating ATOX1 expression levels significantly impacts copper metabolism and cuproptosis mechanisms, with important implications for tumor cell growth and survival. ATOX1 is also critical to the cellular antioxidant defense system (Rivera et al., 2023). Through its regulation of copper transport and metabolism, ATOX1 reduces oxidative stress levels, thereby inhibiting tumor cell proliferation.
In a study investigating damage to normal tissue caused by platinum-based chemotherapy drugs for tumors, researchers induced protein overexpression via lentiviral transfection targeting ATOX1. The subsequent biological activity evaluation revealed that overexpression of ATOX1 led to a significant increase in the levels of ATOX1, CTR1, and SOD3 in HEI-OC1 cells. Meanwhile, the expression levels of ATP7A and ATP7B proteins were significantly reduced. Furthermore, it was demonstrated that overexpression of ATOX1 intervention effectively reduced the apoptosis rate and the number of cells in the G2/M phase (Chen et al., 2024b). In another example, ATOX1 promotes double-strand DNA repair by transcriptionally upregulating the expression of a mediator of DNA Damage Checkpoint 1 (MDC1) (Salguero et al., 2019; Itoh et al., 2008). Knockdown of ATOX1 results in a significant reduction in MDC1 expression and delays the phosphorylation of γ-H2AX, indicating that MDC1 activity is blocked after DNA damage. It has been demonstrated that ATOX1 translocates to the nucleus and binds to the MDC1 promoter in a copper-dependent manner to activate its transcription. Furthermore, research indicates that ATOX1 predominantly facilitates DNA damage repair in gemcitabine-treated Patu 8988T cells via the NHEJ-mediated pathway, resulting in drug resistance (Jin et al., 2022). ATOX1 also interacts with other copper transport proteins, including ATP7A and ATP7B, which are vital for copper metabolism and transport (Spiers et al., 2021). These interactions can influence the sensitivity of tumor cells to copper-based therapies.
2.5 Ferredoxin 1, FDX1
FDX1 is a crucial mitochondrial iron-sulfur protein essential for cellular electron transfer and metal cofactor biosynthesis (Lei et al., 2023; Tsvetkov et al., 2019). FDX1 is indispensable for Fe-S cluster metabolism, orchestrating electron transfer, cluster assembly, and redox balance (Sheftel et al., 2010; Marelja et al., 2018). Its roles span mitochondrial energy production, cytosolic enzyme activation, and cellular stress response (Sheftel et al., 2010; Marelja et al., 2018). FDX1’s involvement in copper-mediated cell death, known as cuproptosis, has garnered significant attention. FDX1 is critical for copper metabolism, particularly in synthesizing iron-sulfur clusters, which are essential components of the mitochondrial respiratory chain. Copper accumulation can disrupt the synthesis or function of these clusters, leading to mitochondrial dysfunction and the initiation of cuproptosis (Yang L. et al., 2022; Zhang Z. et al., 2022; Yang S. et al., 2024). Impairment of FDX1 may further exacerbate this dysfunction, thereby promoting tumor cell death. Furthermore, FDX1 participates in redox reactions within mitochondria, where it can reduce divalent copper to its monovalent form. In the context of cuproptosis, excessive copper accumulation increases ROS production, damaging mitochondrial integrity and inducing apoptosis or necrosis. Thus, FDX1 plays a critical role in regulating oxidative stress responses during copper-mediated cell death (Quan et al., 2023; Wang et al., 2022).
Given its central role in the mechanisms of cuproptosis, targeting FDX1 holds significant research and clinical potential for anti-tumor resistance strategies. Developing small-molecule inhibitors of FDX1 could enhance copper accumulation in tumor cells, thereby promoting cuproptosis, particularly in malignancies that rely on mitochondrial respiration, such as certain ovarian cancers and clear cell renal cell carcinoma (ccRCC). Research has demonstrated that FDX1 is upregulated in cisplatin-resistant cells. To further investigate its role in platinum-based tumor drug resistance, researchers examined the cisplatin-resistant cell lines A2789cis and OVK18cis (Takahashi et al., 2023). Results indicated that FDX1 may contribute to cisplatin resistance in ovarian cancer cells by inhibiting the increase in mitochondrial membrane potential and cisplatin-induced lipid peroxidation. Furthermore, suppressing FDX1 expression can induce apoptosis in cisplatin-resistant cells (Takahashi et al., 2023). Conversely, the upregulation of adrenomedullin (ADM) was found to inhibit FDX1 expression and mediate sunitinib resistance in ccRCC by facilitating FOXO3 phosphorylation and its nuclear translocation (Wei et al., 2024; Lin Z. et al., 2020; Bing et al., 2021; Wang et al., 2023c). Experimental data suggest that the ADM/FOXO3/FDX1 axis may constitute a crucial pathway in sunitinib resistance in ccRCC (Wang et al., 2023c). In another study, excess copper in triple-negative breast cancer (TNBC) activates AKT1, which is associated with resistance to copper toxicity. Specifically, AKT1 inhibits protein lipoylation by phosphorylating FDX1 while regulating tumor metabolic reprogramming, ultimately suppressing cuproptosis (Sun Z. et al., 2025). Future research should further elucidate the molecular mechanisms of FDX1 in cuproptosis and explore its potential roles in tumor resistance. A deeper understanding of the interplay between FDX1 and cuproptosis may foster the development of more effective and safer anti-tumor therapies, particularly for challenging malignancies where cuproptosis mechanisms could offer novel treatment options.
2.6 Other key genes of cuproptosis for tumor resistance
DLAT has been identified as a key mediator of cuproptosis-enhanced sensitivity to docetaxel by inhibiting autophagy and promoting G2/M phase arrest through activation of the mTOR signaling pathway, thereby enhancing docetaxel efficacy both in vitro and in vivo (Wen et al., 2023; Xia C. et al., 2024). Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) is associated with increased genomic instability and enhanced sensitivity to radiation and chemotherapy (Horn et al., 2018; Wu et al., 2022). Tumor regions expressing CDKN2A exhibit distinct infiltration of SPP1(+) tumor-associated macrophages (TAMs), MMP7 enrichment, and unique signaling interactions with adjacent regions (Wan et al., 2023). Moreover, CDKN2A promotes cuproptosis resistance by modulating glycolysis and copper homeostasis, thereby contributing to a malignant phenotype and a pro-tumor microenvironment (Cheng et al., 2024). Elevated expression of CCAAT/enhancer-binding protein beta (CEBPB) accelerates the malignant progression of colorectal cancer (CRC) by activating the PI3K/AKT/mTOR signaling pathway and decreasing CRC cell sensitivity to cuproptosis in a CRC cuproptosis model (Huang T. et al., 2024). In another study, CEBPB enhances autophagy in prostate cancer cells by promoting autophagosome-lysosome fusion and inducing REDD1 expression, whereas its downregulation increases prostate cancer cell sensitivity to bortezomib (Barakat et al., 2016; Wang et al., 2019). NUDT21 overexpression acts as a key regulator of alternative polyadenylation (APA) and exhibits oncogenic properties in prostate cancer, with its unmethylated 3′UTR shortening identified as a novel mechanism underlying enzalutamide resistance (Zhou et al., 2024; Xiao et al., 2023; Lin et al., 2024). Furthermore, downregulation of the RNA methylation regulator YTHDC2 has been associated with cuproptosis resistance in colorectal cancer, with YTHDC2 knockdown attenuating the anti-tumorigenic effects of elesclomol-Cu (Shen et al., 2023; Zhao et al., 2024) (Table 1).
3 CUPROPTOSIS AGENTS RELATED TO ANTI-TUMOR DRUG RESISTANCE
Cuproptosis, a newly recognized form of programmed necrosis, is closely associated with tumor cell fate and resistance to anti-tumor drugs. In this process, copper ionophores and copper chelators play crucial and distinct roles, providing novel insights and potential breakthroughs in tumor treatment (Steinbrueck et al., 2020; Li L. et al., 2024; Bian et al., 2023) (Table 2). Copper ionophores specifically facilitate the transport of copper ions into cells, thereby disrupting intracellular copper homeostasis. Studies have demonstrated that copper ionophores exhibit potent sensitization effects in various drug-resistant tumor cell models, both in vitro and in vivo (Zheng et al., 2022; Feng et al., 2024b). For instance, in platinum-resistant ovarian cancer cell lines, the addition of specific ionophores elevates intracellular copper ion concentrations and activates copper death, thereby inducing significant cell death in previously resistant cells and enhancing chemotherapy sensitivity. In contrast, copper chelators primarily bind to free intracellular copper ions, reducing the concentration of bioactive copper (Ding et al., 2011; Gaál et al., 2018). In the context of tumor drug resistance, cells with abnormal copper metabolism may accumulate excessive copper ions, thereby activating compensatory pathways that facilitate evasion of chemotherapy-induced cell death. Chelators can rectify this overload, inhibit copper ion-mediated abnormal signaling, and restore chemotherapy sensitivity by suppressing related drug resistance proteins, thus reversing drug resistance (Brady et al., 2017). This section provides an overview of current research on copper ionophores and copper chelators in the context of anti-tumor drug resistance. Figures 4, 5 respectively illustrate the structural formulas of common copper ionophores and copper chelators.
TABLE 2 | Overview of cuproptosis related-agents overcome tumor resistance.
[image: Table 2][image: Figure 4]FIGURE 4 | Chemical structures of copper ionophores.
[image: Figure 5]FIGURE 5 | Chemical structures of copper chelators.
3.1 Copper ionophores
3.1.1 Elesclomol, ES
ES is a copper ionophore that selectively targets malignant tumors by inducing copper-mediated cell death (Luo et al., 2024). Its mechanism involves promoting the accumulation of copper within cells, thereby triggering a cascade of lethal responses. ES selectively chelates copper ions (Cu2+), forming a complex that enters the mitochondria. Through the electron transport chain (ETC.), Cu2+ is reduced to Cu+, generating ROS in the process (Gao et al., 2023b; Zhang Q. et al., 2022; Nagai et al., 2010). This mechanism relies on the integrity of the functional mitochondrial respiratory chain (Nagai et al., 2010). In cancer cells with active mitochondrial respiration (such as those with high OXPHOS activity), the electron flow through the, ETC., is enhanced, promoting continuous redox cycling of the ES-Cu complex and leading to a significant elevation in ROS levels (Li et al., 2023). The accumulation of ROS induced by ES exceeds the antioxidant defense capabilities of cancer cells (such as the glutathione system), triggering the collapse of mitochondrial membrane potential and ultimately leading to apoptosis (Wen et al., 2023; Tarin et al., 2023; Modica-Napolitano et al., 2019). A critical aspect of ES action is its role in triggering copper-mediated cell death, where excessive copper results in the abnormal aggregation and degradation of cysteine-rich proteins, particularly iron-sulfur cluster proteins (including FDX1), within the mitochondria (Lu X. et al., 2024; Wang W. et al., 2023). This disruption of the mitochondrial respiratory chain and damage to iron-sulfur clusters culminates in cell death. With the emergence and investigation of the concept of cuproptosis, ES has been revisited as a copper ion carrier for clinical trial research (Wang J. et al., 2024).
In the exploration of the cuproptosis mechanism, ES, characterized as a potent copper ionophore, has emerged as a principal research focus, with the mechanism underlying copper ion-dependent cell death now elucidated (Kahlson and Dixon, 2022; Guo et al., 2023; Wang H. et al., 2024). As copper in the cell culture medium is derived from serum, cells exhibit resistance to ES in a serum-free environment. However, supplementation with copper at a 1:1 ratio fully restores ES sensitivity (Figure 6A) (Kahlson and Dixon, 2022). Copper supplementation renders cells sensitive to treatment with six structurally distinct copper ionophores. In contrast, supplementation with metals such as iron, cobalt, zinc, and nickel fail to enhance cell death (Figure 6B). Treatment with potent copper ionophores (elesclomol, disulfiram, NSC319726) via pulsed exposure for 2 h resulted in an approximately 5- to 10-fold increase in intracellular copper levels, while zinc levels remained unaltered (Figure 6C). Pulsed treatment with the copper ionophore elesclomol at a concentration as low as 40 nM for 2 h resulted in a 15- to 60-fold increase in intracellular copper levels and induced cell death after 24 h (Figure 6D). Although previous reports have indicated that elesclomol induces ROS-dependent apoptosis, the current study reveals that its induction of cell death does not involve the cleavage or activation of caspase 3, a hallmark of apoptosis (Figure 6E). Cells dependent on mitochondrial respiration exhibit nearly a 1000-fold higher sensitivity to copper ionophores compared to glycolytic cells, providing a crucial clue for the pathway mediating copper ionophore-induced cell death (Figure 6F) (Pérez-Henarejos et al., 2015). Furthermore, the mitochondrial uncoupling agent FCCP has no impact on copper toxicity, suggesting that copper-induced cell death requires mitochondrial respiration rather than ATP production (Figure 6G). Moreover, treatment with copper ionophores does not significantly reduce basal or ATP-linked respiration but markedly diminishes spare respiratory capacity (Figure 6H) (Kahlson and Dixon, 2022).
[image: Figure 6]FIGURE 6 | The exploration of the cuproptosis mechanism. (A) The chemical structures of elesclomol (ES) and ES-Cu. (B) Cell viability (MON) after treatment with ES in the presence or absence of 10 μM of the specified metals was evaluated. (C) The levels of copper and zinc were determined by ICP-MS in ABC1 cells following a 2 h pulse treatment with the indicated ionophores or with ES alone, along with supplementation of 1 μM CuCl2 in the medium or pre-mixed in a 1:1 ratio with ES. (D) The viability of ABC1 cells was examined at the designated times after a pulse treatment of ES-Cu (1:1 ratio) and subsequent growth in fresh media. (E) The cleavage of Caspase 3/7 in ABC1 cells 16 h after the indicated treatments (fold change relative to control) was assessed. (F) The viability of NCIH2030 cells cultivated in media containing either glucose or galactose and treated with ES-Cu (1:1 ratio) was determined. (G) The oxygen consumption rate (OCR) was measured after treating ABC1 cells with 2.5 nM ES (along with 1 μM CuCl2 in the media) for 16 h, both before (basal) and after the addition of oligomycin (ATP-linked), the uncoupler FCCP (maximal), or the electron transport inhibitor antimycin A/rotenone (baseline). (H) The oxygen consumption rate (OCR) in ABC1 cells was detected following a 16 h treatment with 2.5 nM ES (+1 μM CuCl2 in media) or the specified concentrations and before and after the addition of oligomycin (ATP-linked), the uncoupler FCCP (maximal) or the electron transport inhibitor antimycin A - baseline. (I) The binding of the designated proteins to copper (Cu), cobalt (Co.), and nickel (Ni) was evaluated through immunoblot analysis of the eluted proteins from the metal-loaded resins as indicated. (J) Copper binding was assessed by loading cell lysates from either ABC1 AAVS1 or FDX1 KO cells onto the copper-loaded resin, followed by washing and analysis of the eluted proteins. The input and eluted proteins are presented. IB stands for immunoblot. (K) The protein content was analyzed in A673 cells that underwent a 2 h pulse treatment with the indicated concentrations of elesclomol. (L) The protein content was analyzed in ABC1 and A549 cells that were pulse-treated with the indicated concentrations of ES. (M, N). Immunofluorescence imaging (green, DLAT–; red, Mitotracker; blue, Hoechst; white, phalloidin). The foci were segmented and quantified under each condition. (O) Schematic illustration of the mechanisms that drive copper-induced cell death. (Reprinted with permission from Ref. (Kahlson and Dixon, 2022). Copyright © 2022 by the authors, some rights reserved; exclusive licensee American Association for the Advancement of Science).
Researchers have also identified that copper directly binds to lipoylated DLAT and induces its oligomerization (Smirnova et al., 2018; Gateau and Delangle, 2014). Purified DLAT and DLST from cell lysates bind to copper resin but do not bind to cobalt or nickel resins (Figure 6I). Interestingly, copper binding to lipoylated proteins in the TCA cycle promotes lipoylated-dependent DLAT oligomerization, detectable by non-denaturing gel electrophoresis (Figures 6J,K). Treatment of elesclomol-sensitive cells enhances the levels of DLAT oligomers and insoluble DLAT. In contrast, treatment of elesclomol-insensitive cell lines or FDX1 knockout (FDX1 KO) cells results in DLAT oligomerization only at substantially higher concentrations (Figure 6L) (Kahlson and Dixon, 2022). Copper binding to lipoylated proteins in the TCA cycle leads to the acquisition of toxic functions. Immunofluorescence experiments demonstrate that short-pulse treatment with elesclomol significantly induces DLAT lesions, which are diminished in FDX1 KO and lipoylation-deficient cells, suggesting that the enhancement of the toxic function of lipoylated proteins following copper ionophore exposure is at least partially mediated by their abnormal oligomerization (Figures 6M,N). The aforementioned studies confirm that copper-dependent cell death originates from the direct binding of copper to lipoylated components in the TCA cycle, resulting in the aggregation of lipoylated proteins, the loss of iron-sulfur cluster proteins, induction of proteotoxic stress, and ultimately cell death (Figure 6O) (Kahlson and Dixon, 2022). Furthermore, it presents a novel action pathway for overcoming tumor drug resistance mechanisms.
3.1.2 Disulfiram, DSF
Disulfiram is a medication traditionally employed in the treatment of alcohol dependence (Lu et al., 2022). Recent studies have demonstrated its potential as an anti-cancer agent, particularly through the induction of copper-mediated cell death in malignant tumors (Skrott et al., 2017). Its anti-tumor activity is primarily attributed to the regulation of copper levels and the induction of intracellular oxidative stress. Upon entering the body, disulfiram is rapidly converted to its active metabolite, diethyldithiocarbamate (DTC), a potent copper chelator that forms stable complexes with copper, thereby significantly increasing intracellular copper concentrations (Xu et al., 2021; Li et al., 2020). This copper-DTC complex enhances the bioavailability of copper within tumor cells, thereby promoting its toxic effects (Li et al., 2020; Wang et al., 2021). Elevated copper levels result in the generation of excessive ROS, leading to heightened oxidative stress, which is particularly detrimental to tumor cells due to their higher metabolic activity and sensitivity to oxidative stress (Yang et al., 2019; Yip et al., 2011; Xie et al., 2023b). Furthermore, disulfiram’s binding to copper inhibits mitochondrial respiratory chain activity, thereby blocking ATP production and causing energy depletion, which accelerates apoptosis in tumor cells (Yang L. et al., 2024). The combination of DSF and copper may also overcome resistance to conventional therapies, such as chemotherapy and radiotherapy, in specific tumors (acute myeloid leukemia (Bista et al., 2017; Xu et al., 2011), hepatocellular carcinoma (Zhang et al., 2024; Ren et al., 2021; Wu et al., 2024), esophageal squamous cell carcinoma (Qian et al., 2023), NSCLC (Falls-Hubert et al., 2020; Wang et al., 2018), and glioblastoma (Huang J. et al., 2019)) due to its unique mechanism of action and regulation of copper metabolism. In addition, DSF can inhibit the ATPase activity of ATP-binding cassette (ABC) transporters, thereby blocking the efflux of chemotherapy drugs such as paclitaxel and doxorubicin, ultimately increasing the intracellular drug concentration. Experimental data suggest that DSF interferes with the conformation of drug binding sites through covalent modification of the sulfhydryl groups of transporters (Sauna et al., 2004). By reversing the drug resistance mediated by the ABC family, DSF can restore the cytotoxicity of paclitaxel in drug-resistant cancer cells overexpressing P-gp, reducing IC50 value by approximately 10-fold. This effect has been validated in breast cancer and ovarian cancer models (Huo et al., 2017; Swetha et al., 2023). Moreover, combining disulfiram with other anti-cancer agents, including platinum-based drugs, has been shown to enhance therapeutic efficacy and reduce the risk of tumor recurrence.
Research on the anti-tumor properties of the DSF/Cu complex has demonstrated its selective cytotoxicity, exhibiting potent anti-tumor effects on malignant cells while displaying minimal toxicity to normal cells. In a study evaluating the anti-proliferative activity and apoptotic effects of the DSF/Cu complex on nasopharyngeal carcinoma CNE-2Z cells and normal nasopharyngeal epithelial NP69-SV40T cells, the EC50 values for DSF were 295.5 nM and 1,354 nM, respectively. When treated with 400 μM DSF/Cu (10 μM), the apoptosis rates in CNE-2Z and NP69-SV40T cells were 58.3% and 5.99%, respectively (Figures 7A,B) (Yang et al., 2017). In contrast to almost no change in the NP69-SV40T cell group, the apoptosis rate of CNE-2Z cells in the DSF/Cu (400 nM)-treated group exhibited a time-dependent increase (Figure 7C). In another investigation, the combination of DSF/Cu and cisplatin was evaluated for its ability to overcome drug resistance in cervical cancer cells (SiHa and HeLa) both in vitro and in vivo (Cao et al., 2022). Drug resistance genes, including LGR5 and related proteins, were evaluated. SiHa and HeLa cells were exposed to 0.1 μM DSF and 0.01 μM CuCl2 (DSF/Cu complex), 10 μM cisplatin (DDP), or a combination of DSF/Cu and DDP (DSF/Cu/DDP) for 48 h. The findings indicated that DSF/Cu/DDP significantly upregulated p53 and p27 protein expression in both cell lines (Figures 7D–G). Notably, DSF/Cu alone induced p53 and p27 expression in HeLa cells. Furthermore, DSF/Cu suppressed the expression of the anti-apoptotic protein Bcl-2 and the multidrug resistance gene ABCG2 in both cell lines. The ABCG2 expression in the DDP-treated group was markedly higher than in the DSF/Cu/DDP-treated group (Figures 7D–G). In vivo experiments using xenograft tumor models in nude mice investigated whether DSF/Cu could target LGR5-positive cervical cancer stem-like cells. A modified transplantation model of LGR5-positive and LGR5-negative SiHa and HeLa cells in BALB/c nude mice was utilized (Figure 7H). Tumors derived from LGR5-positive cells exhibited larger volumes and more rapid growth than those from LGR5-negative cells (Figures 7I,J). However, in the DSF/Cu-treated group, tumor growth was significantly slower, with smaller tumor volumes compared to the DDP and PBS control groups. At the end of treatment, tumor weights in the DSF/Cu group were notably lower than those in the DDP and PBS groups (Figures 7K,L) (Cao et al., 2022). DSF exerts substantial cytotoxic effects on malignant tumors by binding to copper and activating the cuproptosis mechanism, offering new avenues for anti-tumor treatment and promising opportunities for repurposing this traditional drug. Additionally, thiram is being studied as a structural analog of DSF in the anti-tumor direction.
[image: Figure 7]FIGURE 7 | Study on the mechanism of DSF/Cu in anti-tumor drug resistance. (A) DSF/Cu complex cytotoxicity was determined using the dose-dependent curves and in the human nasopharyngeal carcinoma CNE-2Z and normal nasopharyngeal epithelial cells NP69-SV40T. Different concentrations of 50, 100, 200, 400, 800, and 1,600 nM DSF chelated with 10 μM CuCl2 for 6 h. (B) The apoptosis rate of DSF/Cu induced CNE-2Zand NP69-SV40T cells was evaluated using Annexin V-FITC/PI apoptosis detection kit. (C) DSF/Cu complex cytotoxicity was determined using the time-dependent curves in CNE-2Z and NP69-SV40T cells. The time-dependent curve was treated with DSF/Cu 400 nM at 2 h, 4 h, and 6 h (Reprinted with permission from Ref. (Yang et al., 2017). Copyright 2017 Elsevier). (D) DSF/Cu complex has been demonstrated to trigger apoptosis in cervical cancer cell lines (Siha and Hela cells). Western blotting was employed to detect the expression of apoptosis-related proteins, including p53, p27, and Bcl2, as well as the resistance protein ABCG2. (E, F) The ImageJ software was utilized to analyze the relative expression levels of Bcl2 and ABCG2 (F, G). (H) In vivo, xenograft tumor experiments (using female BALB/c-nude mice) have demonstrated that the DSF/Cu and cisplatin treatment groups can inhibit LGR5-positive cervical cancer cells. (I, J) Detection of the volumes of xenograft tumors of LGR5-positive and -negative cervical cancer cells in nude mice under different administration regimens was also carried out. (K and L) Changes in mice body weight during treatments. (Reprinted with permission from Ref. (Cao et al., 2022). Copyright 2022 by the authors).
3.1.3 CuATSM and CuGTSM
CuATSM (copper (II) diacetyl-bis(4-methyl-3-thiosemicarbazone)) and CuGTSM (copper (II) glyoxal bis(4-methyl-3-thiosemicarbazone)) are ionophores that have attracted considerable attention due to their ability to induce copper-mediated cell death, a mechanism specifically targeting malignant tumors (Andres et al., 2020; Cater et al., 2013). These compounds exert cytotoxic effects through several key mechanisms by selectively delivering copper to cancer cells. CuATSM and CuGTSM possess unique properties that facilitate the selective delivery of copper to tumor regions characterized by hypoxia, or low oxygen levels. Tumors often exhibit hypoxic microenvironments as a result of rapid growth and inadequate blood supply. Under these conditions, CuATSM and CuGTSM undergo reduction, resulting in the preferential release of copper into tumor cells. Once inside cancer cells, the released copper catalyzes ROS production, producing oxidative stress that damages essential cellular components such as DNA, proteins, and lipids, ultimately causing cell death (Xie and Wei, 2022). Additionally, copper disrupts mitochondrial function by interfering with the electron transport chain, resulting in a collapse of the mitochondrial membrane potential, impaired ATP production, and the initiation of apoptotic pathways (Obata et al., 2001). The preferential activity of CuATSM and CuGTSM under hypoxic conditions makes them particularly effective for treating tumors resistant to other therapies due to the hypoxic nature of these tumors. Diffuse intrinsic pontine glioma (DIPG), a primary brainstem tumor occurring in children is characterized by its high aggressiveness and resistance to treatment (Roig-Carles et al., 2021; King et al., 2024). The current study demonstrates that CuATSM exerts its effect dose-dependent (1–3 μM), significantly reducing the clonal cell survival rate of SU-DIPG50 and SU-DIPG36 cells. Notably, it has no substantial impact on the survival of normal human astrocytes (NHA). Moreover, CuATSM demonstrates selective cytotoxicity towards DIPG through mechanisms intricately associated with generating H2O2 and copper involvement. Additionally, it exhibits an additive cytotoxic effect when combined with ionizing radiation, further highlighting its potential role in treatment strategies for DIPG (King et al., 2024). In contrast to CuATSM, CuGTSM targets mitochondria and releases copper within these organelles, compromising mitochondrial integrity and energy production by disrupting mitochondrial enzymes and proteins (Holland et al., 2009; Ji et al., 2023). Copper release within the mitochondria can induce apoptosis by promoting cytochrome c release and activating caspases. However, the clinical application of CuATSM and CuGTSM requires careful consideration of their delivery mechanisms, potential toxicity, and the specific tumor microenvironment.
3.1.4 Other copper ionophores
Topoisomerase inhibitors are frequently considered potential options for chemotherapy, as they induce the accumulation of DNA breaks and hinder DNA damage repair, ultimately leading to tumor cell death (Madkour et al., 2023; Conilh et al., 2021). WN197 has been explored as a promising topoisomerase I inhibitor against tumor drug resistance. Studies have shown that it also inhibits topoisomerase IIα and IIβ and exhibits DNA intercalation properties. Furthermore, in adenocarcinoma, WN197 exerts specific cytotoxic effects on 3 cell lines (MDA-MB-231, HeLa, and HT-29) at low concentrations (with an IC50 value below 0.5 µM), significantly lower than the IC50 (1.08 µM) of the human normal breast epithelial cell line MCF-10A. Additionally, a significant upregulation of the DNA damage marker protein γH2AX was observed in the WN197-treated groups (Molinaro et al., 2022). Activating transcription factor 3 (ATF-3), a member of the ATF/CREB transcription factor family, primarily promotes the co-selection of cancer cells by the host and facilitates invasion and metastasis by regulating the host response (Hasim et al., 2018; Chan et al., 2012). Research has demonstrated that the combination of 3-hydroxyflavone (3-HF) and silica nanoparticles downregulates ATF-3 expression in breast cancer cells with bone metastasis. Simultaneously, this combination increases the expression of cytochrome C and caspase 9 while inhibiting the growth of MCF-7 and MDA-MB-231 cancer cells (Abo El-Maali et al., 2019) (Table 2).
3.2 Copper chelators
3.2.1 Tetrathiomolybdate, TM
TM exerts its anti-tumor effects primarily through copper chelation, thereby reducing copper availability in tumor cells and influencing various aspects of cancer progression (Gao et al., 2024; Gao F. et al., 2023). Copper serves as a critical cofactor for several enzymes and growth factors involved in angiogenesis, including VEGF and FGF, which tumors exploit to form new blood vessels that supply vital nutrients and oxygen (Heuberger et al., 2019). By binding to copper, TM depletes both intracellular and extracellular copper levels, inhibiting tumor angiogenesis and limiting nutrient supply, thereby suppressing tumor growth (Gao et al., 2024). TM also inhibits copper-dependent enzymes, such as superoxide dismutase (SOD1) and lysyl oxidase (LOX), which play crucial roles in regulating oxidative stress and remodeling the extracellular matrix—key processes in tumor development and metastasis. By reducing intracellular copper levels, TM diminishes the activity of these enzymes (Morisawa et al., 2018; Chan et al., 2017). For example, inhibiting LOX can decrease tumor cell invasiveness, thereby slowing metastasis. Moreover, copper promotes tumor cell proliferation through signaling pathways such as MAPK and NF-κB. In a mouse model of breast cancer, TM markedly decreased the density of new blood vessels within the tumor, suppressing tumor growth and metastasis. Experimental results indicate that tumor volume decreased by approximately 40% after TM treatment (Ren et al., 2024). TM mitigates the activity of these pathways, promoting apoptosis in copper-dependent tumor cells, including those in breast and liver cancers.
With regard to immune regulation, TM enhances anti-tumor immune responses by reducing the number of regulatory T cells (Tregs), enabling immune cells, such as T lymphocytes and natural killer (NK) cells, to more effectively target tumor cells (Yang J. et al., 2024). Furthermore, TM can counteract chemotherapy resistance, which some cancer cells develop through increased expression of copper transport proteins (e.g., ATP7A and ATP7B). By depleting copper levels, TM diminishes the activity of these transporters, thereby restoring tumor cell sensitivity to chemotherapeutic agents and enhancing traditional cancer treatments (Ishida et al., 2010). Preclinical studies have demonstrated TM’s capacity to inhibit the growth of various tumors, including breast cancer, liver cancer, and glioma, in animal models, further confirming its anti-angiogenic properties. Early-phase clinical trials have suggested TM’s safety in patients with metastatic breast cancer and other solid tumors; however, larger studies are required to validate its efficacy. TM represents a promising multifaceted approach to cancer therapy, involving mechanisms such as angiogenesis inhibition, interference with copper-dependent enzyme functions, apoptosis induction, immune modulation, and overcoming chemotherapy resistance. While preclinical results are promising, further large-scale clinical investigations are required to ascertain TM’s true efficacy in cancer treatment (Chisholm et al., 2016). In breast cancer therapy, TM has been demonstrated to enhance the effects of cisplatin. Studies suggest that combining cisplatin with TM delays tumor growth and reduces cancer stem cell accumulation and cell proliferation in breast cancer models (Chisholm et al., 2016; Kim et al., 2015). This combination treatment significantly decreases proliferation and migration in H1299 and A549 lung cancer cells, elevates ROS levels, and reduces GSH content, resulting in enhanced DNA-Pt adduct formation and increased apoptosis rates (Li et al., 2022).
3.2.2 D-penicillamine
D-penicillamine is a well-established copper chelator, primarily used in the treatment of Wilson disease, and recent studies have underscored its potential anti-tumor activity (Tang et al., 2022; Antos et al., 2023). Similar to TM, D-penicillamine reduces the availability of free copper in cells by binding to it, thereby inhibiting factors such as VEGF and FGF. This inhibition impedes the formation of new blood vessels that supply oxygen and nutrients to tumors. Moreover, D-penicillamine induces oxidative stress in tumor cells by chelating copper and generating ROS, which leads to cellular damage and promotes apoptosis. Elevated ROS levels can disrupt proteins, lipids, and DNA in tumor cells, thereby resulting in cell death and inhibiting tumor growth (Gupte and Mumper, 2007). Evidence indicates that copper chelation may also modify the tumor microenvironment, thus improving the immune response against tumors (Mammoto et al., 2013). By reducing copper-dependent factors that facilitate immune evasion, D-penicillamine may enhance the immune system’s ability to recognize and eliminate cancer cells.
Furthermore, some cancer cells develop resistance to chemotherapy through copper transport mechanisms. By depleting copper levels, D-penicillamine may reverse this resistance and restore the efficacy of certain chemotherapeutic agents. It upregulates the copper influx transporter hCtr1 through the activation of Sp1, which subsequently induces the translocation of p53 from the nucleus to the cytoplasm (Chen et al., 2015). This process results in p53 degradation via ubiquitination and inhibits the expression of the copper efflux transporter ATP7A. The combination of cisplatin and D-penicillamine has been demonstrated to enhance the anti-tumor effects of oxaliplatin in oxaliplatin-resistant S3 xenograft tumors, particularly in cases with downregulated hCtr1 expression and overexpressed ATP7A (Koraishy et al., 2013). Despite its potential, the clinical limitations of D-penicillamine primarily stem from its nonspecific metal chelating properties (resulting in nephrotoxicity and hepatotoxicity), immunogenicity (leading to Goodpasture’s syndrome-like manifestations or systemic lupus erythematosus (SLE)-like symptoms in approximately 5%–10% of patients), and the cumulative toxicity of its metabolites. To balance efficacy and safety, individualized dose adjustments, regular monitoring (including urine protein, liver, and kidney function tests), and avoidance of high-risk combination regimens are necessary (Koraishy et al., 2013).
3.2.3 Triethylenetetramine, TETA
TETA (or Trientine) is a copper chelator primarily used for the treatment of Wilson disease by effectively reducing copper levels in the body. Recent studies suggest that TETA also regulates copper metabolism and exhibits potential anti-tumor effects, particularly in tumors with abnormal copper levels (Yoshii et al., 2001). The anti-tumor mechanisms of TETA are multifaceted. It reduces intracellular copper levels in tumor cells, thereby inhibiting their growth and proliferation by depriving them of essential copper, which disrupts critical biological processes (Yoshii et al., 2001). Copper is implicated in tumorigenesis through signaling pathways such as receptor tyrosine kinases (RTKs), autophagy, and Notch signaling. By chelating copper, TETA modulates these pathways, thereby further suppressing tumor proliferation and invasion (Kazakova et al., 2020; Zhao et al., 2022).
Furthermore, TETA has been investigated in combination with chemotherapy agents to augment anti-tumor effects. Research indicates that combining TETA with carboplatin and pegylated liposomal doxorubicin (PLD) is safe and effective for patients with epithelial ovarian cancer (EOC), fallopian tube cancer, and peritoneal cancer, particularly those with disease progression during or shortly after platinum-based chemotherapy (Huang Y. F. et al., 2019). Pharmacokinetic studies revealed enhanced absorption and more rapid elimination of TETA in these patients, with clinical benefit rates of 33.3% in platinum-resistant and 50.0% in partially platinum-sensitive groups (Huang Y. F. et al., 2019). Moreover, TETA promotes ROS generation, thereby inducing apoptosis in tumor cells (Yin et al., 2016). When used in conjunction with immunotherapy agents such as PD-L1 inhibitors, TETA enhances anti-tumor immune responses via copper-dependent cell death. TETA significantly contributes to anti-tumor therapy as a copper chelator, functioning through the reduction of intracellular copper levels, modulation of signaling pathways, enhancement of chemotherapy efficacy, induction of apoptosis, and improvement of anti-tumor immune responses when combined with immunotherapy. Future research should further elucidate the anti-tumor mechanisms of TETA and optimize its clinical applications, thereby offering new strategies for cancer treatment.
3.2.4 Clioquinol, CQ
CQ is a copper chelator initially employed in the treatment of skin infections and amoebic dysentery, but it has recently attracted attention for its potential as an anti-tumor agent (Bareggi and Cornelli, 2012; Lu et al., 2018). In the tumor microenvironment, CQ functions both as a copper ion chelator to deplete intracellular copper ions and to inhibit the activity of copper - dependent enzymes such as SOD1, leading to ROS accumulation and mitochondrial dysfunction, and as a direct inhibitor of 26S proteasome activity, impeding the degradation of ubiquitinated proteins and resulting in the abnormal accumulation of misfolded proteins within cells (Sun H. et al., 2025). Its anti-tumor mechanism primarily entails the regulation of metal ions, particularly copper and zinc (Yap et al., 2021; Katsuyama et al., 2021). Regulation of breast cancer resistance protein (BCRP), an efflux transporter at the blood-brain barrier, may influence the levels of drugs and endogenous substrates in the brain (Yap et al., 2021). Previous studies have demonstrated that the metal chelator CQ can augment the abundance of P-glycoprotein (P-gp) in the blood-brain barrier, which is associated with elevated Cu2+ levels in endothelial cells (Yap et al., 2021; Schimmer, 2011). Consequently, researchers sought to determine whether CQ could modulate the abundance and function of BCRP in human cerebral microvascular endothelial cells (hCMEC/D3). The hCMEC/D3 cells were exposed to CQ, Zn2+, and Cu2+ (collectively referred to as CZC at 0.5 mM, 0.5 mM, and 0.1 mM, respectively) for 24 h. Subsequently, WB and qPCR data were employed to detect the mRNA and protein abundances of BCRP. Following optimization studies, chlorpromazine (BP) and Ko143 were evaluated for their specificity as a BCRP substrate and inhibitor, respectively, and the impact of CZC on BP uptake was assessed. Results indicated that CZC did not increase BCRP mRNA expression but resulted in a 1.8 ± 0.1-fold increase in BCRP abundance, correlating with a 68.1% ± 3.3% reduction in BP accumulation within hCMEC/D3 cells (Yap et al., 2021). Furthermore, it promotes the generation of ROS, inducing oxidative stress that damages DNA, proteins, and lipids in cancer cells, ultimately triggering apoptosis. This effect is particularly pronounced in tumors exhibiting abnormal copper metabolism. CQ also inhibits proteasome activity, a crucial cellular process responsible for degrading damaged proteins. This inhibition leads to the accumulation of damaged proteins, further inducing apoptosis, particularly in cancer cells (Yu et al., 2010). Studies have shown that CQ (20–50 µM) significantly increases intracellular copper levels within 24 h, whereas chloroquine (50 µM) induces the oxidation and subsequent inactivation of ATOX1, thereby impairing copper transport. Moreover, CQ chelates copper to suppress the NF-κB signaling pathway, which regulates inflammation, cell proliferation, and anti-apoptotic processes (Baum and Ng, 2004). Through NF-κB inhibition, CQ enhances apoptosis in cancer cells and effectively suppresses tumor progression. Its anti-tumor efficacy has demonstrated promising results across various cancer models, including prostate, breast, and brain cancers.
3.3 Cuproptosis nanodelivery system related to tumor drug resistance
The nanodelivery system holds significant potential in the modulation of cuproptosis. Through the application of various approaches, including copper ion chelators, copper ionophores, mitochondrially targeted drugs, gene therapy vectors, and the development of combined treatment platforms, nanodrug delivery can modulate copper ion homeostasis, mitochondrial metabolic disorders, and associated signaling pathways in the context of cuproptosis (Chen et al., 2022; Kahlson and Dixon, 2022). By modulating the cuproptosis process through various mechanisms, nanodrugs offer novel strategies for treating diverse diseases, particularly those linked to copper ion homeostasis dysregulation, such as tumors and neurodegenerative diseases. This review primarily focuses on summarizing the latest advancements in cuproptosis nanodelivery for tumor treatment, particularly in overcoming tumor drug resistance.
Lenvatinib resistance (LenR) in hepatocellular carcinoma (HCC) has emerged as a significant and challenging obstacle, contributing to the persistently high global cancer-related mortality rate (Li X. et al., 2024). LenR in HCC primarily arises from the enhanced stemness of cancer cells, which distinguishes it from traditional chemoresistance mechanisms (Li X. et al., 2024; Llovet et al., 2022; Eun et al., 2023). The copper-induced cell death (cuproptosis) mechanism of DSF/Cu holds promise for overcoming LenR in HCC. However, DSF exhibits poor water solubility, and copper ions are linked to systemic toxicity concerns during widespread application. In a specific study, researchers employed a method of co-encapsulating DSF and CuO nanoparticles (NPs) to form an oil-in-water Pickering emulsion (DSF@CuO), thereby increasing the concentrations of DSF and copper ions within the tumor microenvironment (TME) (Figure 8A). Subsequently, DSF@CuO was combined with sodium alginate (SA) to form a DSF@CuO-SA solution, which could undergo in situ gelation in the presence of Ca2+ within the TME, resulting in the formation of DSF@CuO gel (Figure 8B). This approach not only enhanced the stability of the Pickering emulsion but also ensured the sustained release of DSF and copper ions (Li X. et al., 2024).
[image: Figure 8]FIGURE 8 | The preparation of DSF@CuO Gel hydrogel injection and evaluation bioactivity in LenR carcinoma. (A) Schematic representation of DSF@CuO Gel hydrogel injection for the treatment of lenvatinib-resistant hepatocellular carcinoma (LenR HCC). (B) Schematic depiction of the DSF@CuO Gel synthesis process. (C–F) Effects of various treatment groups on colony formation assays and apoptosis induction in LenR-Huh7 cells. (G–H) Evaluation of the cytotoxic effects of the treatment groups on tumor spheroids derived from LenR-Huh7 cells. Treatment groups include G1 (corn oil), G2 (DSF), G3 (CuO NPs), G4 (Len@CuO), and G5 (DSF@CuO). (I) DSF@CuO Gel has been demonstrated to possess the ability to inhibit tumor growth within LenR mouse models. A schematic diagram is provided to illustrate the treatment procedure in detail. (J) Quantitative evaluation was conducted to assess the sustained release effects of DSF, DSF@CuO, and DSF@CuO Gel in mouse models. (K) Photographs were taken of the dissected mouse tumor tissues after the completion of the treatment. (L) The in vivo tumor volume curve was plotted to reflect the changes during the treatment process for each group of mice. (M) Survival analysis was carried out on mice across different treatment groups. (Reprinted with permission from Ref. (Li X. et al., 2024). Copyright 2021 by the authors).
In the in vitro biological evaluation, the experiment was divided into five groups: G1 (Corn Oil), G2 (DSF), G3 (CuO NPs), G4 (Len@CuO), and G5 (DSF@CuO). The colony formation assay further supported the anti-proliferative effect of DSF@CuO, consistent with the CCK8 assay results, suggesting its anti-tumor potential (Figures 8C,D). The apoptosis rate was measured using Annexin V-FITC and PI double staining. The results revealed that the apoptosis rate of LenR Huh7 cells treated with DSF@CuO was significantly higher compared to the control group (Figures 8E,F). Furthermore, data from the 3D tumor spheroid model demonstrated that the number of dead cells (in red) was greatest, further confirming its therapeutic potential within the tumor microenvironment (Figures 8G,H). Collectively, these results suggest that DSF@CuO exerts a potent cytotoxic effect on LenR HCC cells in vitro. Subsequently, a subcutaneous model of LenR HCC was established in nude mice for in vivo evaluation. The data revealed that the CuO gel degraded in approximately 22 days, outperforming the 11-day degradation of DSF@CuO emulsion and the 5-day degradation of single-injected DSF, thereby demonstrating excellent drug retention and sustained release properties (Figures 8I,J). Twenty-five mice were randomly assigned to five groups (SA, DSF, CuO NPs, DSF@CuO, and DSF@CuO gel) for evaluation of treatment efficacy. The tumor volume in the DSF@CuO treatment group initially decreased and then increased, while the tumor volume in the DSF@CuO gel group continuously decreased, suggesting that the sustained-release effect of the hydrogel improved treatment efficacy (Figures 8K-M) (Li X. et al., 2024).
In addition to classical drug efflux transporter-mediated chemoresistance, cancer cells exhibiting stemness characteristics play a critical role in evading the full impact of chemotherapy (Ayob and Ramasamy, 2018). To improve the sensitivity of cancer chemotherapy, researchers adopted a novel approach by coordinating the Hedgehog pathway inhibitor ellagic acid (EA) with Cu2+, which was used to develop a nanoscale metal-organic framework (EA-Cu). This framework was then loaded with doxorubicin (DOX) and modified with targeted chondroitin sulfate (CS), resulting in the formation of the CS/E-C@DOX nanoplatform (CS/NPs) (Figure 9A) (Lu S. et al., 2024). EA inhibits stemness maintenance by suppressing the Hedgehog pathway, while Cu2+ further diminishes the stemness characteristics of tumor cells through disruption of mitochondrial metabolism, thereby enhancing DOX-mediated chemotherapy. The researchers successfully synthesized CS/NP, as illustrated in Figure 9B. Structural characterization through X-ray diffraction (XRD) revealed that CS/NPs possess an amorphous structure, with an average diameter of 108.2 nm (Figure 9C). As depicted in Figure 9D, the zeta potential of CS/NPs is approximately −19 mV, which helps prevent their aggregation in aqueous solutions. Furthermore, CS/NPs exhibited a high capacity to induce oxidative stress, generating OH as determined by electron spin resonance (ESR), leading to mitochondrial oxidative damage (Figure 9E) (Lu S. et al., 2024). Internalization is crucial for promoting drug accumulation in tumor cells, thereby ensuring effective treatment. To assess the internalization and anti-tumor resistance efficacy of CS/NPs, researchers performed experiments, including immunofluorescence and flow cytometry, using MCF-7 and doxorubicin-resistant MCF-7Adr cells. The data demonstrated that CS/NPs entered tumor cells and achieved maximum intracellular accumulation after 4 h of incubation (Lu S. et al., 2024). Furthermore, CS/NPs exhibited the highest fluorescence intensity in MCF-7, MCF-7Adr, and 4T1 cells compared to other groups, enhancing uptake efficiency in drug-resistant tumor cells (Figure 9F). In evaluating the cytotoxic effect of CS/NPs through cell anti-proliferation experiments, the equivalent dose of CS/NPs exhibited a more pronounced inhibitory effect on cell proliferation in both parental and drug-resistant cancer cells compared to the DOX, EA-Cu, and NPs groups (Figures 9G–J) (Lu S. et al., 2024). Moreover, data from the in vivo MCF-7Adr tumor-bearing BALB/c nude mouse model demonstrated that this nanoplatform exhibited multifaceted efficacy, including inhibition of tumor growth, overcoming treatment resistance, alleviating tumor metastasis and recurrence, and exhibiting low toxicity.
[image: Figure 9]FIGURE 9 | The anti-tumor resistance efficacy of CS/NPs in MCF-7 and doxorubicin-resistant MCF-7Adr cells. (A) EA was added to a 0.1 M sodium hydroxide solution, stirred for 24 h, and subsequently mixed with an equimolar copper ion solution. After continuous stirring, the mixture was centrifuged to collect the precipitate. The supernatant was freeze-dried to obtain EA-Cu nanoparticles, which were then combined with DOX at a 1:1 M ratio to form NPs. The resulting NPs were dispersed in a chondroitin sulfate (CS) aqueous solution to generate CS/NPs. (B) Schematic representation of CS/NP synthesis. (C) TEM images and size distribution analysis of CS/NPs. (D) Zeta potential measurements of EA-Cu, NPs, and CS/NPs. (E) Detection of hydroxyl radical (·OH) generation using electron spin resonance (ESR) analysis. (F) Cellular uptake of DOX, EA-Cu, NPs, and CS/NPs in MCF-7Adr cells following 4 h of incubation. (G, H) Cell viability assays for MCF-7Adr and MCF-7 cells treated with the indicated formulations. (I, J) Determination of IC50 values for DOX across different treatment groups in MCF-7Adr and MCF-7 cells. (Reprinted with permission from Ref. (Lu S. et al., 2024). Copyright 2023 Wiley).
In recent years, numerous studies on nanodelivery systems have utilized the mechanism of cuproptosis to address and mitigate drug resistance in malignant tumors. Specifically, in the context of breast cancer treatment, where drug resistance is a significant concern, several nanomaterials—such as Cu/ZIF-8@DSF@GOx/HA (Xia J. et al., 2024), Copper oxide (Cu4O3) nanoparticles (Abu-Serie and Abdelfattah, 2023), Cu2−XTe Nanocubes (Poulose et al., 2016), PWCu nanocapsules (Liao et al., 2024), Cu9S8 NPs (Guan et al., 2024), and CuPEs@PApt nanoplatforms (Wang S. et al., 2024)—have been investigated (Table 3). These nanomaterials can deliver agents to modulate the concentration of copper ions within cells, thereby inducing cuproptosis. They have demonstrated the ability to reverse or reduce drug resistance to doxorubicin, acquired radiation resistance, and multidrug resistance to some extent. Regarding drug resistance in prostate cancer (Chen et al., 2018), Cu(DDC)2 NPs have demonstrated favorable cytotoxic activity against drug-resistant prostate cancer cells, as well as other cancer cells, with an IC50 value of approximately 100 nM. Moreover, Cu(DDC)2 NPs can induce cell death in paclitaxel-resistant prostate cancer cells (DU145-TXR) via a paraptosis mechanism. In non-small cell lung cancer research on anti-tumor drug resistance (Jiang M. et al., 2022; Jiang Y. et al., 2022), the C4/HSA-C4 NP plays a pivotal role. It targets multiple aspects of the tumor microenvironment (TME), acting on mitochondrial DNA (mtDNA) to kill tumor cells and induce apoptosis. Furthermore, it can polarize M2 macrophages into M1 macrophages and suppress angiogenesis, ultimately overcoming cisplatin resistance.
TABLE 3 | Overview of cuproptosis related-nanoplatform overcome tumor resistance.
[image: Table 3]Nanodelivery holds considerable promise for cuproptosis-based cancer treatment. However, several challenges impede its clinical application. Key concerns include biocompatibility and safety, as the long-term effects of many nanomaterials remain unclear, necessitating further investigation to ensure minimal toxicity in humans. Moreover, individual variability in tumor microenvironments can influence the delivery efficiency and therapeutic efficacy of nanocarriers, highlighting the importance of personalized treatment strategies. Furthermore, the development of high-quality, controllable manufacturing processes is essential for large-scale production and clinical use of these nanocarriers, as complex manufacturing techniques may limit their broader application. By encapsulating copper or related drugs within nanocarriers, nanodelivery technology enhances targeting, stability, and minimizes side effects, positioning it as a promising platform for future cancer therapies, particularly for difficult-to-treat tumors. Nonetheless, further clinical research is crucial to overcoming these challenges and facilitating the transition of this technology from the laboratory to clinical practice.
4 CONCLUSION
Copper serves as a crucial cofactor for numerous enzymes involved in redox reactions. For example, cytochrome c oxidase, located in the inner mitochondrial membrane, is a critical component of the electron transport chain, facilitating the final oxidation-reduction step that generates water molecules. Copper-zinc superoxide dismutase (Cu/Zn-SOD) is essential for converting superoxide radicals into oxygen and hydrogen peroxide, functioning as an antioxidant that protects cells from oxidative damage (Feng et al., 2016; Kim et al., 2011). Moreover, copper is integral to iron metabolism, particularly in regulating iron absorption, transport, and storage (Doguer et al., 2018; Tang et al., 2024). Ceruloplasmin, a copper-containing enzyme synthesized in the liver, oxidizes Fe2+ to Fe3+, facilitating transferrin-mediated iron transport throughout the body. Furthermore, copper is crucial for the proper functioning of the nervous system, influencing neurotransmitter synthesis and release (Schmidt et al., 2018). Copper-dependent enzymes, such as dopamine β-hydroxylase, play a role in converting dopamine into norepinephrine. In the immune system, copper is critical for the proliferation and functionality of immune cells; deficiencies can result in leukopenia and impaired immune responses (Muñoz et al., 2007; Lu J. et al., 2024). Moreover, copper functions as a cofactor for lysyl oxidase, which catalyzes the cross-linking of collagen and elastin, essential for maintaining the structural integrity and elasticity of connective tissues (Kothapalli and Ramamurthi, 2009; Ogen-Shtern et al., 2020). Copper is also essential to the antioxidant enzyme system, where it helps neutralize free radicals and reduce oxidative stress, thereby protecting cellular integrity. However, maintaining copper homeostasis is crucial, as abnormal copper metabolism can result in various diseases. For example, Wilson disease is a rare genetic disorder characterized by disrupted copper metabolism in the liver and other tissues, leading to elevated copper levels and subsequent accumulation in organs, causing severe pathological changes. Moreover, abnormal copper metabolism is associated with conditions such as Menkes disease.
Cuproptosis, an emerging form of cell death, has gained significant attention in recent years, particularly in cancer research (Han et al., 2024; Teschke and Eickhoff, 2024; Kahlson and Dixon, 2022). Copper is an essential trace element that plays a crucial role in numerous biological processes, including mitochondrial respiration, antioxidant defense, and enzyme catalysis. However, dysregulation of copper homeostasis can result in pathological conditions such as neurodegenerative diseases and cancer. The discovery that excessive accumulation of copper can induce cell death through a distinct pathway has opened new avenues for therapeutic intervention. Unlike traditional apoptosis or necrosis, cuproptosis involves distinct mechanisms, including the direct binding of copper to fatty acyl components of the TCA cycle, resulting in protein aggregation, mitochondrial dysfunction, and subsequent cell death (Kahlson and Dixon, 2022). This understanding has stimulated the development of copper-based therapeutic strategies, including copper ionophores, chelators, and complexes, aimed at exploiting the vulnerability of cancer cells to copper-induced cytotoxicity. Furthermore, the complex interactions between copper metabolism and various signaling pathways offer potential for combination therapies, enhancing the efficacy of existing cancer treatments. As research advances, the focus is shifting towards optimizing the selectivity and delivery of copper-based formulations to maximize therapeutic efficacy while minimizing off-target effects. Promising preclinical results emphasize the need for further investigation to translate these findings into clinical applications, paving the way for innovative and effective cancer therapies. Several preclinical studies and early-phase clinical trials of cuproptosis inducers are currently underway, primarily focusing on evaluating the safety, efficacy, and synergistic effects of cuproptosis inducers in combination with other treatment modalities.
This review provides a comprehensive overview of the latest advancements in cuproptosis research and its significance in tumor resistance therapy. This review systematically summarizes the research progress regarding copper ionophores, copper chelators related to cuproptosis, and nanodelivery systems in the field of anti-tumor drug resistance. Current in vitro and in vivo studies have clearly demonstrated that copper ionophores (ES, DSF, CuATSM, and WN197) can enhance anti-tumor activity by regulating the intracellular copper ion concentration and inhibiting the functions of DNA damage repair proteins, thereby providing a novel approach to overcome tumor drug resistance. On the other hand, copper chelators (TM, D-penicillamine, TETA, and CQ) are capable of regulating the abnormal overload state of copper ions, consequently restoring the sensitivity of tumor cells to chemotherapy drugs. Meanwhile, nanodelivery systems have exhibited remarkable advantages in improving the tumor targeting ability of these substances and optimizing their pharmacokinetic properties. Moreover, various combination application strategies have also enhanced the anti-tumor drug resistance effect to a certain extent, laying a solid foundation for further in-depth exploration. A deeper understanding of cuproptosis and its therapeutic potential may lead to more effective and safer cancer treatments.
5 FUTURE DIRECTIONS
Cuproptosis, an emerging form of cell death, has demonstrated promising potential in evaluating anti-tumor drug resistance, as evidenced by numerous studies. However, several challenges remain in understanding the mechanism of cuproptosis. As an emerging tumor treatment modality, the clinical application of copper death may be limited by delivery efficiency, drug resistance mechanisms, and the absence of biomarkers. For example, the mechanism of cuproptosis involves a complex array of molecular regulatory networks and intricate copper ion metabolism processes within cells. Moreover, developing copper ionophores and chelators that specifically target tumor cells while maintaining robust safety profiles remains a significant challenge. Furthermore, the goal of nanodelivery systems is to facilitate the precise targeting of drugs to tumor sites, enabling on-demand release. In addition, constructing multifunctional nanodelivery platforms capable of combining multiple anti-tumor drugs to exert synergistic effects remains a challenge. Despite these challenges, copper ionophores, copper chelators associated with cuproptosis, and nanodelivery systems offer promising prospects in the field of anti-tumor drug resistance. Through interdisciplinary collaboration, the integration of multiple technologies, and the close combination of basic research with clinical applications, substantial breakthroughs are expected in overcoming tumor drug resistance, ultimately offering more effective treatment options for cancer patients. Systematic approaches such as CRISPR screening will be necessary to analyze drug resistance driver genes, and strategies can be optimized through the integration of nanotechnology, metabolic intervention, and immunotherapy. For instance, by utilizing a whole-genome CRISPR knockout library combined with copper death inducers, key genes regulating copper sensitivity (such as copper transporter genes and mitochondrial metabolism-related genes) can be identified. Additionally, integrating the IC50 data of cell lines to copper death inducers with gene editing results can verify the impact of candidate genes on drug sensitivity (Cheng et al., 2024; Liu and Wang, 2024). Focusing on multi-target combination therapies, personalized precision treatments, innovative carrier development, and in-depth mechanistic studies can significantly enhance the effectiveness of copper-based anti-tumor therapies, providing safer, more effective options for patients. Moreover, investigating the potential synergistic anti-tumor effects of inhibiting mitochondrial respiration and glycolysis warrants further exploration.
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DSF@CuO gel induces mitochondrial Li et al. (2024c)
dysfunction and triggers cuproptosis in

lenvatinib-resistant hepatocellular carcinoma

cells through the downregulation of DLAT,

LIAS, and CDKN2A, while enhancing the

expression of FDX1

CS/NPs exhibit potent anti-tumor activity and | Lu et al. (2024b)
effectively reverse doxorubicin resistance

In situ, chelation of Cu** with DSF generates
cytotoxic CuETs, and the concomitant
depletion of ATP inhibits P-glycoprotein
function, thereby reducing CuET efflux and
overcoming multidrug resistance-mediated
chemotherapy

Xia et al. (2024b)

Copper oxide (Cu,05) nanoparticles,
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Diethyldithiocarbamate

PLA-PEG

MBC

PC

Abu-Serie and Abdelfattah
(2023)

CD NPs demonstrate a greater potential to
induce apoptosis, inhibit hypoxia-inducible
factor genes, and eradicate CD44" cancer stem
cells by downregulating key genes associated
with stemness, chemoresistance, and metastasis,
while also reducing hepatic tumor markers,
such as a-fetoprotein

Cu(DDC), nanoparticles (NPs) demonstrate | Chen et al. (2018)
potent anti-cancer activity, inducing paraptosis

in drug-resistant prostate cancer cells (DU145-

TXR) with an ICsy of approximately 100 nM

Cu, xTe Nanocubes

HSA-C4 NPs

PWCu nanocapsules

CugSg NPs, CAPSH

CuPEs@PApt

Copper telluride

HSA

CuO octahedra
encapsulated

CugSs

Polyvalent aptamer

BC

NSCLC

BC

BC

BC

Mulifunctional Cuy yTe nanocubes, exhibiting | Poulose et al. (2016)
strong near-infrared absorbance, serve as

effective chemo-photothermal-photodynamic

agents for cancer therapy and are capable of

overcoming resistance in hypermethylated

cancer cells, while also enabling photoacoustic

and X-ray contrast imaging

HSA-C4 NPs effectively inhibit AS49cisR
tumor growth and metastasis by targeting
‘multiple aspects of TME, including inducing
apoptosis through mtDNA damage,
reprogramming M2 macrophages to the

MI phenotype, and inhibiting angiogenesis,
thereby overcoming cisplatin resistance

Jiang et al. (2022b), Jiang et al.
(20220)

PWCu nanocapsule releases copper ions ina | Liao et al. (2024)
controlled manner upon ionizing radiation,

triggering cuproptosis that overcomes acquired

radiation resistance at clinically relevant doses

while inducing a robust abscopal effect and

achieving a 40% cure rate in both radioresistant

and re-irradiation tumor models

CuySy-based nanoplatform (CAPSH) precisely | Guan et al. (2024)
targets tumor tissues, enhances cuproptosis

through ATP7A interference, and integrates

thermodynamic therapy with immune

modulation

CuPEs@PApt efficiently targets tumor cells,
inducing cuproptosis and immunogenic cell
death while ensuring accurate, safe delivery of
cuproptosis-inducing agents to enhance tumor
cell destruction

Wang et al. (2024g)
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Compoun Tumor type Drug resist: umor resistance mechanism Ref

ES/CuCl, PC Docetaxel Regulation of the DLAT/mTOR pathway suppressed autophagyand | Wen et al. (2023)
induced G2/M phase arrest, thereby enhancing cellular
chemosensitivity to docetaxel

DSF/Copper cc Cisplatin DSF/Cu effectively downregulated Bel-2 and ABCG2 expression,  Zhang et al. (2024)
thereby modulating anti-apoptotic and multidrug resistance
pathways in both cell lines

DSF/Cisplatin BC Cisplatin DSF potentiates the cytotoxicity of cisplatin by suppressing Yang et al. (2019)
stemness and overcoming cisplatin resistance in ALDH" stem-like
cells

DSE/Copper BC Paclitaxel DS combined with copper induces the generation of ROS and | Yip et al. (2011)

activates downstream apoptosis-related pathways, including c-Jun
N-terminal kinase (NK) and p38 MAPK signaling

DSF/Copper BRAF"“.mutated | Vemurafenib (PLX4032) DSF/Cu enhances the sensitivity of BRAF-mutant thyroid cancer | Xie et al. (2023b)
thyroid cancer cells to PLX4032 by inhibiting HER3 and AKT ina ROS-dependent
‘manner, thereby alleviating the feedback activation of the MAPK/
ERK and PI3K/AKT pathways

DSF/Copper AML Cytarabine, bortezomib Bortezomib-resistant variants demonstrated cross-resistance to | Bista et al. (2017)
Carfilzomib and MG132 while retaining sensitivity to DSF/Cu®,
which selectively induced ubiquitination, apoptosis, and PARP
cleavage without affecting chymotrypsin-like proteasome activity

DSF/Copper HCC Salicylazosulfapyridine, DSF/Cu inhibited ubiquitination-mediated proteasomal Zhang et al. (2024)
erastin degradation of xCT, leading to its accumulation, and suppressing
this compensatory xCT increase enhanced the sensitivity of HCC
cells to DSF/Cu, offering a potential strategy to overcome drug
resistance and improve tumor therapy

DSE/Copper Leukemia Doxorubicin DSF/Cu complex may re-sensitize HL60/Dox cells to Dox through | Xu et al. (2011)
activating JNK/c-jun as well as inhibiting anti-apoptotic bel-2
expression

DSE/Copper HCC Sorafenib DSF/Cu synergistically enhanced the cytotoxic effects of sorafenib | Ren et al. (2021)

and inhibited tumor growth both in vitro and in vivo by
concurrently suppressing the NRF2 and MAPK signaling pathways

DSF/Copper ESCC ALDHI-positive DSF/Cu enhanced radiosensitivity in ALDHI-positive ESCC cells = Qian et al. (2023)
by effectively downregulating the phosphoinositide 3-kinase/Akt
signaling pathway

DSE/Copper NSCLC Normoxia, hypoxia DSF/Cu selectively enhanced the cytotoxic effects of radiation and | Falls-Hubert et al.
chemotherapy on NSCLC cells, particularly under hypoxic (2020)
conditions, while reducing resistance to these treatments, compared
to its effects on HBECs

DSF/Copper HCC Lenvatinib DSF/copper modulation of FOXO6 enhances the sensitivity of | W et al. (2024)
hepatocellular carcinoma to lenvatinib by disrupting choline
metabolism

DSF/Copper NSCLC Taxol DSF/copper overcomes resistance to microtubule inhibitors in Wang et al. (2018)

cancer cells by downregulating ALDH2 expression, with copper
enhancing the therapeutic efficacy of DSF.

DSE/Copper Glioblastoma Temozolomide DSF/copper exhibits limited efficacy in unselected IDH-wildtype | Huang et al.
glioblastoma and does not appear to notably reinstate sensitivity to | (2019a)
temozolomide

CuATSM DIPGs Hypoxia CuATSM selectively induces cytotoxicity in DIPGs through a Obata et al. (2001)

‘mechanism involving H,O, generation and copper accumulation,
exhibiting additive cytotoxic effects when combined with ionizing
radiation

ES/DSF/enzalutamide | PC Enzalutamide enzalutamide significantly enhances copper ionophore-mediated | King et al. (2024)
cytotoxicity in enzalutamide-resistant cells

TM/cisplatin NSCLC Cisplatin ‘The combination treatment significantly elevates ROS levels and | Abo El-Maali etal.
depletes GSH content, resulting in a marked increase in DNA- (2019)
bound platinum and enhanced cell apoptosis
D-penicillamine/ oo Oxaliplatin The combined treatment of cisplatin and D-penicillamine Yang et al. (2024c)
platinum intensified the antitumor effect elicited by oxaliplatin in oxaliplatin-

resistant §3 xenograft tumors

Clioguinol/Copper BC Bodipy prazosin, Kol43 ‘The metal ionophore clioquinol increases BBB abundance of Pgp,an | Chen et al. (2015)
effect associated with increased endothelial cell levels of Cu’*

ammonium Melanoma BRAF'““* and MEK1/ Copper Chelation Inhibits BRAF“**Driven Melanomagenesis | Brady et al. (2017)

tetrathiomolybdate 2 Inhibitors and Counters Resistance to BRAF“’* and MEK1/2 Inhibitors

Abbreviation: PC, prostate cancer; BC, breast cancer; AML, acute myeloid leukemia; DIPGs, diffuse intrinsic pontine glioma; HCC, hepatocellular carcinoma; ESCC, esophageal squamous cell
carcinoma; NSCLC, non-small cell lung cancer; CC, cervical cancerBcl-2, B-cell lymphoma-2, gene; ABCG2, ATP-binding cassette transporter G2; PARP, poly (ADP-ribose) polymerase;
ALDH]1, aldehyde dehydrogenase 1; MEK1/2, mitogen-act kinase kinases 1/2; NRE2, nuclear erythroid-related factor-2; Pgp, P-glycoproteil
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/SLC31A1

ATP7A

ATP7B

ATOX1

FDX1

DLAT

CDKN2A

CEBPB

NUDT21

YTHDC2

FOXO03

Copper Transporter 1/
Solute Carrier Family
31 Member 1

ATPase Copper
Transporting Alpha

ATPase Copper
Transporting Beta

Antioxidant 1 Copper
Chaperone

Ferredoxin 1

Dihydrolipoamide

Cyclin Dependent
Kinase Inhibitor 2A.

CCAAT/enhancer-
binding protein beta

Nudix hydrolase 21

YTH N6-
methyladenosine RNA
binding protein 2

Forkhead box 03

Plasma membrane

Golgi apparatus

Golgi apparatus

Nucleoplasm,
Plasma membrane

Mitochondrion

Mitochondrion

Nucleoplasm

Nucleoplasm

Nuclear, Centriolar
satellite

Cytosol,
Cytoplasmic bodies

Nucleoplasm

Regulating cellular copper uptake,
copper metabolism, and vital
physiological functions

Transmembrane Cu* transport
regulates intracellular levels,
influencing oxidative stress and
metabolic balance

ATP-driven Cu’ pump that plays an
important role in intracellular copper
homeostasis

A crucial copper transport protein that
maintains intracellular copper
Thomeostasis

Encodes a small iron-sulfur protein
that transfers electrons from NADPH
through ferredoxin reductase to
‘mitochondrial cytochrome P450,
involved in steroid, vitamin D, and bile
acid metabolism

Catalyzes the overall conversion of
pyruvate to acetyl-CoA and CO,

Capable of inducing cell cycle arrest in
Gl and G2 phases

Regulating immune and inflammatory
responses

An activator of the pre-mRNA 3'-end
cleavage and polyadenylation
processing

A regulator for neural development via
facilitating m6A-dependent
degradation of mRNA targets related
to neural development

A trigger for apoptosis through
expression of genes necessary for cell
death

Downregulation of CTRI promotes
cuproptosis resistance by influencing the
expression of ATP7A/7B

Low expression of ATP7A could enhance
the sensitivity of tumor cells to
cuproptosis-inducing platinum drugs

Upregulation of ATP7B protein leads to a
decrease in intracellular copper levels,
subsequently resulting in docetaxel
resistance

Copper-induced chemoresistance and
DNA damage repair rely on ATOX1

Upregulation of EDX1 expression leads to
acquiring cisplatin resistance

Upregulation of DLAT inhibited
autophagy, promoted cell retention in the
G2/M phase, and enhanced docetaxel
chemotherapy sensitivity both in vitro and
in vivo through the mTOR signaling
pathway

CDKN2A orchestrates cuproptosis
resistance via modulating glycolysis and
copper homeostasis

Activates the PI3K/AKT/mTOR signaling
pathway to dampen cuproptosis sensitivity

NUDT21-mediated unmethylated 3'UTR
shortening underlies the emergence of
enzalutamide resistance and insensitivity
to cuproptosis in prostate cancer cells

‘The downregulation of
YTHDC? potentially induces resistance to
cuproptosis in colorectal cancer

‘The elevated level of FOXO3 in the
nucleus suppressed FDXI transcription
and cellular cuproptosis, consequently
promoting chemoresistance
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