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As an essential nutrient, copper’s redox properties are both beneficial and toxic to cells. Therefore, leveraging the characteristics of copper-dependent diseases or using copper toxicity to treat copper-sensitive diseases may offer new strategies for specific disease treatments. In particular, copper concentration is typically higher in cancer cells, making copper a critical limiting nutrient for cancer cell growth and proliferation. Hence, intervening in copper metabolism specific to cancer cells may become a potential tumor treatment strategy, directly impacting tumor growth and metastasis. In this review, we discuss the metabolism of copper in the body and summarize research progress on the role of copper in promoting tumor cell growth or inducing programmed cell death in tumor cells. Additionally, we elucidate the role of copper-related drugs in cancer treatment, intending to provide new perspectives for cancer treatment.
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1 Introduction

Copper is an essential micronutrient required for regular physiological functions in the body. Within healthy individuals, the concentration of copper ranges from 50 to 120 mg, a modest amount compared to other primary trace elements such as iron and zinc. When juxtaposed with the quantities of iron and zinc, approximately 3500-4000 mg and 2000-3000 mg respectively, copper’s proportion equates to a mere 1.25% to 3.43% of iron and 1.67% to 6% of zinc (1). As a catalytic co-factor or structural component of proteins, copper plays a crucial role in many essential biological functions, including enzyme activity, oxygen transport, and cell signaling. In both the +1 and +2 oxidation states, copper ions in the body exhibit readily electron transfer and high redox activity, which are vital for enzyme-catalyzed reactions, including biological redox reactions (2). While the redox activity of copper is critical for enzyme-catalyzed reactions, this property also makes it potentially toxic. Copper’s redox activity can catalyze the production of free radicals, which may damage lipids, proteins, DNA, and other biomolecules, leading to cellular damage (3, 4). Therefore, copper has both beneficial and toxic effects on cells. Maintaining the balance of copper intake in the body is necessary to avoid potential toxicity and ensure the proper functioning of physiological processes.

In terms of the relationship between copper and tumors, on the one hand, the active metabolism of cancer cells leads to a much higher demand for nutrients than normal cells. Copper is an essential component of many biological functions and plays a critical role in the development and progression of tumors. Accumulation of copper has been shown to be associated with tumor cell proliferation (5), angiogenesis (6), and metastasis (7). Copper levels are higher in many tumor tissues than in normal tissues, and serum copper concentrations are also higher in many tumor patients than in normal individuals. Treatment with oral copper chelators has been shown to inhibit tumor growth and metastasis in animal cancer models and human patients (8). Therefore, taking advantage of the specific need of cancer cells for copper and reducing the concentration of copper ions in tumor tissues through drug intervention could be a breakthrough in tumor treatment. On the other hand, numerous studies have shown that high concentrations of copper have potential toxicity to tumor cells (9–11). Under high copper concentrations, free intracellular copper ions accumulate and inhibit enzyme function by oxidizing cysteines in iron-sulphur cluster proteins or react chemically with hydrogen peroxide to generate highly reactive hydroxyl radicals, thereby inducing cellular damage (12). Recently, Tsvetkov et al. have pointed out that monovalent copper ions (Cu+) can directly bind to the lipoylated components of the tricarboxylic acid (TCA) cycle, causing aggregation of lipoylated proteins, leading to protein toxicity stress and ultimately inducing cell death in tumor cells (13). To prevent damage caused by excessive copper concentration, organisms have evolved complex copper transport and copper-binding proteins to control copper uptake, intracellular transport, storage, and efflux and prevent the formation of highly toxic Cu+ within cells. After completion of growth and development, the organism can maintain systemic copper homeostasis by controlling the balance between copper absorption and excretion (14). Therefore, based on the high copper concentration in tumor tissues, depleting copper from tumor tissues or inducing excessive copper accumulation in tumor cells by disrupting their copper homeostasis using drugs and other means may induce tumor cell death in various ways. This approach may provide a novel strategy for tumor therapy.

Hence, the characteristic of copper metabolism in cancer cells may be their specific weakness compared to normal tissues (15). Copper accumulation in tumor cells has two biological properties. On the one hand, it can promote tumor development by promoting cell proliferation, metastasis, and angiogenesis. On the other hand, it can induce programmed cell death in tumor cells, thereby inhibiting tumor development. Given this, it is necessary to collate relevant studies and results to present a clearer picture of the overall role of copper in tumors and explore its potential as a tumor indicator and target.




2 Physiological effects and metabolic processes of copper

Copper plays an essential role in cellular metabolism, participating in many physiological processes such as the mitochondrial respiratory chain, antioxidant reactions, and biosynthesis of biomolecules. The metabolic process of copper is essential for maintaining the normal physiological function, which involves the participation and regulation of various copper transport proteins. Both too low or too high copper levels can harm cells, so they must be maintained within an appropriate range. Studies have shown that the occurrence and development of various diseases are related to a copper imbalance in the body, including Menkes disease (16), Wilson’s disease (17), neurodegenerative diseases, and cancer (18). Copper homeostasis in living organisms mainly depends on the regulation of copper uptake, transport, storage, and excretion by the body and cells, as well as the dynamic balance of the amount and distribution of copper ions in different forms.



2.1 Physiological functions of copper

As a vital trace element, copper plays a crucial role in many physiological activities in the body. In biological systems, copper ions mainly exist in two forms: the reduced form of cuprous ion (Cu+) and the oxidized form of cupric ion (Cu2+). The extracellular environment mainly contains Cu2+, while the intracellular environment mainly contains Cu+ (19, 20). Cu2+ functions by binding and regulating growth factors and cell membrane receptors in the extracellular environment, while Cu+ exists on the cell membrane and directly regulates kinase activity to alter the activation state of growth factor membrane receptors through structural modification and inhibition of phosphatase function. Cu+ can also bind to transcription factors in the cell nucleus, thereby affecting gene expression and subsequent protein synthesis (21). Copper is an essential catalytic cofactor in redox protein chemistry. It plays a crucial role in carrying out the biological functions required for growth and development, making it extremely important in eukaryotes (19, 22).

Currently, about 54 copper-binding proteins have been discovered, with approximately half being enzymes, 12 being copper transporters, and one being a transcription factor antioxidant 1 copper chaperone (ATOX1) (23). The enzyme types in these copper-binding proteins mainly include copper-zinc superoxide dismutase, cytochrome oxidase, dopamine-beta-hydroxylase, tyrosinase, and lysyl oxidase, which participate in many essential biological processes such as neurotransmitter synthesis, mitochondrial respiration, extracellular matrix crosslinking, pigmentation, and antioxidant defense (23, 24). Copper is mainly stored and distributed within cells by mitochondria. The cytochrome c oxidase copper chaperone COX17 (COX17), located on the mitochondrial membrane, can bind with 1-4 Cu+ ions. It is responsible for transporting Cu+ from the cytoplasm to the intermembrane space of mitochondria to the synthesis of cytochrome c oxidase 1 (SCO1) and cytochrome c oxidase (CCO), thus maintaining the normal function of enzymes in the respiratory chain (19).

In mitochondria, the electron transport chain (ETC) is the primary process required to maintain normal cell metabolism, including multiple components such as NADH dehydrogenase (complex I), succinate dehydrogenase (complex II), ubiquinol-cytochrome c reductase (complex III), cytochrome c oxidase (complex IV), and electron carriers. The correct assembly and functional operation of these components is all dependent on the involvement of copper (19, 25–28). In addition, copper/zinc superoxide dismutase 1 (SOD1) also relies on the presence of copper. SOD1 is located in the mitochondrial inner membrane and cytoplasmic solute and can mitigate the reactive oxygen species (ROS) produced by ETC (29, 30). Iron not only plays an important role in iron-sulfur cluster protein assembly and heme biosynthesis but also is a critical element in maintaining cellular metabolic balance and function within mitochondria (31). At the same time, copper acts as an auxiliary factor for ferroxidases to regulate the ETC on the mitochondrial membrane by affecting mitochondrial iron uptake (32, 33). In addition to indirectly affecting iron uptake, copper may also directly regulate the assembly or degradation of respiratory complex IV within the ETC. Complex IV can act as a metal sensor to regulate respiratory frequency, and the lack of copper can reduce its expression and activity (34–37). These findings suggest that managing cellular copper levels through metabolic reprogramming is a simple way to switch the main energy metabolism pathway of cells between glycolysis and oxidative phosphorylation (OXPHOS) to control cell fate. At the mitochondrial level, the use of copper chelators can lead to a decrease in cellular COX levels, mitochondrial respiratory function, and ROS levels while activating glycolysis (36, 38). In addition, studies have found that excess copper in cells can activate cyclin-dependent kinases (CDK2) and cell cycle proteins, promoting cell division (39). ATOX1, when bound to Cu+, can also act as a transcription factor, leading to the expression of G1/S-specific cyclin D1, inducing cell proliferation (40).

Therefore, copper is an essential trace element for metabolism in the body. It plays a crucial role in maintaining normal growth and development of the body, as well as the regular operation of various physiological processes. Especially in terms of cellular respiratory function, copper plays an extremely important role.




2.2 Copper absorption, distribution, and excretion

Copper is the third most abundant essential trace element in the human body, following zinc and iron. The average copper content in an adult human body is about 80mg, with the highest concentrations found in tissues such as the eyes, heart, liver, and brain (41). Typically, the serum copper concentration in healthy adults ranges from 70-110 μg/dL (42). About 5% of the total copper content in the body is found in the serum, with approximately 95% bound to ceruloplasmin (CP). Copper is mainly absorbed into the body through the small intestine (43). According to recommendations, adults should ingest 0.9mg of copper daily. The average diet of most individuals can meet or exceed this requirement (44). ATPase copper transporting alpha (ATP7A) in the intestinal epithelial cells is the critical protein for transporting copper ions from the intestine into the body. ATP7A transports copper to the portal vein and then through serum proteins such as albumin for transportation to the liver. When copper ions exceed standard requirements, they are bound to metallothionein 1 (MT1) and metallothionein 2 (MT2) and stored in liver cells (45). ATPase copper transporting beta (ATP7B) primarily functions in the efflux of copper ions from cells (46). Copper stored in liver cells can be released into the bloodstream for further distribution or transported to bile for excretion. When the copper ion content is high in liver cells, the ATOX1 binds with excess copper ions and transports them to the N-terminal metal-binding region of ATP7B, which is then excreted through the bile duct membrane. The body maintains systemic copper homeostasis by coordinating gastrointestinal absorption and bile excretion balance (14). In the circulatory system, copper ions bind with CP and albumin for transport throughout the body (47, 48). CP is the leading carrier for copper transport in the circulatory system. As CP rapidly degrades without metal, its abundance in plasma serves as a biological marker for systemic copper deficiency (49). The liver is one of the most crucial copper metabolic organs in the body, playing a central role in regulating systemic copper homeostasis. The liver metabolizes and excretes copper, participating in many biological processes, including cellular respiration, antioxidant defense, iron homeostasis, and neuropeptide processing (50).

Before extracellular Cu2+ can be absorbed by cells, they need to be reduced to the monovalent reduced form of Cu+ by metal reductases on the cell surface and then taken up by the cells through the solute carrier family 31 member 1 (SLC31A1, also known as CTR1) (43). Once inside the cell, copper is captured by multiple molecular chaperones and transported to the relevant copper-dependent proteins. These chaperone proteins include the SCO1, synthesis of cytochrome c oxidase 2 (SCO2), cytochrome c oxidase copper chaperone COX11 (COX11), copper chaperone for superoxide dismutase (CCS), COX17, and ATOX1. SCO1, SCO2, and COX11 are used to direct copper transport to various metalloenzymes and copper-dependent ATPases with copper output and metal chaperone functions, including ATP7A and ATP7B. The CCS transports copper ions to superoxide dismutase 1 (SOD1) (19). The COX17 transports copper to CCO (51, 52). The ATOX1 also transports copper to ATP7A and ATP7B across the Golgi network and regulates copper subcellular distribution through the complex transport mechanisms of the Golgi network. This mechanism is responsible for providing copper ions to secreted copper enzymes, such as lysyl oxidase (LOX) and CP, in order to eliminate excess copper ions within the cell.

The copper within cells must be maintained at very low levels, with the vast majority bound to proteins (53). Unbound Cu1+ in the cell are strong oxidants, catalyzing the generation of highly reactive carbonyl free radicals that can damage proteins, DNA, and lipids (54). Additionally, excess copper ions may displace other metals from homologous ligands in metalloproteins, leading to improper protein conformation or impaired enzymatic activity (55). Because the presence of free copper can potentially be toxic to cells, the concentration of free copper in the cytoplasm must be kept at very low levels in the body, estimated to be between 10-15 M to 10-21 M or less than one free copper ion per cell (15). In order to prevent potential harm caused by the accumulation of copper in the body, various copper-binding proteins are employed, along with the regulation of copper absorption and excretion, to maintain low levels of copper. MT1 and MT2, which are rich in cysteine, can prevent copper toxicity by irreversible chelation within metal-sulfur salt clusters and can be induced by excess copper or other metals transcriptionally (56). Additionally, the antioxidant glutathione (GSH) can also bind copper ions in the cell solute to limit fluctuations in copper ion concentration (57). Compared to metallothioneins, the copper bound to GSH can easily exchange with higher affinity ligands such as metallochaperones. The cytoplasmic concentration of GSH is estimated to be in the millimolar range, which is much higher than the steady-state copper concentration (57). This phenomenon allows GSH to act as a buffer for copper in the cellular solute. It not only prevents the formation of free copper ions but also maintains a negative concentration gradient across the membrane, driving the uptake of copper by the copper transporter protein, such as CTR1 (58). With the combined action of these proteins, intracellular copper ions are maintained at an appropriate level. Copper-dependent enzymes are also able to maintain their normal metalation and function properly. These copper-dependent enzymes include cytochrome c oxidase, superoxide dismutase, and various oxygenases and oxidases such as tyrosinase, lysyl oxidase, dopamine beta-hydroxylase, and copper amine oxidase (53).

In summary, to maintain copper balance in the body, a complex system of copper metabolism regulation is employed, including absorption, transport, and excretion of copper, as well as its uptake and utilization within cells at multiple levels. Figure 1 illustrates some of the essential physiological functions and metabolic processes of copper. The coordinated actions of these mechanisms ensure proper distribution of copper ions in the body while preventing harmful effects such as hydroxyl free radical formation from free copper ions, thus protecting cells from damage. Only in this way can normal cell function be maintained, and the toxic effects of excess or deficient copper avoided (59).




Figure 1 | Schematic diagram of some essential physiological functions and metabolic processes of copper. Copper is primarily transported into cells by CTR1. Upon entering the cell, copper is transferred to CCS, COX17, and ATOX1. CCS delivers copper to SOD1, which is involved in defense against oxygen toxicity. COX17 transfers copper to CCO, which participates in maintaining mitochondrial respiration. ATOX1 can carries copper into the cell nucleus, leading to the expression of G1/S-specific cyclin D1 and inducing cell proliferation. ATOX1 also transports copper to ATP7A and ATP7B across the Golgi network and regulates copper subcellular distribution through the complex transport mechanisms of the Golgi network. Excess copper in the cell is bound by MT and GSH to prevent copper toxicity. In addition, ATP7A and ATP7B primarily function in the efflux of copper ions from cells.







3 Mechanisms of copper in promoting tumorigenesis

Elevated copper concentrations have been observed in a multitude of cancer types (8). The maintenance of copper equilibrium in tumor cells involves a complex interplay of several factors. The causes for the amplified copper content within tumors may be twofold. Primarily, tumors, particularly rapidly growing ones, have high metabolic demands. Copper is a cofactor for multiple enzymes involved in cellular energy metabolism, such as CCO, and in antioxidant defenses, such as superoxide dismutase (8, 60). Thus, the demand for copper in these processes may be increased in cancer cells. Secondarily, in tissues suffering from hypoxia, an upregulation of CTR1 has been noted (61). This condition of oxygen deficiency is often associated with tumors. Hypoxia-inducible factor 1-alpha (HIF-1α) may indirectly stabilize and activate the transcription of numerous genes involved in copper metabolism, including those controlling CTR1, thereby contributing to higher copper levels in tumor cells (62). Indeed, CTR1 has been definitively found to be upregulated in a wide variety of tumors (8).



3.1 Copper and tumor growth

Copper ion redox function is essential for biochemical reactions in living organisms. Therefore, imbalances in copper homeostasis are associated with a variety of diseases, including diabetes, neurological disorders, and cancer (63). Studies have indicated that tumors often exhibit copper imbalances, and alterations in copper ion concentrations can affect mitochondrial respiration, glycolysis, insulin resistance, and lipid metabolism (64–66). Wilson’s disease patients and animal models have shown an increased incidence of liver cancer, suggesting that aberrant copper accumulation may promote the malignant transformation of liver cells via unknown mechanisms (67). The relationship between copper metabolism and tumor development has been extensively investigated. Cancer cells require higher levels of copper to meet their energy demands for rapid proliferation compared to normal cells (68–70). This may be because copper serves as a cofactor for cytochrome c oxidase in the mitochondria (8), which is involved in electron transport and ATP synthesis in the mitochondrial respiratory chain. Exposure to high levels of copper (the maximum allowable level in public water is 1.3 mg/L) has been shown to promote tumor progression (71). The levels of copper in blood and tissues are significantly elevated in various types of cancer patients, including liver cancer (72), colorectal cancer (73), lung cancer (74), and breast cancer (75). Following successful tumor removal or alleviation, copper levels in the blood return to normal. Gene expression analysis has revealed significant changes in different copper-binding or copper-sensitive proteins in colorectal cancer (76) and breast cancer (77), suggesting a close association between copper homeostasis dysregulation and cancer occurrence, development, and metastasis. Cancer cells typically express high levels of the transmembrane transport protein CTR1 to obtain more copper. Even in conditions of increased glycolysis, the addition of copper chelators can significantly reduce ATP production in cancer cells, indicating their continued reliance on mitochondrial respiration and OXPHOS for energy (64). Elevated copper levels may therefore play a role as a limiting nutrient in tumorigenesis and development by regulating ATP production through OXPHOS to meet cancer cells’ rapid proliferation demands (64).

Tumor protein p53 (P53) protein is a crucial tumor suppressor protein that regulates the cell cycle, inhibits the division of DNA-damaged cells, and promotes cell apoptosis. Unfortunately, P53 frequently undergoes mutations in tumor cells, rendering it unable to function properly (78). During the normal function of P53, it requires binding with a single zinc ion. The presence of copper ions may disrupt this process, resulting in the inability of the P53 protein to function correctly. This disruption of P53 protein function could be one aspect of the relationship between copper and the mechanism of tumor development (79, 80). Studies have shown that high concentrations of copper elements play a crucial role in the progression from non-alcoholic fatty liver disease (NAFLD)-induced liver cirrhosis to hepatocellular carcinoma (HCC) (81). It is noteworthy that the phenomenon of elevated serum copper levels is particularly prominent in both NAFLD-induced liver cirrhosis patients and HCC patients. A high concentration of copper element can stimulate the proliferation, migration, and invasion of liver cancer cells by modulating the v-myc avian myelocytomatosis viral oncogene homolog (MYC)/CTR1 axis. Additionally, MYC protein can bind to specific regions on the CTR1 promoter and regulate its transcription, thereby increasing the concentration of the copper element within liver cancer cells. Therefore, the expression of CTR1 and MYC protein gradually increases during the progression from NAFLD-induced liver fibrosis to HCC (81). Knocking out the copper transporter protein CTR1 can effectively reduce the phosphorylation levels of Extracellular Signal-Regulated Kinase 1/2 (ERK1/2) in melanoma cells, which is responsive to cell proliferation, thus inhibiting melanoma cell proliferation. In contrast, cells treated with copper show increased phosphorylation of the upstream receptor tyrosine kinases, such as tropomyosin receptor kinase B (TRKB), epidermal growth factor receptor (EGFR), and hepatocyte growth factor receptor (MET) in the mitogen-activated protein kinases (MAPK) signaling pathway (82–84). In addition, copper can affect mitogen-activated protein kinase kinase 1 (MEK1) and mitogen-activated protein kinase kinase 2 (MEK2) and enhance their phosphorylation of ERK1 and ERK2 in a dose-dependent manner, further promoting tumor cell proliferation (85). In a chemically induced rat model of breast cancer, model rats administered copper orally daily were more likely to experience rapid cancer cell growth than model rats without copper supplementation (86). Similarly, copper intake can accelerate the growth rate of pancreatic islet cell carcinoma in mice (64). When the transport of Cu2+ is blocked, cells produce oxidative stress reactions that lead to a decrease in ATP levels while activating AMP-activated protein kinase to decrease fat synthesis and inhibit tumor cell proliferation (87).

Copper is an essential co-factor for the autophagy kinases, namely unc-51 like autophagy activating kinase 1 (ULK1) and unc-51 like autophagy activating kinase 2 (ULK2). When intracellular copper levels increase, it can promote the activity of ULK1 and ULK2 kinases, thereby increasing autophagy flux and promoting the growth and survival of lung tumor cells (88). In addition, the accumulation of copper in the liver in Wilson’s disease is highly correlated with the activation of autophagy, which confirms the correlation between copper and autophagy (89). In a mouse model of colorectal cancer, tumor cells with Kirsten rat sarcoma viral oncogene homolog (KRAS) gene mutations can use macropinocytosis to acquire more copper, which seems to be essential for supporting tumor growth. In contrast, reduced copper bioavailability inhibits the proliferation of KRAS mutant tumor cells (90).

The above studies suggest that elevated copper concentrations can promote tumor growth by enhancing mitochondrial energy metabolism, causing misfolding of tumor-associated proteins, inducing upregulation of tumor-associated pathway signaling and affecting autophagy kinase activity.




3.2 Copper and tumor angiogenesis

The role of copper in promoting angiogenesis was first reported by McAuslan et al. in 1979. They found that copper can induce endothelial cell migration, which is an early stage in the formation of blood vessels (91). Subsequent studies showed that copper levels increase with the formation of new blood vessels in the rabbit cornea (92). Further research has demonstrated that the addition of copper salts is sufficient to induce blood vessel formation (93). In this model, if these rabbits were deficient in copper, corneal neointima formation would also be inhibited (92, 93). There are multiple molecular mechanisms by which copper induces angiogenesis. On the one hand, copper can directly bind to growth factors related to angiogenesis, enhancing their affinity to endothelial cells (94). On the other hand, copper ions can increase the production and medium of nitric oxide, leading to the activation of tumor-promoting angiogenesis signals (95). In addition, copper’s regulatory effect on angiogenic factors such as fibroblast growth factor (FGF) and interleukin-1 alpha (IL-1α) is also crucial, as the secretion of these factors requires the involvement of copper-dependent multi-protein complexes (96, 97). Copper deficiency can inhibit nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activity, thereby reducing the expression of 5 pro-angiogenic mediators, namely vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2), IL-1α, interleukin-6 (IL-6), and interleukin-8 (IL-8) (98). In addition, the copper-dependent transcription factor ATOX1 can be involved in tumor angiogenesis and vascular remodeling by regulating the platelet-derived growth factor (PDGF) signaling pathway (99). HIF-1α plays an essential role in promoting tumor growth by stimulating angiogenesis through various pathways, including the induction of VEGF (100). Research has shown that copper can regulate the generation of transcriptional complexes by interacting with HIF-1α, thereby regulating the transcriptional activity of HIF-1α (101). Additionally, copper can selectively regulate the binding of HIF-1α to affected gene promoters, thereby affecting its transcriptional activity (102). Clinical studies have demonstrated a significant positive correlation between serum copper levels and HIF-1α levels in patients with liver cancer, suggesting that copper accumulation may lead to the activation of HIF-1α and promote the development of liver cancer (103). DCA50, a novel inhibitor of the intracellular copper chaperone proteins ATOX1 and CCS, can induce an increase in cellular copper content and subcellular redistribution of copper by interfering with cellular copper homeostasis, thereby inhibiting tumor angiogenesis and inducing apoptosis in triple-negative breast cancer cells (104).

The above studies indicate that copper plays a vital role in tumor angiogenesis. Its mechanism of action includes promoting tumor angiogenesis by affecting HIF-1α activity and regulating the secretion of various angiogenic factors. Lowering the copper concentration in tumor tissues or inhibiting copper transport within tumor cells can effectively inhibit tumor angiogenesis, making it a potential therapeutic strategy for cancer.




3.3 Copper and tumor metastasis

Copper not only affects the proliferation and angiogenesis of tumor cells but also directly participates in the invasion and metastasis of cancer cells. Copper-associated LOX catalyzes the crosslinking of collagen and elastin, promoting the maturation of the extracellular matrix (105). In tumors, the expression and activity of LOX undergo changes, and cancer cells reshape the extracellular matrix by secreting LOX, creating an environment more conducive to cancer cell metastasis (106). The activity of LOX and lysyl oxidase-like (LOXL) proteins depends on copper (105, 107). The copper transport protein ATP7A plays an essential role in the regular enzymatic activity of LOX and LOXL. In a mouse model of breast cancer in situ, silencing of ATP7A inhibited the activity of LOX, thus rendering the LOX-dependent metastatic mechanism ineffective in breast cancer cell lines (108). The high expression of the lysyl oxidase-like 2 (LOXL2) gene is closely associated with the high invasiveness of tumors and the metastasis and prognosis of female breast cancer (109, 110). Studies have also found that LOXL2 can downregulate E-cadherin and tight junction proteins, leading to epithelial-mesenchymal transition (111). These findings suggest that targeting copper to inhibit the activity of LOX and LOXL can effectively suppress cancer cell invasion and metastasis. The mediator of cell motility 1 (MEMO1) is a copper-dependent oxidoreductase that plays a critical role in cell motility. Studies have shown that MEMO1 promotes breast cancer cell invasion and metastasis. Treatment with the copper chelator tetrathiomolybdate (TTM) reduces Cu2+ levels, decreases MEMO1 expression, delays angiogenesis, and inhibits breast cancer cell invasion and metastasis (112). In MCF-7 cells, copper depletion by chemical chelation of copper ions or knockdown of copper transporter CTR1 inhibits tumor cell metastasis and reduces the expression of epithelial-mesenchymal transition (EMT) mesenchymal gene markers (113). In addition, copper is also involved in the binding of HIF-1α to the hypoxia response element (HRE) sequence of target genes, which requires the copper molecular chaperone CCS, and activates EMT-related genes such as snail family transcriptional repressor 1 (SNAIL1), twist-related protein 1 (TWIST1), snail family transcriptional repressor 2 (SNAIL2), zinc finger E-box-binding homeobox 1 (ZEB1), zinc finger E-box-binding homeobox 2 (ZEB2), and E12/E47 (101).

Therefore, copper can affect the activity of LOX and LOXL enzymes, the expression of MEMO1, and the binding of HIF-1α to target genes with HRE sequences (hypoxia response elements), thereby regulating the expression of EMT-related genes and promoting tumor cell metastasis. Thus, targeting copper in therapy can block this pathway and inhibit tumor cell metastasis.




3.4 Copper and metabolic reprogramming of tumor

The metabolic demands of tumor cells are reprogrammed to support proliferation and minimize apoptosis by adapting to different oxygen levels. Glycolysis is the process of breaking down sugar molecules into smaller ones to generate energy. In aerobic conditions, the glycolysis of tumor cells increases, glucose uptake is enhanced, lactate production is increased, and oxidative phosphorylation is weakened. This phenomenon is known as the “Warburg effect” or “aerobic glycolysis” (114). This metabolic reprogramming is a crucial feature of tumor development and has been widely studied in clinical settings. It provides tumor cells sufficient energy and nutrients to adapt to various environmental stresses, including hypoxia and starvation, which are tightly linked to cell proliferation and survival. Aerobic glycolysis gives cancer cells a competitive advantage over normal cells, making them more likely to survive and reproduce. This adaptive response may be caused by mutations that deactivate or activate tumor suppressor genes or oncogenes under hypoxic conditions. Hypoxia is an effective inducer of overexpression of glycolysis-related genes in tumor cells to maintain their energy sources. Therefore, a higher rate of glycolysis in cancer cells can be achieved by increasing transcription, followed by the translation of glycolysis genes and glucose transporter, and inhibiting oxidative phosphorylation. HIF-1α is a major regulatory factor in the hypoxia response, playing a critical role in the regulation of the glycolysis process. There is evidence that HIF-1α plays a crucial role in the carcinogenesis process. Additionally, as previously mentioned, there is a close relationship between excess copper and overexpression of HIF-1α (101, 102). Under conditions of sufficient oxygen, the von Hippel-Lindau protein (VHL) promotes the degradation of HIF-1α by mediating ubiquitination. However, in hypoxic environments, VHL cannot mediate the ubiquitination of HIF-1α due to the lack of prolyl hydroxylase domain (PHD) proteins to multi-ubiquitinate or hydroxylate proline residues, resulting in metabolic changes (115). Some studies suggest that copper can inhibit PHD, thus enhancing the function and activity of HIF-1α by interfering with PHD activation (116). The copper-mediated inhibition of PHD and the resulting enhancement of HIF-1α function and activity will enhance downstream transcription of HIF-1α targeted genes, leading to metabolic reprogramming that enables tumors to better adapt to hypoxic environments. However, there are conflicting reports, as mentioned earlier, that copper is also an essential component of respiratory complex IV, and the amount of copper directly affects the activity of complex IV, thus affecting the overall function of the ETC (34–37). At the mitochondrial level, using copper chelators can lead to a decrease in COX levels and mitochondrial respiration levels and activate glycolysis (36, 38).

Therefore, the role of copper in tumor metabolic reprogramming may not be a simple linear relationship but a complex interplay of multiple mechanisms. Further research is needed to investigate the mechanisms underlying the role of copper in tumor metabolic reprogramming in order to develop more effective treatment strategies.




3.5 Copper and the tumor immune microenvironment

The occurrence and development of tumors are closely related to factors such as immune cell infiltration, immune modulation, cytokines, immune suppressive cells, and immune evasion in the tumor immune microenvironment (TIME) (117). Copper is closely related to the tumor immune microenvironment and various immune cells. Studies have shown that copper ion levels in mesothelioma affect the infiltration of CD4+ T cells, with an increase in CD4+ T cells when copper ion concentration significantly decreases, but the infiltration level of CD8+ T cells is not affected (118). This phenomenon indicates that copper ions may have different regulatory effects on different types of immune cells, further illustrating the close relationship between copper and the tumor immune microenvironment. Recent studies have shown that the copper ion concentration in tumor cells is closely related to the expression of programmed death-ligand 1 (PD-L1). In addition, the expression of copper transporter CTR1 and PD-L1 in tumor tissue also shows a high correlation. Studies have found that copper supplementation can promote the expression of the PD-L1 gene and protein levels in tumor cells (119). These findings indicate that the regulation of copper ion concentration may be a new mechanism for tumor immune evasion, as PD-L1 is an important molecule that inhibits T-cell immune responses. Therefore, this study provides new insights into the exploration of the mechanism of tumor immune evasion. Another study has shown that myeloid-derived suppressor cells (MDSC) from bone marrow can suppress immune responses and promote tumor development. Copper chelators can mediate MDSC cell apoptosis in vivo, leading to the differentiation of tumor-associated CD4+ T cells into helper T cell type 1 and participation in immune responses (120). In addition, copper ions may be involved in maintaining the pro-inflammatory phenotype of macrophages, and copper clearance in the tumor microenvironment can lead to macrophage polarization towards the M2 phenotype (121). The above studies suggest that copper ions play a definite role in the TIME and may be important in tumor immunotherapy. However, there are few studies on the regulation of copper in the TIME, and the relevant molecular mechanisms are unclear.

In summary, copper ion concentration may play a crucial role in the TIME, and these findings suggest that targeting copper ions could be a promising adjunctive immunotherapy approach. With a further understanding of the relationship between copper and the tumor immune microenvironment, we can explore more effective strategies for targeting copper ions and apply them in clinical practice to improve the success rate and efficacy of tumor immunotherapy.

Taken together, copper may potentially contribute to tumor progression at multiple levels, including tumor growth, angiogenesis, metastasis, metabolic reprogramming, and TIME. Figure 2 illustrates some of the fundamental mechanisms that underlie the relationship between copper and tumors. Consequently, these insights provide a nuanced understanding of the multifaceted role of copper in oncology, and they point towards potential therapeutic interventions that could harness the interplay between copper homeostasis and cancer progression for improved patient outcomes.




Figure 2 | Schematic diagram of molecular mechanisms linking copper with oncology. The small yellow dots represent copper, arrows indicate promotion or stimulation, and blunt end line signify inhibition or suppression.







4 Mechanism of cell death triggered by copper overload

Copper has a U-shaped dose-response relationship and exhibits bidirectional regulation (53, 122). When copper accumulates excessively or is improperly transported, the disruption of copper homeostasis causes cellular toxicity when copper concentrations in cells exceed the threshold that homeostatic mechanisms can tolerate (123). Copper metabolism disorders are closely related to mechanisms such as cell death and neural damage. For example, Menkes disease (16), which is caused by copper deficiency due to a mutation in the ATP7A gene, and Wilson’s disease (46, 124), which is caused by liver copper accumulation due to a mutation in the ATP7B gene, are typical examples of copper imbalance-induced diseases in the body. Severe copper deficiency may lead to various types of damage, such as energy generation impairment caused by dysfunction of CCO in mitochondria. In the nervous system, copper is critical for the function of various neurons, as it is involved in myelin formation and is closely related to the regulation of synaptic activity and signal cascades induced by neurotrophic factors (125). In addition to Menkes disease, which is caused by severe copper deficiency, there is ample evidence that other neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, and Huntington’s disease, are also associated with disruption of copper pathways (126). Excessive intracellular copper concentrations can cause various forms of cellular damage. Excessive copper intake from the environment may also disrupt the copper metabolic balance within cells, leading to cellular toxicity and damage to the body (19). This cellular toxicity may result from improper binding of copper to protein sites, leading to protein misfolding, aggregation, and loss of function. Research has shown that when normal human bronchial epithelial cells are exposed to copper, it activates the expression of heat shock response genes, ubiquitin-related genes, and autophagy regulatory genes and causes degradation of proteasomes, resulting in an increase of misfolded proteins (48). The regulation of programmed cell death (PCD) is a crucial determinant of cell fate (127), and studies have demonstrated that copper overload can induce various forms of PCD in cells. There are conflicting views on the mechanisms by which copper induces PCD, with some scholars suggesting that copper overload-induced cell death is mainly through oxidative stress-induced apoptosis (128). Nagai, Masazumi et al. also showed that elesclomol transports divalent copper to mitochondria, where it is reduced to the more toxic monovalent copper, promoting a mitochondrial ROS response that leads to apoptosis (129). However, an important paper by Tsvetkov et al. has pointed out that copper-induced cell death does not depend on caspases. That is, it does not depend on the apoptotic pathway (13). They found that using the potent copper ionophore elesclomol as the test substance, elesclomol-induced human renal smooth muscle tumor G402 cell death did not involve the activation of caspase-3. In addition, other cell death inhibitors were also unable to eliminate elesclomol-induced cell death (13), indicating that the mechanism of elesclomol-induced cell death is different from known mechanisms of cell death. Therefore, in order to clarify the mechanisms underlying copper-mediated cell death, further research is needed to consolidate and analyze relevant studies.



4.1 Copper overload triggers apoptosis

Apoptosis, a type of programmed cell death, is marked by substantial alterations in cell morphology and the activation of specific caspase and mitochondrial control pathways (130). Preliminary research indicated that an excess of copper might trigger apoptosis. Recent research has found that disulfiram (DSF) can significantly increase the concentration of copper ions in melanoma cells, inducing complex redox reactions and leading to cell apoptosis (131). Elesclomol has also been found to cause apoptosis in melanoma cells via oxidative stress, though the role of copper in this process remains unclear (132). Some studies have shown that excessive copper can trigger stress-induced damage to organelles such as mitochondria and endoplasmic reticulum, which are associated with intrinsic apoptosis. Reversing such damage to these organelles can mitigate copper-induced apoptosis (48, 53). Copper can induce cell apoptosis through multiple molecular mechanisms. Treatment of mouse liver cells with copper sulfate resulted in significant upregulation of protein expression in the CHOP, JNK, and caspase-12 pathways, leading to the activation of apoptosis-related pathways and ultimately resulting in vacuolization of liver cells (133). Later experiments have found that adding high doses of copper can increase reactive oxygen species and protein carbonylation levels, decrease glutathione levels and SOD enzyme activity, leading to depolarization of mitochondrial membrane potential, the release of cytochrome c, elevated levels of active caspase-9 and caspase-3, increased levels of Bcl2-antagonist/killer 1 (Bak1) and Bcl2-associated X protein (Bax), and decreased levels of B-cell lymphoma 2 (Bcl2), ultimately resulting in cell apoptosis (134). Copper can also induce cell apoptosis through the autophagy pathway. Treatment of mouse mononuclear macrophages with copper sulfate increases mitochondrial reactive oxygen species, activates the Akt/mTOR signaling pathway to promote autophagosome formation, and upregulates the expression of cleaved caspase3/8/9 polymerase, leading to cell apoptosis (135). Furthermore, excessive copper in chicken liver cells leads to varying degrees of nuclear membrane damage, mitochondrial swelling and vacuolization, upregulation of caspase-3, cytochrome c, Bax, and Bak1 expression, downregulation of Bcl2, and increased expression of P53, indicating that copper may induce cell apoptosis by damaging mitochondria (136). In addition, copper can induce endoplasmic reticulum stress-mediated cell apoptosis. Treatment of zebrafish embryos with copper nanoparticles and copper sulfate results in the reduced inner mitochondrial membrane and increased vesicle formation, disordered endoplasmic reticulum structure, increased reactive oxygen species, elevated levels of active caspase-3, and decreased levels of Bcl2, leading to cell apoptosis and retinal developmental defects. Copper overload-induced endoplasmic reticulum stress is associated with exposure to copper nanoparticles and copper ion release. However, in mutants of copper transport proteins Cox17-/- and Atp7a-/-, there is a significant reduction in reactive oxygen species and unfolded protein, leading to the relief of apoptosis (137). It is worth mentioning that some studies have indicated that copper-induced cell death does not depend on caspase activation (138). In glioblastoma, elesclomol has been shown to induce non-apoptotic, copper-dependent cell death by promoting mitochondrial ROS production (139). Thus, copper may not solely induce cell death in the form of apoptosis.

Based on the studies mentioned above, it is evident that copper overload can induce cell apoptosis through multiple molecular pathways, including the mitochondrial control pathway, endoplasmic reticulum stress-mediated pathway, and autophagy pathway. Excessive copper can trigger oxidative stress and damage to organelles such as mitochondria and endoplasmic reticulum, leading to intrinsic apoptosis. Reasonable use of the relationship between copper and apoptosis may provide new insights for cancer treatment. For instance, applying copper ions to selectively induce cell apoptosis in tumor cells might be a potential therapeutic strategy. However, copper-induced cell death may not be limited to apoptosis, and other forms of cell death may be involved.




4.2 Copper overload triggers necroptosis

Necroptosis is a form of regulated cell death (RCD) that resembles necrosis morphologically, characterized by disruption of plasma membrane integrity, cytoplasm becoming semi-transparent, organelle swelling, and cell volume enlargement. Mechanistically, necroptosis is similar to apoptosis, mediated by the necrosome complex formed by receptor interacting protein kinase 1 (RIPK1), receptor interacting protein kinase 3 (RIPK3), and mixed lineage kinase domain-like protein (MLKL) (140). The RIPK1/RIPK3/MLKL complex induces necroptosis through multiple mechanisms, including promoting mitochondrial autophagy, producing mitochondrial reactive oxygen species, and altering mitochondrial permeability, leading to mitochondrial dysfunction (141). Various exogenous substances, such as metallic compounds and nanomaterials, can induce necroptosis (142). Treatment with copper chloride induces changes in mitochondrial permeability, DNA damage, organelle swelling, and ultimately necroptosis in primary liver cells from rainbow trout. Inhibition of necroptosis can reverse copper ion-induced cell death, indicating that copper induces necroptosis through a ROS-dependent DNA damage pathway. Copper ions are the most abundant metal ions in the nucleus of cells, and after treatment with copper chloride, copper ions can enter the nucleus and bind to DNA, leading to DNA fragmentation (143). Chen et al. reported the regulatory effect of copper ions and copper compounds on inducing necroptosis in cells, which can selectively intervene in tumor cells. Copper-based nanomaterials assembled from copper compounds have been widely used to induce necroptosis in tumor cells. For instance, CuS-MnS2 nanomaterials can induce necroptosis in ovarian cancer cells through magnetic resonance imaging (144). CuS-NiS2 nanomaterials are commonly used for clinical imaging diagnosis. Combined with infrared light therapy, CuS-NiS2 can induce the production of reactive oxygen species in human gastric cancer cells, activate the RIPK1/RIPK3/MLKL complex, and induce necroptosis in tumor cells, significantly reducing the size of tumors in mouse models (145).

These studies suggest a close relationship between copper and necroptosis, indicating that copper can serve as a therapeutic target for inducing necroptosis in tumor cells and has potential application prospects in tumor treatment.




4.3 Copper overload triggers pyroptosis

Pyroptosis is a form of programmed cell death induced by inflammasomes that can clear damaged cells, but unlike apoptosis, it can trigger surrounding inflammatory reactions. In different cell pyroptosis processes caused by various factors, there is an activation of corresponding inflammasomes, such as damage or pathogen-related molecules through the NOD-like receptor family, pyrin domain-containing 3 (NLRP3) pathway, or bacterial infections through the NOD-like receptor family CARD domain containing 4 (NLRC4) pathway. Abnormal double-stranded DNA can activate absent in melanoma 2 (AIM2), which further activates caspase-1, cleaves pro-IL-1β and pro-IL-18, and forms membrane pores on the cell membrane through the N-terminus of perforin D, releasing mature cytokines such as IL-1β and IL-18 (146). Studies have found that copper ions can mediate macrophage pyroptosis through the classic NLRP3 inflammasome activation pathway and participate in the regulation of inflammatory reactions. Specific blockade of NLRP3-mediated pyroptosis occurs upon the removal of copper, which may be related to the downregulation of copper-dependent SOD1 activity (147). When mouse macrophages were treated with copper oxide nanoparticles (CuONPs), an increase in protein levels of NLRP3, caspase-1, IL-1β, and an increase in the release of IL-1β was observed. NLRP3 siRNA reduced the expression of caspase-1, p20, and IL-1β induced by CuONPs, thus alleviating immune damage mediated by macrophage pyroptosis caused by CuONPs. This phenomenon indicates that CuONPs may promote NLRP3-dependent pyroptosis of macrophages through the NF-kB pathway (148). In experiments with primary chicken liver cells treated with CuSO4 and N-acetylcysteine (NAC), it was found that Cu2+ upregulated caspase-1 protein expression, increased the levels of caspase-1, IL-1β, and IL-18 in the culture supernatant, and induced vacuolar changes in the cells. The use of NAC reduced the mRNA and protein changes caused by Cu2+ overloading, indicating that Cu2+ overload can lead to the generation of reactive oxygen species in liver cells, thereby causing pyroptosis. Using a caspase-1 inhibitor partially reversed Cu2+-induced cell death, suggesting that Cu2+ damage to liver tissue is related to pyroptosis (149). In experiments with primary mouse microglia treated with CuCl2 and lipopolysaccharides, it was found that the expression levels of NLRP3, active caspase-1, apoptosis-associated speck-like protein containing a CARD (ASC), and IL-1β proteins increased in a time-dependent manner. Excessive copper exposure activated NLRP3 in microglia, leading to pyroptosis and subsequent neuronal damage (150). Copper exposure induced endoplasmic reticulum stress-dependent pyroptosis in jejunal epithelial cells, exerting a toxic effect. Researchers found that high copper feeding led to decreased pig weight. Treatment of jejunal epithelial cells with CuCl2 resulted in decreased cell viability, increased cell rupture, and increased expression of endoplasmic reticulum stress- and pyroptosis-related genes. The use of the endoplasmic reticulum stress inhibitor MKC-3946 effectively inhibited the IRE1α-XBP1 signaling pathway, thereby reducing copper-induced pyroptosis. These results indicate that excessive copper intake may cause intestinal toxicity by inducing pyroptosis in intestinal epithelial cells (151). In a lung tissue simulation system constructed from differentiated THP-1 macrophages and human non-small cell lung cancer A549 cells, treatment with CuONPs resulted in upregulation of the chemokine C-C motif chemokine ligand 22 (CCL22) and IL-1β genes in A549 cells and increased superoxide dismutase 2 (SOD2) expression. When lung epithelial cells were exposed to CuONPs, they released chemokines to recruit macrophages to participate in the inflammatory response. Copper-induced NLRP3 inflammasome-dependent pyroptosis and activating pro-inflammatory transcription factors in macrophages further amplify and strengthen the feedback loop to increase the level of inflammation represented by IL-1β, suggesting that copper is related to the regulation of local immune function in the lungs (152).

The above findings suggest that copper plays a crucial role in inducing pyroptosis, indicating that copper could be an important therapeutic target for pyroptosis-related diseases.




4.4 Copper overload triggers ferroptosis

Ferroptosis is a form of programmed cell death dependent on iron ions and distinct from apoptosis, necrosis, and autophagy. Its main characteristic is the accumulation of disrupted iron homeostasis and lipid peroxidation. Changes in mitochondrial structure and morphology have also been observed, such as increased mitochondrial membrane density, decreased or disappeared mitochondrial cristae, and ruptured outer mitochondrial membranes (153). Ferroptosis is mainly related to iron, but other metals may also be involved in its occurrence (154). Copper ions are related to iron metabolisms, such as the copper-dependent CP-catalyzed oxidation of Fe2+ to Fe3+ or copper-iron interactions in the intestine. Excess Cu+/Cu2+ and Fe2+/Fe3+ promote the production of reactive hydroxyl radicals through the Fenton reaction, leading to permanent modifications of cellular lipids, nucleic acids, and proteins and causing oxidative damage and cell death (155). Current research indicates that copper ions are closely related to ferroptosis. Studies have found that copper can induce neuronal cell ferroptosis, and FeCl2 and CuCl2 can both deplete GSH in mouse hippocampal neurons while enhancing ferroptosis induced by erastin, sulfasalazine (SSZ), and buthionine sulfoximine (BSO). Cu2+ has a significantly better effect than Fe2+ in enhancing the toxicity of SSZ and erastin, such as elevating reactive oxygen species and reducing glutathione peroxidase (GPX) (156). Copper can induce male reproductive toxicity. Copper sulfate (CuSO4) significantly promotes autophagy levels in testicular and mouse germ cell line GC-1 spg cells by affecting the AMPK-mTOR pathway and induces ferroptosis while inhibiting autophagy can inhibit CuSO4-induced ferroptosis in vivo and in vitro (157). Some scholars have pointed out that ferroptosis has excellent potential in cancer treatment (158). Copper can stimulate ferroptosis through oxidative stress, so copper ionophores or copper chelators developed using biological properties can be used as a new type of anti-tumor drug. For example, drugs such as elesclomol, DSF, and TTM can induce oxidative stress and ferroptosis by inhibiting the steady-state balance of iron and copper (129). Application of elesclomol to colon cancer cells significantly increased the level of Cu2+ in mitochondria, increased oxidative stress pressure within cells, and caused ferroptosis (154). Combined treatment with DSF and Cu2+ can inhibit the viability of nasopharyngeal carcinoma cells. Transcriptome analysis showed that the ferroptosis pathway is related to cell death induced by DSF/Cu, and seven genes related to ferroptosis showed significant changes. This phenomenon suggests that the ability of DSF/Cu to inhibit nasopharyngeal carcinoma cells may depend to some extent on ferroptosis (159). Another study found that DSF/Cu can disrupt the stability of liver cell mitochondria, causing mitochondrial fragmentation and accumulation around the cell nucleus. Combined application of DSF/Cu and sorafenib has a significant inhibitory effect on Huh7 cells. The content of free iron, superoxide, and lipid peroxides in the cells increased. Nude mouse transplantation tumor model experiments showed that the combined use of DSF and sorafenib showed a synergistic tumor growth inhibition effect, indicating that the combined use of copper and anti-tumor drugs has a synergistic promoting effect on ferroptosis of HCC cells (160).

The studies mentioned above suggest that regulating intracellular copper ion concentration can influence ferroptosis in cells. Therefore, targeting copper ions can be applied to enhance the sensitivity of tumor chemotherapy based on ferroptosis, which has important implications in cancer chemotherapy.




4.5 Copper overload triggers cuproptosis

Recently, Tsvetkov et al. published a critical study indicating that an excessive accumulation of copper ions in human cells can trigger a new form of cell death, distinct from known pathways such as apoptosis, ferroptosis, pyroptosis, and necroptosis. This copper-dependent form of cell death is known as “cuproptosis” (13). The occurrence of cuproptosis depends on the accumulation of copper within cells and is closely associated with mitochondrial respiration. Cells with active mitochondrial respiration are about 1000 times more sensitive to cuproptosis induced by disulfiram than those with active glycolysis (13). The researchers found that ferredoxin 1 (FDX1) and protein lipoylation are vital regulators of cuproptosis and confirmed that FDX1 is an upstream regulator of the lipoylated protein dihydrolipoamide S-acetyltransferase (DLAT). When extracellular Cu2+ enters the mitochondrial compartment of cells, FDX1 reduces Cu2+ to Cu+, resulting in the oligomerization of DLAT protein and the downregulation of Fe-S cluster protein expression. These events ultimately increase the level of toxic stress proteins of the heat shock protein family A (HSP70), inducing protein toxicity stress and cell death (13). Our prior investigations using bioinformatics analytics underscored a notable correlation between the cuproptosis phenotype and the prognosis of patients afflicted with HCC, insinuating a significant therapeutic potential of cuproptosis in oncology (161). In the burgeoning field of cancer therapy, cuproptosis has already begun to take shape as demonstrated by numerous research reports. A study by Huo, Shengqi et al., for instance, proposed cuproptosis as a prospective pathway to inhibit the advancement of colorectal cancer. They divulged that the chemical compound 4-Octyl itaconate (4-OI) amplifies the impact of cuproptosis by hindering aerobic glycolysis and directing its action towards GAPDH, a crucial enzyme in glycolysis. This sophisticated interplay of elesclomol-Cu and 4-OI has demonstrated successful tumor growth reduction in both in vitro and in vivo environments (162). Furthermore, when combined with nanomedicine, cuproptosis displays remarkable potential in cancer treatment. A groundbreaking approach introduced by Guo, Boda et al., outlines a novel cancer therapy tactic that involves the creation of a ROS-sensitive polymer, PHPM, which is utilized to concurrently encapsulate elesclomol and copper into nanoparticles, dubbed NP@ESCu. This delivery system efficiently transports Cu into the cancer cells, initiating cuproptosis and sparking immune responses. Notably, an alliance of NP@ESCu with anti-programmed cell death protein ligand-1 antibody (αPD-L1) has indicated favorable outcomes in mouse models, thereby illuminating a potentially novel direction for bolstered cancer treatment in the future (163).

Cuproptosis, a newly discovered form of cell death, has opened up new avenues for the treatment of copper metabolism-related diseases such as cancer. Further exploration of the potential mechanisms of cuproptosis in the development of tumors and the investigation of the related regulatory pathways of cuproptosis in different pathological backgrounds have significant research value and translational significance for the clinical treatment of cancer.





5 Potential tumor treatment strategies for copper

Resistance to cell death is one of the most important characteristics of cancer cells and a major cause of treatment resistance (164). Targeting copper ions can induce cell death, and therefore, based on the enrichment of copper in cancer tissues, it can help distinguish cancer cells from healthy cells. Targeting copper has become one of the hotspots in the development of anti-cancer drugs (47, 165). Currently, there are two main strategies for targeting copper in cancer treatment. The first is copper chelators, such as D-penicillamine, TTM, and trientine. These drugs reduce the bioavailability of copper by binding with copper, thus achieving the goal of treating cancer. The second is copper ionophores, such as elesclomol and disulfiram. These carriers can increase the intracellular level of copper ions and exert anti-tumor effects by producing reactive oxygen species, inhibiting proteasomes, and inducing apoptosis (129, 166). The schematic diagram is shown in Figure 3. Table 1 summarizes some FDA-approved and experimental drugs that target copper metabolism for the treatment of cancer.




Figure 3 | Potential oncology treatment strategies of copper. (A) Based on the higher demand for copper in tumor cells, copper bioavailability can be reduced using Cu chelators to achieve the goal of cancer therapy. (B) Exploiting the higher copper burden in tumor cells, Cu ionophores can be utilized to increase intracellular copper concentration, inducing copper toxicity to achieve the goal of cancer treatment.




Table 1 | FDA approved and experimental drugs targeting copper metabolism in cancer treatment.





5.1 The therapeutic potential of decreasing copper bioavailability in tumor

In recent years, it has been increasingly recognized that compared to most other tissues, tumor cells have an increased demand for copper, which represents a metabolic vulnerability that can be exploited by limiting the availability of copper (167). Serum copper levels in HCC patients are significantly higher than in the chronic hepatitis control group (137 ± 24 vs 107 ± 15 μg/dl, p = 0.0030) (119, 168). Higher copper concentrations have also been found in the liver tissue of HCC dogs (169). Elevated serum copper levels are closely associated with poor liver cancer-specific survival and overall survival of patients (170). Therefore, some researchers have suggested that limiting the bioavailability of copper may be a targetable vulnerability in tumor therapy.

Metal chelators are compounds that selectively bind to specific atoms or ions (171). TTM is a copper chelator that can be used to treat HCC and reduce its proliferative capacity. Under hypoxic conditions, copper deficiency can decrease compensatory glycolysis in HCC cells, thereby weakening tumor characteristics under low oxygen conditions. This suggests that the pharmacological reduction of copper can inhibit the reprogramming of glucose metabolism in HCC (172). TTM can also suppress the development of spontaneous mammary tumors in mouse models, and tumor recurrence occurs several weeks after stopping TTM treatment, indicating that long-term copper deficiency keeps tumor cells in a dormant state (98, 173). Using TTM can target copper-dependent kinase activity of MEK1 and MEK2, inhibiting the initial and resistant forms of melanoma driven by B-Raf proto-oncogene, serine/threonine kinase (Braf) mutations in mice (174). In TTM clinical trials, serum ceruloplasmin levels were measured to monitor copper depletion and adjust drug dosage and treatment duration. In this study on breast cancer, 75 patients received two cycles of TTM treatment (48% with the most aggressive triple-negative breast cancer). The study lasted two years, and 51 patients completed treatment. The results showed that the decrease in serum ceruloplasmin levels in patients with severe copper depletion was associated with a reduction in circulating vascular endothelial growth factor receptor 2 (VEGFR2) and serum LOXL2, indicating that TTM treatment can affect the pre-metastatic niche of tumors. Patients tolerated the treatment well, with only lower levels of neutropenia (175). During MAPK pathway inhibition therapy for tumors, protective autophagy and ULK-dependent signaling pathways are often upregulated in KRAS and BRAF-mutant tumors. RAF-MEK-ERK signaling and copper-dependent autophagy driven by ULK1 and ULK2 make limiting copper bioavailability an effective strategy for blocking KRAS and BRAF-driven tumor growth and survival (176, 177). Cisplatin is an antitumor drug, and its uptake is mediated by copper transporter CTR1 inside the cell (178). Studies have found that low levels of CTR1 expression in human ovarian tumors are associated with poor responses to platinum-based therapy. In a human cervical cancer mouse model, combined treatment with a copper chelator and cisplatin increased the levels of cisplatin-DNA adducts in cancerous tissue without affecting normal tissue, thereby enhancing the therapeutic effect (178). Copper chelation therapy also has a promising mechanism involving programmed death-ligand 1 (PDL1). Cancer cells overexpress PDL1 to protect themselves from antitumor immune responses. Studies have shown a strong correlation between CTR1 and PDL1 expression in many tumors but not in normal tissues. Copper chelation can promote ubiquitin-mediated PDL1 degradation in the colon cancer cell line DLD1, while copper supplementation enhances PDL1 expression in tumor tissue. This phenomenon suggests that copper chelation therapy may synergize with antitumor immune therapy to enhance antitumor immune responses (119). Moreover, research has shown that mitochondrial copper depletion can cause metabolic reprogramming from oxidative metabolism to glycolysis, reducing energy production, which is an effective treatment method, particularly for cancers that depend on oxidative phosphorylation metabolism. Copper-depleting nanocrystals (CDNs) targeting mitochondrial copper are effective in treating triple-negative breast cancer (TNBC), inducing metabolic transformation from respiratory metabolism to glycolysis. CDN treatment can suppress tumor growth and increase the survival rate of three TNBC mouse models (179). Mitochondrial copper depletion can inhibit mitochondrial oxidative phosphorylation and target sex determining region Y-box 2/octamer-binding transcription factor 4 positive cells (SOX2/OCT4+ cells) with highly metastatic properties in TNBC by suppressing their metabolic reprogramming, which may potentially inhibit TNBC metastasis (180). In addition, clinical trials have shown that Copper chelators can be used as adjuvant therapy to improve the effectiveness of radiotherapy and chemotherapy in various types of cancer (60, 181). Serum copper levels are negatively correlated with the response to radiotherapy in cancer patients, indicating that serum copper is an effective monitoring indicator for radiotherapy efficacy (182). A recent study has demonstrated that an increase in Cu2+ levels in cells promotes radioresistance in HCC cell lines. Through cell experiments and mouse radiation models, the researchers found that the copper metabolism MURR1 domain 10 (COMM Domain Containing 10, COMMD10) decreased with increasing radiation dose. The loss of COMMD10 led to copper accumulation in cells, which then inhibited the ubiquitination and degradation of HIF-1α, promoted HIF-1α expression, and induced downstream solute carrier family 7 member 11 (SLC7A11) and CP overexpression. SLC7A11 can increase GSH synthesis and decrease lipid peroxidation levels. CP can decrease intracellular iron concentration, ultimately inhibiting HCC cell ferroptosis and weakening the efficacy of radiotherapy. This experiment suggests that copper homeostasis may be the weak point of radiotherapy resistance. By altering intracellular copper homeostasis and reducing intracellular copper levels, the radiosensitivity of HCC can be enhanced (183). In terms of drug safety, copper chelators have demonstrated good tolerability in treating some chronic genetic diseases, such as copper metabolism disorders (184). Table 2 summarizes the crucial anticancer mechanisms associated with copper deficiency discussed above.


Table 2 | Crucial anticancer mechanisms associated with copper deficiency and their detailed descriptions.



In conclusion, copper chelation therapy presents a promising avenue for cancer treatment due to its ability to exploit the increased demand for copper in tumor cells, affect cellular metabolic processes, and enhance the effectiveness of other cancer therapies. However, further studies and clinical trials are needed to fully understand its therapeutic potential and safety in various types of cancer.




5.2 Antitumor effects of copper accumulation induced in cells

On the other hand, using copper ionophores to increase intracellular copper ion concentration has also shown promising therapeutic effects in cancer treatment. Many different types of copper ionophores have been used as anticancer agents, including DSF, elesclomol, and others. As early as several decades ago, researchers recognized that cancer cells are more sensitive to elevated ROS levels compared to normal cells (185, 186). Therefore, despite copper’s promoting effects on cell survival and proliferation, and the dependence of tumor cells on copper, inducing copper accumulation in cancer cells can specifically induce the production of higher levels of ROS in tumor tissues based on the sensitivity of cancer cells to ROS and the higher concentration of copper ions in cancer tissues. This strategy may achieve the goal of treating tumors (187).

DSF is an FDA-approved aldehyde dehydrogenase inhibitor with a history of over 60 years in treating alcoholism. However, the bioactivity of DSF as a copper ionophore is increasingly gaining attention for rediscovering its potential as an anticancer drug (188, 189). Firstly, cancer cells contain more copper ions, which can react with DSF to form a complex of diethyldithiocarbamate-copper [(Cu (DDC)2 CuET)]. This complex has a specific targeting effect, selectively acting on tumor cells without affecting healthy cells. DSF can also inhibit SOD in cancer cells and compete with glutathione reductase to block the activity of aldehyde dehydrogenase isozymes, inducing oxidative stress and DNA damage (166). DSF can also induce apoptosis by inducing mitochondrial permeability transition through the activation of mitogen-activated protein kinase. Furthermore, the binding of DSF and copper can serve as an inhibitor for various functional proteinases related to the proteasome in multiple cancers, inducing the accumulation of essential proteins such as IKB, P27, and c-MYC, causing cell cycle arrest and triggering apoptosis (190). Furthermore, DSF-Cu complexes can significantly inhibit NF-kB activity, weaken the epithelial-mesenchymal transition of liver cancer cells, promote apoptosis, and increase sensitivity to antitumor drugs (191). DSF also has the characteristics of low cost and high safety (131). Ren et al. demonstrated that copper ionophore disulfiram (DSF) could selectively target HCC cells through iron death mechanisms, and the combination of DSF/Cu with sorafenib, which inhibits nuclear factor erythroid 2-related factor 2 (NRF2) function, may provide a promising synergistic strategy to overcome drug resistance and enhance tumor treatment (160). Many studies have shown that DSF-Cu preferentially targets cancer cells compared to normal cells and seems to preferentially target cancer stem cells (192–194). For example, Yip et al. found that DSF-Cu could inhibit breast cancer stem cells and enhance the effect of paclitaxel treatment. This phenomenon may be due to the induction of ROS generation and activation of downstream apoptosis-related pathways while inhibiting NFκB activity (195). Some other studies have shown that the combination of disulfiram and copper can induce tumor cell apoptosis by inhibiting proteasome activity (196, 197). This mechanism of inhibiting proteasome activity may be achieved by targeting nuclear protein localization protein 4 homolog (NPL4), which is the adapter factor for the p97 (also known as VCP) segregase, involved in the conversion of proteins involved in multiple regulatory and stress response pathways (198). Studies have also shown that disulfiram-copper (DSF-Cu) can inhibit aldehyde dehydrogenase (ALDH), targeting cancer stem cells, and therefore has a synergistic effect on the chemoresistance of tumor stem cells that affect sorafenib treatment outcomes (199). HCC cells treated with DSF/Cu show immunogenic cell death (ICD) characteristics in vitro and can enhance the effect of CD47 blockade therapy by immune activation (200). In recent years, researchers have been working to address the problems of the rapid metabolism, poor stability, and short half-life of DSF in order to more fully utilize its anti-tumor properties (201).

Elesclomol is another well-known copper ionophore that has recently been studied for various cancer treatments. Unlike DSF, elesclomol can directly transport copper ions to the mitochondria inside cells. Moreover, at the same concentration, elesclomol can significantly increase the level of copper ions inside cells compared to DSF (129). It has been reported that the use of elesclomol can decompose ATP7A in colon cancer cells, which is a protein that mediates the export of copper ions inside cells (202). The decomposition of ATP7A further leads to the accumulation of copper ions in the mitochondria of cancer cells (154). The mechanism of elesclomol for treating tumors is controversial. It was previously thought that its mechanism of action was to induce oxidative stress to cause apoptosis of cancer cells. It is well known that compared with normal cells, tumor cells have a higher baseline level of ROS, which helps to develop or maintain a malignant phenotype. At the same time, this also makes cancer cells more susceptible to irreversible oxidative damage and subsequent cell death (203, 204). Therefore, some researchers believe that elesclomol can increase ROS levels by inducing oxidative stress, exceeding the lethal threshold for cancer cells while maintaining normal cell vitality (132, 205). However, some studies suggest that the generation of ROS does not seem to be necessary for elesclomol to exert its cytotoxicity. Some studies attempted to reverse the induction of ROS by using the ROS scavenger NAC; the cytotoxicity of elesclomol can only be reversed by using NAC in some cells (206). Some studies have found that the cytotoxic effects of elesclomol on various small cell lung cancer (SCLC) cell lines, including SCLC 1, SCLC SR2, SCLC B, and SCLC BC (207) and non-small cell lung cancer cell line A549 (205), can be reversed by using 0.1 mM and 10 mM NAC. However, in GSC, 5 mM NAC does not help reverse the cytotoxicity of elesclomol, while 10 mM NAC only has a partial reversal effect (139). Another study also showed that 5 mM NAC only slightly mitigated the loss of activity in three cell lines, NCIH2030, A549, and HCC4009, in response to elesclomol (13). Therefore, the anti-cancer effect of elesclomol is partially related to its induction of ROS, but there should be more critical mechanisms to explain its cancer cell toxicity. Some scholars have pointed out that the differences between normal cell mitochondria and cancer cell mitochondria (such as membrane permeability, reactions to uncoupling, and the structure and function of complex I) may somehow contribute to the selective cytotoxicity of elesclomol towards certain cancer cell types. In fact, scientific research over the past century has revealed many significant differences in mitochondrial structure and function between normal cells and cancer cells, including differences in mtDNA sequences, molecular composition, and metabolic activity (208). Subsequent studies have found that elesclomol-induced cell damage also involves DNA damage and cell cycle arrest (209). In addition, it has been reported that elesclomol can induce ferroptosis (154). However, whichever mechanism is involved is related to elesclomol’s copper ion transport function.

The study conducted by Nagai, Masazumi et al. indicated that elesclomol could chelate extracellular copper at very low concentrations (nM levels) and enter cells in the form of elesclomol-Cu2+ complex, selectively targeting the mitochondria and the mitochondrial enzyme FDX1. FDX1 can reduce Cu2+ to Cu+, resulting in the generation of a large number of reactive oxygen species that trigger apoptosis in cancer cells, exhibiting anti-tumor activity against various cancer cells (129). However, like previous studies, researchers attributed the cytotoxicity of elesclomol to the excessive production of ROS and could not explain why the cell death induced by elesclomol was closely related to mitochondrial respiration and why the sensitivity of cells with active mitochondrial respiration to elesclomol was nearly 1000 times higher than that of cells with active glycolysis. Recently, Tsvetkov, Peter et al. proposed the concept of “cuproptosis” as a unique mechanism to explain the cytotoxic effect of elesclomol. The researchers found that FDX1 and protein lipoylation were key regulatory factors for cuproptosis and confirmed that FDX1 was an upstream regulatory factor of the lipoylated protein DLAT. When extracellular Cu2+ entered the mitochondria, FDX1 reduced Cu2+ to Cu+, leading to oligomerization of DLAT protein, a decrease in the expression of Fe-S cluster proteins, and an increase in the level of toxic stress protein in the heat shock protein family A (HSP70), thereby inducing protein toxicity stress and cell death [6]. DLAT is part of the respiratory chain complex II (cytochrome c reductase) and mainly catalyzes the generation of acetyl-CoA in the pyruvate dehydrogenase (PDH) reaction, which is further oxidized in the TCA cycle. Therefore, cuproptosis markers such as FDX1 and DLAT are significantly correlated with mitochondrial respiration intensity. Tsvetkov, Peter et al. also found that the occurrence of cuproptosis was significantly related to mitochondrial metabolism, providing a more plausible mechanism for explaining the anti-cancer effect of ES depending on the transport of extracellular copper ions and the mitochondrial respiration intensity of cancer cells (13).

The metabolic selectivity of elesclomol may provide a reference for the treatment of specific metabolic-type tumors as a targeted therapy (210). For example, targeting drug-resistant cancer cells, many drug-resistant cancer cells exhibit vigorous mitochondrial respiration activity, including drug-resistant cancer cells to cisplatin and proteasome inhibitors. The ID 50 of elesclomol in cisplatin-resistant cells is in the low nanomolar range (207). Furthermore, cancer stem cells and molecularly targeted drug-resistant cancer cells also show significantly enhanced mitochondrial metabolism. As elesclomol displays substantial toxicity against all cells with strong mitochondrial respiration, it could be a feasible strategy to use elesclomol as an adjuvant for chemotherapy in combination with other drugs. Chemotherapy drugs can force cancer cells to selectively alter their metabolic patterns, increasing their dependence on mitochondrial metabolism to adapt to drug-induced changes. However, it should be noted that cells with high mitochondrial metabolism may be sensitive to the effects of elesclomol (132). Under the dual pressure of chemotherapy drugs and elesclomol, cancer cells face opposing pressures, which may help prevent the development of drug resistance. In addition, a combination of glycolysis inhibitors and elesclomol might be an effective solution. Although there are currently no reports of combined treatment with elesclomol and glycolysis inhibitors for cancer, related investigations predict that combining these two treatments will yield sound therapeutic effects. In preclinical models, the combination of elesclomol and pyruvate dehydrogenase kinase (PDK) inhibitor DCA has shown promising results. DCA is a small molecule that shifts cell metabolism from glycolysis to mitochondrial metabolism (211). The metabolic plasticity of cancer cells increases their dependence on mitochondrial metabolism in response to glycolysis inhibition, which promotes the function of elesclomol. In clinical trials, elesclomol combined with paclitaxel has been evaluated in multiple major clinical trials targeting advanced melanoma (212–214). A Phase I clinical trial showed that the combination of elesclomol and paclitaxel had good tolerability, with toxicity characteristics similar to paclitaxel alone (214). A Phase II study showed that adding elesclomol to paclitaxel increased the median progression-free survival by double, reduced disease progression/death risk by 41.7%, and improved overall survival (212). Although the results of a Phase III clinical trial showed that using elesclomol to treat melanoma did not significantly benefit tumor patients, elesclomol had anti-tumor effects on patients with low plasma lactate dehydrogenase levels. As the increase in lactate dehydrogenase activity is related to tumor hypoxia, this finding is consistent with the fact that elesclomol is more sensitive to tumor cells that depend on mitochondrial respiration (213).

Elesclomol has also shown good performance in terms of drug safety, with some studies reporting that elesclomol’s cytotoxicity appears to be selective for cancer cells (129). Human peripheral blood mononuclear cells (PBMCs) are unaffected at concentrations of elesclomol that have a significant killing effect on cancer cells, and elesclomol cannot induce copper ion enrichment in PBMCs (212). Clinical trial results have also not reported severe side effects from the use of elesclomol alone or in combination with other chemotherapy agents. According to existing reports, nearly a thousand patients have received high doses of elesclomol in clinical trials. The excellent tolerance of patients to elesclomol is a common feature of these trials. For example, in a Phase I trial, the maximum tolerated dose of elesclomol in solid tumor patients was as high as 438 mg/m2 (214). In past clinical trials, no patients reported organ or functional damage associated with elesclomol (212, 214, 215). Therefore, elesclomol treatment has a high level of safety. Table 3 summarizes the primary anticancer mechanisms related to copper accumulation discussed above.


Table 3 | Primary anticancer mechanisms related to copper accumulation and their detailed descriptions.



In conclusion, the discovery of copper-mediated apoptosis has further refined the specific anti-cancer mechanism of elesclomol. Progress in studying the relationship between elesclomol and mitochondrial metabolism and copper-induced apoptosis provides the possibility of exploring the reapplication of elesclomol in clinical settings. New clinical trials should selectively target cancer types with high mitochondrial metabolism and attempt to combine elesclomol with platinum agents, proteasome inhibitors, molecular targeted drugs or glycolysis inhibitors (216).





6 Future perspectives and outlook

Copper is one of the fundamentals for maintaining cellular physiological functions and is closely related to the proliferation, metastasis, angiogenesis, immune microenvironment, and resistance to radiotherapy and chemotherapy of tumor cells. The disruption of copper metabolism may mediate cytotoxic damage and induce tumor cell death, providing new strategies for cancer treatment. Therefore, further research on copper homeostasis and its regulatory mechanisms is essential. In addition, the role of lipoylation in copper-dependent cell death should be actively explored to develop potential applications for targeted intervention based on cuproptosis. Currently, various tumor types and subtypes associated with copper dependence or sensitivity have been proposed based on numerous correlation analyses, but further screening is required to develop personalized treatment plans.

Multiple copper chelators and copper ionophore have exhibited good anti-tumor properties, indicating that targeting the copper transport system can be used for tumor treatment or increasing the sensitivity of other anticancer drugs. In addition, enhancing mitochondrial metabolism by altering the metabolic status of tumor cells and using elesclomol specificity for mitochondrial respiration may also become applicable to cuproptosis therapy. Studies have already shown that metabolic reprogramming can enhance the efficacy of cuproptosis therapy on tumors. For example, Yang et al. used 4-octyl itaconate to inhibit aerobic glycolysis, thereby enhancing the effect of elesclomol-induced cuproptosis in colorectal cancer cells (162). Therefore, targeting copper metabolism homeostasis and inducing different forms of cell death, such as cuproptosis, holds enormous promise for the field of tumor treatment.
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Detailed Description

Copper deficiency under hypoxia can inhibit compensatory glycolysis in HCC cells, thus reducing tumor characteristics.

Long-term copper deficiency can keep tumor cells dormant, suppressing tumor recurrence.

By targeting copper-dependent kinase activity of MEK1/2, Braf-driven melanoma can be inhibited.

Copper deficiency, related to decreased VEGFR2 and LOXL2, suggests potential effects on the pre-metastatic tumor
environment.

Copper deficiency can inhibit autophagy-related proteins ULK1/2, reducing protective autophagy induced by KRAS and
BRAF mutations during MAPK pathway inhibition.

Copper chelation reduces copper’s competitive binding with CTR1, enhancing cisplatin’s binding, transport, and efficacy.

Copper chelation can promote ubiquitin-mediated degradation of PDLI in tumor cells, potentially synergizing with anti-
tumor immunotherapy.

Copper deficiency in mitochondria-dominant tumor cells can shift metabolism from oxidative to glycolytic, reducing
energy production.

Regulating intracellular copper ion homeostasis and reducing their levels can enhance the radiosensitivity of HCC.
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Detailed Description

As cancer cells are more sensitive to ROS, copper ionophore induce high ROS levels, causing toxic damage and death
in cancer cells.

Copper ionophore like DSF form Cu (DDC)2 CuET complexes, which selectively target tumor cells without affecting
healthy cells

Copper ionophore can induce DNA damage, leading to cell cycle arrest, thus inhibiting tumor growth.

Copper ionophore can induce cancer cell death via several mechanisms. For example, elesclomol can induce cell death
through ferroptosis and cuproptosis.

Copper ionophore like DSF can inhibit superoxide dismutase (SOD) in tumor cells, compete with glutathione
reductase, prevent the activity of aldehyde dehydrogenase isoenzymes, leading to oxidative stress and DNA damage.

DSF and Elesclomol can inhibit various functional proteases related to the proteasome, causing accumulation of
essential proteins (like IKB, P27, and ¢-MYC), thus inducing cell cycle arrest and apoptosis.

DSF and Elesclomol can target cancer stem cells, enhancing the sensitivity and anti-tumor effects of anti-cancer drugs.

DSF can enhance the effect of CD47 blockade therapy by inducing ICD.

Elesclomol shows significant toxicity to cells with high mitochondrial respiration activity, including drug-resistant
cancer cells, cancer stem cells, and cancer cells resistant to molecular targeted drugs.

Reference

(129, 132, 185-
187, 203-205)

(129, 190-194,
212)

(209)

(13, 154, 160)

(160, 166, 191)

(190, 196-198)

(195, 199)

(200)

(132, 207, 210,
211, 213)





OEBPS/Images/fonc-13-1209156-g003.jpg
Tumor cell proliferation Copper bioavailability l

Cu . Cu Chelator

Copper toxicity
Cu Ionophore

—






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2023.1209156_cover.jpg
& frontiers | Frontiers in Oncology

Copper in cancer: from limiting nutrient to
therapeutic target





OEBPS/Images/fonc-13-1209156-g002.jpg
- Complex IV y OXPHOS y  ATP ]lz/ll'iotz;iccll]ig;%de;?flrg og(l)}l;ltél‘inl({; growth by influencing the assembly of

~— C Vs

% / TRKB, EGFR, MET —_ MAPK signals Activating tumor growth pathways by enhancing tyrosine kinase

Eh A phosphorylation on cell membranes

. —MYC : : :

o ® \ Promoting tumor growth by influencing oncogenes and tumor suppressor
& P53 genes

= N

= ULK1/2 —— Autophagy ———————- Promoting tumor growth by enhancing autophagy

a NO ——  Angiogenesis signals —————— Activating angiogenesis signals by increasing NO production

Q

S // NE-B signals \ Promoti ion of angiogenic factors by activating HIF-1a and

50 . ~ romoting expression of angiogenic factors by activating -looan

kS [ ) S HIF- 1o signals — Angiogenic factors NF-kB signals

é:: \ ATOXI PDGF signals ﬁ%tcl)\s?tlmg PDGF signals through the copper-dependent transcription factor

Co&)per influences the infiltration of CD4+ T cells, the expression of PD-L1,
and 1induces polarization of macrophages towards the M1 phenotype.
This suggests a close relationship between copper and the TIME

[ ] PD-L1

TIME

/\ CD4+ T cells
—
~

Macrophage polarization towards the M1 phenotype





OEBPS/Images/table1.jpg
Drug Name

Mechanism

FDA Approval
Status

Disease

D-penicillamine
Trientine
Zinc acetate

Tetrathiomolybdate

Ethylenediaminetetraacetic acid (EDTA)

Dimercapto-propane sulfonate (DMPS)

Dimercaptosuccinic acid (DMSA)

Disulfiram (DSF)

Elesclomol

Diacetyl-bis (N4-methylthiosemicarbazone)
(ATSM)

Glyoxal-bis (N4-methylthiosemicarbazone)
(GTSM)

N/A, Not applicable.

Binds to copper and leads to its excretion
Binds to copper and leads to its excretion
Blocks absorption of copper in the gut

Binds to copper and leads to its excretion

Binds to copper and leads to its excretion

Binds to copper and leads to its excretion
Binds to copper and leads to its excretion

Transports copper into cells and leads to its
overload

Transports copper into cells and leads to its
overload

Transports copper into cells and leads to its
overload

Transports copper into cells and leads to its
overload

Yes

Yes

Yes

Yes

Wilson’s disease
Wilson’s disease
Wilson’s disease
N/A

Lead poisoning and iron
overload

N/A

Lead poisoning in children

Alcoholism

N/A

N/A

N/A





