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Cuproptosis represents a novel mechanism of cellular demise characterized by the intracellular buildup
of copper ions. Unlike other cell death mechanismes, its distinct process has drawn considerable interest
for its promising applications in managing inflammatory bowel disease (IBD) and colorectal cancer (CRC).
Emerging evidence indicates that copper metabolism and cuproptosis may exert dual regulatory effects
within pathological cellular environments, specifically modulating oxidative stress responses, metabolic
reprogramming, and immunotherapeutic efficacy. An appropriate level of copper may promote disease
progression and exert synergistic effects, but exceeding a certain threshold, copper can inhibit disease
development by inducing cuproptosis in pathological cells. This makes abnormal copper levels a potential
new therapeutic target for IBD and CRC. This review emphasizes the dual function of copper metabolism
and cuproptosis in the progression of IBD and CRC, while also exploring the potential application of
copper-based therapies in disease treatment. The analysis further delineates the modulatory influence of
tumor immune microenvironment on cuproptosis dynamics, while establishing the therapeutic potential
of cuproptosis-targeted strategies in circumventing resistance to both conventional chemotherapeutic
agents and emerging immunotherapies. This provides new research directions for the development of
future cuproptosis inducers. Finally, this article discusses the latest advances in potential molecular
targets of cuproptosis and their related genes in the treatment of IBD and CRC, highlighting future research
priorities and unresolved issues.
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Introduction various cells from innate and adaptive immunity [3]. IBD is fun-

damentally mediated by immune surveillance mechanisms that
Inflammatory bowel disease (IBD) and colorectal cancer (CRC) detect commensal microbiota and counteract proinflamma-
are worldwide health concerns, characterized by increasing  tory mediators through coordinated mucosal barrier defenses,
prevalence and death rates. making them major threats to human ~ whereas CRC predominantly engages T cell-mediated immuno-
health [1,2]. In defending against pathological cells, both involve ~ surveillance to detect and neutralize aberrant neoplastic cell
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proliferation through tumor-associated antigen recognition
systems [4,5]. IBD represents a collection of persistent and recur-
rent inflammatory disorders that target the gastrointestinal sys-
tem. Despite extensive research, the underlying mechanisms
driving its development remain largely elusive [6,7]. It is widely
accepted that the pathogenesis of the disease arises from a mul-
tifaceted interaction among genetic predisposition, environ-
mental triggers, microbial influences, and immune system
dysregulation. While these elements are crucial to disease devel-
opment, none of them alone is adequate to initiate the disease,
with the immune microenvironment serving as a key contributor
[8,9]. On the other hand, CRC stands as a prevalent form of
cancer affecting the digestive system. Early diagnosis and treat-
ment remain challenging, and the prognosis is poor, with increas-
ingincidence and mortality rates. CRC accounts for approximately
10% of global cancer incidence and mortality, ranking as the
second most prevalent etiology of cancer-related deaths world-
wide [10]. Its pathogenesis is similar to that of most cancers,
starting with abnormal crypts and gradually progressing to pre-
cancerous lesions (polyps), eventually developing into malignant
tumors over 10 to 15 years. Current therapeutic strategies encom-
pass endoscopic or surgical resection for localized lesions, neo-
adjuvant radiotherapy to achieve tumor downstaging, and
systemic therapeutic regimens incorporating molecular-targeted
agents and immune checkpoint inhibitors, reflecting contempo-
rary advances in precision medicine [11]. Chronic inflammation
haslong been associated with the development of cancer. Patients
with IBD are at a higher risk of developing CRC, which repre-
sents a severe complication of chronic inflammation. This risk
correlates with disease duration, extent of inflammation, and
cumulative inflammatory burden [12]. Therefore, elucidating the
pathogenesis of IBD and the molecular mechanisms underlying
inflammatory microenvironment alterations is crucial for both
IBD treatment and the prevention of IBD-associated CRC. With
societal development, changes in lifestyle and dietary habits have
correspondingly increased the rate of IBD and CRC. The occur-
rence of IBD ranges from 7% to 14%, while CRC incidence is
approximately 10%, posing marked health risks to individuals,
families, and society [10,13]. This urgent public health issue
necessitates the advancement of innovative diagnostic approaches
and treatment modalities, including targeted drugs.

Table 1. The major influence of different copper concentration

Copper (Cu) plays an indispensable role in maintaining
essential biological processes and physiological homeostasis,
while its homeostatic imbalance can lead to cell apoptosis and
various diseases. For instance, excessive Cu levels result in
Wilson’s disease [14], whereas Cu deficiency causes Menkes
disease [15]. We have systematically categorized the differential
effects of varying copper levels in vivo to elucidate how specific
concentration thresholds may trigger tumorigenic responses
(Table 1).

Research on cell death induced by Cu has been conducted
for many years, and it was only in 2022 that Tsvetkov uncovered
a novel type of regulated cell death resulting from Cu, termed
“cuproptosis” [16]. Excess intracellular Cu targets lipoacylated
proteins within the tricarboxylic acid (TCA) cycle, leading to
their accumulation and triggering cell death. This discovery has
opened new therapeutic avenues for treating IBD and CRC [17].
Cuproptosis exerts complex bidirectional regulatory effects on
IBD and CRC. On the one hand, excessive Cu promotes inflam-
mation and tumor progression through mechanisms such as
enhanced cell proliferation, induction of drug resistance, stimu-
lation of angiogenesis and metastasis, and increased reactive
oxygen species (ROS) production [18-20]. On the other hand,
disease suppression can also be accomplished through the use
of copper chelators, which suppress angiogenesis while control-
ling cancer progression and metastasis, targeting cuproptosis to
promote tumor cell death, and utilizing copper ion carriers for
immunoregulation [21-23]. This review systematically delin-
eates the ambivalent regulatory mechanisms of copper homeo-
stasis and cuproptosis in the pathophysiology of IBD and CRC,
while elucidating the therapeutic efficacy of copper-modulating
agents through comprehensive analysis of their molecular tar-
gets and clinical translational potential. Additionally, we eluci-
date the impact of the immune microenvironment on cuproptosis
and highlight the possibility of modulating cuproptosis as a
therapeutic approach to overcome resistance to chemotherapy
and immunotherapy, providing new insights for the advance-
ment of next-generation pharmacological agents that induce
cuproptosis. Finally, we discuss the latest progress in potential
molecular targets of cuproptosis and associated genes in manag-
ing IBD and CRC, highlighting the key areas of future research
and the pressing issues that need to be addressed.

Copper concentration Major influence References
220 mg/kg Nuclear deformation and shrinkage were observed in broiler chickens, along with partial [188]
disintegration of mitochondrial cristae
330 mg/kg Vacuolar degeneration, fragmentation, and disappearance of mitochondrial cristae [188]
20 mg/kg ROS production was significantly increased, potentially triggering inflammation [189]
1.252 (1.124-1.536) pg/ml Induce breast cancer [190]
131+ 20 pg/dl + SD Induce breast cancer [191]
125 + 20.2 pg/dl + SD Induce lung cancer [192]
124 + 8.3 pg/dl + SD Induce prostate cancer [193]
165 + 33.9 pg/dl + SD Induce colorectal cancer [194]
9.31 pmol/I Copper content is high in gastric cancer and related to tumor progression [195]
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Cu Metabolism and Cuproptosis

Cu metabolism

Cu constitutes an indispensable trace element crucial for main-
taining optimal physiological functions in humans, participat-
ing in various signaling pathways and closely associated with
inflammatory factors and tumor-related molecules [24]. The
principal dietary sources of Cu comprise organ meats, meat,
and shellfish, with a recommended daily intake of 0.8 to 2.4 mg
to maintain systemic Cu homeostasis [25]. Dietary Cu absorp-
tion mainly takes place in the initial segment of the small bowel
and its adjoining regions and depends on Cu transport protein
1 (CTR1), also referred to as solute carrier family 31 member 1
(SLC31A1), and excessive absorption of Cu ions via CTR1 can
lead to cuproptosis. Once absorbed, Cu is transferred into cir-
culation through ATPase copper transporting alpha (ATP7A)
and transported to the hepatic region via the portal circulation,
where it is primarily stored. Within hepatocytes, Cu is predomi-
nantly sequestered by metallothionein 1 and 2 for storage [26-
28]. Subsequently, Cu is released back into the bloodstream
through ATPase copper transporting beta (ATP7B). In this
phase, it binds once again to soluble chaperone proteins, which
play a crucial role in safely transporting copper to various spe-
cific tissues and organs where it is needed for essential biological
functions [29]. In target tissues, Cu modulates diverse physio-
logical processes, encompassing immune regulation, redox
homeostasis maintenance, and intestinal microbiota modula-
tion. Excess Cu is excreted via feces after binding to amino acids
in bile, with a small portion excreted through the intestinal
epithelium [30] (Fig. 1).

Cuproptosis

First proposed by Tsvetkov and colleagues in 2022, the term
“cuproptosis” describes a newly identified pathway through
which copper triggers cellular demise (Fig. 2). This process
distinguishes itself from established cell death modalities,
including apoptosis and necrosis, but more closely resem-
bles ferroptosis. Tsvetkov et al. demonstrated that copper
ionophore-induced cell death occurs independently of classical
apoptotic markers, as evidenced by the absence of caspase-3
cleavage or activation. Notably, genetic ablation of key apoptotic
effectors BAX and BAK1, or pharmacological inhibition of cas-
pases using pan-caspase inhibitors, failed to prevent copper
ionophore-mediated cell death, clearly distinguishing this pro-
cess from apoptosis. Furthermore, neither necroptosis inhibi-
tors nor ferroptosis inhibitors could attenuate copper-induced
cell death [16]. Cuproptosis, on the other hand, is characterized
by a unique mechanism and cannot be reversed or rescued
using traditional cell death inhibitors (e.g., apoptosis inhibitors
or ferroptosis inhibitors). Consequently, the application of cop-
per chelators can effectively remove excess copper ions, thereby
preventing copper-induced cellular damage and rescuing the
cells [16].

Research has demonstrated that Cu ionophores, like disulfi-
ram (DSF) [31] and elesclomol (ES) [32], promote Cu overload
within cells, particularly in mitochondria [33]. Excessive copper
levels directly interact with lipoacylated elements in the TCA
cycle, triggering the buildup of lipoacylated proteins and the
reduction of Fe-S cluster proteins, and protein misfolding. This
results in mitochondrial dysfunction, such as disrupted oxidative
phosphorylation and the excessive accumulation of ROS [16].
The specific mechanism involves the reduction of Cu®" to Cu*
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by ferredoxin 1 (FDX1) in mitochondria. FDX1 is recognized as
a key upstream regulator of the lipoic acid (LA) pathway.
Governed by FDX1, lipoic acid synthetase (LIAS) facilitates the
attachment of LA moieties to dihydrolipoamide S-acetyltransferase
(DLAT). Cu ions form direct coordination bonds with the LA
moiety of lipoacylated DLAT through disulfide linkages, induc-
ing DLAT oligomerization and subsequent proteotoxic stress
[16]. As mitochondrial dysfunction progresses and ROS levels
rise, intracellular stress response pathways are activated, induc-
ing cell death via multiple pathways characteristic of cupropto-
sis [34] (Fig. 3). Given that the intestine serves as the main site
for copper absorption, dysregulated Cu metabolism may induce
cuproptosis in intestinal epithelial or immune cells, further
exacerbating the loss of intestinal barrier function. This pro-
cess may exacerbate intestinal inflammation and promote
tumorigenesis, thereby establishing a mechanistic link between
Cu-induced cytotoxicity and the pathogenesis of both inflam-
matory disorders and malignant transformations in the gastro-
intestinal tract.

The mechanisms of cuproptosis hold promising potential for
clinical treatment across various diseases. The molecular com-
ponents implicated in this process may be exploited to trigger
cuproptosis in pathological cells, offering innovative therapeutic
avenues for drug development (Table 2) [16,17,35-47]. In the
course of cuproptosis induction, FDX1 serves as a key upstream
regulator of the LA pathway, serving a pivotal role in controlling
protein lipoylation. In CRC, reduced FDXI expression is
frequently linked to advanced stages of cancer and meta-
static features, resulting in shorter overall survival [48,49].
Moreover, the dysregulation of Cu transport proteins, including
ATP7A, ATP7B, and SLC31A1, can disrupt cellular function
[24]. SLC31A1 regulates copper uptake into cells, whereas ATP7A
and ATP7B regulate copper eftlux, all of which is essential in
Cu transport and homeostasis [50-52]. However, further inves-
tigation is required to elucidate the precise molecular mecha-
nisms governing these transporters’ function, their associated
genetic regulators, and their role in cuproptosis induction. This
will be essential for translating the molecular mechanisms of
cuproptosis into actionable therapeutic strategies for CRC and
other diseases.

Interaction between Cuproptosis and the
Intestinal Immune Microenvironment

Immune microenvironment

The tumor microenvironment (TME) is characterized as the
local cellular environment surrounding tumors or cancer stem
cells [53]. The neoplastic milieu consists of various immuno-
cytes, lymphocytes, extracellular matrix (ECM), vascular net-
works, and inflammatory cell populations [54]. The immune
microenvironment, as the core component of the TME, plays
an essential role in maintaining body health, participating
in immune responses, and influencing tumor progression.
Current evidence demonstrates that both immune cell popula-
tions and stromal components play critical roles in the activa-
tion and aggregation processes, and reprogramming of the
extracellular matrix, and these changes result directly from the
intricate crosstalk between tumor cells and the TME [55].
Evaluation of the immune microenvironment provides signifi-
cant prognostic value and represents a robust adjunct to con-
ventional histopathological and molecular biomarker analysis.
This integrated evaluation approach allows for more accurate
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Fig. 1. Schematic representation of copper homeostasis processes. (A) Copper uptake, storage, and distribution. Cu absorption primarily occurs within the duodenal and
small intestinal regions, where the epithelial cells of the intestine absorb Cu mainly via the SLC31AL1. After absorption, Cu in its divalent form is transported into circulation
through ATP7A. Within the bloodstream, Cu binds to transport proteins and is conveyed to the liver via the portal circulation. The liver serves as the primary organ for Cu
storage and systemic Cu regulation. Within hepatocytes, Cu is stored by binding to metallothioneins to prevent oxidative stress caused by free Cu ions. Excess Cu is excreted
into the bile and subsequently eliminated through feces, a process mediated by the ATP7B transporter, which is critical for maintaining Cu homeostasis. A minor portion of
Cu is also excreted via sweat glands, urine, and other pathways. (B) Intracellular Cu handling. STEAP (six-transmembrane epithelial antigen of the prostate) converts Cu*
to Cu*. SLC31A1 aids in the transfer of Cu™ into the cytoplasm, while ATP7A/B exports Cu™ out of the cell. CCS, a Cu chaperone protein, contains Cu-binding sequences and
delivers Cu to SOD1. Within the cell, copper interacts with the chaperone protein Atox1, creating a stable complex that facilitates secure copper ion transport. Subsequently,
this complex interacts with the copper-transporting ATPases ATP7A or ATP7B within the Golgi network, forming a functional complex.

predictions of patient responses to immunotherapy, providing In recent years, Cu, as an essential element for the function of
more comprehensive evidence for personalized treatment strat-  various immune cells, has been found to influence the balance
egies [56] (Table 3). of the immune system. Both excess and deficiency of Cu can

Liu et al. 2025 | https://doi.org/10.34133/research.0698 4


https://doi.org/10.34133/research.0698

Research

Q g Q raw

| | |
I -
I Copper causes cell death | (The dea‘th pathwey ducedby Copper increases ROS levels | ( Cuproptosis was identified as a
, ! P Peaisot entirely through by reducing levels of mito- I novel way of cell death
apoptosis chondria-associated proteins

(o] () (o) T :M
i . { [ Elesclomol idered t | [ FDX1 and LIAS are identified
{ [ Discovery of ATP7A ] I [b::cc z;r;oe rvivsi c;f:e rere o) } o o e
| | |
| mE - | g |

o ==l 4 el ¢ [2o9]

Fig. 2. This figure provides a detailed overview of the primary discoveries and significant insights gained from the study of the cuproptosis process. It highlights the key

mechanisms, pathways, and molecular interactions involved in this cellular demise mechanism, offering a comprehensive understanding of its biological significance and
implications.

52525858:585852585; 52 TR Cu i 0400000084000 :
B6E5HEEEE6E6 666644 2666665665848665665566555668

Essential discoveries in
cuproptosis research

SLC11A2 SLC31A1 P i
MT1/2
Pyruvate . @ Copper sequester
GSH
Protein

aggregation

or Pgﬁ%
Ved -\ 2 FDX1 TI—GSH i
Proteotoxic
( TCA '_TTM stress

cycle Cu
I\ % i l
O-KGDH\
\| P—e0

Loss of
v \\ Pe-S cluster Fe-S cluster /

@
(@S » >0 > @ >
)

Mitochondria ATP7B Trans-Golgi network

Fig. 3. Schematic of the cuproptosis mechanism. This figure summarizes the mechanisms and processes involved in Cu-induced cell death. SLC31AL, in conjunction with
copper ion carriers like ES and DSF, facilitates the uptake of copper ions, resulting in a substantial rise in cellular copper concentrations. These transporters move Cu®* into
mitochondria, where FDX1 reduces it to Cu™. The mitochondrial matrix houses multiple enzymes, such as LIAS and DLAT, that participate in the TCA cycle. FDX1 plays a role
in electron transfer during metabolism, directly or indirectly regulating the proper functioning of the TCA cycle alongside copper ions. Copper ions directly interact with
lipoacylated DLAT in the mitochondrial TCA cycle, causing the clumping of lipoylated proteins, the depletion of Fe-S clusters, and the misfolding and buildup of proteins. These
events lead to mitochondrial dysfunction, such as disruptions in oxidative phosphorylation and overabundant buildup of ROS, ultimately resulting in cuproptosis. Additionally,
ATP7A/B can expel excess copper from cells or convey it to the Golgi network for integration into copper-requiring enzymes.

disrupt immune homeostasis, promoting an immunocompro-  Induction of immune antitumor effects

mised state. For instance, cytokines in the immune microenviron- by cuproptosis

ment (e.g., tumor necrosis factor-o [TNF-a] and interleukin-10 ~ Immunogenic cell death (ICD) represents a unique type of con-
[IL-10]) regulate the expression of Cu transport proteins, thereby ~  trolled cell demise that has the capacity to elicit an adaptive
affecting Cu uptake, excretion, and distribution within thebody, = immune response. A hallmark of ICD involves the secretion of
ultimately altering Cu metabolism [34]. Understanding the inter- DAMPs (damage-associated molecular patterns) [57]. DAMPs
actions between Cu metabolism, cuproptosis, and the immune can be divided into 5 categories: nucleic acids, proteins, ions, gly-
microenvironment not only sheds light on their roles in disease ~ cans, and metabolites. These molecules facilitate antigen recogni-
pathogenesis but also provides new research directionsand treat- ~ tion and phagocytosis by binding to antigen-presenting cells,
ment approaches for disease treatment. thereby enhancing apoptotic cell clearance. These antigens are
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Table 2. Regulatory proteins and genes associated with cuproptosis

Genes/proteins Impact on cuproptosis  Materials Major functions References

FDX1 Positive OVISE, ABC1 FDX1 acts as a key regulator of protein lipoylation by [16,35,36]
reducing Cu®* to Cu*. Genetic deletion of FDX1 inhibits
cuproptosis triggered by elesclomol-Cu and
disulfiram-Cu

LIAS Positive OVISE, ABC1 Genetic deletion of LIAS inhibits cuproptosis triggered ~ [16,17,37]
by elesclomol-Cu and disulfiram—-Cu

LIPT1 Positive OVISE Genetic deletion of LIPT1 inhibits cuproptosis [17,38,39]
triggered by elesclomol-Cu and disulfiram-Cu

DLAT Positive OVISE Copper binds directly to lipoylated DLAT and [16,17,38]
promotes its oligomerization, causing proteotoxic
stress. Deletion of DLAT reduces cell death caused by
elesclomol-Cu and disulfiram-Cu

SLC31A1 Positive OVISE, 4T1tumor  Excessive activation of SLC31Al increases intracellular ~ [40-42]
copper accumulation

ATP7A/B Negative OVISE Knocking out ATP7A/B promotes the accumulation of [42-44]
Cu within cells

GLS Negative OVISE, 4T1tumor  Genetic deletion of GLS inhibits cuproptosis triggered [16,17]
by elesclomol-Cu and disulfiram—Cu

DLD Positive OVISE Genetic deletion of DLD inhibits cuproptosis triggered  [16,37.45]
by elesclomol-Cu and disulfiram—Cu

PDHAL Positive OVISE Genetic deletion of PDHAL inhibits cuproptosis [16,17]
triggered by elesclomol-Cu and disulfiram-Cu

PDHB Positive OVISE Genetic deletion of PDHB inhibits cuproptosis [1746]
triggered by elesclomol-Cu and disulfiram-Cu

MTF1 Negative OVISE Genetic deletion of MTF1 inhibits cuproptosis [16,1747]
triggered by elesclomol-Cu and disulfiram-Cu

CDKN2A Negative OVISE Genetic deletion of CDKN2A inhibits cuproptosis [16,17,38]

triggered by elesclomol-Cu and disulfiram-Cu

then processed and displayed to T lymphocytes, initiating specific
immune reactions [58]. Additionally, activation of DAMP-sensing
receptors induces the secretion of inflammatory cytokines, pro-
moting the attraction of immune cells and triggering inflamma-
tory responses [59].

Studies have demonstrated that Cu complex nanoparticles
(Cu(I)NPs) capable of inducing cuproptosis can trigger ICD and
activate adaptive immune responses. This process potently aug-
ments antitumor immunity and remodels the tumor immune
microenvironment [58] (Fig. 4). Thus, specific activation of
cuproptosis may help reactivate the TME and facilitate the eradi-
cation of cancer cells [60]. Currently, the immune regulatory
molecules CTLA-4 (cytotoxic T-lymphocyte-associated protein
4) and PD-1 (programmed cell death protein 1) have been the
focus of extensive investigation [61]. However, the efficacy of
immune checkpoint inhibitors is often limited by the immuno-
suppressive TME. To overcome this obstacle, researchers have
developed a novel therapeutic strategy based on cuproptosis. The
copper ionophore celastrol not only effectively delivers copper
ions but also depletes overexpressed glutathione (GSH) in cancer
cells, thereby inducing a self-amplifying cuproptosis process
within tumor cells. The celastrol-copper (Cel-Cu) coordination
NPs formed by Cel and copper ions not only efficiently trigger
cuproptosis but also induce ICD, promoting the reprogramming
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and maturation of the immune microenvironment. This com-
bination strategy significantly suppresses tumor progression
through the synergistic effects of cuproptosis and ICD, effectively
overcoming drug resistance caused by the immunosuppressive
microenvironment. Notably, the Cel-Cu NPs exhibit excellent
tumor-targeted accumulation and favorable biosafety [62]. In
addition, cuproptosis results in the exocytosis of antigens
associated with tumors, which are detectable by the body’s
defense mechanisms, thereby triggering the activation of immune
responses. This mechanism potentiates antitumor immunity and
synergizes with established immunotherapeutic regimens, aug-
menting their clinical efficacy. Therefore, cuproptosis activators
could serve as a complementary strategy to existing immuno-
therapeutic drugs, providing stronger antitumor responses for
cancer treatment [63].

Role of cuproptosis in intestinal immunity

The intestinal barrier serves as the primary defense against
pathogenic microbial invasion [64]. Its dysfunction is implicated
in various diseases, including IBD, acute pancreatitis, and
CRC [65-67]. Intestinal barrier homeostasis is co-regulated
by commensal microbiota and the immune system. When a
small number of commensal bacteria penetrate the mucus
layer, they are captured by intestinal DCs and presented to T
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Table 3. Copper-dependent biomarkers associated with cuproptosis in cancer

Biomarkers Cancer type Major functions References

AURKA Head and neck squamous cell carcinoma Up-regulated in TP53-mutant/HPV-negative HNSCC [196]
and correlated with poor prognosis

EREG Glioblastoma EREG modulates VEGF/CD99 crosstalk in GBM and [197]
supports chemo/immunotherapy

CRGs Head and neck squamous cell carcinoma Serving as a molecular prognostic marker [198]

FDX1 Glioma Serving as a new type of glioma patient [199]
immunotherapy markers

LIPT1 Skin cutaneous melanoma Serving as an independent reliable prognostic marker [200]
in multivariate analysis

CRGs Hepatocellular carcinoma Serving as a novel candidate prognostic biomarker [201]

DARS2 Hepatocellular carcinoma Serving as a potentially reliable prognostic biomarker [202]

METTL3 Oesophageal carcinoma Serving as a potential biomarker associated with [203]
tumorigenesis and progression

DLAT Colorectal cancer Serving as a predictive and immunotherapy biomarker [204]

DLAT Pancreatic adenocarcinoma Serving as a promising prognostic and immune [205]
biomarker

IRG Lung adenocarcinoma Serving as a suitable biomarker for immunotherapy [206]

CRIGs Gastric cancer Serving as an immune biomarker [207]

LIAS Cancer Serving as a potential prognostic biomarker [208]

PPIC Cutaneous melanoma Serving as a promising predictive and therapeutic [209]
biomarker

CRGs Hepatocellular carcinoma Serving as a therapeutic biomarker targeting the [210]
tumor immune microenvironment and immune
checkpoints

CRGs Colon adenocarcinoma Serving as a clinical biomarker [211]

SLC31A1 Breast cancer, liver cancer Serving as a candidate biomarker or therapeutic [212]
target for precision oncology

SLC31A1 Liver cancer Serving as a poor prognostic markers for liver cancer [213]

IncRNA Breast, lung, liver, ovarian, pancreatic, and Serving as a potential prognostic biomarker and [214]

gastric cancers

therapeutic target in cuproptosis-mediated cancers

and B cells. This process stimulates B cells to produce bacteria-
specific IgA antibodies. Concurrently, macrophages in the
lamina propria are activated to perform phagocytic and secre-
tory functions. Antimicrobial peptides (e.g., defensins) are
secreted to eliminate commensal bacteria that approach epi-
thelial cells [68,69]. Another mechanism maintaining intestinal
homeostasis involves the aryl hydrocarbon receptor (AHR)
pathway. AHR activation triggers IL-22 release, up-regulates
IL-10 receptor expression, and enhances tight junction forma-
tion between intestinal epithelial cells, thereby reinforcing
barrier integrity [70].

The intestinal immune response involves various cells from
both innate and adaptive immunity, with STING (stimulator of
interferon genes) pathway via cGAS (cyclic GMP-AMP synthase)
emerging as a key innate immune signaling pathway [3,71,72].
Research has shown that cuproptosis can enhance cancer immu-
nity through the cGAS-STING signaling pathway [73,74]. Tumor
antigens released during cancer cell death are absorbed by den-
dritic cells (DCs) [75]. In DCs, cyclic GMP-AMP (cGAMP)
activity is heightened, inducing a robust inflammatory response
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characterized by increased IL-2, TNF-a, and CXCL10/11 secre-
tion, which collectively induce inflammation [74]. Additionally,
Cu oxide NPs dissolve in macrophage lysosomes, inducing cupro-
ptosis defined by mitochondrial dilation and indicators of oxida-
tive stress [76]. DSF/Cu enhances M1 macrophage polarization
while modulating glucose metabolic reprogramming via the
mTOR (mechanistic target of rapamycin) pathway [77]. Moreover,
the combination of DSF/Cu and CD47 inhibition demonstrates a
synergistic therapeutic impact, facilitating DC maturation and
significantly enhancing the cytotoxic function of CD8" T cells,
thus boosting the antitumor immune response [78]. Inducing
cuproptosis in localized tumors significantly impacts the immune
microenvironment, influencing tumor-infiltrating immune cells
and improving immunotherapy outcomes. For example, IL-10, an
anti-inflammatory cytokine secreted by intestinal DCs, functions
to suppress inflammatory responses. Overactive inflammatory
responses in macrophages during IBD may also serve as effective
intervention points [79,80]. By leveraging the regulatory mecha-
nisms of cuproptosis, new therapeutic strategies can be developed
to alleviate intestinal diseases and modulate immune responses.
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the bloodstream and specifically concentrate in the tumor location, where they release Cu(l). This release results in the production of ROS and the accumulation of lipoylated
proteins, ultimately inducing cuproptosis. Simultaneously, the release of DAMPs promotes the maturation of immature DCs. These mature DCs further activate naive T cells,
enhancing the activity of CD8" T cells while suppressing the population of regulatory T cells and M2-type tumor-associated macrophages (TAMs). This process strengthens
the immune response against tumors and remodels the tumor immune microenvironment, contributing to improved immunotherapeutic outcomes.

Bidirectional Regulation of Cu in IBD

Cu plays a complex bidirectional role in IBD. Its metabolic
balance and cuproptosis mechanisms function differently
under varying pathological conditions. On one hand, as a cru-
cial cofactor for key antioxidant enzymes, Cu effectively scav-
enges ROS and precisely modulates immune responses, thus
maintaining gut barrier stability and reducing inflammatory
responses [81]. On the other hand, Cu imbalance or overabun-
dant accumulation can exacerbate oxidative stress, induce
apoptosis or necrosis in intestinal epithelial cells, and weaken
tight junction proteins, thereby promoting IBD progression
[82]. Understanding the bidirectional regulation of Cu metab-
olism and cuproptosis in IBD offers valuable insights into its
pathogenesis and provides theoretical grounds for developing
targeted therapeutic strategies.

Proinflammatory effects of Cu

Oxidative stress

ROS naturally arise as metabolic by-products during normal
cellular physiological processes [83]. Within the inflammatory
intestinal mucosal environment, the release of ROS and other
inflammatory markers directly damages intestinal epithelial
cells and disrupts the delicate pathways of proinflammatory
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reactive substances in immune cells [84]. Elevated ROS levels,
combined with diminished antioxidant capacity, represent key
pathogenic factors in IBD development [85].

Evidence increasingly suggests a close association between
disrupted intracellular Cu metabolism and oxidative stress [86,87].
Excess copper, as a potent oxidant, induces ROS generation and
elicits inflammatory responses. Studies have found that Cu ion
carriers can induce ROS generation and activation of pro-
apoptotic signaling pathways, containing the JNK (c-Jun N-terminal
kinase) pathway and the MAPK (mitogen-activated protein kinase)
pathway, and inhibit anti-apoptotic nuclear factor kappa B (NF-«B)
signaling [88,89]. Additionally, cuproptosis specifically targets
lipoacylated components associated with the TCA, resulting in the
destabilization of Fe-S cluster proteins and consequent disruption
of mitochondrial respiratory chain activity, which has been linked
to IBD [90]. Impaired mitochondrial function induces a state of
bioenergetic crisis, weakening epithelial barrier integrity by height-
ening prone to cuproptosis and decreasing the production of
secretory barrier components, and impairing regeneration in
response to damage [91-93]. To effectively manage IBD onset
and progression, oxidative stress must be mitigated via antioxi-
dant or anti-inflammatory strategies, such as Cu chelators [94],
cuproptosis-related proteins like GSH [83], phenolic and polyphe-
nolic compounds [95], and hormonal therapies [96,97].
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Intestinal immune dysbiosis

Chronic intestinal inflammation involves dysbiosis of gut micro-
biota, compromised epithelial barriers, immune cell activation,
and reduced immune tolerance to bacteria [98-100]. Under nor-
mal conditions, the gut microbiota and host immune system
maintain a dynamic equilibrium to protect against pathogens and
preserve intestinal homeostasis [101]. When small amounts of
commensal bacteria penetrate the mucus layer, immune cells
within the mucosal layer become activated to eliminate bacteria
nearing epithelial cells by producing antimicrobial substances
like defensins [69]. Activated macrophages are marked by
increased mitochondrial Cu®* levels, which catalyze NADH
redox cycling and promote metabolic changes, triggering epigen-
etic modifications associated with inflammation [102]. Targeting
mitochondrial Cu (Cu**) has been shown to restore gut homeo-
stasis by inhibiting the production of key metabolites necessary
for initiating and sustaining inflammation [102]. Excessive cop-
per intake induces oxidative damage, initiating cuproptosis in
intestinal epithelial cells. This cascade disrupts gut barrier integ-
rity, alters microbiota equilibrium, and establishes a proinflam-
matory feedback cycle [103-105]. Therefore, Cu ion levels are
essential for immune cell metabolism and gut microbiota equi-
librium, positioning Cu serving as a possible target for controlling
uncontrolled inflammation [106].

Anti-inflammatory effects of Cu

Regulation of the NF-xB pathway by COMMD1

The pathogenesis, progression, and treatment of IBD are complex
processes, with Cu-related enzymes and proteins playing key
roles. Critical examples include COMMDI1 (copper metabolism
MURRI1 domain-containing protein 1), IkB (an NF-«xB family
member), and cytochrome c oxidase 17 (COX17). Strong evi-
dence links NF-kB to the development of IBD. Within the
inflamed intestinal mucosa of IBD patients, dysregulated expres-
sion of NF-«B precursors, NF-kB itself, and immune receptors
stimulated by NF-kB (such as NOD2 [nucleotide-binding oligo-
merization domain-containing protein 2]) has been observed.
Additionally, the regulation of downstream genes associated with
NF-xB, such as interleukins IL-12 and IL-23, is also disrupted
[107]. Persistent NF-xB activation drives mucosal inflammation
and epithelial barrier disruption through up-regulation of pro-
inflammatory cytokines and induction of intestinal epithelial cell
apoptosis [108]. COMMD1 is a multifunctional protein involved
in Cu excretion regulation in the liver, sodium uptake via epi-
thelial sodium channels (ENaC), and NF-xB signaling modula-
tion [109]. Growing evidence indicates that COMMDI1 engages
with the ubiquitin-proteasome pathway, influencing the deg-
radation of NF-xB elements, ATP7B, and hypoxia-inducible
factor-1lo (HIF-1ax) [110,111].

Within the NF-kB signaling cascade, PAMPs (pathogen-
associated molecular patterns)/DAMPs and inflammatory sig-
naling molecules (e.g., TNF-a and IL-1) activate membrane
receptors, leading to IxB phosphorylation by IxB kinase (IKK)
and ensuing breakdown by the proteasome. This releases the
RelA/p50 heterodimer, which translocates to the nucleus to
modulate gene transcription [107]. COMMDI interacts with
the ECS-SOCS1 complex (composed of Elongins B/C, SOCS],
and Cullin2), promoting NF-kB ubiquitination and RelA deg-
radation, thereby inhibiting NF-kB-mediated transcription
[112] (Fig. 5). As a regulator of copper transport pathways,
COMMDI specifically interacts with NF-kB subunits to inhibit
their transcriptional activity [113,114]. Notably, COMMD1
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occupancy at promoter sites persists even after RelA removal,
suggesting that COMMDI inhibits NF-kB target gene expression
through this mechanism [115]. Overexpression of COMMD1
reduces RelA chromosomal binding time and IxB ubiquitina-
tion, thereby suppressing IBD onset [116,117].

Reduced COMMD1 expression in circulating leukocytes of
IBD patients leads to heightened NF-kB transcriptional activity,
while COMMDI deficiency in myeloid cells exacerbates inflam-
matory responses. Murine models reveal that myeloid-specific
COMMDI1 deficiency exacerbates LPS-induced IBD mani-
festations [118]. This highlights the anti-inflammatory role of
COMMDYI, with its deficiency potentially increasing the risk of
colitis-associated cancer. Cu-related drugs and proteins, such
as tetrathiomolybdate (T'TM; a potential NF-xB transcription
inhibitor), transgenic overexpression of Cu/ZnSOD (shown to
alleviate DSS-induced colitis), and GPx1/GPx2 (or GSH bio-
synthesis inhibitors like buthionine sulfoximine), hold promise
as therapeutic options for reducing inflammation and treating
IBD [107,119,120].

Modulating the function of HIF-1a

Inflammation represents a fundamental pathological charac-
teristic of IBD, and hypoxia is considered a normal phenom-
enon in most inflammatory processes. HIF-1a functions as a
central regulator that facilitates intestinal cellular adaptation
to hypoxia and preserves intestinal homeostasis [121]. HIF-1a
exerts broad physiological effects, triggering transcription by
binding to hypoxia response elements (HREs) in various genes
[122]. This regulation of cellular hypoxic responses is essential
for both physiological adaptation to low oxygen and inflam-
matory modulation [123,124]. Since HIF-1a enhances intesti-
nal epithelial barrier function, it is a potential therapeutic target
for addressing epithelial barrier dysfunction in IBD.

Research has demonstrated that Cu can enhance HIF-1a sta-
bility and facilitate its accumulation [125]. Moreover, copper
potentiates HIF-1a accumulation and modulates its transcrip-
tional activity by altering HRE binding in target genes [126-128].
The underlying mechanism suggests that copper, by facilitating
the transport of the CCS (copper chaperone for superoxide dis-
mutase 1 [SOD1]), ensures that HIF-1a can selectively bind to
its target genes (e.g., BNIP3). Furthermore, the interaction
dynamics between HIF-1a and the HREs within its gene targets
is copper-dependent, given copper’s essential function in assem-
bling the HIF-1 transcriptional machinery, and it amplifies the
production of factors such as VEGF (vascular endothelial growth
factor). In addition, elevated copper levels can stabilize HIF-1q,
causing its cytoplasmic buildup and subsequent activation of the
HIF-1 signaling cascade [129] (Fig. 6). Additionally, Cu partici-
pates in modulating the assembly of the HIF-1a transcriptional
complex. In this context, Cu may inhibit HIF-1a activity to
maintain the ability of HIF-1a to bind its cofactors. While Cu
deprivation does not impact the expression of HIF-1a, excessive
Cu can enhance the functionality of HIF-1a through mecha-
nisms shared by other nonessential transition metals [126]. This
enhancement enables cells to adapt to hypoxic and inflammatory
environments, thereby influencing the onset, progression, and
treatment of IBD.

Bidirectional Regulation of Cu in CRC

Cu acts as a vital micronutrient, contributing significantly to core
biological activities and systemic functions, particularly in
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system. Through intricate molecular interactions, the crosstalk between these 2 pathways is vital in the progression of IBD.

enzymatic reactions, redox processes, and energy metabolism
[130]. Cu homeostasis is crucial for maintaining proper cellular
function [131]. Since the discovery of cuproptosis, researchers
have reexamined the involvement of Cu and Cu-triggered cel-
lular demise in tumorigenesis, bringing Cu back into focus in
cancer research. CRC, a malignancy with high incidence and
mortality rates, involves complex pathological mechanisms, with
dysregulated copper metabolism and cuproptosis emerging as
critical areas of investigation. Research has demonstrated that
aberrant Cu accumulation can drive CRC progression by trig-
gering oxidative stress, disrupting DNA repair mechanisms, and
stimulating cellular proliferation and metastatic activity. At the
same time, Cu-mediated cell death mechanisms, such as induc-
ing mitochondrial damage and intrinsic apoptosis, may exert
inhibitory effects on tumor growth [34]. Collectively, the biphasic
regulation of Cu homeostasis in CRC underscores its therapeutic
potential as a druggable target. Elucidating this mechanism holds
great importance for understanding the molecular pathology of
CRC and designing targeted therapeutic approaches (Fig. 7).

Pro-tumor effects of Cu

Tumor angiogenesis

Angiogenesis refers to the creation of neovascularization from
established vasculature, supplying oxygen and vital nutrients to
rapidly dividing tumor cells [132,133]. This process comprises
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multiple coordinated steps, including endothelial cell prolifera-
tion and migration, vascular basement membrane remodeling,
and de novo vascular network formation [132]. McAuslan was
the first to suggest the angiogenic-promoting characteristics of
copper, noting that copper salts could stimulate the movement
of vascular lining cells, which is a vital initial phase in the pro-
cess of angiogenesis. Subsequent studies demonstrated that
topical copper application induces neovascularization in the
rabbit corneal model. Furthermore, research has shown that
copper substantially enhances the growth and activity of vas-
cular endothelial cells [134].

When tumor development exceeds the supply of existing
blood vessels, the tumor tissue enters a hypoxic state. Under these
conditions, intracellular copper stabilizes HIF-1a, thereby pro-
moting angiogenesis. Excess Cu increases the NF-«xB’s transcrip-
tional activity, boosting the production of pro-angiogenic factors,
thereby promoting blood vessel formation [135,136]. Cu homeo-
stasis is regulated by proteins such as ATP7A, a Cu-exporting
protein that maintains intracellular Cu levels to safeguard cells
against copper toxicity. ATP7A expression is posttranscription-
ally regulated by copper levels and facilitates copper delivery to
oncogenesis-associated cuproenzymes, including those driving
cell proliferation, metastasis, and angiogenesis [137]. Additionally,
SOD1, a modulator of vascular constriction, can boost VEGF
production and potentiate FGF (fibroblast growth factor)-driven
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including cell proliferation, apoptosis, angiogenesis, and immunity during CRC therapy.

angiogenesis, facilitating the formation of tumor-associated vas-
culature [34]. Likewise, antioxidant 1 (ATOX1), a copper chap-
erone, has emerged as a pivotal regulator in the angiogenic
process. Silencing ATOX1 inhibits stimulation of migration in
smooth muscle cells of blood vessels through the action of PDGE,
suggesting its crucial role in tumor angiogenesis [138]. In sum-
mary, Cu’s ability to modulate multiple angiogenic factors high-
lights its potential to promote tumor progression by supporting
new blood vessel formation essential for tumor growth.

Cu-dependent proteins driving cancer metastasis

Cu constitutes a fundamental element in numerous enzymes and
proteins that are intricately involved in cancer biology, such as

Liu et al. 2025 | https://doi.org/10.34133/research.0698

SOD1, lysyl oxidase (LOX), and CCS [139]. These Cu-dependent
proteins promote cancer metastasis through activation of onco-
genic enzymatic pathways. The copper chaperone CCS mediates
the delivery of Cu ions to SOD1. SOD1 is essential for preserving
intracellular redox balance. Upon binding zinc and copper ions,
this enzyme demonstrates robust catalytic activity that facilitates
superoxide anion radical dismutation, thereby reducing intracel-
lular oxidative damage. Research shows that the regulation of Cu
chaperones ATOX1 and CCS is elevated in CRC, uterine cancer,
and liver cancer, leading to increased activity of Cu-dependent
enzymes and promoting tumor cell proliferation and metastasis
[140]. Additionally, LOX, an extracellular copper-dependent
enzyme, is essential for mediating the covalent crosslinking of
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ECM components. LOX is acknowledged as a pro-metastatic
factor in CRC, prostate cancer, and liver cancer, promoting can-
cer cell invasion and dissemination [141].

Antitumor effects of Cu

Targeting tumor cells via cuproptosis

Disrupting the balance of ROS in cells triggers oxidative stress
responses [142]. Evidence indicates that oncogenic signaling and
mutations increase ROS production, which is closely associated
with cancer initiation and progression. Growth factor signaling
promotes ROS generation, thereby accelerating tumor progres-
sion [143-146]. ES and DSE as copper ion carriers, selectively
transport Cu to mitochondria, leading to localized ROS accu-
mulation and inducing tumor cell death [147] (Fig. 8). The spe-
cific mechanism involves mitochondrial FDX1 reducing Cu**
(carried by ES) to Cu™. The liberated Cu" reacts with oxygen
molecules, generating superoxide radicals, which subsequently
dismutate into hydrogen peroxide. Hydrogen peroxide further
reacts with Cu” to generate highly destructive hydroxyl radicals.
This cascade of reactions significantly elevates ROS levels, ulti-
mately inducing tumor cell death [148]. Furthermore, Cu ions
complexed with molecular carriers catalyze hydroxyl radical
formation, amplifying oxidative stress and inducing tumor cell
apoptosis. Additionally, Cu-binding proteins such as ceruloplas-
min can be directed toward increase oxidative stress levels and
induce tumor cell death [149]. Cuproptosis offers a tumor-
suppressive mechanism, providing new opportunities for CRC
treatment. It is anticipated that in the coming years, advance-
ments in clinical diagnostics and therapeutics will further harness
cuproptosis for cancer therapy.

Cu chelators regulating cancer cell immune evasion

Cancer immune evasion is widely acknowledged as one of the
core characteristics of tumor progression, where tumor cells
overexpress PD-L1 (programmed death-ligand 1) to escape
immune surveillance. PD-L1, an immune checkpoint protein
expressed on tumor cells, mediates immune evasion by sup-
pressing antitumor immune responses [34]. Research has shown
that Cu enhances PD-L1 expression in tumor cells, thus enhanc-
ing their immune escape capacity. Intracellular Cu up-regulates
PD-L1 transcription and stabilizes its protein levels. Compared
to normal tissues, elevated Cu levels in cancer cells significantly
enhance PD-L1 expression [150].

Conversely, Cu-chelating agents reduce PD-L1 levels by
diminishing tumor cell sensitivity to inflammatory signaling
molecules like interferon y (IFNy), TNF-a, and IFNa/p. Cu
deprivation down-regulates the activation through phosphory-
lation of STAT3 (signal transducer and activator of transcrip-
tion 3), EGFR (epidermal growth factor receptor), AKT (AKT
serine/threonine kinase), and GSK3p (glycogen synthase kinase
3 beta), thereby inhibiting PD-L1 transcription and modulating
PD-L1 ubiquitination and stability. Cu ion carriers like DSF
can increase PD-L1 stability through Cu overload [151], while
Cu chelators demonstrate the potential to enhance antitumor
immune responses. For instance, TTM suppresses MEK1/2
kinase activity via copper chelation, thereby inhibiting CRC
progression [152]. The tumor-suppressing activity of Cu chela-
tors has been confirmed in various cancers, like CRC and breast
cancer [34]. By targeting Cu-dependent pathways involved in
immune evasion, Cu chelators could provide a novel therapeu-
tic strategy to boost antitumor immunity.

Cu metabolism and cuproptosis in the clinical
application of IBD and CRC

Inflammatory bowel disease

Currently, most IBD cases are incurable, with treatment focused
on disease control and relapse prevention, often requiring sur-
gery. Current therapeutic approaches predominantly utilize
pharmacological agents including antibiotics, aminosalicylates,
corticosteroids, and immunomodulators [153]. Recent progress
in IBD research have highlighted the function of Cu metabo-
lism and cuproptosis in IBD pathogenesis, offering novel thera-
peutic approaches.

Antioxidants

Research suggests that elevated ROS levels and reduced anti-
oxidant defenses contribute to IBD development. Antioxidants
play a critical role in IBD pathophysiology and are categorized
into catalytic and noncatalytic groups based on their mecha-
nisms of action. In the enzymatic antioxidant defense system,
ATOX1 serves as a Cu chaperone and has been shown to be
indispensable for maintaining intracellular Cu homeostasis,
counteracting oxidative stress, and regulating gene transcription
[154]. These properties establish ATOX1 as a promising thera-
peutic target for mitigating intestinal inflammation through
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Fig. 8. The figure illustrates the mechanism by which elesclomol and disulfiram induce cuproptosis in tumor cells via oxidative stress and Cu ion (Cu*) accumulation. ES and
DSF elevate intracellular ROS concentrations, exacerbating oxidative stress, disrupting Cu ion homeostasis, and causing mitochondrial dysfunction. This ultimately triggers
cuproptosis and promotes tumor cell death. This mechanism provides critical evidence for antitumor therapies targeting Cu ion metabolism.
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dual modulation of copper homeostasis and antioxidant path-
ways in IBD management. Within the nonenzymatic antioxi-
dant defense mechanisms, GSH, the most prevalent thiol in the
cytoplasm, serves an essential role. GSH protects cells by scav-
enging free radicals and inhibiting pro-oxidants. It additionally
acts as a critical component for various enzymatic reactions
involved in antioxidant defense and detoxification processes,
such as GPx, glutathione S-transferase (GST), and glyoxalase
[83]. Studies suggest using antioxidants as an alternative ther-
apy to anti-inflammatory drugs or immunomodulators for
patients with uncomplicated gastrointestinal diseases [95].
This approach could provide more effective treatment options
for IBD patients, reducing the side effects of long-term anti-
inflammatory drug use and facilitating personalized treatment
strategies.

Regulation of Cu proteins and pathway activities
COMMDL1 is involved in various cellular mechanisms, includ-
ing Cu transport, ion balance, and hypoxic responses [155]. In
IBD, NF-xB dissociates from its inhibitory complex with IkB
and translocates to the nucleus, where it up-regulates pro-
inflammatory gene expression. Normally, newly synthesized
IxB promotes NF-kB nuclear export to terminate the activation
process. Unlike IkB, COMMDI1 works in conjunction with the
ubiquitin ligase Cul2, targeting nuclear-localized NF-«xB for
ubiquitination and subsequent proteasomal degradation, thus
acting as an inhibitor of NF-kB [156]. Research indicates that
inflammation suppresses COMMD1 production, creating a
reinforcing feedback loop that persistently activates NF-«B,
exacerbating inflammation [156]. In IBD patients, COMMD1
expression is reduced in inflamed tissues and circulating leu-
kocytes. Colitis mouse models exhibit reduced COMMD1
expression, indicating an inflammation-mediated response that
may sustain chronic inflammation [157]. Clinically, restoring
or enhancing COMMD1 expression could significantly impact
IBD treatment. Strategies such as inhibiting the NF-kB path-
way, blocking persistent inflammatory signaling, or developing
drugs targeting COMMD1 expression or function could help
suppress inflammation.

Diagnosing IBD using Cu levels

IBD is prone to misdiagnosis, particularly in individuals with
ileal Crohn’s disease or those under 40 years of age [158]. Cu
levels in the body can aid in diagnosis. Studies have found a
significant correlation between the Cu-to-zinc ratio and bio-
markers like C-reactive protein and calprotectin in active IBD
patients. Patients with Crohn’s disease demonstrate signifi-
cantly higher serum copper concentrations (22.7 + 5.49 pmol/l)
compared to both ulcerative colitis patients (17.6 + 5.15 pmol/I)
and healthy controls (20.76 + 4.06 pmol/l; P < 0.01) [159].
These results indicate that Cu levels may function as a prelimi-
nary diagnostic marker for IBD.

Colorectal cancer

Recent studies have identified a strong connection between
Cu and cancer, with abnormal Cu levels emerging as a new
therapeutic target. Cu concentrations in the blood of indi-
viduals with cancer are significantly higher than in healthy
individuals, often exceeding 10 times the normal levels. Thus,
intracellular Cu levels are closely related to tumorigenesis and
progression [160].
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Cu-targeted therapy for CRC

COX17 is a critical Cu chaperone in the IMS. It facilitates Cu
transfer from the cytoplasm to the mitochondrial IMS, aiding
in the formation of COX [161,162]. Specifically, COX17 delivers
Cu to mitochondrial membrane proteins SCO1 and SCO2, facili-
tating its incorporation into COX2 [163]. COX17 also transports
Cu to COX11 for insertion into COX1 [163,164]. Targeting
COX17 emerges as a viable therapeutic strategy for eradicating
both solid and hematologic malignancies [165]. In extracellular
Cu transport, ATP7A and ATP7B are key Cu-exporting proteins.
Under conditions of copper deficiency, ATP7A/B resides within
the trans-Golgi network (TGN), enabling the movement of cop-
per from the cellular fluid into the TGN. As Cu levels increase,
ATP7A and ATP7B serve as essential proteins for copper expor-
tation. In conditions of copper scarcity, they are localized within
the TGN, aiding in the movement of Cu from the cytosol to
the lumen of the TGN. After copper levels return to normal
concentrations, ATP7A/B are recycled and return to the TGN.
Simultaneously, under conditions of increased copper concen-
tration, ATP7A/B undergoes from the TGN to either the cel-
lular periphery or vesicular compartments that subsequently
merge with the plasma membrane, facilitating copper efflux.
Following restoration of homeostatic copper levels, ATP7A/B
undergo retrograde trafficking to the TGN. Additionally, these
proteins assist in transporting copper ions from the TGN to
copper-laden post-Golgi vesicles. These vesicular compartments
ultimately fuse with the plasma membrane through membrane
fusion events, facilitating the export of copper ions to the extra-
cellular space. This mechanism of copper excretion is evident
across various cell types, including cancerous ones [34]. In
hepatic cells, ATP7B specifically directs copper from secretory
vesicles into bile, thereby regulating copper levels and preventing
excessive accumulation. In CRC cells harboring KRAS (Kirsten
rat sarcoma viral oncogene homolog) mutations, ATP7A up-
regulation inhibits Cu-induced toxicity caused by excess Cu
[166]. This implies that targeting ATP7A might act as a synthetic
lethal strategy to eliminate KRAS-mutant CRC cells.

Cuproptosis combined with other therapies

Targeting cuproptosis can also be combined with chemotherapy,
radiotherapy, nanotechnology, photothermal therapy (PTT), and
chemodynamic therapy to enhance antitumor effects [167,168].
Recent studies have established the feasibility of engineering nano-
drug delivery systems for tumor-specific Cu or Cu ionophore
release, inducing localized cuproptosis and enhancing treatment
efficacy [169]. For example, E-C@DOX NPs contain Cu”" and the
frontline chemotherapeutic agent doxorubicin (DOX). This com-
bination induces cuproptosis while suppressing signaling path-
ways linked to tumor stemness and survival, enhancing the
therapeutic effect [170]. Similarly, LDH (lactate dehydrogenase)/
HA (hyaluronic acid)/5-fluorouracil (5-FU) nanosheets are
designed to act on malignant cells releasing Cu’* and 5-FU,
thereby effectively inducing cuproptosis and demonstrating strong
tumor suppression effects [171]. Another nanoplatform, ZnPc*/
Cu/SN38@NP, slowly breaks down via protonation of carboxylic
acid groups or binding with Cu** by GSH. This process disrupts
the relationships among the Cu**-induced NPs, ultimately releas-
ing unbound ZnPc* and SN38. Studies have shown that ZnPc*
exerts a photodynamic therapy (PDT) effect, while SN38 provides
chemotherapeutic activity, resulting in a synergistic dual antitu-
mor effect [172]. Furthermore, a novel GSH-responsive nanodrug,
Es@CuTCPP, was developed by loading ES onto CuTCPP
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nanosheets. After accumulation at the tumor site, Es@ CuTCPP
not only becomes highly sonosensitive upon reaction with the
overexpressed GSH in the TME but also forms CuEs complexes
through the co-released Cu’" ions and chelated Es. Consequently,
Es@CuTCPP enables the generation of ROS in cancer cells upon
ultrasound irradiation and modulates copper metabolism, trig-
gering substantial cuproptosis. In a CT26 colon cancer subcutane-
ous xenograft model, systemic administration experiments
confirmed the excellent tumor-targeting capability of Es@
CuTCPP, with no significant systemic toxicity or major organ
damage observed. These findings robustly demonstrate that Es@
CuTCPP exhibits favorable biosafety and promising potential for
clinical translation [173].

PTT is a noninvasive oncological therapy in which photother-
mal agents absorb ambient light energy—particularly near-
infrared (NIR) radiation—and transform it into heat to target and
destroy tumor cells [174]. Research indicates that LPS-CuS NPs
hold significant potential in immunophotothermal therapy,
effectively eradicating primary CRC and completely preventing
metastasis to the spleen and liver. Photothermally responsive
nanoplatforms (e.g., Au@MSN-Cu/PEG/DSF) exhibit synergistic
antitumor effects when combined with PTT, enabling efficient
cancer cell eradication and tumor growth suppression [167]. These
findings underscore the strong connection between Cu metabo-
lism and CRC development, treatment, and prognosis. Combining
cuproptosis with other therapeutic strategies to modulate Cu ion
levels represents a promising approach for CRC treatment. This
synergistic strategy not only enhances antitumor effects but also
provides a potential avenue for improving patient outcomes.

Overcoming drug resistance with Cu-based drugs

Despite the advancement of numerous novel approaches to
cancer therapy over the past few years, chemotherapy continues
to be the cornerstone of cancer therapy. Platinum-based agents
constitute one of the most widely employed classes of chemo-
therapeutics in oncology. Nevertheless, a significant obstacle
in chemotherapy is the onset of therapeutic resistance, often
diminishing its therapeutic impact [175,176]. Emerging evi-
dence suggests that combining chemotherapeutic drugs with
Cuion carriers can overcome resistance. In copper ionophores
and copper-based drugs, DSF and ES have received the most
attention and have undergone clinical trials. In most current
clinical trials involving ES and DSE, no clinical benefits were
observed in unselected populations, but their safety profiles
were comprehensively evaluated (Table 4).

For example, the combination of 5-FU and DSF/Cu has been
demonstrated to effectively eliminate tumor cells in CRC. DSF/
Cu down-regulates indicators linked to 5-FU resistance, includ-
ing thymidylate synthase and CD133/CD44 [177]. Similarly,
the ES-Cu complex exerts potent anticancer effects through
copper-dependent mechanisms, including ROS accumulation
and subsequent tumor cell death, demonstrating multimodal
cytotoxic activity against malignant cells [16,178,179]. Both
approaches have demonstrated significant antitumor effects in
preclinical experiments; however, clinical trials have yet to yield
satisfactory results [180]. One potential restrictive factor could
be the challenge of maintaining persistently elevated Cu con-
centrations within cancer cells in clinical settings. Conducting
further studies could facilitate the transition of Cu-based drugs
from experimental research to clinical application, thereby
providing a more effective means of overcoming tumor resis-
tance (Table 5).
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Small-molecule compounds inducing cuproptosis

Several small-molecule compounds have been identified that
may increase tumor cell sensitivity to cuproptosis. Emerging
studies have identified multiple bioactive compounds capable
of triggering cuproptosis, a novel form of regulated cell death
mediated by copper toxicity. For example, in CRC cells, 4-OI
induces Cys22 alkylation of GAPDH, targeting GAPDH to sup-
press its activity. This inhibition disrupts glycolysis in tumor
cells, promoting electrochlorination-mediated Cu precipita-
tion. In vivo studies demonstrate that ES containing 4-OI sig-
nificantly suppresses tumor growth, exhibiting potent antitumor
activity. In addition, 4-OI continues to promote cuproptosis
even following Nrf2 knockdown, validating its antitumor
effects through GAPDH targeting [181].

Conclusion and Outlook

Cell death is essential for preserving physiological equilibrium
and maintaining tissue integrity; however, it may also represent
a maladaptive reaction to harmful triggers [182]. To date, more
than 10 distinct modes of cell death have been identified, includ-
ing apoptosis, pyroptosis, and ferroptosis [183]. Since the iden-
tification of cuproptosis in 2022, this recently discovered cellular
death pathway has garnered significant research interest due to
its dual role in IBD and CRC [16]. Cu, as a vital trace element,
exhibits dual roles in metabolism and is particularly critical for
maintaining intestinal health [184]. On one hand, appropriate
copper levels are considered to effectively suppress inflammatory
responses associated with IBD. Copper can modulate inflamma-
tory pathways such as NF-kB to inhibit excessive immune reac-
tions and selectively eliminate transformed cells through
cuproptosis. The maintenance of this homeostasis is critical for
intestinal epithelial barrier function and stem cell niche balance.
This protective mechanism may be related to copper’s regulation
of inflammatory signaling pathways or its induction of cupro-
ptosis in tumor cells, thereby partially suppressing tumor initia-
tion and progression. On the other hand, dysregulated copper
metabolism or abnormally elevated copper levels may exacerbate
IBD pathology and create favorable conditions for CRC develop-
ment by promoting oxidative stress, stimulating angiogenesis,
and compromising intestinal epithelial barrier integrity. This
mechanism is closely linked to gut microbiota dysbiosis, as
impaired barrier function further disrupts intestinal homeostasis
maintained by commensal bacteria and the immune system.
Studies by Roy et al. [185] have shown that IBD-associated gut
microbial communities may promote disease progression
through immune cell-mediated intestinal barrier damage. Thus,
copper dysregulation may disrupt this delicate balance, aggravat-
ing microbial dysbiosis and immune dysfunction, ultimately
forming a pathological cycle that drives IBD progression.
Notably, this bidirectional regulation exhibits significant tissue
specificity, with intestinal epithelial cells displaying a higher tol-
erance threshold for copper. Moreover, long-term low-dose
exposure may induce cumulative effects resembling acute toxic-
ity. These findings not only highlight the pivotal role of copper
homeostasis in CRC pathogenesis but also provide a molecular
basis for developing precision therapeutic strategies targeting
copper modulation. This underscores the need for establishing
individualized copper monitoring systems in clinical interven-
tions. These findings underscore the importance of Cu metabo-
lism homeostasis in maintaining intestinal immune equilibrium
and preventing related diseases, warranting further investigation
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Table 5. Cu-based anti-CRC agents

Cancer
Compound type Materials Antitumor effects and their underlying mechanisms Reference
DDTC CRC HCT116 Suppression of PKM2-driven aerobic glycolysis [215]
Elesclomol/Cu CRC SW480, DLD-1 Elesclomol triggers copper-mediated ferroptosis in colorectal [216]
cancer cells by promoting the breakdown of ATP7A and
SLC7A11
Disulfiram CRC H630WT, DLD-1 Disulfiram suppresses both constitutive and 5-fluorouracil [217]

(5-FU)-activated NF-xB pathways. It amplifies the cell-killing

effects of 5-FU in DLD-1 and RKOWT cells and successfully

overcomes 5-FU resistance in the H630 5-FU-resistant cell line
Disulfiram/Cu CRC RKO, Ht29 Disulfiram—copper significantly decreases colorectal cancer [218]

cell survival, predominantly triggering autophagy over

apoptosis through the up-regulation of ULK1

Disulfiram/Cu CRC HCT116, SW620, HCT8  Disulfiram—copper can suppress colorectal cancer cell [219]
proliferation, possibly via the activation of ICD
Disulfiram/Cu CRC HCT116 Disulfiram through its metabolite CuDDC significantly lowers [220]

cellular H.S concentrations and significantly inhibits the growth
of HCT116 cells
Curcumin CRC Caco-2 Curcumin modulates lipid, RNA, NADH, and NADPH metabo- [221,222]
lism, increases the expression of positive cuproptosis media-
tors, and promotes cuproptosis in CRC cells

4-0l CRC HCT116, LoVo 4-0l targets GAPDH to inhibit glycolysis, thereby potentiating [181]
elesclomol-Cu-induced cuproptosis
TPEN CRC Caco-2 The cytotoxicity induced by TPEN was alleviated by the [223]

supplementation of Cu?*. Down-regulation of ATOX1 increased
the susceptibility of Caco-2 cells to TPEN-induced toxicity

TPEN CRC SW480, HT-29,LOVO  TPEN chelates Cu to form TPEN-Cu complexes, which engage [224]
in redox cycling, leading to selective targeting and elimination
of CRC cells

JYFY-001 CRC SW620, HCT116, HLF-1  Invitro: Reduces proliferation of cancer cells, induces apopto- [225]

sis, and decreases both the rate of extracellular acidification
and oxygen utilization in CRC cells. In vivo: Inhibits the growth
of CRC xenograft tumors, increases tumor cell apoptosis,
enhances lymphocyte infiltration, and potentiates the
antitumor efficacy of PD-1 inhibitors
Melon CRC HTB-35, HT-29 Melon exhibits growth-inhibiting properties in multiple human [226]
cancer cell lines, including renal, colorectal, and cervical
cancers, through its copper-chelating function

COTI-NH2 CRC SW480 Buthionine sulfoximine treatment significantly sensitized cells [227]
to COTI-NH2, showing a comparable effect in both SW480 and
SW480/Coti cells

DTN CRC HCT116 Through the mechanism of ROS-dependent ubiquitination that [228]
facilitates Mcl-1 degradation, the combinatorial treatment with
5-FU, DTN, and DHA exhibited potent pro-apoptotic effects in
colorectal cancer cells, ultimately manifesting as marked tumor
volume reduction and weight loss

HydroCuP CRC CT-15, LoVo HydroCuP demonstrated remarkable efficacy in suppressing [229]
tumor progression with negligible toxic effects in preclinical
models. Notably, in human colorectal cancer xenografts,
HydroCuP exhibited potent therapeutic activity across both
oxaliplatin-sensitive and oxaliplatin-resistant tumor variants
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into its underlying mechanisms. Consequently, modulating cop-
per ion homeostasis has emerged as a promising therapeutic
approach for both IBD and CRC, demonstrating substantial
translational potential. Compared to conventional types of cell
death, cuproptosis has garnered interest due to its ability to repro-
gram the immune microenvironment. Cuproptosis may reshape
the immunologic characteristics of the TME, thereby modulating
its capacity to inhibit tumor progression and metastatic dissemi-
nation [186]. Studies suggest that tumor immunity within the
TME can be modulated by cuproptosis [35]. For example,
genomic analysis of 1,274 CRC specimens uncovered copper-
associated molecular signatures comprising 16 core cuproptosis
regulators, establishing a connection between TME heterogene-
ity and copper dysregulation patterns [187]. Cu-complexed NPs,
such as Cu(I)NPs, have been shown to induce cuproptosis, trig-
gering ICD, activating adaptive immune responses, facilitating
DC maturation, and boosting CD8"* T-cell infiltration into tumor
tissues. This process enhances antitumor immunity and remodels
the immune microenvironment [58]. While it is speculated that
cuproptosis contributes to shape antitumor immunity, whether
Cu-dependent cell death suppresses cancer immunotherapy
remains uncertain. Consequently, understanding the pathways
of cuproptosis is crucial for progressing innovative combination
therapies. Traditional targeted therapies induce the death of
malignant cells by disrupting specific cancer-related pathways
or molecular targets. Recent medical advances have led to the
development of innovative therapeutic strategies and pharma-
cological agents. For example, the combination of 5-FU and DSF/
Cu effectively eliminates CRC cells, LPS-CuS achieves primary
CRC eradication through immunophotothermal therapy, and
Cu NPs promote tumor antigen presentation and stimulate spe-
cific immune responses [34]. Therefore, the dual role of Cu
metabolism and cuproptosis presents broad prospects for per-
sonalized immunotherapy in IBD and CRC.

As a newly identified mechanism of cellular demise, cupropto-
sis is undergoing rigorous investigation across diverse disciplines,
including chemotherapy, TME regulation, immune-based thera-
pies, and outcome prediction, to develop more effective cancer
management strategies. However, the study of cuproptosis is still
a nascent field, with current studies primarily focused on its cor-
relation with IBD and CRC. Numerous underlying mechanisms
remain to be elucidated, necessitating additional fundamental
investigations. Future investigations should focus on deciphering
the precise molecular pathways that govern Cu metabolism and
cuproptosis in the context of IBD and CRC, as well as explore
strategies to modulate Cu levels to maximize therapeutic efficacy.
Despite its potential, several challenges remain in cuproptosis
research, which also pose obstacles for clinical applications. First,
the potential clinical applications and safety concerns related to
cuproptosis modulation remain to be fully explored, posing sig-
nificant challenges for the clinical translation of cuproptosis induc-
ers. Both copper deficiency and excess can induce systemic
toxicity, necessitating additional clinical studies to evaluate how
copper level modulation affects prognosis in IBD and CRC
patients. Such investigations are crucial for improving the targeting
efficiency and in vivo stability of these therapeutic agents. Second,
Cu’s potential as a therapeutic target needs further exploration.
This includes developing therapies based on Cu metabolism and
cuproptosis, such as gene knockouts and cell-based approaches,
while research efforts are shifting toward novel copper inducers,
including plant-derived compounds, synthetic molecules, and
nanotechnology-based carriers, to improve targeted drug delivery
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to affected cells. Additionally, the connection between copper
metabolism, cuproptosis, and the intestinal immune microenvi-
ronment requires further investigation. Combining cuproptosis
with immunotherapy could offer a promising strategy to combat
IBD and CRC, significantly improving treatment outcomes and
extending patient survival. However, it remains unclear whether
cuproptosis and its signaling pathways play a protumor role in
tumor initiation and development. The current lack of validated
cuproptosis biomarkers underscores the need for additional
research to enable precision therapeutic interventions. Compre-
hending the interplay between cuproptosis and alternative forms
of cellular demise constitutes another pivotal research domain.
Investigating the connections between cuproptosis and other kind
of pathways, including apoptosis, ferroptosis, and pyroptosis, may
deepen our comprehension of Cu-related diseases and accelerate
the progression of targeted therapies to induce tumor cell death
more effectively. Looking forward, the discovery of specific bio-
markers and personalized antitumor strategies will likely enable
the clinical translation of therapies based on Cu metabolism and
cuproptosis.

In summary, cuproptosis represents a potential novel
therapeutic avenue for IBD and CRC. Advancing understand-
ing of cuproptosis regulation and enhancing its induction
efficiency position this pathway as a novel therapeutic strategy
for disease intervention. This strategy has the potential not
only to suppress disease onset and progression effectively but
also to improve patient survival and quality of life through
precision therapies. Therefore, understanding the involve-
ment of cuproptosis in pathological processes and developing
related treatment strategies holds substantial scientific and
medical importance.
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