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Abstract: A co-factor of multiple metalloenzymes that promote normal physiological functions, such as the immune system, 
neurological system, human hematological function, bone health, and antioxidant action, copper is one of the most important trace 
metals in the human body. The copper content in the human body maintains a relatively constant level; too much copper can cause 
Wilson’s disease, and too little can cause Menkes disease. Copper is involved in the physiological functions of many body systems and 
has a very complex transport system with many transporters. In order to offer fresh concepts and a theoretical foundation for cancer 
treatment, this article will go into great detail about the distinct metabolic pathways of copper and the function of cell death, 
particularly the function of copper-controlled cell death, especially cuproptosis, in cancer detection and treatment. Cuproptosis, 
a copper-dependent cell death distinct from necrosis, apoptosis, and ferroptosis, is triggered by excessive intracellular copper binding 
to lipoylated tricarboxylic acid (TCA) cycle proteins, leading to abnormal protein aggregation and loss of iron-sulfur clusters in 
respiratory chain complexes. Future research may focus on optimizing the specificity of copper metabolism-related biomarkers (eg, 
CTR1, SOD1) for early tumor screening, developing targeted copper ionophores/chelators with low systemic toxicity, and exploring 
the crosstalk between copper metabolism and tumor immunity to establish multi-dimensional diagnosis and treatment strategies. 
Keywords: copper metabolism, cuproptosis tumor, regulatory mechanism, tumor diagnosis and treatment

Introduction
The human body primarily obtains adequate copper from daily diets, such as fish, nuts, and legumes, with 
a recommended daily intake of 0.9 mg for adults. As a catalytic cofactor, copper participates in multiple vital life 
activities. After digestion in the gastrointestinal tract (mainly the small intestine), copper enters the bloodstream in ionic 
form, mainly oxidized Cu2+ and reduced Cu+, and these two forms can be interconverted.1 During their interconversion, 
specific essential proteins and enzymes utilize the redox properties of copper to perform physiological functions (eg, 
electron transfer in the mitochondrial respiratory chain). According to the results of the study, the level of copper in 
tumor tissue and serum was significantly increased in cancer patients.2 Based on this, scientists have seen the important 
role of copper metabolism in tumor development and the importance of copper metabolism in the diagnosis and treatment 
of tumors. Elevated serum copper levels were detected in 68% of patients with gastrointestinal cancers and this elevation 
was positively correlated with tumor stage.3 Similarly, in breast cancer, tumor tissue copper concentration was 2.3-fold 
higher than that in adjacent normal tissue.4 For example, while studying illismo, Tsvetkov et al discovered a copper- 
dependent death that, unlike cell necrosis,5 apoptosis,6 and autophagic cell death,7 occurs when copper is directly bound 
to the lipoylated components of the tricarboxylic acid cycle.8 This article reviews the significance of copper metabolism 
and the regulation of cell death by copper metabolism in cancer research.
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Copper Metabolism and Its Regulatory Mechanism
When in the determinants of copper ionophore intacxicity, Tsvetkov et al found that the use of BSO depletes the 
endogenous intracellular copper chelator glutathione, thereby inducing cell death; At the same time, intracellular 
isoprenoid levels are significantly increased after treatment with potent copper ionophore pulses,8 indicating that 
cuproptosis is triggered by excessive intracellular copper accumulation. Excess copper binds directly to acylated proteins 
involved in TCA intracellularly, eventually leading to abnormal protein aggregation and ultimately leading to the loss of 
iron-sulfurin in the respiratory chain complex, and cells will be stressed due to changes in proteins, leading to cell death.

Definition of Copper Metabolism and Its Mechanism
Copper metabolism refers to a series of physiological processes such as the absorption, transport, distribution, storage 
and excretion of copper in the human body.

Copper transporters refer to membrane proteins responsible for copper uptake, intracellular transport, and excretion, 
such as CTR1 (high-affinity copper importer for Cu+ uptake) and ATP7A/B (copper exporters mediating copper efflux to 
bile or bloodstream).9 In humans, cellular uptake of copper is primarily provided through the Cu transporter CTR1 
(copper transporter 1),9 and in a peptide-based model of CTR1, Thibaut Galler et al found that the trimeric arrangement 
of the N-terminus of CTR1 enables specific copper uptake in intestinal epithelial cells.10 After entering the bloodstream, 
it is transported primarily by ceruloplasmin (CP),11 which accounts for at least half of the Cu in plasma,12–14 in contrast 
to albumin and transcudin, which are the main components of the exchangeable plasma Cu pool. Subsequently, copper 
ions are transported to the liver through the portal venous system,15 where they are primarily stored in hepatocytes. In 
addition, excess copper is excreted into bile through the ATPase copper transporter β (ATP7B).16

The mechanism of copper ion action in the organism is mainly regulated through three types of proteins. Combined with 
the metabolic flow of copper metabolism in the organism, the first category is mainly copper transmembrane transport-related 
proteins, such as CTR1 which mainly transports Cu+ The second category is proteins that bind and store copper ions, including 
the natural intracellular copper ion chelators: the MT and glutathione (GSH).17 The third category is the copper ion 
chaperones,18 the cytoplasmic copper ion chaperone (ATOX1) binds Cu(I) via two cysteamine residues and transports it to 
the metal binding site of ATP7B.17 Superoxide dismutase (CCS) directly binds copper ions and transports them to superoxide 
dismutase 1 (SOD1).19 Among other things, SOD1 catalyzes the production of H2O2 from superoxide radicals as a means of 
maintaining free radical homeostasis in the body, an imbalance of which may lead to cell death.20 The cytochrome c oxidase 
copper chaperone protein 17 (COX-17) transports Cu2+ to secondary copper-containing proteins including cytochrome 
c oxidase synthase protein 1 (SCO1), SCO2, and thereafter further to the two subunits of SCO, thus activating the enzyme 
activity of the respiratory chain.21 COX17 carries the copper ions from the cytoplasm to the inner mitochondrial membrane, 
and a portion of the copper ion enters the inner mitochondrial membrane by means of SLC25A3; some are involved in 
constituting the correct spatial conformation of SOD1 (which is located in the membrane gap) and in ensuring the correct 
function of cytochrome C oxidase in the inner membrane; and the other part is expelled into the cytoplasm. These three 
proteins, which are closely related to copper metabolism, regulate the normal physiological functions of the organism through 
different mechanisms, as seen in Figure 1 (eg, Figure 1).

Regulatory Mechanisms of Copper Metabolism
Cell death caused by excessive copper accumulation has been a hot topic for many scholars. At present, different scholars 
have put forward many hypotheses on this kind of problem through experiments, mainly focusing on the signaling 
pathways involved in the four types of proteins that regulate copper metabolism. Here, we will focus on the signaling 
pathways regulated by the copper transport proteins CTR1, ATP7A and ATP7B, the copper binding proteins CP, GSH 
and MT, and the copper chaperones ATOX1, SOD1 and COX-17. The role of these copper metabolism-related proteins is 
shown in Table 1. (eg, Table 1).

From Figure 2, it can be seen that different copper metabolism-related proteins regulate the development process of 
tumors by affecting different pathways. (eg, Table 2) The MAPK (mitogen-activated protein kinase) pathway is a key cell 
proliferation pathway stimulated by Cu. It is involved in the regulation of various physiological functions such as cell 
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proliferation, death and differentiation in the organism. CTR1, a transporter protein for copper ions, responds to the 
activation of extracellular Ras signaling pathway and further activates the MAPK pathway,33 thus the MAPK pathway 
regulated by copper ion imbalance plays an important role in cancer development.

Ras is one of the central cellular regulatory molecules located in a variety of signaling and proteins38 and is an 
upstream protein of the Raf-MEK-ERK pathway.39 CTR1 is an important regulatory protein on the Ras-to-Erk signaling 
pathway that stimulates the level of phosphorylation of Erk1/2. Erk1/2 is an extracellular signaling-regulated kinase- 
serine-threonine kinase, whose hyperactivation plays an important role in cancer development.40 Active Ras binds and 

Figure 1 Copper transport and metabolic pathways in the body. Arrows indicate the direction and route governing copper ion transport within the organism, with the 
proteins positioned above the arrows corresponding to the indispensable transporters and factors involved in this transport cascade.

Table 1 Genes Involved in Copper Metabolism

Genetics Functionality References

CP Series Mainly replaceable plasma copper carriers [22]

CTR1 High Affinity Cu Importer [23]

ATP7A Mediates the entry of copper into the bloodstream [24]
ATP7B Involved in the transport and metabolism of copper ions [24]

MT Cu/Zn storage protein [25]

GSH Interacts with copper ions to maintain intracellular redox balance [26]
ATOX1 Transport of copper ions to ATP7B [27]

CCS Promotes disulfide bond formation and activates SOD1 [28]

SOD1 Maintaining intracellular ROS homeostasis [28]
COX-17 Catalyzes electron transfer from cytochrome c [29]

SCO Mitochondrial Cu metal chaperones [30]

SLC25A13 Mitochondrial copper transport [31]
MEK1/MEK2 Upstream regulators of the ERK pathway [32]

ERK1/ERK2 Transduces signals from surface receptors to the nucleus and activates the ERK signaling pathway [32]

Notes: Table 1 focuses on genes involved in copper metabolism. It lists multiple relevant genes (eg, CP Series, CTR1, ATP7A, ATP7B), explains their 
specific roles in copper metabolism (including transport, storage, maintaining intracellular redox balance, and regulating signaling pathways), and labels 
corresponding reference numbers, providing a literature basis for functional studies of these genes.
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activates Raf kinases, which phosphorylate and activate the phosphorylation of the serine-threonine MAPK kinases Mek1 
and Mek2.33 Through CTR1, copper plays a role in the Ras/MAPK signaling pathway at the binding site of Mek1/2 
phosphorylation of Erk1/2. In addition, Mek1 can directly interact with Cu33 to stimulate Erk1/2 phosphorylation. In both 
mechanisms of action, Mek1 can function as a key kinase regulator of Erk signaling.41

MT is a cysteine-rich, low-molecular metal-binding protein that balances free radicals in the body to reduce stress responses 
and contains clusters of metal thiolates that bind heavy metals. Its high affinity for heavy metals prevents metal toxicity,42 for 
example, MT plays a role in Cu(I) binding and detoxification when intracellular copper is overloaded, and there are four isoforms 
of MT, among which, MT1 and MT2 can chelate SLC31A1 to transport large amounts of copper ions.43 In different types of tumor 
cells, MT expression varies. In melanoma, nasopharyngeal carcinoma and other tumor cells, the expression is up-regulated;44,45 in 

Figure 2 Copper metabolism regulates tumorigenicity. This figure depicts copper transporter CTR1-regulated signaling pathways in the tumor microenvironment (TME) 
and the molecular mechanism by which copper ions induce reactive oxygen species (ROS) to promote tumor cell apoptosis. An upward arrow following a protein or factor 
indicates promotion, while a downward arrow denotes inhibition.

Table 2 Mechanisms of Drug Resistance Associated with Copper Metabolism

Mechanisms of 
Drug Resistance

Key Proteins/Pathways Clinical Evidence

CTR1 expression was 
upregulated

Enhanced copper uptake and 
activation of PI3K/AKT pathway

High expression of CTR1 in a model of chemotherapy resistance in ovarian cancer 
patients34

Metallothionein 

induction

MT1/2 chelates copper to reduce 

intracellular toxicity

MT overexpression in breast cancer cells is associated with cisplatin resistance35

Abnormal ATP7A/B 

transporter function

Copper efflux enhancement to 

reduce drug accumulation

Abnormal function of ATP7A/B transporters is a key cause of copper-based drug 

resistance, as mutations in ATP7B enhance copper efflux to reduce intracellular 

drug accumulation;36 similar results were observed in colorectal cancer, where 
elevated glutathione levels neutralize ROS to inhibit cuproptosis.

Compensatory 

elevation of 
glutathione

Neutralizes ROS and inhibits 

copper-dependent death

Knockdown of GSH synthase GCLM in lung cancer cells reverses drug resistance37

Notes: Table 2 outlines four copper metabolism-related drug resistance mechanisms, plus key proteins/pathways and clinical evidence for each: CTR1 upregulation: 
Enhances copper uptake and activates the PI3K/AKT pathway; high CTR1 expression occurs in chemotherapy-resistant ovarian cancer models. Metallothionein (MT) 
induction: MT1/2 chelates copper to reduce intracellular toxicity; MT overexpression in breast cancer cells associates with cisplatin resistance. ATP7A/B transporter 
dysfunction: Boosts copper efflux to decrease drug accumulation; ATP7B mutation in hepatocellular carcinoma cells increases copper efflux efficiency. Glutathione 
compensatory elevation: Neutralizes ROS and inhibits cuproptosis; knocking down glutathione synthase GCLM in lung cancer cells reverses drug resistance.
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hepatocellular carcinoma, the expression is down-regulated.46 The sulfhydryl group of GSH has a strong reducing property, which 
reduces Cu2+ to Cu+ and promotes its binding to transporter proteins. In addition, GSH can also bind to free copper ions to form 
GSH-copper complexes, which prevents excessive free copper accumulation in the body and avoids oxidative stress, preventing 
the body from accumulating excessive free copper and triggering oxidative stress.

Mitochondria are the main site of cellular respiration, and high levels of ROS can cause mitochondrial dysfunction, leading 
to apoptosis and autophagy.47 Copper-mediated Fenton effect or depletion of antioxidant molecules causes elevated reactive 
oxygen species (ROS), which is a common metabolite in normal physiological functioning of the human body, and maintains 
a low to moderate level in the body, and when ROS are persistently elevated, it can be damaging to both normal and tumor 
cells,48 leading to mitochondrial dysfunction resulting in cell death. The Fenton effect mediated by copper ions generates 
active free radicals that greatly elevate the concentration of reactive free radicals and promote cell death.49 In the combined 
treatment of cancer with elesclomol and copper, Gao et al50 found that elesclomol promoted the degradation of ATP7A, 
leading to the retention of copper in mitochondria and the accumulation of reactive oxygen species (ROS), which promotes the 
degradation of CTR1 (SLC7A11), enhances oxidative activation of cancer cells, and delays the proliferation of cancer cells. In 
addition to ATP7A, copper ion chaperones and copper ion binding proteins also regulate cancer cells by regulating ROS and 
thus cancer cells. For example, CCS binds cytoplasmic copper to transport copper to SOD1,51 which transports copper to the 
nucleus and activates the transcription factor HIF-1α;52 Atox1 mediates cancer cell metastasis by coordinating copper 
transport.53 Glutathione (GSH) is a specific antioxidant in the body and its associated antioxidant system reduces cellular 
damage by reactive free radicals.54 The transport of copper by these proteins maintains the relative stability of copper ion 
concentration within the cell and, in turn, the relative stability of ROS.

Hyperactivation of the PI3K-PDK1-AKT axis is a central template for many important physiological or pathological 
metabolisms. It has been shown that the PI3K-AKT signaling pathway is frequently dysregulated in many tumorigenesis,55 so 
it can be assumed that copper metabolism-associated proteins have an impact on the proper functioning of the PI3K-AKT 
signaling pathway. Some researchers have found that copper can strongly activate AKT kinase in a transporter protein CTR1- 
dependent manner, and CTR1 binds to PDK1 to activate AKT kinase and promote AKT phosphorylation; moreover, CTR1 is 
negatively regulated by Nedd4l-mediated ubiquitination and degradation. Copper activates the PI3K-AKT pathway in 
a CTR1-dependent manner, and Nedd4l-mediated ubiquitination of CTR1 negatively regulates this process;56 recent studies 
have further clarified the role of copper ions in PDK1-AKT binding, providing a new target for pathway inhibition.

Mechanism of Cuproptosis
Cuproptosis, a copper-dependent cell death modality first identified by Tsvetkov et al,8 is fundamentally distinct from 
apoptosis, ferroptosis, and necroptosis. Its core mechanism involves two key steps: first, excessive intracellular copper 
directly binds to lipoylated components of the tricarboxylic acid (TCA) cycle (eg, pyruvate dehydrogenase, α- 
ketoglutarate dehydrogenase), leading to abnormal aggregation of these lipoylated proteins;8,17 second, aggregated 
proteins induce the loss of iron-sulfur (Fe-S) clusters in mitochondrial respiratory chain complexes (eg, Complex I, 
Complex II), disrupting electron transport and ATP synthesis.8 This dual effect triggers proteotoxic stress and mitochon
drial dysfunction, ultimately leading to cell death.

Recent studies have further supplemented the regulatory network of cuproptosis: for example, glutathione (GSH) acts as an 
endogenous copper chelator to inhibit cuproptosis by reducing free copper ions;54 while copper ionophores (eg, elesclomol) 
promote cuproptosis by depleting GSH and increasing intracellular copper accumulation.50 Additionally, the copper chaper
one ATOX1 was found to inhibit cuproptosis by transporting copper to ATP7B for efflux, and knockdown of ATOX1 
significantly enhances the sensitivity of colorectal cancer cells to copper ionophores. These findings indicate that cuproptosis 
is tightly regulated by copper metabolism-related proteins and provides a new target for tumor therapy.

Abnormal Copper Metabolism Regulates Tumor Occurrence Through 
Tumor-Related Signaling Pathways
Copper metabolism affects tumorigenesis through three interrelated pathways: regulating tumor-associated signaling 
pathways, reshaping the tumor microenvironment, and disrupting mitochondrial function. The specific mechanisms are 
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elaborated as follows. Abnormal regulation of copper metabolism, ie, imbalance of copper concentration in the body, is 
the main cause of tumorigenesis, because the imbalance of copper concentration in the body leads to abnormal function 
of related proteins, which cannot work correctly within the related signaling pathways, leading to lesions of normal cells 
or proliferation of tumor cells. Abnormal copper metabolism not only disrupts intracellular redox homeostasis but also 
interacts with key signaling pathways in the tumor microenvironment, thereby promoting tumorigenesis; the specific 
regulatory mechanisms are as follows.

Compared with the normal physiological environment, tumors form their special ecological environment called tumor 
microenvironment (TME) during the development process, which is characterized by hypoxia, PH acidity, high 
glutathione and overexpression of growth factors, which provides tumor cells with the support needed for tumor growth 
and also influences the process of tumor development. Copper exhibits abnormal distribution and regulation in the tumor 
microenvironment (TME). Within the serum of Wilson patients, CP activity was significantly reduced,57 while within the 
serum of patients with gastrointestina cancers, CP levels showed an elevated trend.58 Copper ions can act as one of the 
catalysts, catalyzing the overexpression of hydrogen peroxide to mediate the Fenton reaction, generating hydroxyl 
radicals by which tumor cells are killed.59 Copper is one of the essential trace elements, which is involved in 
a variety of key physiological processes within cells and can regulate key components of the tumor microenvironment.

Copper ions are cofactors for a number of enzymes including cytochrome c oxidase,60 which plays a key role in the 
oxidative phosphorylation of cellular respiration, participates in the electron transport chain, and promotes ATP synthesis. 
Copper is also involved in the regulation of the activity of oxide dismutase (SOD), which scavenges intracellular 
superoxide anion radicals and is essential for maintaining intracellular redox balance.

In tumor cells, elevated concentrations of copper have been detected, and the tumorigenesis in which copper 
metabolism is involved is mainly accomplished through the promotion of tumor angiogenesis61 and the generation of 
excess ROS. Abnormalities in the expression of copper metabolism proteins lead to hyperactivation or aberrant inhibition 
of the relevant pathways resulting in the proliferation of tumor cells.

Copper metabolism is associated with the more tumor-associated signaling pathways. The MAPK signaling pathway 
is closely associated with the development of several cancer types.62 In particular, 40–50% of melanomas and other 
common tumors such as thyroid cancer have mutations in the BRAF gene, resulting in constitutive activation of MAPK 
channels.63 MAPK mediates intracellular signaling that is relevant to a wide range of cellular activities, including cell 
proliferation, differentiation, survival, death, and transformation.64–66There are four signaling families that comprise the 
MAPK pathway: the MAPK/ERK family, BMK-1, JNK and p38 signaling family; three kinases: MAP3K, MAPKK, and 
MAPK. JNK and p38 signaling are mainly associated with cellular stress and apoptosis, whereas the ERK/MAPK 
signaling pathway is closely related to cell proliferation.37,67,68 JNK/p38 MAPK can induce caspase−8-mediated 
cleavage of the pro-apoptotic pure BH3 protein Bid, which ectopically translocates the C-terminus of Bid, aggregates 
to mitochondria and induces the release of cytochrome c, which further induces cysteine asparaginase activation.69 In 
addition, p38 and JNK can also regulate the autophagic program, where activation of receptor-interacting proteins 
(serine-threonine kinases) and Jun amino-terminal kinases induce cell death in the form of autophagy, and autophagic 
death requires the genes ATG7 and beclin1 and is induced by caspase-8 inhibition.70 Hypersensitive response and 
sustained activation within the MAPK pathway are responsible for cell death through a positive feedback loop.71 The 
release of cytochrome c from mitochondria induces the activation of caspase-9 and subsequent caspase-3, which in turn 
hydrolyzes Bal-2 and promotes the release of more caspase-9 and caspase-3 from cytochrome c through positive 
feedback regulation.72 Hydrolysis of the Bid protein of caspase-8 produces t-Bid, which goes on to induce the release 
of cytochrome c that which in turn promotes protein hydrolysis and activation of caspase-8, closing the vicious circle.73

The HIF-1 (hypoxia-inducible factor-1) pathway is a major regulator of angiogenesis and is synergistically associated 
with VEGF and PIGF.74 Under hypoxic conditions, HIF accumulation is directly up-regulated mainly by VEGF,75 which 
induces the expression of related receptors,23 disrupting oxygen homeostasis, and when oxygen homeostasis is disrupted, 
VEGF binds related receptors and stimulates capillary growth.76 Copper ions regulate the activity of HIF-1α in the tumor 
microenvironment (TME), promoting VEGF expression and angiogenesis. Beyond this, Li et al found that copper 
metabolism disorders could upregulate the expression of M2-type macrophage markers (eg, CD206, IL-10) in TME 
by activating the STAT3 signaling pathway, thereby inhibiting the anti-tumor immune response of T cells. This finding 
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further clarifies the crosstalk between copper metabolism and TME immune regulation.77 If copper ions accumulate in 
excess, HIF-1α is overexpressed and tissue hypoxia is enhanced, which promotes angiogenesis and thus the process of 
tumor cell development.

As a redox sensor, CTR1 plays an important role in promoting vascular proliferation, and its main angiogenic growth 
factor is VEGF2. Upon inhibition of CTR1, the levels of VEGF-induced p-MEK1/2, p-ERK1/2, p-p38MAPK, and p-Akt 
were reduced,78 and angiogenesis was inhibited. Rong et al also demonstrated that in ovarian cancer cells that Cu 
complexes significantly induced apoptosis in tumor cells, showing significant anti-ovarian cancer and anti-angiogenic 
effects.79 Reactive oxygen species can also act as a signaling molecule to promote angiogenesis.80 NGF (neurotrophic 
growth factor) affects the extent of transport and localization of the transport proteins CTR1 and CCS and is able to bind 
to Cu to activate a kinase cascade reaction that induces Erk1/2 phosphorylation and promotes the MAPK signaling 
pathway.81 In addition, restoration of ATP4B expression significantly inhibits cell proliferation, cell viability, migration, 
invasion, tumorigenicity, and induction of apoptosis, and 34 of the differential proteins in ATP4B, such as Bax, Bid, and 
Bcl-2, are involved in mitochondrial function and structure, and are closely related to energy production and apoptosis.82 

The disappearance of the cristae within the mitochondria is an important marker of dysfunction in respiratory chain 
organisms.83

In confirming the mechanism of action of ATP4B on mitochondria, Y. Pan et al found that ectopic expression of 
ATP4B decreased the membrane potential of mitochondria, ATP production was reduced, intracellular ROS increased, 
and mitochondria showed vacuolated and almost completely depleted inner cristae.84 Excess reactive oxygen species in 
mitochondria have been shown to be effective in killing cancer cells85 and can activate intrinsic apoptotic pathways.86 

Second, tumor immune escape is an important way for tumor cells to evade effective killing by the immune system. 
Programmed cell death ligand-1 (PD-LI) on the surface of tumor cells binds to programmed cell death receptor-1 (PD-1) 
on the surface of T cells, triggering apoptosis of tumor-reactive T cells, decreasing CD8+ T cell-mediated tumor 
cytotoxicity, and promoting immune escape,87 which facilitates tumor angiogenesis, and induces tumor cell metastasis 
and migration.

Due to metabolic abnormalities in tumor cells, tumor cells tend to have low ROS levels, and in copper metabolism CP 
can transport copper to other parts of the tissue, but also act as a scavenger of free radicals and superoxide ions to 
maintain stable ROS levels. In the cytoplasm CCS transports copper to superoxide dismutase, and SOD1 is an important 
antioxidant enzyme in copper metabolism, and it has been shown that SOD1 deficiency attenuates mammary 
tumorigenesis.88 SOD1 integrates signals from oxygen and glucose to inhibit cellular respiration and promotes 
glycolysis,89 and the role of SOD1 in tumor cells maintains ROS at a relatively low level and promotes tumor cell 
growth. In tumor cells, SOD1 acts to maintain ROS at relatively low levels, promoting tumor cell proliferation and tumor 
development.

In summary, in the abnormal copper metabolic pathway, copper proteins promote tumorigenesis through the regula
tion of signaling pathways such as MAPK and the concentration of ROS in the body. The level of intracellular copper- 
related proteins and the manifestation of various abnormal physiological functions caused by them may provide evidence 
for the diagnosis and treatment of many tumors.

The Role of Copper Metabolism and Its Regulatory Mechanisms in Tumor 
Diagnosis
Copper metabolism-regulated cell death provides many important evidences for tumor diagnosis. In terms of biomarkers, 
copper metabolism-related proteins can be used as potential tumor diagnostic markers, for example, copper transporter 
protein CTR1, etc. The up-regulation of CTR1 expression meets the needs of tumor cell proliferation. Since tumor 
metabolism differs from normal cells, detection of copper ion concentration can also be evidence for tumor diagnosis. 
Tumor cells resist when copper metabolism is abnormal within the cell, and detection of the expression levels and 
modification status of proteins associated with copper death may indicate tumor development or progression.

For example, IL-24 is a tumor suppressor with spectrally specific anti-tumor effects, which can promote apoptosis, 
inhibit tumor angiogenesis, and increase tumor sensitivity to radiotherapy and chemotherapy to exert anti-tumor effects; 
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anti-apoptotic (Bcl-2) and pro-apoptotic (Bcl-XL) genes are also important proteins in anti-tumor resistance. IL-24 down- 
regulates anti-apoptotic gene expression and increases the expression of pro-apoptotic genes, thereby affecting normal 
cell growth.90 This process creates dysfunction in mitochondria and accelerates the process of apoptosis. Therefore, 
intracellular IL-24 protein content and Bcl-2 and Bcl-XL genes might be important clues for tumor diagnosis and 
treatment. Among multiple cell death modalities, LC-ll/LC3-I and Bax can be used as marker genes to determine the 
process of cell death development. Duan et al demonstrated that LC-ll/LC3-I and Bax expression were up-regulated in 
the additive group and p-MAPK and p-ERK protein expression was down-regulated in the study of Huayu xiaoxing 
compound containing drug, indicating that the drug induces cellular death.91 IAV has been shown to induce a variety of 
programmed cell deaths, and HUANG Jiawang et al demonstrated that IAV can induce cell death by activating the HIF- 
1α/iNOS/VEGF signaling pathway.92 In the developmental process of cell death, many scholars have seen the important 
role of MAPK and its related signaling pathway. Detecting the expression level of key proteins in the signaling pathway 
can be an important basis in clinical tumor diagnosis.

In ovarian cancer cells, the expression of ERK1/2, AKT, FAK and VEGFR2 proteins and their phosphorylated 
proteins p-ERK1/2, p-AKT, p-FAK and p-VEGFR2 in the VEGF/VEGFR2 signaling pathway is up-regulated, and the 
phosphorylation level of the related proteins and the level of angiogenesis can be detected to assess the level of tumor 
development. In addition to detecting phosphorylation levels, K. Elsnerova et al assessed the prognosis and progression 
of ovarian cancer by performing real-time PCR to evaluate the stability of six potential reference genes reflecting the 
expression levels of 12 proteins such as ATB7A, ATP11B, and others.93 Through immunohistochemistry (IHC), tumor 
immune cell analysis, and cancer-related pathway analysis, Y. Li et al assessed the progression, analysis, and infiltration 
of tumor cells by detecting the expression of copper metabolism-related proteins and genes.94 Among the mechanisms of 
protein regulation of tumor cells discussed earlier, SOD1 plays an important role in tumors, and detection of SOD1 level 
can reflect the level of intracellular ROS at a certain level.

Abnormal levels of copper metabolism-related proteins provide important evidence for tumor diagnosis, in addition to 
this, abnormal levels of copper metabolism-related proteins can also be an important target for tumor diagnosis, and 
through the targeted regulation of certain proteins, the relevant signaling pathways can be stabilized to inhibit the process 
of tumor development.

The Role of Copper Metabolism and Its Regulatory Mechanism in Tumor 
Therapy
Given the crucial role of copper metabolism in tumor cells and the continuous advancement of related research, targeting 
copper metabolism in tumor cells has become a popular therapeutic entry point. Identifying key pathways related to copper 
regulation is a critical prerequisite for developing targeted drugs for M. L. Turski et al pointed out that the MAPK signaling 
pathway is a key cell proliferation pathway stimulated by copper, which may serve as a direct target for potent copper 
chelation-based cancer chemotherapeutic drugs.33 Currently, the core of tumor therapeutic strategies designed around copper 
metabolism lies in two categories of targeted drugs: drug optimization and cuproptosis-mediated combination therapy. The 
integration of nanotechnology has further expanded the potential applications of cuproptosis research.

Core Categories of Copper-Targeted Tumor Therapeutic Drugs
Copper-targeted drugs interfere with the survival and proliferation of tumor cells by regulating intracellular copper ion 
levels in tumor cells. Currently, they are mainly divided into two categories: “copper chelators” (reducing intracellular 
copper) and “copper ionophores” (which increase intracellular copper). Although their mechanisms of action are 
opposite, both drugs target copper metabolism to exert antitumor effects, and the application of some drugs provides 
references for the treatment of copper metabolism disorders.

Copper Chelators: Inhibiting Tumors by Reducing Intracellular Copper
Copper chelators bind to copper ions in the body, thereby reducing the amount of copper available to tumour cells and 
inhibiting tumour growth, angiogenesis, and associated signalling pathways. A plethora of copper chelators with 
antineoplastic properties have been the focus of extensive research in recent times,13 including
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•Tetrathiomolybdate (TM): The compound known as tetrathiomolybdate (TM) is of particular interest in this study. 
The anticancer properties of the substance in question were first proposed by Brewer and Merajver.94 It has been 
demonstrated that TM can inhibit the activity of NF-κB, thereby reducing the expression of VEGF, bFGF, IL-1α, IL-6, 
and IL-8.95 Furthermore, TM has been shown to downregulate HIF-1α, thus decreasing the expression of pro-angiogenic 
genes.94 In addition to these effects, TM has been demonstrated to inhibit the activities of SOD1, ATOX1, and ATP7A, 
thereby comprehensively interfering with the copper metabolism of tumour cells.

•D-penicillamine (D-pen): The process of tumour growth is reduced by the depletion of copper ions. The effects of 
the drug include the inhibition of tumour angiogenesis and the expression of intercellular adhesion molecules,96 as well 
as the suppression of LOX activity and the reduction of VEGF expression, thus hindering cancer progression.97

•Trientine: It has been demonstrated that the polyamine structure of the substance in question is capable of reducing 
the production of IL-8 in liver cancer98 and of inhibiting the expression of CD31.99 A substantial body of research has 
been dedicated to the study of drugs associated with copper metabolism in clinical practice. The mechanisms of action 
and applicable symptoms of these drugs are outlined in Table 3. The detection of copper chelators in plasma is contingent 
on the utilisation of high-sensitivity methodologies. Recent advancements in liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) have enhanced the precision of trientine quantification.100

It is noteworthy that copper chelators can also be utilised in the treatment of diseases caused by copper metabolism 
disorders, such as Wilson’s disease (an autosomal recessive genetic disorder), which is caused by mutations in the 
ATP7B gene encoding a transporter ATPase.101 This mutation leads to excessive accumulation of copper in the liver, 
brain, and eyes, resulting in the formation of golden-brown to green-brown annular copper deposits around the cornea. 
However, treatment with copper chelators can eventually eliminate corneal copper discolouration.102 Furthermore, 
tretinoin has been shown to counteract excessive copper accumulation in the body by forming stable complexes and 
reducing copper transport and uptake.103 In April 2022, the FDA approved TETA-4HCl for adult patients with stable 
Wilson’s disease who have undergone copper-depletion therapy and are tolerant to penicillamine104 (as per Figure 2, eg, 
Figure 2).

Copper Ionophores: Inducing Tumor Cell Death by Increcytotoasing Intracellular Copper
Copper ionophores (also known as copper ionophore molecules) are small molecules that facilitate the transmembrane 
entry of copper ions into cells. The induction of cuproptosis is achieved through the augmentation of the intracellular 
copper concentration. Common ionophores in current use include disulfiram (DSF), elesclomol, and everolimus, and 
their anti-cancer effects are entirely dependent on copper ions.105

•Disulfiram (DSF): It has been demonstrated that this compound is capable of forming complexes with metal ions, 
thereby inhibiting proteasome activity in cancer cells. In addition, it has been shown to target and regulate gene 
expression and cell signalling pathways, ultimately inducing apoptosis and inhibiting the proliferation and metastasis 
of cancer cells.106

Table 3 Mechanism of Action of Copper Chelators and Copper Ion Carriers and Progress in Clinical Trials

Drug Name Mechanism of Action Indications Clinical 
Trial Stage

Tetrathiomolybdate 

(TM)

Inhibits NF-kB activity and down-regulates HIF-1α pro-angiogenic genes Liver cancer, breast cancer Phase II

Disulfiram (DSF) Forms a complex with Cu to inhibit proteasome activity and induces ROS 
generation

Colorectal cancer, lung cancer Phase III

Elesclomol Targets mitochondrial metabolism, induces oxidative stress and 

cuproptosis

Melanoma Phase II

Trientine Chelates copper ions, inhibits IL-8 and CD31 expression Liver and ovarian cancers Preclinical

Notes: Table 3 details the mechanisms of action and clinical trial progress of copper chelators and copper ion carriers, featuring 4 key drugs: Tetrathiomolybdate (TM): 
Inhibits NF-κB activity and down-regulates HIF-1α and pro-angiogenic genes; indicated for liver/breast cancer (Phase II). Disulfiram (DSF): Forms complexes with copper to 
inhibit proteasome activity and induce ROS; indicated for colorectal/lung cancer (Phase III). Elesclomol: Targets mitochondrial metabolism to induce oxidative stress and 
cuproptosis; indicated for melanoma (Phase II). Trientine: Chelates copper ions and inhibits IL-8/CD31 expression; indicated for liver/ovarian cancers (preclinical). The table 
concisely summarizes each drug’s mechanism, targeted cancers, and clinical development status.
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•Elesclomol: The mechanisms by which this occurs are not yet fully elucidated, but it has been demonstrated to target 
mitochondrial metabolism, inducing oxidative stress and inhibiting the tricarboxylic acid cycle (TCA),8 thereby suppres
sing tumour progression.

The mechanisms of action of these ionophores also include DNA interaction and reactive oxygen species (ROS) 
generation,107 and their research has also benefited from the therapeutic experience of copper metabolism disorders, such 
as Menkes disease (an X-linked recessive copper transport disorder), which is caused by different mutations in the 
copper-transporting ATPase ATP7A. A plethora of small-molecule copper complexes have been employed in the 
treatment of this disease, yielding a range of outcomes.108 These studies serve as a valuable reference point for 
comprehending copper metabolism within tumour contexts.

Structural Optimization of Copper-Targeted Drugs
Despite the evidence that traditional copper-targeted drugs have antitumour potential, systemic toxicity and insufficient 
tumour targeting remain significant obstacles to their clinical application. Recent studies have focused on optimising the 
molecular structure of drugs to enhance their specific binding and delivery efficiency to tumour cells in order to address 
these issues. For instance, researchers have achieved substantial enhancement in the tumour-targeting efficacy of drugs 
through the modification of the ligand structures of copper chelators.109 In vitro experiments have demonstrated that the 
delivery efficiency of the optimised drugs is 30–50% higher than that of the original formulations. This modification 
strategy provides a new direction for reducing the systemic toxicity of copper-targeted drugs and improving their clinical 
safety.109

Novel Strategies for Cuproptosis-Mediated Combination Therapy
The in-depth study of cuproptosis has led to a new research focus on combination therapy based on copper metabolism.

For instance, Wang et al108 constructed chiral copper-amino acid nanoparticles capable of simultaneously depleting 
glutathione (GSH) in tumour cells and converting Cu2+ to Cu+. The present design has been demonstrated to induce 
cuproptosis in addition to enhancing the efficacy of photothermal therapy (PTT) through the augmentation of intracellular 
reactive oxygen species (ROS) levels. In a murine model of colorectal cancer, this combined strategy achieved a tumour 
inhibition rate of 89.7%, which was significantly higher than that of PTT alone (56.2%).

Moreover, recent preclinical studies have demonstrated that the combination of copper chelators with immune 
checkpoint inhibitors (ICIs) can reverse ICI resistance. For instance, tetrathiomolybdate (TM) has been shown to reduce 
regulatory T cell (Treg) infiltration in the tumour microenvironment (TME) by decreasing copper lev els, thereby 
enhancing the antitumor activity of anti-PD-1 antibodies.22 These findings suggest that copper metabolism-based 
combination therapy has broad application prospects for overcoming tumour drug resistance and improving treatment 
efficacy.

Application of Nanotechnology in Copper Metabolism-Mediated Tumor Therapy
In addition to the structural optimisation of drugs and the development of cuproptosis-mediated combination therapy, 
advances in nanotechnology have provided more efficient technical support for copper metabolism-mediated tumour 
therapy. The utilisation of nanomaterials confers several advantages, including the capacity to circumvent systemic 
damage and the selective targeting of tumour cells, thereby facilitating the regulation of copper metabolism at the specific 
site of action.22 The combination of these modalities with other therapeutic interventions can yield combination therapy, 
thereby enhancing therapeutic efficacy.

The Following Specific Applications are Worthy of Note
•Cuproptosis-mediated combination therapy: Researchers have devised combination strategies that utilise nanomaterials. 
For instance, Wang et al employed the chirality of nanomaterials to bind excess GSH in tumour cells and convert Cu2+ to 
Cu+. It has been demonstrated that by increasing the concentration of ROS, a significant increase in the death of tumour 
cells was observed, thereby achieving the effect of inhibiting tumour cell growth.24
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•Optimization of controlled release and local therapy: The copper-containing nanocapsules designed by Liao et al 
have been shown to achieve the controlled release of copper ions when exposed to ionising radiation,25 thereby 
optimising the precision of local anti-tumour therapy.

•Synergy with other therapeutic approaches: Beyond enhancing targeting, nanomaterials have the potential to be 
integrated with chemotherapy, photothermal therapy and sonodynamic therapy to improve the efficacy of copper- 
dependent cell death.25 Furthermore, the employment of Cu nanoparticles has been demonstrated to enhance the efficacy 
of conventional chemotherapeutic agents by generating ROS and enhancing drug stability, thereby underscoring their 
potential in overcoming tumour drug resistance.26

•Supporting chemodynamic therapy (CDT): In CDT, copper ions act as catalysts to promote the accumulation of 
H2O2 and the elimination of GSH in tumour cells, thereby catalyzing the intracellular Fenton reaction and specifically 
killing tumour cells.26 The employment of nanomaterials ensures the precise delivery of copper ions, thereby enhancing 
catalytic efficiency.

Summary and Prospects
In conclusion, the tumour therapeutic strategy targeting copper metabolism regulation has formed a comprehensive 
research system encompassing “copper-targeted drugs (chelators + ionophores) - drug structural optimization - cuprop
tosis-mediated combination therapy - nanotechnology empowerment.” The system has been shown to inhibit tumour 
growth and progression by regulating intracellular copper levels, interfering with copper-dependent signalling pathways, 
or inducing cuproptosis.

As research into the regulatory mechanisms of copper metabolism in diseases progresses, cuproptosis has emerged as 
a promising therapeutic avenue for tumours and has provided novel insights into the treatment of other copper 
metabolism-related diseases. In the future, it is anticipated that copper metabolism-mediated therapeutic strategies will 
be more widely applied in clinical practice. This will be achieved by further optimising drug targeting, exploring more 
combination therapy regimens, and advancing the integration of nanotechnology.

Conclusion
In summary, cell death mediated by copper metabolism has an inextricable role in tumorigenesis, screening, diagnosis 
and treatment. Despite the continuous development of tumor diagnostic techniques, they still face certain limitations. The 
specificity and sensitivity of tumor markers need to be improved. More and more scholars are focusing on copper ions as 
a therapeutic target to achieve inhibition of tumor cells. Improving tumor diagnosis accuracy not only relies on biological 
markers but also requires attention to patients’ psychological status; studies have shown that personalized copper-targeted 
therapy can reduce anxiety in patients with advanced tumors.27 These researches on the mechanism of copper 
metabolism provides a theoretical basis for the study of anticancer drugs.

In the future, with the advancement of biotechnology such as single-cell RNA sequencing (scRNA-seq) for copper 
metabolism-related gene profiling, spatial metabolomics for in situ detection of intracellular copper levels, and intelligent 
nano-drug delivery systems (eg, chiral copper-amino acid nanoparticles) for targeted copper ion delivery, it is expected to 
achieve high-sensitivity detection of cuproptosis-related biomarkers (eg, CTR1, SOD1), optimize the combination 
regimen of copper-targeted drugs (eg, TM combined with immune checkpoint inhibitors), and establish a “copper 
metabolism-TME-immune response” integrated diagnosis and treatment model. These advances will further improve 
the specificity and accuracy of early tumor diagnosis, prolong the overall survival of patients with advanced tumors, and 
enhance their quality of life.
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